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1. INTRODUCTION

Acute diarrhea is a major public health issue, being a leading cause of mortality
and morbidity, particularly in developing countries [1]. More than half a million
deaths of children under the age of five worldwide are caused by diarrheal
diseases each year. Countries with a lower socio-demographic index (SDI) are
disproportionally affected [2]. Overall, it is the second most frequent cause of
death in children between one month and five years of age [3]. The new
Sustainable Development Goals (SDGs) aim to reduce the mortality rate of
children under five years of age to <25 deaths per thousand live births by 2030
[4]. To achieve this goal, it is extremely important to diagnose, treat and prevent

diarrheal diseases.

A number of studies have reported estimates of the burden caused by diarrheal
diseases, but further studies are urgently required to fill current information gaps
and inform intervention strategies at the local level. Epidemiological data on
potential pathogenic agents, sources of environmental contamination, animal
reservoirs as well as on genetic characterisation are needed to identify

populations at risk, implement preventive measures and guide drug development.

So far, in Gabon, a Central African country, there is no comprehensive data on
the aetiology of diarrhea in paediatric patients. Researchers in this country have
focused on either bacterial [5], viral [6] or specific parasitic causes of diarrhea [7—
9].

Moreover, diarrhea is still causing an estimated 28.6 deaths per 100,000
population and has a considerable impact on disability adjusted life years
(DALYSs) in Gabon in 2015 [10]. Therefore, it is time to pay more attention to the
collection of evidence-based data on the prevalence, diversity, or genetic
variability of pathogens present in children with diarrhea, as well as diagnostic

tools.



1.1. Diarrhea

1.1.1. Defining Diarrhea and diarrheal disease

A common definition of diarrhea is the passage of at least three loose or watery
stools per day or at an unusually high frequency for the individual due to an
abnormal increase in daily stool fluidity, frequency and volume from what is
considered normal for an individual [11]. It is a common symptom of a
gastrointestinal infection. Diarrheal diseases are a collection of diseases caused
by multiple viral, bacterial, and parasitic organisms that share the common
symptom of diarrhea. Diarrheal diseases are considered acute when they last for
less than 14 days [12].

1.1.2. Epidemiology

An estimated 2.5 billion cases of diarrhea have occurred among children under
five per year over the past two decades [11]. Diarrheal diseases are responsible
for one in nine child deaths worldwide, making them the second leading cause of
death in children below five [13,14]. In 2016, diarrhea was the eighth-leading
cause of mortality responsible for more than 1.6 million deaths. Among these,
more than a quarter occurred among children below five and most of the fatal
cases (about 90 %) occurred in Asia and sub-Saharan Africa [15]. Although
diarrhea is globally present among all regions, evidence shows that it
disproportionately affects developing nations with poor access to health care,

safe water and proper sanitation [2].

1.1.3. Pathophysiology of acute diarrhea

Diarrhea results from the disruption of the entero-systemic water cycle, through
disruption of the processes of absorption and/or secretion of electrolytes,
primarily sodium. One of the main mechanisms leading to diarrhea is that certain
product (e.g.: cholera enterotoxin, and certain viral toxins, such as NSP4 of
rotavirus) stimulate diverse signalling pathways that increase the secretion of
sodium and chlorine into the intestinal lumen. This generates water and causes
watery diarrhea. The absorption-related mechanism leads to invasive diarrhea

characterised by enterocyte destruction and villous disruption [16,17].



1.1.4. Infectious agents responsible of diarrhea

The frequency of pathogens causing diarrhea may vary depending on the
geographic location. In principle, more than one pathogen may be implicated in
an episode of diarrhea. Several microorganisms (parasites, bacteria and viruses)
are frequently associated with diarrhea. Among these, common infective agents
include enteric adenovirus (serotypes 40 and 41), Aeromaons spp., Entamoeba
histolytica (amoebiasis), Cryptosporidium spp., typical enteropathogenic
Escherichia coli (t EPEC), enterotoxigenic E. coli (ETEC; both ST and LT),
norovirus (NoV), non-typhoidal Salmonella spp., rotavirus A (RVA), Shigella spp.,

Vibrio cholerae and Clostridium difficile [2].

These pathogens are spread by the faecal-oral route either directly from person

to person or indirectly via the consumption of contaminated food or water.
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In high income countries, viruses are more frequently found among
gastrointestinal infections than in low- and middle-income countries, where the
frequency of bacterial and protozoal agents is also important. This is in
accordance with the study conducted by Kotloff et al. 2013 showing that rotavirus,
Cryptosporidium, ETEC and Shigella spp. were strongly associated with
moderate to severe diarrhea. Among all enteropathogens, RVA is widely
recognized as the leading cause of moderate to severe diarrhea in children [1].
An estimated 128,500 rotavirus deaths worldwide, with an estimated 104,733
deaths in sub-Saharan Africa among children aged 0-59 months [19]. Therefore,
RVA vaccines have become an international priority for reducing the mortality
associated with this infection [20]. The two main vaccines Rotarix
(GlaxoSmithKline Biologicals Rixensart, Belgium) and RotaTeq (Merck and Co.,
Inc. Whitehouse Station, New Jersey, USA) are effective in reducing mortality
and morbidity associated with RVA infection [21,22]. Although the vaccines have
been approved, their effectiveness appears to be significantly reduced in low-
income countries [23,24] and program implementation has not yet reached many

countries, particularly in Africa and Asia.

In developing countries, Cryptosporidium is known to cause prolonged and
persistent diarrhea, malnutrition and growth retardation in immunocompetent
children and severe diarrhea in immunocompromised people [25]. Even in an
environment with modern diagnostic facilities, such as in the United States of
America, it is estimated that only about 1% of cases are diagnosed and reported
[26]. As a result, in Africa where (i) routine faecal microscopy is not available
particularly for Cryptosporidium, (i) advanced diagnostic tools such as
immunofluorescence and polymerase chain reaction (PCR) tests are not widely
available and (iii) the awareness and knowledge of health professionals is
insufficient, cryptosporidiosis is severely underestimated and under-diagnosed,

and preventive measures are lacking.

1.1.5. Treatment

The management of acute diarrhea always begins with oral rehydration by using

the oral rehydration salts. In some cases, additional interventions may be



required depending on the clinical manifestations and/or the identification of the

potential pathogens causing diarrhea. [27].

1.1.6. Prevention

Diarrhea can be prevented by improving life conditions (access to safe drinking-
water, health education about how infections spread, good food hygiene),
breastfeding during the first six months of life and vaccination against Rotavirus
[28].

1.2. Cryptosporidium: an overview
1.2.1. Taxonomy and biology of Cryptosporidium

Cryptosporidium spp. was first recognized by Tyzzer in 1907, who described
Cryptosporidium muris in the stomach of laboratory mice [29,30]. Shortly after,
the taxonomic status of the genus Cryptosporidium became clear. Genus
Cryptosporidium (family Cryptosporidiidae), traditionally found to be more closely
related to the gregarines, is a member of the phylum Apicomplexa [31]. These
parasites, like enteric coccidia, are monoxenic (single host) parasites in the
digestive and/or respiratory tracts of vertebrate hosts. Cryptosporidium spp.
develop within the brush-like border of the host epithelial cells (and not in the host
cell itself) [32—34]. The parasite has a complex life cycle comprising sexual and
asexual stages. There are three stages of development: merontes, gamontes,
and oocysts. The endogenous developmental stages take the form of small
basophilic bodies (3-6um) attached to the luminal surface of the host epithelial
cells, whereas the exogenous oocysts take the form of bright-phase ovoid bodies
(5-7x4-6um) containing four sporozoites and an eccentric residual body [35].

1.2.2. Epidemiology and transmission

Currently, there are more than 30 species that have been included in the genus
Cryptosporidium, with only a few species (C. hominis, C. parvum, C. meleagridis,

C. felis, and C. canis) commonly found in humans [36—38].

During the last years, the number of cryptosporidiosis cases reported worldwide

reached 3 cases per 100,000, although this number is likely underestimated [39].



The prevalence of infection ranged from 0.0% to 86.0% and varied from one
population to another and from one country to another [40]. Globally,
Cryptosporidium infection rates have been reported to be significantly higher in
developing countries compared to industrialized countries [41,42]. Outbreaks of
cryptosporidiosis have been frequently reported to be associated with drinking
water and swimming pool contact in several countries. This pathogen can be
transmitted by direct contact with an infected human or animal, and indirectly via
the consumption of contaminated food or water [43]. Recent studies indicate that
transmission can also be possible by inhalation of aerosolized droplets via

respiratory secretions or by coughing [44].

1.2.3. Clinical features and treatment
1.2.3.1. Clinical features

This  apicomplexan parasite infects both immunocompetent and
immunocompromised persons. In healthy people with an intact immune system,
Cryptosporidium infection occurs mostly in children below 5 years old [1]. Clinical
symptoms include diarrhea, abdominal cramps, vomiting, headache, fatigue, and
low-grade fever [45]. Cryptosporidiosis during infancy infection can also lead to
growth retardation, particularly in children with no clinical symptoms [46]. In
immunocompromised people such as patients with cancer and transplants
undergoing immunosuppressive therapy, acquired immunodeficiency syndrome
(AIDS) patients, Cryptosporidium is associated with life-threatening diarrhea [47].
For instance, individuals with HIV/AIDS are exposed to a chronic, prolonged form

of cryptosporidiosis which is difficult to treat and can even lead to death [48].

1.2.3.2. Treatment

Nitazoxanide (NTZ) is the only FDA-approved drug for the treatment of
cryptosporidiosis although this drug is not effective for the treatment of
Cryptosporidium infection in immunodeficient individuals [49]. Moreover, oral or
intravenous rehydration is used whenever severe diarrhea is associated with
Cryptosporidium infection. This practice is the major supportive treatment for

immunocompromised patients [50].



1.3. An overview of important enteric viruses

1.3.1. Rotavirus
1.3.1.1. Classification

Discovered in the intestinal tissue of mice in 1963, this virus belongs to the
Reoviridae family. Rotaviruses have a non-enveloped, multilayered protein
capsid containing 11 segments of double stranded RNA, encoding nonstructural
(NSP1-NSP6) and structural proteins (VP1, VP4, VP6, and VP7) [51].
Rotaviruses are divided into serogroups, subgroups, serotypes, and genotypes
according to differences in the antigenic properties, genetic similarity, and gene
constellations. There are eight major rotavirus groups (A-H) based on the VP6 (
inner capsid protein), four of which (A, B, C, and H) are human pathogens [52].
Group A rotavirus is the most common and causes the majority of human
rotavirus infections.VP4 and VP7 are the major outer capsid surface proteins and
represent the main targets of neutralizing antibodies [21]. Therefore, these two
surface proteins also determine the RVA serotypes, designated G type
(according to VP7) and P type (according to VP4), respectively. VP7 proteins and
VP4 (a non-glycosylated, protease-sensitive protein) are dominant in inducing an

immune reaction leading to neutralizing antibodies [53].

In 2008, a new classification system based on all 11 genome segments was
proposed by Matthijnssens et al. [54]. The aim was to designate the complete
genetic constellation of rotavirus following the schematic nomenclature: Gx-P[x]-
IX-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, representing the genotypes of, respectively, the
VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5 genes, with x

indicating the numbers of the corresponding genotypes.

1.3.1.2. Clinical features and Epidemiology

Rotavirus is mainly transmitted by the faecal-oral route and the incubation period
is typically less than 2 days [55]. Infections lead to a spectrum of clinical
symptoms such as acute gastroenteritis (AGE) with mild to severe diarrhea,

vomiting and various degrees of dehydration [56].



Rotavirus remains among the most common causes of AGE in children worldwide
[57],accounting for approximately one-third of all hospital admissions for diarrhea
disease. In 2016, it is estimated that 128,500 deaths (95% UI, 104,500-155,600)
were due to rotavirus infections among children. Most of the death cases occur

in developing countries in sub-Saharan Africa and Asia.
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Figure2: Sociodemographic and Spatial-Temporal Patterns in Rotavirus-Associated mortality
[58]. A, Rotavirus-associated mortality rate by sociodemographic index in 195 countries,
estimated for 2016. B, Rotavirus mortality rate over time, globally and by super region.

Source : Troeger C et al., Jama Pediatr. 2018. (with permission provided by CC-

BY license: https://jamanetwork.com/pages/cc-by-license-permissions)

A total of 104,733 deaths from rotavirus infection (95% UIl, 83,406-128,842)

among children under 5 years occurred in sub-Saharan Africa [58].

1.3.1.3. Genetic diversity of rotavirus

Great diversity in circulating rotavirus wild-type strains is observed worldwide.
This remarkable diversity in circulating rotavirus strains identified so far, varies

over time and across regions [59].

The fluctuations and changes observed for rotavirus circulation are thought to be

driven by several mechanisms. These mechanisms include (1) accumulation of



point mutations (genetic drift) that can lead to antigenic changes; (2) gene
rearrangement (deletions, duplications and insertions) into coding or noncoding
regions, primarily of non-structural genes [60]; (3) genomic reassortment
(exchange of RNA segments between strains co-infecting a human host) and
potential interspecies reassortments (occurring after direct zoonotic
transmission) that are considered to generate new strains and the continued

emergence of new strains [61,62].
1.3.1.4. Rotavirus vaccine

Since the World Health Organization has reported that hygienic measures and
improved sanitation are not sufficient to significantly reduce the burden of disease
due to rotavirus burden, vaccination has been proposed as the optimal strategy.
Currently, two vaccines are marketed: Rotarix and RotaTeq [63]. Both vaccines

tend to provide partial immunity against moderate to severe disease [64].

Rotarix® (produced by GlaxoSmithKline (GSK)) is a single-strain live, attenuated
human G1P[8] vaccine [65].This vaccine was derived from the human rotavirus
isolate 89-12 and attenuated by serial passage in cell culture. Rotarix vaccine
was licensed for universal vaccination of infants in 2005.This live attenuated

human vaccine is produced as “Rotarix®” by GlaxoSmithKline [56].

RotaTeq® (produced by Merck) is a pentavalent, live attenuated vaccine
developed using the bovine RVWC3 strain (G6P7[5]) as a genetic backbone for
5 mono-reassortants. This vaccine produced as RotaTeq® by Merck, underwent
a successful Phase llI clinical trial and was licensed from 2006 onwards in many
countries across the world. This human-bovine reassortant vaccine provides
clinical protection against five of the most common rotavirus A genotypes, G1,
G2, G3, G4 and P[8] [56].

Overall, several studies have reported that both vaccines are highly effective in
developed countries with protection rates of 70 to >90% [66—70]. Contrary to
developed countries, in some middle and low income countries including South
Africa, Kenya, Mali and Vietnam, the efficacy of the vaccines was found to be

substantially lower with a protection rate between 20 and 30% [71-73].



1.3.2. Norovirus

Noroviruses (family Calciviridae, genus Norovirus) are small round structured
viruses, non-enveloped with a positive-sense single-stranded RNA genome of
around 7.5 kb that consists of three open reading frames (ORFs). ORF1 encodes
six non-structural proteins including the viral polymerase. ORF2 and ORF3
encode the major and minor capsid proteins VP1 and VP2, respectively [74,75].
The NoV strains are divided into ten genogroups (G), of which members of
genogroups GlI, GllI, GIV; GVIII and GIX typically cause human gastroenteritis.
Phylogenetic analysis has identified at least 48 genotypes that are infectious to
humans, with genotype Gll.4 being responsible for at least 70% of infections
worldwide [76,77].

NoVs are mainly transmitted from food/water or person-to-person via fecal-oral
route, affecting adults and children all over the world [78]. Also, vomiting could
lead to airborne transmission which has been implicated in some outbreaks [79].
It is estimated that over 200,000 deaths annually, particularly with an important

proportion occurring in children from developing countries [80,81].

Clinical features include nausea, abdominal pain, vomiting (mild, self-limited and

non-bloody) and diarrhea [79].

Currently, there is no available NoV vaccine, as the necessary line attenuated/
inactivated noroviral particles are not yet being produced. This issue results

mainly from the lack of an in vitro culture system for these viruses [82].

1.3.3. Astrovirus

Astroviruses (family Astroviridae, genus Astrovirus) were first described in 1975
by Madeley and Cosgrove in children suffering from vomiting and mild diarrhea.
The viral particles were described as non-enveloped icosahedral particles with
smooth edges and a distinctive five or six-pointed star structure. Human
astroviruses (HAstVs) are divided into two genera: Mamastroviruses (which infect
mammals, including humans, cats, and dogs) and Avastroviruses which infect
birds [83]. The HAstV genome is around 6.8 kb (range: 6.2- 7.8 kb), positive-
sense double-stranded RNA containing ORFl1a, ORF1b and ORF2. ORF1la and

10



ORF1b encode non-structural proteases and polymerase proteins, while ORF2

encodes capsid proteins.

Currently, three groups of HAstV are recognised: classical HAstV (serotypes 1-
8), and non-classical HAstV MLB (Melbourne) (MLB 1-3), and HAstV-VA/HMO
(Virginia/Human-Mink-Ovine-Like) (VA1-5) [84]. Classic HAstVs are distributed
all over the world and are associated with 2 to 9% of cases of acute, non-bacterial
diarrheal children, although incidences up to 61% have been reported [85,86].

In general, HAstV infection induces a mild watery diarrhea, associated with

vomiting, fever, anorexia, and abdominal pain [87].

1.3.4. Sapovirus

Sapoviruses (previously called “typical human caliciviraidea”) are non-enveloped,
positive-sense, single-stranded RNA genome viruses. The sapovirus genome is
approximately 7.1 to 7.7kb in size with a poly (A) tail at the 3’-end [88]. The
genome contains three ORFs. ORF1 encodes the non-structural proteins,
including the RNA dependent RNA polymerase (RdRp), and the major viral
capsid protein. ORF2 is predicted to encode the minor structural protein VP2 [89].
An ORF3 has been predicted in some sapovirus strains, but its function is still
unknown [88,90]. Overall, fifteen sapovirus genogroups were designated based
on the genetic differences of the VP1 encoding sequences, and four of these (Gl,
Gll, GIV and GV) are known to infect humans. Of these, there are 19 sapovirus
genotypes comprising seven and eight genotypes for Gl and GlI respectively, and
one genotype for GIV and GV can be divided into two [91]. Human sapovirus
infections are associated with AGE, in both sporadic cases and outbreak settings
throughout the world and among all age groups [92]. The spectrum of human
sapovirus symptoms include diarrhea, vomiting, nausea, and stomach cramps.
Transmission occurs through the faecal-oral route either by consumption of

contaminated water/food or via direct person-to-person contact [93].

1.3.5. Aichivirus

Aichivirus (family Picornaviridae, genus Kobuvirus) was first isolated in 1989 in a

faecal specimen of a patient with nonbacterial gastroenteritis. Aichvirus (AiV) has

11



a single-stranded positive-sense RNA genome with 8251 bases excluding a poly
(A) tail. This genome contains a large ORF with 7302 nucleotides followed by 237
nucleotides of a 3’ UTR region and a poly (A) tail. The ORF encodes a polyprotein
precursor of 2,432 amino acids with a non-structural leader (L) protein at the N-
terminus, followed by viral capsid proteins P1 (VPO, VP3 and VP1) and non-
structural proteins P2 (2A,2B and 2C) and P3 (3A,3B,3C and 3D). There are three
distinct genotypes of this foodborne virus : AiV A, AiV B and AiV C [94,95].

AiV A and B have been reported on three different continents (Asia, Europe and
Africa), mainly in Asian countries (Japan, Vietham, and Bangladesh), while AiV

C has only been reported in France and Burkina Faso [95].

1.4. Laboratory tools used to diagnose pathogens causing
AGE

The advancement of diagnostic tools has dramatically changed and improved
over the last two decades. Nowadays, molecular methods enable identification of
pathogens that may have previously gone undetected. While the relative
insensitive and labour-intensive methods (microscopy and cell culture) are largely
going to be superseded in routine diagnosis, such new tools are proving
particularly valuable for determining the potential effectiveness of certain

interventions, such as vaccines.

1.4.1. Cell culture system for enteric virus isolation

Viruses can be grown in vivo (inside a living organism, plant, or animal) or in vitro
(outside a living organism, in cells in an artificial environment, such as a test tube,
cell culture flask or agar plate). Isolation of a virus using cell culture is the most
conventional way of confirming the diagnosis. Traditional virus cell culture is
considered a relatively slow diagnostic method, as it can take several weeks for
the virus to grow. This tool is still the ideal and gold standard method for virus

detection worldwide [96].

Traditional cell culture method is suitable for isolation of a wide variety of viruses

(including mixed cultures) and provides an isolate for additional studies [97].
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1.4.2. Microscopy
1.4.2.1. Identification of Cryptosporidium

Conventional methods for the detection of Cryptosporidium oocysts include
examination of faecal smears with acid-fast stains such as Ziehl-Neelsen, and
direct wet mount or by direct immunofluorescence assays (DIFA). More often,
oocysts concentrated stool specimens are detectable after staining of the faecal

smears. DIFA is more sensitive and specific compared to acid-fast staining [98].

1.4.2.2. Enteric virus detection

The electron microscope (EM) created by Knoll and Ruska in 1932 is an important
tool in the diagnosis of enteric virus’s infection. This tool allowed the first
visualization of enteric virus in 1971. EM is useful in detecting a variety of enteric
viruses quickly, but requires high quantities of virus (e.g., > 108 viral particles/mL).
This tool requires technical expertise, training, and labor costs [97,99].

1.4.3. Immunological methods

The most widespread and simplest serological diagnosis is the enzyme-linked
immunosorbent assay (ELISA) either developed as an in-house procedure or as
a commercial kit. ELISA, based on antibodies specific to the infectious agent,
allows a diagnosis to be made from a single sample [100]. ELISAs can be 10-100

times more sensitive than microscopy.

As with the ELISA methods, there are a range of other antigen-based tests, such
as rapid membrane enzyme immunoassays and the latex agglutination test (for
enteric viruses). These tests are typically less sensitive than ELISA methods, but

yield a result in shorter time and are simple to perform.

The latex agglutination test is one of the most popular, easiest and quickest
methods, and is therefore used as a pen test for the identification of several
enteric pathogens. This technique has proven to be more specific, more sensitive,

faster, and cheaper for Rotavirus detection compared to EM or ELISA [96].

The first antigen capture-based enzyme immunoassay (EIA) was introduced in

the 1990s to diagnose Cryptosporidium [101].
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1.4.4. Molecular methods

Molecular methods largely involve the amplification of nucleic acids by various

amplification techniques.

Many kinds of molecular methods have evolved from the classical PCR to meet
the demand for highly sensitive and specific diagnostic tests. These different
methods include real-time gPCR, loop-mediated isothermal amplification
(LAMP), restriction enzyme fragment length polymorphisms (RFLP)-PCR,
recombinase polymerase amplification (RPA), reverse transcriptase-qPCR. This
scientific progress is fundamental for effective molecular diagnosis. The main
advantage of PCR methods is that they are generally more sensitive than
traditional methods such as ELISA [96,100].

1.5. Objectives

This thesis aimed to evaluate a point-of-care RDT, as well as to determine the
baseline data on molecular and genetic characteristics of potential pathogens
associated with diarrheal diseases in children under five years in Lambaréné,
Gabon.

The objectives of the work presented in this dissertation are as follows:

1) To determine the prevalence of pathogens found in Gabonese children
under five years of age presenting with diarrhea at two hospitals in

Lambaréné.

2) To evaluate the performance of CerTest Crypto RDT by a composite
reference of gPCR and RFLP-PCR for the detection of Cryptosporidium
spp. in African children admitted to hospital with diarrhea.

3) To describe the epidemiology and genetic diversity of rotavirus A infecting
Gabonese children and examine the antigenic variability of circulating

strains in relation to available licenced vaccine strains.

4) To study the genetic diversity of four enteric viruses among Gabonese
children below five years of age.
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2. RESULTS

2.1. Chapter 1

Prevalence of pathogens in young children presenting to
hospital with diarrhea from Lambaréné, Gabon
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Abstract. Diarrheal disease is the second most frequent cause of mortality in children younger than 5 years worldwide,
causing more than half a million deaths each year. Our knowledge of the epidemiology of potentially pathogenic agents
found in children suffering from diarrhea in sub-Saharan African countries is still patchy, and thereby hinders implementation
of effective preventative interventions. The lack of cheap, easy-to-use diagnostic tools leads to mostly symptomatic and
empirical case management. An observational study with a total of 241 participants was conducted from February 2017 to
August 2018 among children younger than 5 years with diarrhea in Lambaréné, Gabon. Clinical and demographic data were
recorded, and a stool sample was collected. The samples were examined using a commercial rapid immunoassay to detect
Rotavirus/adenovirus, conventional bacterial culture for Salmonella spp., and multiplex real-time PCR for Cryptosporidium
spp., Giardia lamblia, Cyclospora cayetanensis, enterotoxigenic Escherichia coli (ETEC), and enteroinvasive Escherichia coli
(EIEC)/Shigella. At least one infectious agent was present in 121 of 241 (50%) samples. The most frequently isolated
pathogens were EIEC/Shigella and ETEC (54/179; 30.2% and 44/179; 24.6%, respectively), followed by G. lamblia (33/241;
13.7%), Cryptosporidium spp. (31/241; 12.9%), and Rotavirus (23/241; 9.5%). Coinfection with multiple pathogens was
observed in 33% (40/121) of the positive cases with EIEC/Shigella, ETEC, and Cryptosporidium spp. most frequently
identified. Our results provide new insight into the possible causes of diarrheal disease in the Moyen-Ogooué region of

Gabon and motivate further research on possible modes of infection and targeted preventive measures.

INTRODUCTION

More than half a million deaths of children younger than 5 years
worldwide are caused by diarrheal disease each year, with
countries with a lower sociodemographic index disproportionally
affected.” Itis overall the second most frequent cause of death in
children aged between 1 and 60 months.? Both the diagnosis and
treatment of diarrheal disease require substantial improvements
toward fulfilling the ambitious sustainable development goals,
which call for a reduction of under-five mortality worldwide to no
more than 25 deaths per 1,000 live births by 2030.%

The management of diarrhea as recommended by the WHO
mainly promotes symptomatic case management in children.*
Although very effective, in many cases, further decreases in
morbidity and mortality will rely on more targeted, specific
therapies and prevention strategies.

The last few years have seen a number of studies that have
examined the spectrum of pathogens responsible for diarrhea in
children, the most notable of these being the global enteric mul-
ticenter study (GEMS),® which revealed a heretofore unexpected
spectrum of pathogens, most notably comprising Cryptosporid-
ium spp.®” These findings also highlighted the need to update the
regional maps of the epidemiology of diarrheal pathogens.

*Address correspondence to Steffen Borrmann or Ayola akim
Adegnika, Institut fir Tropenmedizin, Eberhard-Karls-Universitat
Tubingen, Wilhelmstrasse 27, Tubingen, D-72074, Germany. E-mails:
steffen.borrmann@uni-tuebingen.de or aadegnika@cermel.org.
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In Gabon, no comprehensive studies on the etiology of in-
fantile diarrhea have been conducted. There are only isolated
studies on the bacterial,® viral,® or very specific parasitic
causes of diarrhea, namely, Cryptosporidium spp.'®'" Fur-
thermore, there is only a limited number of studies available on
diarrhea in children in the whole of Central African region,
especially in the recent literature (two reports from the Central
African Republic [CAR]'2 and Angola'®).

Here, we report data from a survey of pathogens found in
stool of children younger than 5 years presenting with diarrhea
at two hospitals in Lambaréné, a semi-urban town of Gabon.

MATERIALS AND METHODS

Ethics statement. The study protocol was approved by the
Institutional Ethical Committee of the Centre de Recherches
Médicales de Lambaréné (CERMEL) (CEI-CERMEL: 003/
2017). Written informed consent was obtained from parents
or legal guardians of all including participants.

Study design. This study was designed as a cross-
sectional study and was conducted from February 2017 to
August 2018. Itis part of alarger cross-sectional study entitled
“Genetic determinants for the transmission of Cryptosporid-
ium parvum/hominis among humans and animals in Africa,”
which aimed to identify Cryptosporidium transmission net-
works and reservoirs in Gabon, Ghana, Madagascar, and
Tanzania by tracing infected children to their closest human
and animal contacts (PMIDs: 32150243 and 32658930).
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Study population and site. Children aged between 0 and 5
years presenting at the outpatient departments of the two main
hospitals in Lambaréné, Gabon, the Hopital Albert Schweitzer, and
the Centre Hospitalier Régional Georges Rawiri de Lambaréné,
were screened and included in this study if they presented with
diarrhea (defined as the passage of three or more liquid stools
within 24 hours during the last 3 days), provided a stool sample, and
lived within the study area, which spanned a radius of approxi-
mately 20 km around the city of Lambaréné situated in the Moyen-
Ogooué region. The region is irrigated by the Ogooué River and its
tributaries, with many ponds, lakes, and streams, constituting fa-
vorable conditions for waterbome pathogens.

At the time that this study was conducted, the Rotavirus
vaccine had not yet been included in the national vaccination
programme in Gabon.

Children enrolled in the study. Children presenting at one
of two hospitals with diarrhea between February 2017 and
February 2018 were invited to participate in the study. The
participants came from Lambaréné, the capital of the province
of Moyen Ogooué of Gabon, and the surrounding villages,
which constitutes a more rural setting with no running water
and electricity, and less access to the healthcare system.

Field and laboratory procedures. All personnel involved in
the project activities were trained on screening procedures,
and recording of demographic and clinical data, sample col-
lection, and transportation to the laboratory. To assess the
level of dehydration, we used a clinical dehydration score.m A
fresh stool sample was provided by each child in a labeled
leak-proof stool container within 48 hours after inclusion.

Detection of pathogens was performed by different standard
methods® and diagnostic kits as described by the manufac-
turers. In brief, Rotavirus and adenovirus were detected using
a rapid diagnostic test (SD Rota/Adeno Rapid; Standard
Diagnostics, Hagal-dong, Giheung-gu, Yongin-si, Kyonggi-do,
Korea). Enterotoxigenic Escherichia coli (ETEC) and enter-
oinvasive Escherichia coli (EIEC)/Shigella were identified by
performing a real-time PCR using a specific kit (RIDA®GENE
ETEC/EIEC multiplex real-time PCR, Darmstadt, Germany). For
Salmonella spp., a standard culture was performed.'®'” Another
real-time PCR was used to assess the presence of Cryptospo-
ridium spp., Giardia lamblia, and Cyclospora cayetanensis using
specific primers and probes as described elsewhere.'®

Statistical analysis. Data analysis was performed using R
version 4.0.2 (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria). We calculated the point preva-
lence of enteric pathogens as the ratio of the number of de-
tected cases per number of patients with evaluable test results
for a specific pathogen at the time of presentation to the
outpatient or inpatient departments. The assessment of as-
sociation between categorical variables (or comparison of
proportions between different groups: mono-infected, coin-
fected) was performed with chi-squared test or Fisher’s test.
For the association between pathogens and age-groups,
gender, residence, and odds ratios with 95% Cls were cal-
culated. We calculated binomial 95% Cls for proportions and
performed chi-squared tests, and a two-sided P-value of less
than 0.05 was considered statistically significant.

RESULTS

Baseline characteristics. A total of 329 children present-
ing at one of the two study hospitals were screened; of these,

241 children were then recruited in the study and gave a stool
sample (Supplemental Figure S1 and Table S1); 149 (61.8%)
were males and 92 females (38.2%). Sixty-four (27.2%) chil-
dren were younger than 7 months, 69 (39.4%) were aged
between 7 and 12 months, and the remaining 102 (43.4%)
were aged between 13 and 59 months. The majority (170/205;
82.9%) of the participants lived in an urbanized area (Table 1).

A total of 199 patients completed the clinical examination.
Among those, 63 (31.7%) patients showed no signs of de-
hydration, whereas 109 (54.8%) were mildly, 26 (13%) mod-
erately, and one (0.5%) child was severely dehydrated. For
137 of 232 participants (59.1%), bloody or mucoid stool was
reported, and the most common additional symptoms were, in
decreasing order, fever (156/233; 67%), anorexia (141/229;
61.6%), and vomiting (95/215; 44.2%). The number of
symptomatic children included in our study varied over time
(Supplemental Figure S2).

Detection of enteric pathogens. Of the 241 samples col-
lected, 179 samples could be tested for EIEC/Shigella and
ETEC using Multiplex real-time PCR, because of an in-
sufficient amount of biological material. No pathogen was
identified in 58 children of 179 who provided stool samples
(Supplemental Table S1). Thirty percent (n = 54) of the samples
were positive for EIEC/Shigella and 24.6% (n = 44) for ETEC.

Giardia lamblia was identified in 13.7% (n = 33), Crypto-
sporidium in 12.9% (n = 31), and Rotavirus in 9.5% (n = 23) of
the samples (Table 2).

Proportion of coinfections. Of the 179 samples that had
been screened for all the eight studied pathogens, 121 were
infected with at least one pathogen. Among these positive
samples, 40 (33%) contained more than one pathogen, with
dual, triple, and more infections being recorded. Of these 40
stool samples, dual infection was detected in 34 specimens,
three pathogens could be simultaneously identified in five

TaBLE 1
Characteristics of study participants

Characteristic n (%) Binomial 95% Cl

Age-group (months) (N = 235)

0-6 64 (27.2) 19.8-31.1

7-12 69 (29.4) 24.3-36.2

13-59 102 (43.4) 37.9-50.7
Gender (N = 241)

Female 92 (38.2) 32-44.3

Male 149 (61.8) 55.7-68
Residence (N = 205)

Rural 35(17.1) 11.9-22.2

Urban 170 (82.9) 77.8-88.1
Vomiting (N = 215)

No 120 (55.8) 49-2-62.5

Yes 95 (44.2) 37.5-50.8
Bloody or mucoid stool (N = 232)

No 95 (40.9) 34.6-47.6

Yes 137 (59.1) 52.4-65.4
Dehydration (N = 199)

None 63 (31.7) 25.2-38.1

Mild 109 (54.8) 47.9-61.7

Moderate 26 (13) 8.4-17.7

Severe 1(0.5) 0-1.5
Fever (N = 233)

No 77 (33) 27-39.1

Yes 156 (67) 60.9-73
Anorexia (N = 229)

No 88 (38.4) 32.1-44.7

Yes 141 (61.6) 55.3-67.9
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TaBLE 2
Proportion of pathogens detected in children with diarrhea
Pathogen n (%) N tested

Giardia lamblia

Positive 33(13.7) 241
Cryptosporidium spp.

Positive 31(12.9) 241
Cyclospora cayetanensis

Positive 8(3.3) 241
Rotavirus

Positive 23 (9.5) 241
Adenovirus

Positive 8 (3.3 241
Salmonella spp.

Positive 5(2.1) 241
Enterotoxigenic Escherichia coli

Positive 44 (24.6) 179
Enteroinvasive Escherichia coli/Shigella

Positive 54 (30.2) 179

samples, and one sample was positive for four pathogens. The
most frequently detected pathogens in combination were the
two E. coli pathotypes (EIEC/Shigella [65%] and ETEC [60%))
followed by Cryptosporidium spp. (25%), Rotavirus, and
G. lamblia (22%) (Table 3). Among these, the most frequently
observed combinations of pathogens were EIEC/Shigella and
ETEC, ETEC and Rotavirus, and Cryptosporidium and EIEC/
Shigella (Figure 1).

Association between pathogen carrier status and de-
mographic data. Table 4 summarizes the association be-
tween key demographic characteristics (age, gender, and area
of residence) of children with diarrhea and potential pathogens
causing diarrhea detected in these children. A significant as-
sociation could be observed for three pathogens and age-
group. Giardia lamblia was significantly associated with the
age-group of 0-6 months (odds ratio [OR]: 0.29; 95% CI:
0.08-0.8, P = 0.03) and the age-group of 7-12 months (OR:
0.43;95% CI: 0.16-1.0, P =0.03). Rotavirus and EIEC/Shigella
showed, respectively, a significant association with the age-
group of 7-12 months (Rotavirus: OR: 0.2; 95% CI: 0.03-0.6,
P =0.001; EIEC/Shigella: OR: 1.5; 95% CI: 0.6-4.0, P = 0.02)
and the age-group of 13-59 months (Rotavirus: OR: 0.3; 95%
Cl: 0.1-0.7, P = 0.001; EIEC/Shigella: OR: 3.0; 95% CI:
1.3-7.7, P = 0.02). The distribution of most pathogens was
similar across age-groups and with respect to area of resi-
dence, with the exception of Rotavirus, which was more fre-
quently found in infants aged < 6 months and in subjects
residing in an urban area. Giardia lamblia and ETEC on the
other hand were more frequently identified in children older
than 6 months.

DISCUSSION

This study was the first of its kind conducted in Lambaréné,
Gabon, and is overall one of very few studies conducted on
this topic in the Central African region.®'%'2 The other studies
conducted in Gabon, by Koko et al.,® Lekana-Douki et al.,’ and
Duong et al.,'® respectively, focused on specific infectious
agents, either bacteria or Cryptosporidium spp., and therefore
do not provide an epidemiological overview. Furthermore,
these studies were conducted mainly in Libreville, a more ur-
banized setting than Lambaréné.

The most prevalent pathogens in our study were EIEC/
Shigella and ETEC. This ties in well with the findings of the
GEMS multicenter study, in which Shigella was identified as
the number one pathogen and ETEC ranked fourth.'® Rota-
and adenovirus were the second and third most prevalent
enteric pathogens in the GEMS study.

A study conducted in Lambaréné, Gabon, in 1997, analyz-
ing 150 participants’ stool for different strains of E. coli, had
not found EIEC/Shigella in any of the samples. Enterotoxigenic
Escherichia coli was identified in seven samples (4.7%), and
EAEC was found in 57 samples (38%).2° Whether this con-
siderable difference between our respective findings is due to
an emergence of new strains of E. coli in this region or a dif-
ferent testing protocol cannot be conclusively answered.
Samples collected as part of the said study were analyzed in
Austria and only submitted for molecular diagnostic testing
when the growth of suspect E. coli had been shown in culture,
whereas in this current study, PCR was conducted regardless
of results attained by conventional microbiological culture in
our study.

Rotavirus was found in 9.5% of our patients, which is a
lower prevalence than expected when reviewing the pertinent
literature. This may be due to differing diagnostic methods
because most of the other studies used molecular diagnostic
methods, which are known to be more sensitive. Reported
numbers vary between 27.1% in other parts of Gabon,® 25.1%
in Angola,’® and 40.4% in the CAR.'? Each of these studies
was conducted in the same age-group with similar inclusion
criteria. The higher prevalence of Rotavirus in younger children
with diarrhea as opposed to other pathogens in our study
supports similar findings from the GEMS report, as well as the
studies by Breurec et al.'? and Gasparinho et al.'®

Adenovirus was only identified in 3.3% of our cases,
whereas its prevalence in another study conducted in Gabon
was 19.6%.° Again, this discrepancy may reflect different
methods of testing. The original GEMS analysis showed a
prevalence of < 5% in diarrheal disease also using arapid test,
whereas a second analysis using molecular techniques

TaBLE 3
Prevalence of coinfections

Prevalence among mono-infected subjects (N = 81),
n (%)

Prevalence among coinfected subjects (N = 40),
n (%)

Pathogen (% P-value
Adenovirus 33.7) 3(7.5) 0.65
Rotavirus 11(13.6 9 (22.5) 0.33
G. lamblia 10(12.3 9 (22.5) 0.24
Cryptosporidium spp. 6(7.4) 10 (25) 0.02
C. cayetanensis 1(1.2) 4(10) 0.07
Enterotoxigenic Escherichia coli 20 (24.7 24 (60) < 0.001
Enteroinvasive Escherichia coli/Shigella 28 (34.6 26 (65) 0.003
Salmonella spp. 2(2.4) 2 (5) 0.20

Only data from n = 179 with full diagnostics are included.
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Ficure 1. Dual pathogen combinations among enteropathogens identified in diarrheal disease.

showed a higher prevalence between 7% and 22 % at different
sites.>1®

The relatively recent discovery of Cryptopsoridium spp. as
an important pathogen in childhood diarrhea® can be further
confirmed by our findings (12.9%), with the first cases of
Cryptosporidium spp. infection recorded in this part of the
country.2! There are estimates that up to 15-25% of children
with diarrhea are infected with Cryptosporidium spp.22 A study
in Angola found Cryptosporidium spp. in 30% of children
presenting with diarrhea.’® Older studies conducted in Kenya
and Mozambique found much lower numbers (4% and 0.6%,
respectively).22* An earlier study on Cryptosporidium spp. in
Gabon found a prevalence as high as 24% in children aged

between 0 and 2 years with diarrhea.® Many of the previous
studies used microscopy, which is known to be less sensitive
than molecular diagnostic tools such as PCR, leading to the
discrepancies for Cryptosporidium spp. More generally, the
often substantial differences in prevalence estimates stem-
ming from different test technologies appear to be an impor-
tant limitation for the interpretation of individual studies and
hinder potential, more powerful meta-analyses.

The overall findings of this study highlight the need for fur-
ther examination of the causes of childhood diarrhea and the
pathogenesis thereof. Clearly, these results pose a significant
question to routinely screen for diarrheagenic E. coli such as
ETEC and EIEC in this region. Our study showed a high
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TaBLE 4
Association between enteropathogens and demographic characteristics

Variable Rotavirus, n (%) OR 95% ClI P-value Adenovirus, n (%) OR 95% Cl P-value
Age-group (months)
0-6 13 (22) 1 - 0.001 0(0) - - 0.18
7-12 34 0.17 0.03-0.56 4 (6) - - -
13-59 7(7) 0.26 0.09-0.69 3(3) 1 - -
Gender
Female 11 (12) 1 - 0.44 1(1) 1 - 0.16
Male 12 (8) 0.65 0.27-1.57 7 (5) 3.99 0.68-103 -
Residence
Rural 2(6) 1 - 0.54 1(3) - 1
Urban 19 (11) 1.95 0.52-13.7 - 6 (4) 1.12 0.18-29.6 -
Enterotoxigenic
Escherichia coli, G. lamblia,
n (%) OR 95% ClI P-value n (%) OR 95% Cl P-value
Age-group (months)
0-6 12 (25) 1 - 0.57 4(7) 0.29 0.08-0.82 0.03
7-12 14 (27) 1.13 0.46-2.84 - 7 (10) 0.43 0.16-1.05 -
13-59 13 (19) 0.72 0.29-1.80 - 21 (21) 1 - -
Gender
Female 18 (27) 1 - 0.65 18 (20) 1 - 0.05
Male 26 (23) 0.8 0.40-1.62 - 15(10) 0.46 0.21-0.96 -
Residence
Rural 8 (25) 1 - 1 6(17) 1 - 0.24
Urban 36 (25) 0.97 0.41-2.5 - 17 (10) 0.53 0.20-1.60 -
Enteroinvasive
Escherichia coli- Salmonella,
Shigella, n (%) OR 95% ClI P-value n (%) OR 95% ClI P-value
Age-group (months)
0-6 9(19) 1 - 0.02 1(2) 0.62 0.02-5.52 0.86
7-12 13 (25) 1.47 0.56-4.00 - 1(1) 0.52 0.02-4.62 -
13-59 28 (42) 3.05 1.31-7.71 - 3(3) 1 - -
Gender
Female 19 (29) 1 - 0.89 0(0) 1 - 0.16
Male 35 (31) 1.11 0.57-2.19 - 5(3) -
Residence
Rural 14 (44) 1 - 0.09 1(3) 1 - 1
Urban 39 (27) 0.47 0.21-1.05 - 42 0.75 0.10-20.8 -
Cryptosporidium, C. cayetanensis,
n (%) OR 95% Cl P-value n (%) OR 95% ClI P-value
Age-group (months)
0-6 3(5) 1 - 0.11 1(2) 0.47 0.02-3.50 0.81
7-12 11 (16) 3.33 0.96-16.1 - 34 1.11 0.20-5.49 -
13-59 16 (16) 33 1.03-15.3 - 4(4) 1 -
Gender
Female 13 (14) 1 - 0.79 6 (7) 1 - 0.06
Male 18 (12) 0.83 0.39-1.84 - 2(1) 0.21 0.03-0.95 -
Residence
Rural 7 (20) 1 - 0.14 3(9) 1 - 0.06
Urban 17 (10) 0.44 0.17-1.25 - 32 0.19 0.03-1.17 -

OR = odds ratio; the reference category is indicated by OR = 1.

number of coinfections, which is similar to the findings of other
studies in this field.>2°28 The effect of these infections with
multiple pathogens on the disease outcome, for example,
whether they lead to more severe infection, is as yet not fully
understood and calls for more focused research. Furthermore,
the fact that some pathogens are more frequently involved in
mixed infections could suggest that pathogen combinations
can be found in the same contaminated foods or beverages
from an area with imperfect sanitation conditions (28). In ad-
dition, the high proportion of coinfections could explain the
fact that the pathogens detected might act synergistically in
pathogenesis and contribute to the burden of diarrheal
disease.?®

The current WHO guidelines on the treatment of infantile
diarrhea postulate mainly symptomatic treatment and antibi-
otic treatment only in cases where amoebiasis or giardiasis is

suspected.* More easily accessible diagnostic methods and a
better knowledge regarding the prevalence of the different
pathogens causing diarrhea could help avoid widespread
unnecessary prescription of antibiotics.

With regard to the demographic characteristics of the study
participants, there were noticeably more male children in-
cluded (Table 1). Whether this is due to a higher susceptibility
to diarrhea, families being more likely to seek professional
health care for male children or pure chance cannot be con-
clusively determined. There was no gender bias in previous
hospital-based studies conducted in Lambaréné.2**° Overall,
the spread of different pathogens was quite even in regard to
the participants’ demographic characteristics, except for the
age of participants. Table 4 shows that most of the pathogens
had a higher prevalence in the youngest age-group. This
finding is in line with observations made in previous studies
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reporting that Rotavirus, Cryptosporidium, ETEC, and ade-
novirus were more frequently detected in children during their
first year of life.52® Particularly for children younger than
7 months, we observed a low proportion of most of the
enteropathogens found in this study. This could be due to the
fact that most children younger than 6 months were usually
breastfed, which has been shown to have a preventative effect
on gastrointestinal illnesses.?°

The high number of patients with G. lamblia suggests con-
siderable levels of contamination in the local water supply,
because this pathogen has been mainly found to be trans-
mitted by water in this demographic group.®' It is, however,
not clear whether this parasite actually always represents a
cause of diarrhea or may just be an accompanying coloniza-
tion as has been suggested by several other authors.®12:32:33

Limitations. The main limitation of this study is the lack of a
healthy control group. This excludes any firm attribution of
pathogens identified to the symptoms witnessed. Many of
these pathogens can also be found in healthy individuals, al-
beit usually in substantially lower quantity than in those pre-
senting with gastrointestinal symptoms.'9:34:3

Furthermore, we only tested for certain key pathogens, and
thus, alternative pathogenic agents such as Campylobacter
spp., Norovirus, or Entamoeba histolytica, to name a few, went
undetected. In addition, the methods we used were not nec-
essarily the most sensitive for the identification of the re-
spective pathogens. A study by Li et al. has shown a
significantly higher rate of adenovirus identified in samples
when using molecular diagnostic methods as opposed to a
commercial immunoassay as used in our study.2® Therefore,
we consider the spectrum of pathogens identified in this study
as preliminary data that can be used as a baseline for further
studies.

CONCLUSION

In this first study of diarrheal pathogens in children in one of
the peripheral cities in Gabon and surrounding villages, we
identified a spectrum of infectious agents that can serve as
baseline for public health stakeholders and guide more de-
tailed future studies. These should include healthy control
groups, to enable a more definite attribution of pathogenicity
to the different infectious agents identified.

A better understanding of the spectrum of pathogens found
in children with diarrhea and more readily available diagnostic
methods could lead to a better adherence to the current WHO
treatment guidelines and a more appropriate usage of antibi-
otics by the treating physicians.

Finally, the implementation of the Rotavirus vaccine into the
national vaccination program could prove beneficial, partic-
ularly for the youngest age bracket examined in this study.
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Supplemental Table S1: Patients recruitment

Included participants Excluded participants
Number of Patients 241 88
Age in months [median (IQR)] 11.5(0-59) 14.5 (0-59)
Female sex n (%) 92 (38.2%) 39 (44.3%)

Supplemental Table S2: Fraction of diarrhoea cases with/without a known aetiology by age among
the 179 samples screened for all sought pathogens

Age group (Months) Diarrhoea with unknown etiology Diarrhoea with known etiology
0-6 (N=55) 26 (47.3%) 29(52.7%)
7-12 (N=53) 19 (35.8%) 34(64.2%)

13-59 (N=71) 13 (18.3%) 58(81.7%)
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Abstract

Background

Cryptosporidium is a protozoan parasite that causes mild to severe diarrhoeal disease in
humans. To date, several commercial companies have developed rapid immunoassays for
the detection of Cryptosporidium infection. However, the challenge is to identify an accurate,
simple and rapid diagnostic tool for the estimation of cryptosporidiosis burden. This study
aims at evaluating the accuracy of CerTest Crypto, a commercialized rapid diagnostic test
(RDT) for the detection of Cryptosporidium antigens in the stool of children presenting with
diarrhoea.

Methods

A cross-sectional study was conducted in four study sites in Sub-Saharan Africa (Gabon,
Ghana, Madagascar, and Tanzania), from May 2017 to April 2018. Stool samples were col-
lected from children under 5 years with diarrhoea or a history of diarrhoea within the last 24
hours. All specimens were processed and analyzed using CerTest Crypto RDT against a
composite diagnostic panel involving two polymerase chain reaction (PCR) tests (QPCR
and RFLP-PCR,) as the gold standard.
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Results

A total of 596 stool samples were collected. Evaluation of the RDT yielded a very low overall
sensitivity of 49.6% (confidence interval (Cl) 40.1-59.0), a specificity of 92.5% (CI 89.8—
94.7), positive predictive value of 61.3% (Cl 50.6—71.2), and negative predictive value of
88.5% (85.3-91.1) when compared to the composite reference standard of gPCR and
RFLP-PCR for the detection of Cryptosporidium species. Moreover, the performance of this
test varied across different sites.

Conclusion

The weak performance of the studied RDT suggests the need to carefully evaluate available
commercial RDTs before their use as standard tools in clinical trials and community survey
of Cryptosporidium infections in pediatric cohorts.

Author summary

Diarrhoea is a common cause of death among children younger than 5 years. Treatment
is based on oral rehydration and sometimes the administration of antibiotics. Several
pathogens are responsible for diarrhoea in small children. Cryptosporidium species are
one of the common pathogens causing prolonged and persistent diarrhoea, malnutrition
and growth deficits among immunocompetent children and of severe diarrhoea in immu-
nocompromised persons.

Laboratory diagnosis of cryptosporidiosis is usually achieved by microscopic detection
of Cryptosporidium oocysts in stool specimens; staining techniques include acid-fast stains
and immunofluorescence. Given that appropriate treatment is impeded by the lack of
timely and accurate standard diagnostics in middle and low-income countries, rapid diag-
nostic tests at the point of care potentially offer a shorter time to adequate care. We evalu-
ated a new RDT targeting Cryptosporidium species. This new RDT showed variable and
insufficient sensitivity among children admitted to a hospital with diarrhea at four differ-
ent study sites in Gabon, Ghana, Madagascar, and Tanzania.

However, this new RDT could not be used as an appropriate tool for a reliable diagno-
sis of Cryptosporidiosis to guide community-based screening programs.

Introduction

Diarrheal disease accounts for one in ten cases of death among children younger than five
years [1]. Cryptosporidiosis is caused by a coccidian parasite belonging to the genus Cryptospo-
ridium and has been recognized as one of the major causes of diarrheal disease worldwide [2].
Several species of Cryptosporidium are present in several host where they can cause disease.
The First reports of human illness occured in 1976, when Cryptosporidium was identified in
rectal biopsy specimens of a 3-year-old child [3-4]. Cryptosporidium parvum and Cryptospo-
ridium hominis have been reported as the major causes of persistent diarrhea in developing
countries, recognized as an opportunistic disease in HIV/AIDS patients, but also responsible
for large outbreaks in immunocompetent individuals in developed countries [5-6]. Cryptospo-
ridium spp therefore constitute a public health concern particularly due to reports of outbreaks
in day care centers, immunocompromised patients and in waterborne transmissions [7-9].
The main symptoms of Cryptosporidiosis include; watery diarrhea which may be profused or
prolonged, nausea, vomiting and low-grade fever [10-11]. In developing countries, other
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etiology related to the disease includes malnutrition and growth deficits among immunocom-
petent children and severe diarrhoea in immunocompromised persons [12].

Numerous diagnostic techniques have been used to detect Cryptosporidium infection in
humans and animals. They include the use of faecal smears stained by the modified Ziehl-
Neelsen technique, Enzyme-linked immunosorbent assays (ELISA) and polymerase chain
reaction (PCR) assays [13-14]. A comprehensive overview into the detection and molecular
characterization of Cryptosporidium has been described elsewhere [15]

The above mentioned methods have drawbacks such as being time-consuming and rela-
tively expensive, as well as requiring well-equipped laboratories and well-trained or skilled per-
sonnel [14-16].

To overcome these limitations, antigens based-tests mostly relying on immuno-chro-
matographic assays have been marketed for rapid detection of Cryptosporidium antigens.
RDTs have become increasingly popular tools and are highly suitable for point of care testing.
They allow detection of antigens of one or more protozoan parasites in a single test format by
lateral flow immunochromatographic assay. The advantage of such assay is that they are fast,
easy to perform and interpret and thus can be used in low resource settings. Several of these
RDTs have been in used over the years with varying sensitivities and specificities. In compar-
ing the performance of 4 RDTs including; ImmunoCardSTAT! CGE, Crypto/Giardia Duo-
Strip, RIDA QUICK Cryptosporidium/Giardia/Entamoeba Combi and Giardia/Cryptosporid-
ium Quik Check the authors observed varying sensitivities ranging from 92 to 100% and 100%
specificities for all RDT brands for the detection of Cryptosporidium when compared to
ELISA, microscopy, and qPCR as gold standards [17]. In addition, these RDTs demonstrate
varying performances, and some of them are not well validated for the detection of less fre-
quent non-parvum/hominis Cryptosporidium species [2-18].

The CerTest Crypto is a newly commercialized RDT with manufacturer reported sensitivity
and specificity of >99% respectively [19]. No studies have so far evaluated the performance of
this RDT in field settings including resource-limited settings such as ours. More so, most
RDTs need to be refrigerated before use, which makes them unsuitable or difficult to use in
settings with varying temperatures and humidity. The CerTest Crypto RDT however does not
require refrigeration.

Consequently, there is a need for an extensive evaluation of this RDT in diverse field condi-
tions in order to evaluate their diagnostic usefulness. The aim of this study was to assess the per-
formance of CerTest Crypto against a composite reference standard of qPCR and RFLP-PCR.

Materials and methods
Study design, context and site

This prospective cross-sectional study, is part of a larger cross-sectional study entitled “Genetic
determinants for transmission of Cryptosporidium parvum/hominis among humans and ani-
mals in Africa”. The study was carried out from May 2017 to April 2018 in four sub-Saharan
African countries (Lambaréné in Gabon, Agogo in Ghana, Antananarivo in Madagascar and
Korogwe in Tanzania). All hospitals where participants were recruited are situated in semi-
urban areas across all study sites. Samples used to evaluate the test performance of CerTest
Crypto were collected from these health centers.

Study population

Stool samples were obtained from all children under 5 years of age presenting with diarrhoea
or history of diarrhoea within the last 24h to the outpatient departments (OPDs) of the study
hospitals of the four countries.
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Field and Laboratory procedures

Patients who provided a stool sample and an informed consent signed by the parents or legal
guardian were enrolled in the study. Each child provided a fresh stool sample in a dry and
leak-proof stool container. Prior to the start of the study, a general training was organized in
Tanzania with participants from all the four study sites in attendance. Training was based on
CerTest Crypto RDT testing and qPCR for Cryptosporidium. Laboratory technicians from all
the four sites were trained on sample processing, time of testing, and protocols were developed
and harmonized for use in all the four sites. The Standard Operation Pocedures (SOPs) for
sample processing and testing with the CerTest Crypto RDT and qPCR were implemented in
all the four sites. A small amount of stool sample (250 mg or 250 pl) was stored at -20°C for
further analyses (with qPCR, RFLP-PCR).

CerTest Crypto RDT processing

Fresh stool samples were tested using a commercially available RDT (CerTest BIOTEC S.L,
Pol. Industial Rio Gallego II, Zaragoza Spain). The RDT's were stored at room temperature in
all the sites according to manufacturer instructions. The stool samples were collected and
transported in cool boxes (4°C) to the laboratory. All samples were analysed within 24 hours
of sample collection. Stool sample aliquots were stored at -80°C for further analysis. Approxi-
mately 125 mg or 125 ul of stool sample was transferred into the diluent provided by the kit
manufacturer by use of an applicator stick or pipette. The suspension was homogenized by
shaking. Four drops of the diluted fecal material were dispensed into the circular window of
the test card. The flow was allowed to run for 10 minutes followed by a visual interpretation.
The test results were not recorded later than 10 minutes as instructed by manufacturer [19].

The Certest Crypto Kit is supplied with quality control reagents. The quality control reagent
consists of a known positive and negative sample. One negative and one positive control was
run once a month in all the four sites and for each new batch of test kits. Additionally, the
internal procedural control is included in the test, wherein the appearance of a green line in
the control line result window is an indication of correct procedural technique and confirms
enough specimen volume was used.

DNA isolation

A modified MO BIO-Qiagen stool DNA extraction protocol was performed incorporating six
main steps including: sample treatment, cell lysis, inhibitors removal, DNA binding, a wash
step, and DNA elution. Genomic DNA was extracted from 250 mg (or 250 uL) of stool with
the use of DNeasy PowerSoil Kit (QIAGEN, Hilden Germany) formerly supplied by MO BIO
(MO-BIO Carlsbad, CA, USA) as PowerSoil DNA Isolation Kit. All steps of the DNA extrac-
tion were performed following the manufacturer’s instructions. The nucleic acids were eluted
in 100 uL volume and 5 pL of the extract was used for gPCR.

Real-time PCR

DNA amplification was performed in a Rotor-Gene Q instrument (QIAGEN GmbH, Hilden-
Germany) in 25 pL reactions using the HotStart Taq master mix kit (QIAGEN, Germany), 3.5
mM MgCl2, 500 nM forward primer (crypto-F) 5- CGC TTC TCT AGC CTT TCA TGA -3,
500 nM reverse primer (crypto-R) 5°- CTT CAC GTG TGT TTG CCA AT-3’, 175 nM Crypto
probe 5-ROX-CCA ATC ACA GAA TCA TCA GAA TCG ACT GGT ATC-BHQ2-3’. The

primer and probe sequences and corresponding assession numbers have been published else-
where [20]. These primers and probe sequencies are specific for Cryptosporidium parvum and
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C. hominis, although their efficiency at detecting other Cryptosporidium species has not be
evaluated.

All samples were tested in duplicate for Cryptosporidium species detection employing the
following cycling protocol: one cycle at 95°C for 15 min (polymerase activation), followed by
45 cycles of 95°C for 15 seconds (denaturation), 67°C for 30 seconds (annealing) and 72°C for
30 seconds (extension), followed by a final cooling step at 40°C for 30 seconds. Phocin Herpes
Virus (PhHV) Plasmid was incorporated into the master mix to control for PCR inhibitors
and only samples with a cycle threshold < = 38 were considered positive.

Cryptosporidium genotyping

All samples detected positive for Cryptosporidium species by qPCR were genotyped using a
PCR-restriction fragment length polymorphism (RFLP) technique as described previously
[21]. To improve specificity, the PCR products from the restriction digest were sequenced and
resulting sequences were blasted to identify the Cryptosporidium species.

Statistical analysis

Statistical analyses were performed using Stata 14. Categorical variables were described as
counts and percentages. Continuous variables were described by the median and interquartile
range (IQR). To ensure a comparable set of observations for the analysis, observations with
missing information on either the RDT or the PCR result were excluded from the analysis and
the study period was restricted from May 2017 to April 2018. We calculated sensitivity, speci-
ficity, positive predictive value (PPV) and negative predictive value (NPV) to evaluate the per-
formance of the CerTest Crypto RDT result versus the overall results observed by combining
two PCR methods (PCR, RFLP-PCR) defined as a composite reference standard PCR. The per-
formance characteristics of CerTest Crypto RDT were determined based on the ability of the
CerTest to detect all species of Cryptosporidium (both human and animal species). Therefore,
to assess the performance characteristics of this test to detect 2 of the most frequent species(C.
hominis and C. parvum), eight observations that were PCR positive for “C. meleagridis “and
“C. xiaoi/bovis” were excluded from the analysis. PCR was positive if either method yielded a
positive result, otherwise negative. The test performance measures are presented as percent-
ages along with the respective 95% confidence intervals (CI).

Ethical approval

Informed consent was obtained from the parents or legal guardian of the patient at the outpa-
tient department (OPD) or inpatient department (IPD). The study protocol was approved by
each Institutional Ethical Review Board of all four study sites. The National Health Research
Ethics Committee (NatHREC) in Tanzania, Comité National d’Ethique du Gabon, the Com-
mittee On Human Research, Publications And Ethics, Kwame Nkrumah University Of Science
And Technology of Kumasi, Ghana, the Medical Research Coordinating Committee of the
National Institute for Medical Research, Tanzania (NIMR MRCC), the Ethical Committee of
the Ministry of Health of the Republic of Madagascar and the Arztekammer Hamburg, Ham-
burg, Germany.

Results

A total of 596 stool samples from Ghana (N = 132), Gabon (N = 192), Madagascar (N = 83)
and Tanzania (N = 189) was tested to assess the performance of CerTest Crypto RDT. Table 1
provides the frequency distribution of all Cryptosporidium species from all study sites
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Table 1. Frequency distribution of Cryptosporidium rapid diagnostic test results by study sits.

Country C. hominis C. meleagridis C. parvum C. xiaoi/bovis
n (%) n (%) n (%) n (%)

Overall (N = 482) 91 (18.9) 7 (1.5) 15 (3.1) 1(0.2)

Ghana (N =107) 15 (14) 2(1.9) 7 (6.5.) 1(0.9)

Gabon (N = 154) 31(20.1) 0 7 (4.5) 0

Madagascar (N = 65) 14 (21.5) 4(6.2) 0 0

Tanzania (N = 156) 31(19.9) 1(0.6) 1(0.6) 0

https://doi.org/10.1371/journal.pntd.0008448.t001

following analysis with PCR and RFLP. The diagnostic performance characteristics of Crypto-
sporidium CerTest Crypto RDT were analyzed using PCR as a reference standard in all 4 study
sites. Table 2 provides sensitivity, specificity, PPV, and NPV of the test to detect Cryptosporid-
ium species in the four sites. The sensitivity of the test varied considerably in all study sites
being highest in Madagascar (72.22%) in comparison to Gabon and Ghana which had 50 and
52% respectively and was lowest in Tanzania with 35.29%. Conversely, the specificity of the
test was similar in all study sites ranging from 86 to 94%. However, subsequent re-analyses did
not result in any changes in the performance characteristic of the cerTest across study sites
(Table 3).

Further analyses of all cerTest negative samples from all study sites was performed using
PCR-RFLP.

To further evaluate the stability throughout the year and batches variabilities of the CerTest
Crypto against PCR reference standard, we looked at the performance of the test over the course
of the year in all study sites (Figs 1-4). Overall the false netative (FN) cases were detected almost
every month in Gabon from the start to the end of the study period. Meanwhile, in Ghana, FN
cases were detected more frequently during the first 5 months (May to September 2017) and
then during the last 2 months (March to April 2018). While in Madagascar and Tanzania, the
FN cases were mostly found in the beginning and towards the end of the study period. These
numbers of FN observed at the four sites are not consistent and do not represent a clear pattern
to suggest any batch effect on the test performance from the different study sites.

Finally, there is no evidence of the effect of gender, rainfall, sampling period as well as age
group on Cryptosporidium infection across the study sites. However, there is a high proportion
of Cryptosporidium infection occurring during the first two years of age accros countries (S1
Table and S1 Fig).

Discussion

There is a need for efficient diagnostic methods for Cryptosporidium infection in settings
where the disease is prevalent. Consequently, RDTs appear as a unique opportunity for point-
of-care diagnosis in the absence of routine stool microscopy and advanced diagnostic tools.
CerTest Crypto test is a commercially available RDT that is easy to perform, does not require

Table 2. Overall and country specific test evaluation results of the RDT when compared to qPCR and RFLP as reference standard.

Country

Overall (N = 596)
Ghana (N = 132)
Gabon (N =192)
Madagascar (N = 83)
Tanzania (N = 189)

Sensitivity [95% CI]
49.57 [40.11, 59.04]
52.00 [31.31, 72.20]
50.00 [33.38, 66.62]
72.22 [46.52,90.31]
35.29 [19.75, 53.51]

https://doi.org/10.1371/journal.pntd.0008448.t002

Specificity [95% CI]
92.52 [89.79, 94.70]
94.39 [88.19, 97.91]
94.81 [90.02, 97.73]
86.15 [75.34, 93.47]
91.61 [86.08, 95.46]

Positive predictive value [95% CI]
61.29 [50.62, 71.22]
68.42 [43.45, 87.42]
70.37 [49.82, 86.25]
59.09 [36.35, 79.29]
48.00 [27.80, 68.69]

Negative predictive value [95% CI]
88.47 [85.35,91.13]
89.38 [82.18, 94.39]
88.48 [82.60, 92.92]
91.80 [81.90, 97.28]
86.59 [80.40, 91.40]
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Table 3. Overall and country specific test evaluation results of the RDT when compared to qPCR and RFLP as reference standard, excluding test results of Crypto-

sporidium meleagridis

Cryptosporidium xiaoi/bovis“.

Country

Sensitivity [95% CI]

Specificity [95% CI] Positive predictive value [95% CI] Negative predictive value [95% CI]

Overall (N = 588)

49.53 [39.72, 59.37]

92.52 [89.79, 94.70] 59.55 [48.62, 69.83] 89.18 [86.12,91.77

Ghana (N = 129)

54.55 [32.21, 75.61]

94.39 [88.19, 97.91 66.67 [40.99, 86.66 90.99 [84.06, 95.59

Gabon (N =192)

50.00 [33.38, 66.62]

Madagascar (N = 79)

71.43 [41.90, 91.61]

86.15 [75.34,93.47 52.63 [28.86, 75.55 93.33 [83.80, 98.15

Tanzania (N = 188)

36.36 [20.40, 54.88]

]

] ]

94.81 [90.02, 97.73] 70.37 [49.82, 86.25 88.48 [82.60, 92.92]
] ]

] ]

]
]
]
]

91.61 [86.08, 95.46 48.00 [27.80, 68.69 87.12 [80.98,91.84

https://doi.org/10.1371/journal.pntd.0008448.t003

refrigeration and saves time for the detection of Cryptosporidium spp. According to previous
studies, the performance levels’ variability of RDTs can depend on differences in commercial
products, dissimilar methodologies employed and genetic diversity of Cryptosporidium across
geographical regions [18]. The cerTest Crypto RDT, whose high-performance parameters
(Sensitivity and specificity > 99%) has been claimed by the manufacturer, was evaluated in
this study. Our observations on the performance characteristics of cerTest Crypto showed
high specificity (Tables 1 and 2). Our findings suggest that this RDT is reliable for detecting
samples with no Cryptosporidium. As mentioned in previous studies, this result could also
mean no cross-reaction with other pathogens causing diarrhoea [18-22].

In contrast, there are different sensitivities in each study site, ranging from 35.29% to
72.22% for the detection of Cryptosporidium species and from 36.36% to 71.43% for the detec-
tion of C. parvum and C. hominis. This indicates that this test performs poorly in the detection
of all Cryptosporidium species. The overall number of true positives (TP) was generally low for
all four sites. Meanwhile, the number of false negative did not vary considerably by month. The
trend of the distribution of Cryptosporidium spp. that we observed amongst the younger chil-
dren is similar to that reported by Current and Garcia in 1991 [23], suggesting that the demo-
graphics could not influence the performance characteristics of cerTest Crypto (S1 Table).

Therefore, the observed low sensitivity could be due to several other factors such as low par-
asite densities as reported elsewhere [24-25]. Moreover, our findings show a lower apparent
sensitivity of the test kit that may be as a result of comparing the test to PCR, which can detect

Diagnostic test results over time
- Ghana -
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Fig 1. Frequencies of diagnostic test evaluation (RDT vs. PCR as reference standard) from all patients for Ghana.
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Diagnostic test results over time
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Fig 2. Frequencies of diagnostic test evaluation (RDT vs. PCR as reference standard) from all patients for Gabon.
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parasite DNA remaining in a patient’s after an infection has been cleared as previously men-
tioned by Boyce and O’Meara in 2017 [24]. Contrary to the study conducted by Bouyou-Ako-
tet [25] in which the authors suggest that low sensitivity was correlated to the lower parasite
load in a test that targets a specific species [26], our finding revealed a lower overall sensitivity
with CerTest RDT which was not specific to one particular species.

Diagnostic test results over time
- Madagascar -
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Fig 3. Frequencies of diagnostic test evaluation (RDT vs. PCR as reference standard) from all patients for
Madagascar.

https://doi.org/10.1371/journal.pntd.0008448.g003
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Diagnostic test results over time
- Tanzania -

L[|...- |

Sampling date

I True negative [ True positive
I False positive False negative

35+
30
25+

Frequency

- N
o o0 ©o o O
1 1 1 1 1

May 2017 P

Jun 2017 -

Jul 2017
Aug 2017
Sep 2017
Oct 2017
Nov 2017 -
Dec 2017
Jan 2018 -
Feb 2018
Mar 2018
Apr2018 |1 m

Fig 4. Frequencies of diagnostic test evaluation (RDT vs. PCR as reference standard) from all patients for
Tanzania.

https://doi.org/10.1371/journal.pntd.0008448.9004

Furthermore, our finding highlighted the overall decrease in PPV due to the very low num-
ber of TP observed from the four sites. Although the NPV of 88.47% can be considered high
enough, this is not comparable to manufacturer reported > 99% NPV. A considerable number
of FN was observed from all study sites. Without any microscopy data to correlate the observed
oocyst concentrations (infection intensities) and percentage of FN, it is difficult to determine
the effect of parasite load on the detection of all species of Cryptosporidium (Tables 1 and 2).
More so, some Cryptosporodium genotypes may lack part or all of the protein targeted by the
CerTest RDT which could explain the observed numbers of FN. Additionally, the PPV of
61.29% is due to very low numbers of TP and a considerable number of FP observed from all
sites.

The evaluation of the sensitivity of RDTs used in the detection of malaria parasites has been
reported to be influenced by changing seasons [27]. In light of this, the observed differences in
our case could be correlated with the fluctuation of temperatures in all study areas. Thus, most
cases of FN and FP found in different months were likely due to the incidence of Cryptospo-
ridiosis that varies with changing seasons and across geographical areas. Moreover, other
reports suggest that temperatures above 30°C can affect the overall performance of the RDTs
[28] in the case of malaria parasites detection. Taken together, the accuracy of any RDT result
may depend on several factors such as the quality of the RDT, storage, transport and end-user
performance.

Our study had two main limitations. Firstly, due to the absence of microscopy data on
oocyst concentrations, we could not correlate Cryptosporidium oocyst load and the test perfor-
mance. However, according to the manufacturer, the current test does not detect low concen-
tration antigens in the stool. Hence a sample that tests negative with the RDT is unlikely to be
positive microscopically. Taken together, we could not report the cause of all FN reported
from all study sites. Secondly, with no additional investigation on protozoan pathogens caus-
ing diarrhea, we cannot exclude the possibility of cross-reacting species as the cause of all FP
cases in this study. Our demographic data did not not provide any substantial evidence on the
effect of temperature and humidity on the test kit. Thus the variation in performance of the

test kit that we observed in this study is not related to the handling and storage of the kits.
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In conclusion, CerTest Crypto RDT has been designed to detect Cryptosporidium species.
Although this coproantigen detection assay is rapid, its sensitivity is low for the detection of
Cryptosporidium spp as well as C. parvum and C. hominis in particular. Therefore, additional
research is needed to evaluate the performance of the CerTest Crypto RDT with particular
emphasis on light intensity infections whereby the concentrations of antigens present in the
sample are below the detection limit of the test that may result in an increase number of false
negatives.
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examined the antigenic variability of circulating strains in relation to available vaccine strains to maximize
the public health benefits of introducing rotavirus vaccine through the Expanded Programme on Immuniza-
tion (EPI) in Gabon.

Methods: Stool samples were collected consecutively between April 2018 and November 2019 from all hospi-

llg?t:/:/?rrzj A talized children <5 years with gastroenteritis and community controls without gastroenteritis. Children
Vaccines were tested for rotavirus A by quantitative RT-PCR and subsequently sequenced to identify circulating rotavi-
Genotypes rus A genotypes in the most vulnerable population. The VP7 and VP4 (VP8*) antigenic epitopes were mapped
Antigenic epitopes to homologs of vaccine strains to assess structural variability and potential impact on antigenicity.

Acute gastroenteritis Findings: Infections were mostly acquired during the dry season. Rotavirus A was detected in 98/177 (55%)
Africa hospitalized children with gastroenteritis and 14/67 (21%) of the control children. The most common RVA

genotypes were G1 (18%), G3 (12%), G8 (18%), G9 (2%), G12 (25%), with G8 and G9 reported for the first time

in Gabon. All were associated either with P[6] (31%) or P[8] (38%) genotypes. Several non-synonymous sub-

stitutions were observed in the antigenic epitopes of VP7 (positions 94 and 147) and VP8* (positions 89, 116,

146 and 150), which may modulate the elicited immune responses.

Interpretation: This study contributes to the epidemiological surveillance of rotavirus A required before the

introduction of rotavirus vaccination in the EPI for Gabonese children.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Diarrheal diseases remain one of the major cause of illness among

e — children <5 years, causing over 500,000 deaths worldwide each year,
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Research in context

Evidence before this study

Rotavirus is one of the most important etiologic agents of infan-
tile gastroenteritis, with an estimated 200,000 deaths in chil-
dren <5 years of age. There are four WHO prequalified
Rotavirus vaccines available thus far. We searched PubMed for
publications until 2020 using the search terms “rotavirus A”
AND “epitopes” AND “children.” We found 10 results describing
different studies of rotavirus genetic diversity and characteriza-
tion of the VP4 and VP7 genes encoding the outer capsid pro-
teins. Eight of the studies compared the antigenic regions of the
VP7 and VP4 partial sequences of circulating rotavirus strains
with those of Rotarix and RotaTeq vaccines. However, there are
no studies from Central Africa, where the Expanded Programme
on Immunization (EPI) is scheduled to introduce rotavirus vac-
cine, particularly in the Republic of Gabon.

Added value of this study

Currently, there is limited data on the genetic similarity of vac-
cine strains and their relationship with wild-type strains. In
this study, we found a high RVA burden in Gabonese children
with high antigenic variability in circulating compared to the
vaccine strains. This may influence efficacy, as this extensive
genetic variability observed in these viruses may evade
immune responses induced by prior infection or vaccination
through changes in molecular structures by antibodies and/or T
cells.

Implications of all the available evidence

The high RVA burden implies an urgent need for the introduc-
tion of RVA vaccination for Gabonese children.

a genome of 11 double-stranded RNA (dsRNA) encoding six structural
(VP1-VP4, VP6, VP7) and six non-structural (NSP1-NSP6) proteins [2].
The outer capsid layer is formed by the VP7 glycoprotein (G) and the
VP4 spike protease-sensitive (P) protein, both encoded by genomic
segments on which a binary taxonomical system of rotaviruses is
based at intraspecific level, determining their classification into G
and P genotypes [3].

The Rotavirus classification work group of the International Com-
mittee on Virus Taxonomy has currently identified 41 G and 57 P
genotypes in mammal and bird species worldwide [3,4], although in
humans only a few genotypes are responsible for the disease burden
(G1-G4, G9, G12, P[4], P[6], P[8]) [5—8]. Additionally, genotype G5,
G6 and G8 are considered relevant to human health in Africa and
Asia [7]. In addition to rapid genetic drift caused by the error-prone
RNA-dependent RNA polymerase, segment reassortment (genetic
shift) is another major driver of rotavirus evolution, leading to new
genetic combinations and enabling interspecies transmission [9,10].
Previous studies reported G1P[8] as the most frequent RVA strain
globally [5,11], while G2P[4], G3P[8], G4P[8], and G9P[8] were
reported to be common strains worldwide in the pre-vaccination era
[11].

There are four WHO prequalified Rotavirus vaccines available thus
far. Rotarix (GlaxoSmithKline Biologicals, Belgium) is a monovalent
vaccine derived from a human G1P[8] strain and RotaTeq
(Merck&Co., USA) is a pentavalent (G1-G4 and P[8]) containing five
human-bovine RVA reassortant strains [10]. Both vaccines were
proven to be safe and efficacious. While Rotarix and Rotateq are used
in over 90 countries worldwide [12], WHO recently prequalified
Rotavac (Bharat Biotech, India) and ROTASIIL (Serum Institute of

India). Both Rotavac and ROTASIIL are in use only in India, whereas
Rotavac is used in India and Palestine. Besides pronounced immune
responses against the capsid protein, antibody responses against
other rotavirus antigens such as VP6, VP2, NSP2 and NSP4 were also
detected. However, the mechanisms by which antiviral immunity is
acquired are not clearly understood [13]. Because the introduction of
RVA vaccination requires a thorough documentation of disease bur-
den, viral diversity, many countries have initiated RVA surveillance.
In Africa, the first countries to introduce RVA vaccination were South
Africa (2009) and Morocco (2010) [14]. Rotavirus evolution at the
genotypic and sub genotypic levels helps to understand transmission
dynamics, where new genotypes emerge through recombination of
wild-type and vaccine strains, due to selection pressure (post-vaccine
strain shift) [15], or due to gene reassortment [16,17]. Therefore, the
question remains how antigenic drift can evade adaptive immunity
and thus affect vaccine responses [18,19].

In Gabon, a national immunization program for RVA has not yet
been implemented. Furthermore, the information on RVA diversity
and burden is poorly documented. Some of the pathogenic RVA geno-
types (G1, G2, G3, G12, G6, P[4], P[6], P[8]) were previously detected
in four different cities of Gabon, as well as one emerging G6P[6] strain
[20]. Thus, pursuing national and regional surveillance is important
due to rapid evolution including zoonotic transmission with
increased odds of emergence of novel strains. To this end, the aim of
the present study is to describe epidemiology and genetic diversity of
RVA in Gabonese children <5 years old and to investigate antigenic
variability of circulating strains in relation to available vaccines.

2. Methods
2.1. Ethics statement

The study protocol was approved by the Institutional Ethical Com-
mittee of the Centre de Recherches Médicales de Lambaréné (CER-
MEL) (CEI-CERMEL: 003/2017). Written informed consent was
obtained from parents or legal representatives of the children.

2.2. Study population and sampling

Between April 2018 and November 2019, stool samples were col-
lected from children under 5 years of age who were residents of
semi-urban Lambaréné and its surrounding rural area. The popula-
tion considered here is representative of the general population
because children aged 0—5 years who presented to the outpatient
clinics of the two major hospitals in Lambaréné were examined and
included if they suffered from diarrhoea (defined as three or more
liquid stools within 24 h during the previous three days) and lived in
the study area (within a radius of approximately 20 km from
Lambaréné). The sample size was calculated based on an estimated
rotavirus prevalence among Gabonese children with diarrhoea
(27.1%) from a previous [20]. The significance level was 0.05 (corre-
sponding to a 95% confidence interval) with a precision of 0.07 for a
sample size of 155 children. Rainy seasons (March-May, October-
December) of similar length are interspersed between short (January
and February) and long (June—September) dry seasons. Children
with diarrhea or history of diarrhea within the last 24 h were
recruited at outpatient department of two main hospitals (Hospital
Albert Schweitzer and Centre Hospitalier Régional Georges Rawiri de
Lambaréné). In addition, stool samples were randomly collected from
healthy children of the same age without gastroenteritis who resided
in the same compound as index cases. The collected stool samples
were immediately transported to the laboratory and were stored in
RNAlater at —20°C for further use.
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2.3. Rotavirus detection

The suspension of 200 mg stool in 1 ml of RNAlater solution was
homogenized by vortexing and centrifuged. Viral RNA was then
extracted from 140 ul of the supernatant with the use of QIAamp
viral RNA Mini Kit (QIAGEN, Hilden Germany). All steps of the RNA
isolation were performed following the manufacturer’s instructions.
The genomic RNA was eluted in a total volume of 60 w1, concentra-
tion was immediately measured on a Qubit dsRNA XR Assay Kit and
the Qubit 4.0 fluorometer (Invitrogen, Paisley, UK) and subsequently
stored at — 80°C.

The presence of RVA was detected using a one-step reverse transcrip-
tion real time PCR (RT-qPCR) protocol for the amplification of the NSP4
gene [21]. Briefly, RNA extracts were first diluted and denaturated at 95 C
for 1 min, then RT-qPCR was carried out in a total volume of 12 w1 using
the SuperScript Ill/Platinum Taq OneStep kit (Invitrogen, Carlsbad, CA).
The reaction mix contained PCR buffer, forward primer (RoA 25-s)
5'GCTTTTAAAAGTT-CTGTTCCGAG), and reverse primer (RoA 26a-as)
5'—ACTCAATGTGTAGTTGAGGTCGG, probe 5 —VIC—ATCTTTCCGCAC-
GC—MGB and Platinum Enzyme mix. Samples with a cycle threshold (CT)
< 39 were considered positive.

2.4. Rotavirus genotyping

For the rotavirus G/P typing we used two RT-semi-nested PCR proto-
cols, specific for each type, as described [22,23]. For the first round, pan-
specific primers located close to the 3’ and 5’ end of the segments were
used. In the second run, one of the pan-specific primer was used as a
fluorescence labelled primer (with HEX for G types and FAM for P types).
The second primer is specific for each P or G Type. This results in fluores-
cence labelled amplicons with different fragment length. The amplicons
generated in the first and second PCRs were also independently checked
using agarose gel electrophoresis. For each sample, the fluorescence
labelled amplicons generated in the second PCR (nested-PCR round)
were mixed with a fluorescence labelled ladder and then analyzed using
capillary sequencer. Thus, specific peaks for G and P type could be deter-
mined. Additionally, the amplicons generated in the first round of the G/
P typing were sequenced using the PCR primer used in the first PCR
round. Those samples with a weak signal in the fragment length analysis
and/or negative in the first PCR round, a P or G type specific PCR was
additionally performed. Some samples showed a signal in the fragment
length analysis, but no amplicons were detectable in the first PCR round.
For these samples, a VP4- or VP7-long amplification was attempted to
identify their genotypes. All amplicons were Sanger sequenced for fur-
ther analysis. The RVA nucleotide sequences of this study are available
under the following GenBank accession numbers: MZ966335 -
MZ966498.

2.5. Sequence data analysis

Generated sequences were analyzed in Geneious Prime v2021.1.1
(Biomatters, Auckland, New Zealand). Genotype was assigned using
NCBI BLAST and the VIPR typing tool for rotavirus A genotype determi-
nation (https://www.viprbrc.org). Nucleotide sequences of VP7 and VP4
were aligned with MAFFT implemented in Geneious and neighbor-join-
ing phylogenetic trees were reconstructed using MEGA 7.0.26 [24] fol-
lowing substitution model using 1000 bootstrap iterations for evaluation
of node support. Amino acid sequence similarity was calculated with the
p-distance method. Phylogenetic trees were displayed with iTOL [25]
and potential N-linked glycosylation sites were screened with NetNGlyc
1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/).

2.6. Statistical analysis

Differences of RVA prevalence among children with and without
diarrhea were tested using the Chi-square or Fischer exact test, with

statistical significance set at two-sided p-value <0.05. Associations of
RVA infection with potential risk factors were evaluated by condi-
tional logistic regression and a multiple logistic regression model fit-
ted using a stepwise backward procedure. The variables with a p-
value >0.30 in the univariate analysis were removed sequentially.
We adjusted for potential confounders that may influence the occur-
rence of RVA (e.g., gender, residence). All statistical tests were per-
formed using R version 4.0.2 [26].

2.7. Role of funding source

The project is part of the GZ EI 1044/1-1 AOBJ 630127 grant
funded by DFG. The Funders had any role in study design, data collec-
tion, data analyses, interpretation, or writing of report.

3. Results
3.1. Study population

A total of 244 children were recruited in the study. Of these 177
(73%) were symptomatic children aged between 0 and 59 months
with a median age of 12 months, whereas the median age of healthy
children was 24 months. Most participating children (78%; 190/244)
were aged 0-24 months. A total of 152 (62%) participants lived in the
semi-urban area. Male children were 57% (101/177) in the symptom-
atic group and 61% (41/67) in the asymptomatic group.

3.2. RVA Prevalence and seasonal distribution

RVA was detected in 98/177 (55%) of symptomatic children and
14/67 (21%) of controls. High RVA detection rate was associated with
age, sex, and residence among symptomatic children (Table 1). Chil-
dren between 0 and 6 months showed the highest proportion of
infection (30/47, 64%), while the lowest detection rate was observed
among children between 19 and 24 months (5/16, 31%). Females
were more often infected (44/76, 58%) than males (54/101, 54%),
with similar observations in children from rural (60%) compared to
those from semi-urban settings (53%). In the control group, children
between 7 and 12 months showed the highest proportion of infec-
tions (4/8, 50%). Males were more likely to be infected (10/41, 24%)
than females (4/26, 15%), with similar observations in children from
rural (31%) compared to those from semi-urban settings (7%).

Gabon, a tropical country has both wet and dry seasons. RVA
infection among children with diarrhea was not significantly associ-
ated with either dry or wet season (x? = 0.31, p=0.5). However, a sig-
nificant difference in RVA positive cases was observed between the
cumulated long dry and wet seasons (x?= 5.06, p=0.02), with peak

Table 1
Rotavirus burden in the study population.

RVA in Children RVA in Children p-value
with acute without acute
gastroenteritis gastroenteritis
cases n (%) cases n (%)
Total 98/177 (55) 14/67 (21) <0.0001
Age (months)
0-6 30/47 (64) 0/7 (0) 0.002
7-12 24/47 (51) 4/8 (50) 1
13-18 27/45 (60) 0/4(0) 0.0345
19-24 5/16 (31) 3/16(19) 0.6851
25-59 12/22 (55) 7/32 (22) 0.0205
Gender
Female 44[76 (58) 4/26 (15) 0.0002
Male 54/101 (54) 10/41 (24) 0.0016
Residential area
Rural 32/53 (60) 12/39(31) 0.0062
Semi-urban 66/124 (53) 2/28(7) <0.0001



https://www.viprbrc.org
http://www.cbs.dtu.dk/services/NetNGlyc/

4 G.P. Manouana et al. / EBioMedicine 73 (2021) 103648

RVA infection during September and October 2018 (turn of the sea-
sons) and August-September 2019 (dry season) (Fig. 1a, 1b).

3.3. Genotype distribution and risk factors

In the 112 RT-qPCR positives, we identified two P types and five G
types, either in single or mixed infections (Table 2). The P[8] (38.4%)
was predominant, followed by P[6] (31%). The most prevalent G type
identified was G12 (25%) followed by G1 (18%), G8 (18%), G3 (12%)
and G9 (2%). The G type could not be assigned in 31 cases (26%) cases,
while the P type identification failed for 34 positive samples (30%)
(Supplementary Table S1). The frequent G/P combinations were G12P
[6] (21%), G1P[8] (17%) and G8P[8] (15%) (Table 2).

Crude analysis indicated that nutrition, source of drinking water
and diarrhea were associated with RVA. Children nourished with for-
mula milk (OR=1.5; 95% CI: 0.55—4.12, p-value= 0.013) and drinking
water from wells (OR=1.29; 95%Cl: 0.61—2.80; p-value= 0.009) were
at higher risk of acquiring a RVA infection. The RVA detection rate
was significantly associated with diarrhea (OR=4.63; 95%CI:
2.45-9.29, p-value = <0.001). After adjusting for potential confound-
ers, RVA infection remained significantly associated with diarrhea
(OR=3.5; 95%Cl: 1.5-8.58, p-value=0.004), and equally for semi-
urban population (OR=0.46; 95%ClI: 0.21-0.96, p-value= 0.04) (Supple-
mentary Table S2).

3.4. Phylogenetic analysis with vaccine strains

RVA strains belonging to G8, G9, G12, P[6] and P[8] clustered
within a single lineage per genotype (Figs. 2, 3). The Gabonese G1
clustered as lineage I and II, showing genetic homogeneity to African
and Asian strains, respectively. The Gabonese G1 (lineage II) revealed
a higher amino acid pairwise identity with the Rotarix G1 (98%) than
the homologous component of RotaTeq. A low pairwise identity was
observed between the protein sequence of Gabonese G3 strains and
homologous component of RotaTeq (94-95%), as indicated also by
their phylogenetic branching. Gabonese G3 strains grouped in lineage
III with European, Indian and African strains. Additionally, we have

2

21

number of cases
o

detected the VP7 nucleotide sequence of a G3 strain (GAB/449)
closely related to a bat-borne G3P[3] earlier detected in Gabon. The
Gabonese G8 clustered in lineage I, showing a close relationship with
Eastern Asian RVA (Japan), similarly to the G9 sequences of lineage VI
(China and Japan). The G12 sequences formed a relatively homoge-
nous cluster within lineage III, along African, Asian and European
strains.

For both P[6] and P[8] genotypes, their VP4 sequences clustered
within lineage I and lineage I, respectively. However, the analysis of
all symptomatic children revealed a pattern of P type segregation in
Gabonese strains, indicative of their association with different G
types (Figs. 2, 3). The Gabonese P[8] strains had 93-96% similarity
with RotaTeq strain and 90% with the Rotarix P[8]. Furthermore, the
P[8] associated with G1 were more similar with RotaTeq and Rotarix
(96% and 90%, respectively) than G8P[8] (93-94% and 89-90%, respec-
tively).

3.5. Analysis of VP7 and VP4 neutralizing epitopes

Vaccine efficacy can be undermined if structural differences accu-
mulate in the antigenic epitopes of circulating RVA strains. We used
comparative protein analysis to highlight potential antigenic differ-
ences between Gabonese RVAs and strains of vaccines that may be
introduced. Mutation sites with potential for neutralization escape
by monoclonal antibodies reside in the VP7 trimer on two structur-
ally defined antigenic epitopes: 7-1 and 7-2 [27] (Fig. 4). The immu-
nodominant 7-1 epitope is further divided into 7-1a and 7-1b.
Overall, the highest number of amino acid differences was observed
in the 7-1b subunit of VP7, followed by the 7-2 subunit and the 7-1a
subunit. We observed only 5 of 29 amino acid residues completely
conserved (W98, Q104, Q201, G264, K291). Most of these sites (W98,
Q104, K291) were located on 7-1a. Due to the low viral load and high
ct values, we could only obtain only sequence information from only
one asymptomatic child.

The VP7 antigenic epitopes of Gabonese G1 strains revealed four
residue differences relative to Rotarix G1 and five changes compared
to the RotaTeq G1. These sites were found on the epitopes 7-1a and

B RAV negative
M RAV positive

[l Rainy season
["] Dry season

Fig. 1. a. Seasonal burden of rotavirus A among Gabonese children. b. Climate graph with recorded temperature and precipitation data of Lambaréné, during the study period (April

2018 until November 2019)



G.P. Manouana et al. / EBioMedicine 73 (2021) 103648 5

Climograph

10.0

" /

Temperature[in °C]
o
3

25

75

Parameter

— Temp. Max
50 N
— Temp. Min

[wuwi u] uoneydiosld

25

Jo Lo [

8 AR S SRS &

Month/Year

[

AR SR SR -

Fig. 1. Continued.

Table 2
Rotavirus genotype (G/P type) distribution in Gabonese
children.
G (X) P types n (%)
P[6] P[8] P[x] Total
G1 0 19(17)  1(1) 20(18)
G3 8(7) 0 1(1) 9(8)
G8 0 17(15)  1(1) 18(16)
G9 0 2(2) 0 2(2)
G12 24(21)  2(2) 0 26 (23)
Gx 1(1) 1(1) 29(21)  31(28)
Gmix 2(2) 2(2) 2(2) 6(5)
Total 35(31) 43(39) 34(30) 112(100)

Mixed types: G1+G3P[8] (1%), G1+G8+G12P[8] (1%), G3
+G12P[6] (2%);

Partial G/P mixed types: G3+G8P[x]| (1%), G8+G12P[x]
(1%).

7-2, respectively. The analysis of G3 showed four to five amino acids
different from the RotaTeq G3, distributed on 7-1b and 7-2 epitopes
and up to 13 differences relative to Rotarix G1. Several exhibited fea-
tures of escape mutants [28]. The change in the N94S residue was
only observed in strain GAB/675, while the entire antigenic region 7-
1b of the G3 strains matches the RotaTeq. All G3 strains carried a
mutation at position 238 (epitope 7-1), with most having a substitu-
tion (K238N) that modulates N-glycosylation, with one exception in
the GAB/449 strain (K238D), which was replaced by aspartic acid. In
the 7-2 subunit, mutations at positions 147-148 can modulate
responsiveness to specific antibodies; however, only position 147
had amino acid substitutions for both G1 and G3 strains. Most G1
strains had dissimilar residues (N/S147D), while GAB/449 (G3), phy-
logenetically related to the bat RVA, had a T147A substitution previ-
ously associated with immune escape [28,29]. In the VP8* region, the
P[8] type revealed distinct signatures at positions N135D, ST90N that
could well differentiate RotaTeq and Rotarix [30], Whereas the amino
acid residues associated with immune escape that differ from both
RotaTeq and Rotarix P[8] are located on epitope 8-1 (S146G, N150S),
epitope 8-3 (D116N) and epitope 8-4 (N89T) [31].

The comparison of G8, G9 and G12 with human G1-G4 and bovine
G6 strains of RotaTeq and the G1 strain of Rotarix showed that
Gabonese G8 strains contained four amino acids (sites 96, 145, 147,
213) that are not present in any RotaTeq strain, and 11 residue differ-
ences compared to the closest (G3) RotaTeq homolog. In comparison
to Rotarix, Gabonese G8 strains contained 15 amino acid differences.

Gabonese G9 strains had only two residues changes relative to all
RotaTeq strains (sites 94 and 242), each located on the two subunits
of the 7-1 epitope, but up to 12 amino acid difference in relation to
the closest RotaTeq strain (G3). When compared to the Rotarix strain,
the Gabonese G9 showed 14 amino acid changes. G12 strains were
the most divergent, having a minimum of 9 different amino acids
when compared to VP7 epitopes of vaccine strains. Relative to the
closest RotaTeq strain (G3), G12 contained 15 residue changes. The
most extensive epitope divergence was observed in relation to
Rotarix G1, with 17 residues (Fig. 4).

Following the virion’s trypsin activation in the intestine, the VP4
spike protein is proteolytically cleaved in two components: the glob-
ular head (VP8*) placed on top of the stalk (VP5*). We analyzed the
region coding for the VP8* globular head, the main determinant of
RVA P type containing four surface-exposed antigenic epitopes: 8-1,
8-2, 8-3 and 8-4 [31]. Among the Gabonese P[8], P[6] and all vaccine
strains we found only two completely conserved sites in epitopes 8-2
(E180) and 8-3 (N132), of the 25 present in VP8* (Fig. 5). The Gabon-
ese P[8] contained up to 24 identical amino acids compared to the P
[8] of RotaTeq and 19 identical amino acids relative to P[8] of Rotarix.
Six amino acids differences located mostly on epitopes 8-1, 8-3 and
8-4 were shared with both P[8] vaccine strains. The highest number
of differences (10 residues) was noted between Gabonese G1P[8]
strain GAB/675 and Rotarix P[8].

The epitope composition of the Gabonese P[6] strains relative to
vaccine VP8* showed extensive dissimilarity, consistent with the lev-
els of sequences divergence. P[6] strains associated with G3 con-
tained 18-20 residue differences, whilst the G12P[6] contained 17-19
different amino acids.

4. Discussion

In preparation for introducing rotavirus vaccine by the EPI for
Gabonese children, we investigated the prevalence and genetic char-
acteristics of RVA among children with and without diarrhea over a
20-month period. The RVA detection rate in diarrheal cases is twice
as high as previously reported in Gabon [20]. RVA was present to a
greater extent in children with diarrhea than in asymptomatic ones,
with similar or higher detection rate than in West/East Africa and
South Asia [32,33].

As observed in various studies, high infection was observed in
most children aged 0—24 months [33,34]. The significant association
of RVA infection with the semi-urban environment could be related
to population density and contact rates, but also to living conditions.
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Fig. 2. Phylogenetic analysis of representative RVA strains based on a VP7 gene fragment (856 nucleotides). Gabonese strains analyzed are marked by black dots and vaccine strains
are marked by red dots. Guineafowl RVA strain NIE13A1146 was used as an outgroup and bootstrap support >80% is indicated by asterisk. Tree scale bar represents number of sub-

stitutions per site.

The AOR analysis showed no significant association with pit toilet use
and RVA infections, this toilet type was present in about 90% of RVA
positive households, in contrast to flush toilets (9%). The use of public
taps as a source of drinking water was reported for more than half

(55%) of the infected children, as opposed to water from the house-
hold tap (13%). Therefore, such factors may discretely contribute to
the acquisition of RVA infections, especially in semi-urban areas with
high population density. Over the sampling period, the proportion of
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Fig. 3. Phylogenetic analysis of representative RVA strains based on a fragment of VP4, containing the VP8* sequence (645 nucleotides). Gabonese strains analyzed are marked by
black dots and vaccine strains are marked by red dots. Pigeon RVA strain NIE13A1025 was used as an outgroup and bootstrap support >80% is indicated by asterisk. Tree scale bar

represents number of substitutions per site.

infections differed statistically only between rainy seasons and
cumulative long dry seasons. RVA infections peaked in Septem-
ber-October (2018) or August-September (2019), a pattern consis-
tent with previous observations in Gabon [20],
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The frequencies of G1 and G3 genotypes in the present study pop-
ulation are higher than previously reported in the country [20] and in
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neighboring Cameroon [40], while G8 and G9 were detected for the
first time in Gabon. In contrast to other Central African countries
where G1 is dominant, this genotype was the second most common
in our study (18%), while the dominant G12 (25%) was found in simi-
lar proportions [34,38]. Although G12 was found at a lower frequency
in this study than in Cameroon (67.4%) [40], previous work by
Lekana-Douki et al. [20] in Gabon also showed that G12 was less
common (11.8%). In contrast to previous work by Lekana-Douki et al.
[20], we observed P[8] to be the most frequent P genotype (38%). The
other P genotype in our study is P[6] (31%), had a lower detection
rate than those previously reported in the country (71.4%). This high
incidence of P[8] has been observed not only in Central African coun-
tries, but also in Central and South-eastern Europe [41,42]. We
observed a high proportion of G1P[8] (17%), although it was signifi-
cantly lower than in neighboring country (Republic of Congo, 44%)
[37]. G12P[8] and G12P[6] were found at lower frequencies com-
pared to Cameroon [40]. In addition, we found G9P[8] and G8P[8],
genotypes frequently detected in Southeast Asia [38]. These geno-
types considered rare or uncommon, were also reported with low
frequencies in other African countries [36]. 28 % of non-typeable
types (Gx-Px) were observed and there were many non-typeable
types among the P-types. All qPCR-positive samples that were nega-
tive in semi-nested RT- PCR were designated as non-typeable. There
are two likely reasons that have been raised as limitations of this
study. One probable reason is that qPCR has a high sensitivity com-
pared to RT-PCR; this could well be observed in non-typeable sam-
ples that gave high ct values in the independently performed tests.
The other reason could be due to mutations in the primer binding
sites, which impairs annealing. However, the latter explanation is
unlikely.

RVA zoonotic genotypes such as G8 (bovine), P[11] (bovine)
and P[6] (porcine) are widespread in developing countries and
cause infections in humans [43-45]. High diversity of RVA
(including untypeable strains) in human populations, livestock or
wildlife [46—48] are common. In our study, a G3 strain (GAB/449)
obtained from a symptomatic child was phylogenetically closer to
a Gabonese strain earlier discovered in a giant round bat (H.
gigas, GenBank no. MN528121). Poor sanitary conditions and high
contact rates with livestock and wildlife may contribute to spill-
over-spillback transmission patterns. Consequently, the rate of
infection is also higher (~20%) compared to middle- and high-
income countries (~5%) [43].

The phylogenetic analysis of Gabonese G types revealed well
supported terminal clades indicating close relatedness with
strains of Asian origin. Although P[8] is widespread in Africa, we
cannot rule out the possibility of cross-border transmission in
Gabon due to the constant influx of migrants from Asia and other
countries. The phylogenetic sub-lineage segregation of Gabonese
VP4 in discrete clusters following a pattern of G type association
(e.g., P[6] with G3 and G12, P[8] with G1 and G8) might be a
result of reassortment.

Strains of P[8] contained amino acid disparities in their VP8*
epitopes in accordance with their G1, G8 and G9 combinations,
although with notable exceptions. G1P[8] was one of the frequent
type combinations and most divergent from vaccine cognates,
similarly to the less frequent G9P[8]. These genetic and antigenic
differences should be considered when planning immunization,
since the chosen vaccines will shape the antigenic landscape for

circulating RVA. The antigenic G1-VP7 epitopes were mostly con-
served and homogeneous with the vaccine strains. Of all three
VP7 epitopes, the RVA genome was apparently conserved with
vaccine strains, with an exception in G1P[8] (GAB/675), which
revealed the N94S substitution associated with immune escape
[28,49]. The VP7 epitopes of the Gabonese G3 strains had a rela-
tively low number of different residues compared to RotaTeq G3.
Despite this observation, the presence of K238N (epitope 7-1b)
may be of concern as it affects glycosylation and has been shown
to neutralize RVA in mammals by monoclonal antibodies and
hyperimmune sera [46,50]. K238N has also been reported previ-
ously in European and North African G3 strains [10,51], with
additional sites (70-72) contributing to N-linked glycosylation.

In the case of RVA immunization, a vaccine’s failure to eradi-
cate the virus can result in selective pressures that enhance the
pathogen'’s ability to evade host immunity [47]. Viral evolution is
often linked to travel and domesticated livestock populations in
the community that facilitate the virus shedding and recombina-
tion of RVA strains in antigenically naive hosts [48,52]. Although
many studies have examined RVA burden in symptomatic
patients, this study investigated children without gastroenteritis.
The comparison of the RVA genotype distribution between symp-
tomatic and asymptomatic children would have been useful.
However, due to the low viral load, we could only obtain a
sequence from the control group (asymptomatic children).
Another limitation of our study is the small size of the asymp-
tomatic group. This is because sampling began in the second year
of the study and therefore precludes observation of the seasonal
distribution of RVA cases among asymptomatic children.

The presence of the main pathogenic strains in Gabon, namely
G1 and G3 in combination with P[6], the emerging G12 and the
less common G9 with antigenic divergence, makes the implemen-
tation of vaccination necessary and urgent. This study provides
the genetic data needed to assess the epidemiological situation
prior to the introduction of vaccination in the Gabonese popula-
tion, where a wide variety of RVA are present, including strains
that are likely to be of zoonotic origin. Additional longitudinal
studies at temporal and spatial scales are needed to determine
the functional significance of these genetic divergences observed
in Gabonese RVA strains and to establish a link with available
vaccines, proven to be efficacious.
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Abstract: Enteric viruses are the leading cause of diarrhea in children globally. Identifying viral
agents and understanding their genetic diversity could help to develop effective preventive measures.
This study aimed to determine the detection rate and genetic diversity of four enteric viruses in
Gabonese children aged below five years. Stool samples from children <5 years with (1 = 177) and
without (n = 67) diarrhea were collected from April 2018 to November 2019. Norovirus, astrovirus,
sapovirus, and aichivirus A were identified using PCR techniques followed by sequencing and
phylogenetic analyses. At least one viral agent was identified in 23.2% and 14.9% of the symptomatic
and asymptomatic participants, respectively. Norovirus (14.7%) and astrovirus (7.3%) were the most
prevalent in children with diarrhea, whereas in the healthy group norovirus (9%) followed by the first
reported aichivirus A in Gabon (6%) were predominant. The predominant norovirus genogroup was
GII, consisting mostly of genotype GIL.P31-GII.4 Sydney. Phylogenetic analysis of the 3CD region
of the aichivirus A genome revealed the presence of two genotypes (A and C) in the study cohort.
Astrovirus and sapovirus showed a high diversity, with five different astrovirus genotypes and four
sapovirus genotypes, respectively. Our findings give new insights into the circulation and genetic
diversity of enteric viruses in Gabonese children.

Keywords: enteric viruses; children; phylogenetic analysis; diarrhea; Gabon

1. Introduction

Gastroenteritis (GE) remains a major public health issue worldwide, especially among
children [1]. Globally, more than 700 million cases of acute gastroenteritis in children
below 5 years, and 0.8-2 million deaths, per year, have been estimated [2]. GE can have
several causes. Previous studies have identified rotavirus, norovirus, astrovirus, and
adenovirus as major viral etiologies of diarrheal illness [3—6]. In particular, rotavirus
group A (RVA) (family Reoviridae) remains the most important etiological agent of severe
diarrhea in children under five years of age, with an estimated 215,000 deaths recorded
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in 2013 [7,8]. In recent decades, data on the epidemiology and disease burden of RVA
infection have contributed to the implementation of RVA vaccination (the monovalent
Rotarix (GlaxoSmithKline Biologicals, Rixensart, Belgium) and the pentavalent human-
bovine reassortant RotaTeq (Merck, Kenilworth, NJ, USA)). Although recommended by
the World Health Organization (WHO), these two RVA vaccines have demonstrated a low
efficacy in resource-poor countries [9].

Noroviruses (NoVs) are associated with estimated deaths of over 200,000 annually,
with an important proportion occurring in children from developing countries [10,11].
NoVs comprise the Norovirus genus within the Calciviridae family and are small, round
structured viruses, non-enveloped with a positive-sense single-stranded RNA genome
of around 7.5 kb consisting of three open reading frames (ORFs). ORF1 encodes six non-
structural proteins including the viral polymerase. ORF2 and ORF3 encode the major and
minor capsid proteins VP1 and VP2, respectively [12,13]. NoV strains are segregated into
ten genogroups (G), of which genogroups GI, GII, GIV, GVIII, and GIX contain primarily
human viruses linked with GE. Through phylogenetic analyses, at least forty-eight geno-
types infecting humans were identified, with the GII.4 genotype responsible for at least
70% of infections worldwide [14,15].

Other viral agents, including astroviruses (AstV, family Astroviridae), sapoviruses
(SaV, family Caliviridae), and aichiviruses (AiV, family Picornaviridae), are present overall
in much smaller proportions than NoVs and RVA. AstVs, single-stranded RNA viruses, are
an important cause of diarrhea in children. They are classified into ten genotypes, of which
eight are “classic” genotypes (HAstV1-HAstV8), and two have been described only recently
(HAstV-MBL and HAstV-VA/HOM) [16,17]. HAstVs have been identified worldwide and
the overall detection rate among children with acute gastroenteritis ranges between 0% and
20% [18]. Human SaVs were detected in people of all ages in both outbreaks and sporadic
cases worldwide, with a median detection rate of 6.2% (with a range from 0.2% to 39%)
among children <5 years old in low- and middle-income countries [19]. Human SaVs are
classified to seventeen different genotypes belonging to four genogroups (GI, GII, GIV,
and GV) [20]. AiVs were suggested to play a role in GE, especially in outbreaks caused
by contaminated seafood [21]. Human pathogenic AiVs belonging to the genus Kobuvirus
were classified as AiV-1 and are divided into three different genotypes (A-C) [22], with
little information available about their geographical distribution.

In Sub-Saharan Africa and South-East Asia, where over 90% of diarrhea-related deaths
occur among children younger than 5 years [23], routine diagnostic or surveillance for viral
etiology of diarrheal diseases is lacking or limited [24]. A previous epidemiological study
conducted in 2015 in four cities of Gabon reported the predominant proportion of RVA,
followed by human adenovirus (HAdV), NoVs, SaV, and AstV among symptomatic chil-
dren [25]. However, following up these results as part of a national surveillance program
prior to rotavirus vaccination in Gabon is essential to establish a solid evidence base.

In this study, we assessed the genetic diversity of enteric viruses in Gabonese children
younger than 5 years.

2. Materials and Methods
2.1. Sample Collection

In this study, stool samples were collected from children under 5 years of age who
resided in one of Gabon’s main cities (Lambaréné) and its surroundings (a dominantly
rural area without running water and electricity, and reduced access to the health system)
between April 2018 and November 2019. Cases were children presenting at the outpatient
departments of the two main hospitals with diarrhea or history of diarrhea within the last
24 h. Subsequently, stool samples were randomly obtained from healthy children living in
the same neighborhoods and having the same life conditions (source of drinking water,
type of toilet, feeding practice, and material of living house) as those of diarrhea cases.
All controls were gender- and age-matched with children with diarrhea. The biological
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material was immediately transported to the CERMEL laboratory and stored in RNAlater
at —20 °C until analysis.

2.2. Viral RNA Extraction

RNA was extracted from 140 uL of the stool suspension in RN Alater spiked with an
internal extraction- and PCR-control (MS-2 phage) using the QlAamp viral RNA Mini Kit
(Qiagen, Hilden, Germany). All steps of the RNA isolation were performed following the
manufacturer’s instructions and the viral RNA was eluted in a total volume of 60 uL. and
stored in aliquots at —70 °C.

2.3. PCR Detection and Genotyping

The presence of NoV and SaV was first screened using a single-step reverse transcrip-
tion real time PCR as described previously [26,27]. In short, 10 pL mastermix containing
Superscript™ III Platinum OneStep RT-qPCR System (Invitrogen, Karlsruhe, Germany)
and 2 pL virus RNA extracted was used for the detection. All NoV positive samples were
subsequently genotyped based on amplification and nucleotide sequencing of the RNA-
dependent RNA polymerase gene (RdRp, ORF1) and the capsid gene (ORF2, P2 region)
as previously described [28]. SaV positive samples by RT-qPCR were characterized by
amplifying a polymerase region of 650 bp using a reverse transcription nested PCR. Briefly,
RT-PCR with the first PCR round were performed using OneStep RT-PCR kit (Qiagen,
Germany) and HotStar Master Mix Kit (Qiagen, Germany) respectively. For the first round,
2 uL of RNA was used in a final reaction volume of 12.5 uL using the SaV 53a+b and SaV
58 primers, and the second round of PCR was performed using the SaV 55a+b and SaV
58 primers. All primers were used at the final concentration of 500 nM (Supplementary
Tables S1 and S2).

For the detection of AiV, a nested RT-PCR was performed amplifying 180 bp of 3CD-
region as previously described [29]. Primers AIl and AI2 were used with the OneStep
RT-PCR kit (Qiagen, Germany) for the first PCR round and the primers AI3 and Al4 with
the HotStar Master Mix Kit (Qiagen, Germany) for the second PCR round. AiV positive
samples were further genotyped by using a nested RT-PCR amplifying a 520 bp fragment
of the 3CD region. For the first round, 2 pL. of RNA was used in a final reaction volume of
12.5 uL by using OneStep RT-PCR kit (Qiagen, Germany) with the AI68 and AI70 primers.
For the second round of PCR, the HotStar Master Mix Kit (Qiagen, Germany) was used
with the AI69 and AlI71 primers. All primers were used at the final concentration of 200 nM
(Supplementary Tables S1 and S2).

All samples were screened for AstV infections by a pan-specific AstV semi-nested
RT-PCR using the primers AV89a, AV89b, AV89¢c, AV90a, AV90b, AV90c, and AVY1, as
previously described [27]. The further genotyping of AstV positive samples was done by
reverse transcription nested PCR as previously described [30] using the primers AV91,
AV92a, and AV93 (Supplementary Table S1).

2.4. Nucleotide Sequencing and Phylogenetic Analysis

All PCR products (NoV, SaV, AiV, and HAstV) were submitted to Sanger sequencing
using the corresponding PCR primers (Supplementary Table S1). Phylogenetic analysis
was performed with Geneious prime 11.0.4 and MEGA7.0.26. Norovirus sequences were
submitted to the online Norovirus Tool to assign genotypes (https://www.rivm.nl/mpf/
typingtool/norovirus/) (accessed on 1 December 2020). For phylogenetic analysis, nu-
cleotide sequences were aligned with the MAFFT algorithm in Geneious prime 11.0.4. In
MEGA?7.0.26, trees were constructed using the best fit models of substitution pattern with
the lowest BIC score (Bayesian information criterion). The reliability of the branching pat-
tern was tested with bootstrapping (1000 replicates). The nucleotide sequences of the viral
pathogens of this study are available under the following GenBank accession numbers AiV
MW525344-MW525346, HAstV MW525347-MW525357, NoV-GI MW506839-MW 506842
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(ORF1), and MW513431-MW513437 (P2 region); NoV-GII MW513401-MW513421 (ORF1)
and MW506843-MW506861 (P2 region); and SaV MW525358-MW525362.

2.5. Statistical Analysis

Statistical analysis was done by Pearson’s chi-square and Fisher’s exact tests using
GraphPad Prism software version 6.00 for Windows. A p-value < 0.05 was considered to
be statistically significant.

3. Results
3.1. Study Population

A total of 244 stool specimens were collected from participants aged between 0 and
59 months with a median age of 14 months. Of these, 72.5% (177 /244) were symptomatic
children between 0 and 59 months of age with a median age of 12 months, whereas the
median age of asymptomatic participants was 24 months. Among children with diarrhea,
57.1% (101/177) were male and 70.1% (124/177) lived in an urban area; compared to the
healthy group in which 41.8% (28/67) were male and 61.2% (41/67) lived in an urban
area (Lambaréné). Overall, 190 children of the study population were aged between 0 and
24 months, with a high proportion of symptomatic participants (81.6%; 155/190).

3.2. Detection Rate of Enteric Viruses in the Study Population

Among 177 stool samples collected from patients with diarrhea symptoms, 41 (23.2%)
were positive for at least one virus, versus 10/67 (14.9%) in the healthy group (p = 0.2).
NoV (14.7%; 26/177) was the most prevalent in symptomatic children, followed by AstV
(7.3%; 13/177). The two remaining viruses (SaV and AiV) were detected at a lower rate
of 3.4% (6/177) and 1.1% (2/177), respectively. The overall detection rate of NoV, AstV,
SaV, and AiV was 9% (6/67), 4.5% (3/67),1.5% (1/67), and 6% (4/67), respectively, among
controls. Among the NoVs, NoV-GII was the most frequently detected in patients with
diarrhea, whereas the detection rate was similar for NoV-GI and NoV-GII in the control
group. There was no statistical significance between detection rate of enteric viruses in
symptomatic and healthy children (Table 1). Of the 51 study participants who tested
positive for enteric viruses, 17.6% contained more than one virus. Mixed infections were
found in 6 (3.4%) children suffering from diarrhea (NoV-GI+SaV, NoV-GI+AstV, NoV-
GII+AstV (n = 3) and SaV-AstV) and 3 (4.5%) cases in control group (NoV-GI+AiV, NoV
GI+SaV and NoV-GII+AstV).

Table 1. Detection rate of enteric viruses among children with/without diarrhea.

Virus Diarrhea (n =177)  No Diarrhea (n = 67) p-Value Total (n = 244)
NoV 26 (14.7%) 6 (9.0%) 0.2764 32 (13.1%)
NoV GI 6 (3.4%) 3 (4.5%) 1.0000 9 (3.7%)
NoV GII 20 (11.3%) 3 (4.5%) 0.1046 23 (9.4%)
AstV 13(7.3%) 3 (4.5%) 0.5371 16 (6.6%)
SaV 6 (3.4%) 1(1.5%) 0.6212 7 (2.9%)
AiV 2 (1.1%) 4 (6.0%) 0.1184 6 (2.5%)

Table 2 summarizes the distribution of enteric viruses in children with/without
diarrhea according to age, sex, and living area. Overall, enteric viruses screened were
found only in symptomatic children aged 0 to 24 months, whereas the age group 25 to
59 months was found to be more infected among controls. NoV, particularly NoV-GII, was
the most frequently detected virus within the six first months of life, with 21.3% (10/47) of
children with diarrhea. The age group 7 to 12 months was found to be infected by all four
enteric viruses (NoV, AstV, SaV, and AiV) with detection rates of 17% (8/47), 12.8% (6/47),
2.1% (1/47), and 4.3% (2/47), respectively. No case of any enteric viruses tested in this
study was found in children from 24 to 59 months presenting with diarrhea. In contrast to
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the control group, symptomatic children from surrounding villages and female diarrhea
cases were more infected with gastroenteritis viruses detected in this study.

Table 2. Distribution of enteric viruses in the study population according age, gender, and location.

Diarrhea Cases

NoV n (%) NoVGIn(%) NoVGIIn(%) AstVn(%) SaV n (%) AiV n (%)

Age group (Months)

0-6 (n =47) 11 (23.4) 1(2.1) 10 (21.3) 4 (8.5) 0(0) 0(0)
7-12 (n = 47) 8 (17.0) 3(6.4) 5 (10.6) 6 (12.8%) 1(2.1) 2 (4.3)
13-18 (n = 45) 5(11.1) 2(44) 3(6.7) 2 (4.4) 2 (4.4) 0 (0)
19-24 (n = 16) 2 (12.5) 0(0) 2 (12.5) 1(6.3) 3(18.8) 0(0)
25-59 (n =22) 0 (0) 0(0) 0 (0) 0(0) 0(0) 0(0)

Gender
F (n=76) 13 (17.1) 2 (2.6) 11 (14.5) 9 (11.8) 4 (5.3) 1(1.3)
M (n =101) 13 (12.9) 4 (4.0) 9 (8.9) 4 (4.0) 2 (2.0) 1(1.0)
Residence
Surrounding villages (n = 53) 10 (18.9) 3(5.7) 7 (13.2) 3(5.7) 4(7.5) 1(1.9)
Lambaréné (n = 124) 16 (12.9) 3(24) 13 (10.5) 10 (8.1) 2 (1.6) 1(0.8)
Healthy children
NoV n (%) NoVGIn (%) NoVGIIn(%)  AstVn(%) SaV n (%) AiV n (%)

Age group (Months)

0-6(n=7) 1(14.3) 0(0) 1(14.3) 0 (0) 0(0) 0 (0)

7-12 (n = 8) 0 (0) 0(0) 0(0) 1(12.5) 0(0) 0(0)
13-18 (n = 4) 0 (0) 0(0) 0(0) 0(0) 0 (0) 0(0)
19-24 (n = 16) 0(0) 0(0) 0(0) 0 (0) 0(0) 1(6.3)
25-59 (n = 32) 5 (15.6) 3(9.4) 2 (6.3) 2 (6.3) 1(3.1) 3(9.4)

Gender
F (n =26) 1(3.8) 1(3.8) 0(0) 1(3.8) 0(0) 2(7.7)
M (n=41) 5(12.2) 2(4.9) 3(7.3) 2 (4.9) 1(24) 2 (4.9)
Residence
Surrounding villages (1 = 39) 3(7.7) 0 (0) 3(7.7) 2(5.1) 0(0) 3(7.7)
Lambaréné (n = 28) 3(10.7) 3(10.7) 0 (0) 1(3.6) 1(3.6) 1(3.6)

The temporal pattern of enteric viruses detected from symptomatic children during
the study period is shown in Figure 1. NoV, SaV, and AstV were more frequently detected
during the dry season than during the rainy season. There was, however, a significant
difference in NoV occurrence between dry and rainy seasons throughout the sampling
period (dry season (20.4%; 20/98) and rainy season (7.6%; 6/79) p = 0.019), with a notable
peak of NoV infection in July 2018 and August 2019. The two cases of AiV were detected
during the rainy season. The seasonal distribution of enteric viruses from asymptomatic
children is not shown because samples were collected very late in the study period and did
not cover at least one year of sampling.

3.3. Sequence and Phylogenetic Analyses of Gastroenteritis Viruses
3.3.1. Noroviruses

From 32 norovirus positive samples, 31 (96.9%) were genotyped. Of note, norovirus
GII was most frequently detected 71% (22/31) followed by GI at 29% (9/31) (Table 3).
Based on both RdRp and capsid sequences, four genotypes were identified among NoV-GII
including a rare recombinant GII.P31-GI1.4 New Orleans strain; for one sample, only the
capsid sequence could be determined (GIIL.6). Overall, the common recombinant GII.P31-
GIL4 Sydney strain was predominant at 45.2% (14/31). Regarding NoV-GI, four strains
were genotyped on both RNA polymerase and capsid sequences, among which we found
a rare recombinant (GI.P11-GI.2). In addition, four genotypes were only identified based
on the capsid gene.
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Figure 1. Seasonal distribution of enteric viruses among diarrhea cases within the sampling period, 2018-2019.

Table 3. Norovirus (NoV) polymerase and capsid genotypes obtained from the study population.

Polymerase (RARp) Capsid (P2 Domain) Number (%)
Genotype Genotype
Genogroup I
GLP3 GI3 1(3.2)
GIL5 1(3.2)
GLP4 Gl4 1(3.2)
GLP5 GIL5 1(3.2)
GIL3 2(6.5)
GL 1(3.2)
GI.2 1(3.2)
GI.P11 GI.2 1(3.2)
Genogroup II
GILP17 GIL.17 3(9.7)
GILP17 GIL 1(3.2)
GILP31 GIL4 Syd 14 (45.2)
GIL6 1(3.2)
GILP31 GIL.4 NO 3(9.7)

Phylogenetic analysis based on RNA polymerase and capsid regions for GI showed
a diversity and clustering among Gabonese strains. The phylogenetic trees obtained in
this study demonstrated that all NoV-GI strains genotyped either from RdRp or capsid
region were grouped in different clades. Interestingly, all of these NoV-GI Gabonese strains
shared a close similarity with recombinants from different geographical areas, indicating
the circulation of closely related strains globally (Figure 2).

The phylogenetic analysis for NoV-GlI revealed that NoV-GII Gabonese strains formed
three distinct phylogenetic clusters in the two trees based on RdRp and capsid sequences,
respectively. The polymerase-based tree clearly showed that 17 Gabonese strains were
closely related to the reference strain GIL.P31 (JX459907). The other clusters were most
similar to GIL.P17 (LC037415). A similarly clustering was observed with the phylogenetic
tree on the capsid region. Of the four sequences which clustered in the ORF1 with the



Viruses 2021, 13, 545

7 of 15

reference strain GIL.P17 (LC037415), three samples could be amplified in the P2 region.
These three sequences clustered in the P2-phylogenetic tree with the reference sequence
GIL17 (AY502009). Of the 17 GIL.P31 sequences, 16 samples could be amplified in the P2
region. Three of these sequences clustered with the reference sequence GII.4 New Orleans
(JN400623), whereas the other sequences were more related to the reference sequence GII.4
Sydney (JX459908) (Figure 3).

11P31]JX459907
@ NV/C001/Gabon/ORF1
@ NV/638/Gabon/ORF1
@ NV/660/Gabon/ORF1
@ NV/561/Gabon/ORF1
97| @ NV/548/Gabon/ORF1
@ NV/542/Gabon/ORF1
5 9 NV/C066/Gabon/ORF1
@ NV/650/Gabon/ORF1
9 1l @ NV/610/Gabon/ORF1
@ NV/713/Gabon/ORF1
@ NV/459/Gabon/ORF1
@ NV/633/Gabon/ORF1
7| @ NV/666/Gabon/ORF1
@ NV/652/Gabon/ORF1
@ NV/C085/Gabon/ORF1
72| @ NV/664/Gabon/ORF1
@ NV/646/Gabon/ORF1
11 P35|AY682552
1.P1]U07611 Gll
I1.P12|AB220922
11.P4|2009|UN595867
I P4[Brist|X76716
L P4|{Camb|AF 145896
11 P21|AY682549
ILP2|X81879
% ILP5|AF397156
{umemwszsm
11.P3|U02030
ILP13|EU921354
I1P17|LC0O37415
@ NV/476/Gabon/ORF1
7/ g | @ NV/392/Gabon/ORF1
@ NV/427/Gabon/ORF1
@ NV/353/Gabon/ORF1
I1P11]AB126320
1 P8AB039780
L P6JAB039778
ILP7|AB039777 |

8 1.P3|0B2001057
99 @ NV/431/Gabon/ORF1
74 1.P8|GU299761
1.P7|JN603251

1.P11|AB354289
@ NV/C080/Gabon/ORF1
1.P2|FJ515294
1.P1|L23828
%0 1.P6|AF093797
o8 —— | P4|AB042808
L @ Nv/560/Gabon/ORF1

1.P12|AB039774
g |.P5|KP027329
@ NV/566/Gabon/ORF1

lI.2|AY 126474

73

Gl

| |
0.1

Figure 2. Phylogenetic tree of a 248 bp alignment of ORF1 region of the GI and GII NoV strains
from Gabon and NoV reference sequences (accession nos. are indicated). Samples from symptomatic
patients are marked with a dot and samples from asymptomatic with a rhombus. The tree was
constructed using the neighbor-joining method with bootstrap test (1000 replicates) and the Kimura
2-parameter method available in MEGA?. Bootstrap values above 70 are shown. The bar indicates

the nucleotide substitution per site.
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Figure 3. Phylogenetic tree of a 691 bp alignment of P2 region (ORF2) of the GI and GII NoV strains
from Gabon and NoV reference sequences (accession nos. are indicated). Samples from symptomatic
patients are marked with a dot and samples from asymptomatic patients with a rhombus. The tree
was constructed using the neighbor-joining method with the bootstrap test (1000 replicates) and the
Kimura 2-parameter method available in MEGA?. Bootstrap values above 70 are shown. The bar
indicates the nucleotide substitution per site.
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3.3.2. Astroviruses

This study revealed that 6.6% (16/244) of the participants had AstV infection. Se-
quence and phylogenetic analysis of the positive cases from a partial nucleotide sequence
of ORF1b region confirmed 11 HAstV genotypes. This analysis demonstrated that samples
belonged to five different HAstV genotypes. Classic HAstV were predominant with a
proportion of 63.7% (7/11). Among these, three samples belonged to HAstV-5, three others
belonged to HAstV-4, and the last sample belonged to HAstV-8. Within the newly HAstV,
three samples belonged to HAstV-VA2 and the remaining sample belonged to MLB type 1
(MLB1) (Figure 4).
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Figure 4. Phylogenetic tree of a 419 bp alignment of ORF1b region of astrovirus strains from Gabon
and HAstV reference strains (accession nos. are indicated). Samples from symptomatic patients
are marked with a dot and samples from asymptomatic patients with a rhombus. The tree was
constructed using the maximum likelihood method with the bootstrap test (1000 replicates) and
Tamura 3-parameter method available in MEGA?. The bar indicates the nucleotide substitution
per site.

3.3.3. Sapoviruses

In order to characterize SaV strains, the sequence of polymerase (partial nucleotide
sequence of ORF1) was phylogenetically analyzed (Figure 5). Five of all SaV positive
samples were successfully genotyped and assigned into two distinct genogroups, GI and
GIL. Three different GI genotypes were found in our study: GIL.2 (608), GL.3 (317) and GI.1
(C021 and 449). The GII strain was classified into GIL.4 (524).

3.3.4. Aichiviruses

In this study, six AiV positive samples were found, confirmed by sequencing. To
characterize these samples in more detail we used a prolonged PCR in the same region
(3CD). Our analysis revealed that two samples belonged to genotype A and one sample
belonged to genotype C, which is rare [21] (Figure 6).
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Figure 5. Phylogenetic tree of a 593 bp alignment of polymerase region (ORF1) of sapoviruses
(SaV) strains from Gabon and SaV reference sequences (accession nos. are indicated). Samples
from symptomatic patients are marked with a dot and samples from asymptomatic patients with
a rhombus. The tree was constructed using the neighbor-joining method with the Bootstrap test
(1000 replicates) and the Kimura 2-parameter method available in MEGA?. The bar indicates the
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4. Discussion

The present study describes the detection and characterization of viral agents impli-
cated in gastroenteritis in Gabonese children. Over the duration of the study, at least one
enteric virus was detected in 20.9% of the study population, of which 23.2% (41/177) were
symptomatic cases and 14.9% (10/67) in the control group. Contrary to the previous study
conducted in Gabon in 2015 [25], rotaviruses and adenoviruses were not tested in this study.
In accordance with previous studies, NoV was predominant, followed by HAstV, SaV, and
AiV [25,31]. AiV, reported for the first time in Gabon and in Central Africa, was found
with a lower detection rate in symptomatic cases (1.1%) than in healthy children (6%).
This finding is in line with previous reports, suggesting that AiV may not an important
viral gastroenteritis agent [32]. In our study, more than one virus was detected in 17.6% of
studied children, while higher detection rates of 35.5% were found in Cameroon, in Gabon
(33.7%), and mixed infections rates of 6.7% and 2.8% were respectively reported in Nigeria
and Canada [25,33-35]. In this regard, we clearly noticed a disparity of mixed infections
rate amongst studies, which could be explained by the number of targeted virus species,
sample size, sampling (repeat sampling), storage, and the detection methods [34].

Our findings demonstrated that children were carried enteric viruses implicated
in diarrhea in the 0 to 24 months age group. This is consistent with previous reports
emphasizing that maternal antibodies transmitted during breastfeeding are not sufficient to
protect against gastroenteritis viruses during the first 24 months of life [36,37]. Furthermore,
our results suggest that the presence of viruses in this age group could be due to direct
contact with people who experienced gastroenteritis symptoms, contaminated water, or
food [38]. This could be explained by the fact that at this age, children crawl, are carried by
people, and are likely to touch any contaminated object.

A significant seasonal pattern of NoV was observed in this study with major peaks
during dry seasons. This finding is similar to that reported in Cameroon showing a peak of
NoV in the beginning of wet season [33]. HAstV was detected with a major peak during
the dry season, which is similar to a report from Nigeria [34]. Regarding SaV and AiV,
we observed a relative seasonal distribution throughout the sampling period with a peak
during the dry season for SaV and the occurrence of AiV in April and November. These
findings are in line with the results described in previous studies reporting SaV seasonal
distribution with a peak in the dry season, and high seasonal distribution of AiV infections
in January, February, and December [22,39].

In this study, NoV was the most common virus detected in symptomatic children
(14.7%) and the control group (9%), with a high rate of NoV-GII among participants with
diarrhea (11.3%). This predominance was also reported in other studies showing that NoV
was the second most prevalent virus after rotavirus compared to other enteric viruses. In
addition, our results are comparable to findings in Cameroonian and Burkinabe studies
reporting NoV cases in healthy children, albeit with a considerably lower detection rate
in our study [33,40]. More generally, we found a lower prevalence of NoV in our study
compared to that reported in all previous studies from neighboring countries [33,37]. As
observed elsewhere, GI strains were less frequently detected and had a higher diversity
than GII genogroups [26,30,41]. The predominance of the GII.4 variants in this study may
reinforce the hypothesis and emphasize the need to explore whether new GII.4 variants
possibly arise in Africa where some of the GII.4 variants circulated earlier [24]. Moreover,
the fact that NoV GII.4 was found to be predominant in our study, whereas in various
African countries the GIL17 strain emerged and was mostly detected in Kenya, underlines
that dynamic evolution of NoVs might occur unexpectedly [42,43]. The most prevalent
NoV genotype was GIL.P31-GII.4 Sydney, with a 45.2% detection rate. This finding is
consistent with the results reported in Germany, Brazil, and China [26,44,45]. Surprisingly,
we did not find that the emerging recombinant strain GII.P16-GIL.4 replaced GII.P31-GIIL.4
Sydney around the world [46,47].

Our results confirmed that HAstV (7.3%) is less common in children with acute
gastroenteritis compared to NoV. This finding is relatively similar to the detection rate of
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HAstV found in children with diarrhea in Nigeria (6.8%) [30] and Burkina Faso (4.9%) [40].
HAstV showed a high diversity in this study, clustering with newly identified HAstV
(HAstV-VA2 and MLB1) and classic HAstV (HAstV5, HAstV4, and HAstV8). Both HAstV
genotypes (HAstV-VA2 and MLB1) were for the first time reported in Gabon. Interestingly,
we did not find the most common HAstV-1 in this study but only uncommon HAstV-5 and
rare HAstV-8 genotypes were identified.

SaV was found at a low detection rate of 3.4% in children with diarrhea. This is in line
with a previous report revealing a range of 3% to 17% of SaV infections among children
with gastroenteritis in high- and low-income countries [48].This result also shows that SaV
is less detected in gastroenteritis cases than NoV. The circulation of SaV genogroups shows
variability with SaV-GI. Moreover, SaV-Gl.1 was detected in two individuals whereas only
one case of each other GI genotypes was detected among the study population. In contrast,
SaV-GII was less frequent in this present study than in Burkinabe children with diarrhea
where SaV-GII appeared to be predominant [40].

A low prevalence of AiV A strains was found in this study with more cases in healthy
children as reported elsewhere [32]. This finding is concordant with several studies that
reported low prevalence of this enteric virus [49,50]. All detected AiV strains belonged
to genotype A and C. In contrast to previous findings reporting the presence of AiV A in
children with gastroenteritis [49,51], the AiVs A detected in our study were from healthy
children. This reinforces the need of further studies to elucidate the full spectrum of clinical
symptoms of AiV. The rare AiV C reported only in Burkina Faso [40] and France [52] from
children with gastroenteritis was also identified in a symptomatic child in our study.

Overall, due to the close relationship between the Gabonese enteric viruses and the
reference strains, our results revealed that the same strains are circulating around the
world. This could be explained by the migration of foreigners that facilitate the importation
of infectious agents [53]. In addition, the relative proportions of viruses reported here
suggests a possible problem of life conditions, such as water or food contamination, or the
sociodemographic level of population. It is therefore important to understand the local
epidemiology of these viruses, which will provide information on the disease transmission
and contribute to the development of vaccines and treatment strategies.

A limitation of our study is the small size of control group. Furthermore, the fact
that the rotavirus and adenovirus were not screened in this study underestimated the
information about virus co-infection. In addition, seasonal distribution of enteric viruses
among asymptomatic children was not shown because of the sampling that started towards
the second year.

5. Conclusions

In conclusion, this study shows an important rate of viral detection (23.2%) among
Gabonese children <5 years with diarrhea. NoV was the predominant virus associated
with diarrhea. To the best of our knowledge, this study provides the first report on the
detection of AiV in Central Africa, particularly in Gabon.

Molecular characterization reported a great diversity of enteric virus strains. Thus, our
data would be useful for better management of preventive strategies such as vaccination.
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3. DISCUSSION

3.1. Pathogens found in stool of children under five
presenting with diarrhea

Since 2017, the WHO response to diarrheal diseases is to promote national
policies and actions that improve case management of diarrhea. Therefore, to
gather initial information about diarrheal infections, in Chapter 1, we screened
eight pathogens, including viruses (adenovirus and rotavirus), parasites
(Cryptosporidium spp., Cyclospora cayetanensis and Giardia lamblia) and
bacteria (Salmonella spp., ETEC and EIEC/Shigella) in young children presenting
as outpatients with diarrhea. Our data reports the presence of at least one of the
tested infectious agents in 50 % of the analysed samples. EIEC/Shigella and
ETEC were the most frequently detected agents, followed by G. lamblia,
Cryptosporidium spp. and rotavirus. Aside from the different diagnostic methods
used, our results are similar to the findings of the Global Enteric Multicenter Study
(GEMS) aimed to identify the aetiology and population-based burden of
paediatric diarrheal disease in sub-Saharan Africa and south Asia, in which
Shigella was identified as the number one pathogen and ETEC ranked fourth.
Rota- and adenovirus were the second and third most prevalent enteric
pathogens in the GEMS study [102].

EIEC/Shigella with a prevalence of 30 %, was twofold more frequent than
reported by Sebastien Breurec et al., in 2016 in the Central African Republic
[103]. Compared to a study conducted in 2003 in the same setting [104], in which
no case of EIEC/Shigella was found, our finding could indicate a new emergence
of E. coli (EIEC/Shigella) pathotype in the study population after twenty years.
Furthermore, this pathotype showed a significant association with the age
group7-59 months.

ETEC pathotypes characterized by the expression of either the elt or est gene or
both were detected in 25 % of the study population. This proportion is higher
compared to what was found in Karnataka (India) (13.6 %), a previous survey in
Lambaréné (4.67 %) and Port Blair (Andaman & Nicobar Islands) (10.3 %) [104—
106]. The emergent EIEC/Shigella and ETEC pathotypes were frequently found
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in combination. The occurrence of coinfections could be explained by the
plasticity of the E. coli genome, which has the potential of undergoing continuous
rearrangements. Moreover, horizontal gene transfer by mobile elements plays a
major role in genome flexibility [105,107].

Cryptosporidium spp. was identified in 13 % of children presenting with diarrhea.
This finding confirms the recent discovery of Cryptosporidium spp. as an
important pathogen in infantile diarrhea. Our results showed that the prevalence
of Cryptosporidium spp. varies considerably between studies. For instance, a
study in Angola found Cryptosporidium spp. in 30 % of children with diarrhea
[108], while in Kenya and Mozambique lower proportions were reported (4% and
0.6 % respectively) [109,110]. Another study from Libreville (Gabon) found a

prevalence of 24 % among children aged 0-2 years with diarrhea [111].

Rotavirus was found in 10% of our patients, which is a lower proportion than what
was previously reported in other parts of Gabon (27 %) [112], in Angola (25 %)
[108] and in the Central African Republic (CAR) (40 %) [103]. Each of these
studies was conducted in the same age group with similar inclusion criteria. This
variability of proportions across the studies could be explained by many factors
(locations, sample size) although in our case the main reason could be the use
of a low-sensitivity method (RDT) for the detection of rotavirus, while most of the
studies used PCR-based methods, which offer a high sensitivity [113]. Moreover,
our results showed a significant negative association between the presence of
rotavirus and the age group 7-59 months.

Although there is still doubt on the role of Giardia as an etiological agent
responsible for diarrhea [114], in our study we found G. lamblia in 13 % of children
with a significant association in the first twelve months of life. This number is
important when considering a report from another Central African country
(Central African Republic) where low numbers of Giardia were identified among
symptomatic children [103]. Our finding reinforces the need to clearly determine
whether Giardia is a cause of diarrhea or may just be an accompanying

colonisation as suggested elsewhere [1,103].
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Adenovirus (3.3 %); C. cayetanensis (3.3 %) and Salmonella spp. (2.1 %), were
the least frequently detected pathogens among the study population. Other
studies revealed a high prevalence of adenovirus, even ranking it as the third
most common pathogen found in diarrheal stool [115], a finding which could not
be reproduced in this study. The number of Salmonella spp. was lower than what
was previously reported in Libreville (20.2 %; 98/485) and in Asante Akim North
municipality (Ghana) (6 %) [116,117]. Our results could be explained by the fact
that we used the poorly sensitive method (standard culture). In addition, this low
prevalence of Salmonella in our study area might also be attributed to several
factors impacting non typhoidal salmonella levels in food and water, which play a
major role in human exposure to infection. These factors include climate, food
animal production practices, the level of spread of specific serotypes in
environmental reservoirs and the availability of food animal vaccination programs
[118].

Overall, 33 % of symptomatic children were found to be infected with more than
one pathogen. EIEC/Shigella, ETEC and rotavirus were the most frequently
identified in combination. These co-infections in diarrheal disease could be
explained by the fact that the majority of gastrointestinal organisms share the
same transmission route (faecal-oral route) [117]. Moreover, the high number of
co-infections observed in our data are in line with findings of other studies [1,119],
The effects of co-infections on gastroenteritis cases are still discussed
controversially. Several reports highlighted that no specific clinical sign of
gastroenteritis is significantly related to the presence of co-infections [120,121],
while others have previously linked mixed infections to the severity of symptoms
[122]. In this regard, there is a great need for systematic exploration of the effects

of co-infection on symptom severity and duration.

The use of non-molecular diagnostic tools, which have a low sensitivity for
pathogen detection, and the absence of a control group are the main limitations
of this study. This precludes any firm attribution of the identified pathogens to
diarrheal disease. Theoretically, to estimate the burden of diarrhea related to a
specific pathogen by calculating attributable fractions, one needs to know the

prevalence of the pathogen in a population of patients suffering from diarrheal
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diseases and the prevalence in a control group. In addition, the association
between the quantity of pathogens and disease severity can help to attribute a

symptom such as diarrhea to a pathogen.

This chapter raises new questions on the effect of infections with multiple
pathogens on disease expression and the cause of the emergence of
EIEC/Shigella in the study site. These findings serve as baseline for public health

stakeholders and will guide future studies.

3.2. Evaluation of Cer Test Crypto immunochromatographic
test for the detection of Cryptosporidium species in
four sub-Saharan African countries

Since Cryptosporidium was included on the World Health Organization list of
Neglected Diseases Initiative, international and national investments in
prevention and control have increased. This includes a test strategy requiring a
rapid, low technology, reliable, and affordable diagnostic test that can be used
near the point of care, and that is suitable for use. Therefore, several rapid
diagnostic tests have been developed for the detection of Cryptosporidium and
subsequently assessed in diagnostic studies. The reported sensitivity and
specificity were inconsistent between immunochromatographic test (ICT) brands
(47.2 %, 62.4 %, 68.8 % and 70.6 % for Crypto-Strip, RIDA Quick, Remel-Xpect,
and ImmunoCard STAT!) [123], although ICTs for cryptosporidiosis could be a

potentially useful test because of its specificity.

In this regard, the second chapter of my dissertation documents that the newly
commercialized Cer Test Crypto has insufficient diagnostic performance for the
detection of Cryptosporidium spp. in four sub-Saharan African countries. Our
findings are not in accordance with a previous study evaluating different RDT
brands for the detection of Cryptosporidium [124,125]. The low sensitivity of Cer
Test Crypto immunochromatographic might be attributed to low density
Cryptosporidium infections in our population. Thus, a large proportion of low-
density infection would lead to an important underestimate of the disease burden,
while accurate detection of Cryptosporidium is important to obtain incidence and

transmission dynamics in distinct areas as well as to identify sources of
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transmission. Furthermore, our study demonstrated an overall low positive
predictive value of 61.3 %, that could be due to the low prevalence of
Cryptosporidium infection. The proportion of false positivity might also explain the
low positive predictive value as shown by a study evaluating a detection tool for
Plasmodium falciparum [126]. Regarding the differing percentages between
tests, our study is in line with previous studies that showed the inaccuracy of

immunoassays versus PCR methods [127-129].

In our investigation, a composite of PCRs was considered as a reference method.
In fact, we identified four different Cryptosporidium genotypes (C. hominis, C.
parvum, C. meleagridis and C. xiaoi/bovis). The evaluation of Cer Test Crypto
RDT versus a composite reference standard of gPCR and RFLP-PCR, showed
minimal changes in the RDT sensitivity when comparing different sensitivities in
each study site for the detection of Cryptosporidium spp. and the detection of the
two most common Cryptosporidium spp. in humans (C. parvum and C. hominis).
This does not support the hypothesis that the low sensitivity of RDTs for
cryptosporidiosis may also be partly due to the fact that the antibodies used to
detect the parasites are species-specific and not genus-specific.[125].
Furthermore, the low performance of this RDT could be explained by the
occurrence of antigen subtypes and lack of surface antigens [130]. Nevertheless,
this RDT with a high specificity is reliable for detecting Cryptosporidium-free

samples with 93 % of confidence.

This chapter provides key insights into the evolutionary development of
diagnostic tools for the detection of Cryptosporidium. Therefore, it is desirable
that an improved Cer Test Crypto RDT and ICTs in general will be developed in
the near future avoiding the drawbacks of the currently available RDTSs.

3.3. Rotavirus strain diversity and VP7/VP4 antigenic
epitopes comparison between Gabonese and vaccine
rotaviruses

Rotavirus vaccination is recommended by WHO as part of a comprehensive

strategy to control diarrheal illnesses (WHO, 2013). However, in Gabon no
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national immunization program for RVA has yet been implemented. This chapter
attempted to investigate the diversity of rotavirus strains and provide information
on the genetic and antigenic variation in the VP4 and VP7 protein of circulating
strains that may affect the effectiveness of rotavirus vaccines upon their

introduction in the country.

Our study reported 55 % (98/177) of rotavirus-related hospital admissions and 21
% (14/67) of rotavirus infections detected in asymptomatic children. This
significant rate of RVA positive cases associated with diarrhea is higher than what
was previously reported by Lekana et al. in 2015 (27.1 %) [112]. This difference
in the proportion of rotavirus revealed a different distribution in some parts of the
country. As almost all the studies indicate, rotavirus was more prevalent among
participants with diarrhea than among healthy participants, although the rate was
slightly higher than in previous studies. This is consistent with two previous
studies, including one in Nigeria, which reported a rate of 55.9 % rotavirus
positive in subjects with diarrhea, while no rotavirus was found in the controls
[131]. The same observation was made by Iturriza-Gomara and colaborators who
identified more cases of rotavirus infections in children hospitalized for diarrheal
diseases than in those from the community [132]. The highest proportion of
rotavirus was observed in children aged 0-24 months and there was a statistically
significant relationship between RVA infection and age group. This is similar to
what has been reported elsewhere, as high levels of rotavirus are common during
the first 24 months of life [133]. In addition, a high rate of RVA infections have
been found in children under 7 months of age compared to other age groups. Our

finding reinforces the need to further explore the role of exclusive breastfeeding.

Significant differences in terms of RVA proportions have been observed in this
study when comparing diarrheal and non-diarrheal cases according to
demographic data (age, gender, and location). This could be due to the difference
in the number of participants between both groups. Although many other risk
factors of rotavirus infections were previously identified [134], four different
categorical variables (age, nutrition, source of drinking water, and diarrhea
status) were identified as potential risk factors. This is concordant to what was

reported by Fdhow et al., highlighting that source of water was found to be a risk
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factor for RVA infections [134]. Moreover, another study in line with our results
has shown significant association between weaned children or those who had
never been breastfed and RVA infections [135]. The important rate of RVA
positive in children aged 0-6 months and the statistically significant relationship
found between feeding practice and RVA infections supports the hypothesis that
breastfeeding may not enhance protection against RVA infections [136]. Despite
the small sample size of healthy children included, there was strong evidence
confirming that the presence of rotavirus was related to diarrheal status. Overall,
these findings concerning risk factors associated with RVA infections reinforce
the need to improve the implementation of diarrhea control measures with

emphasis on monitoring living conditions.

Regarding the circulating genotypes of RVA, G12 (25 %) was the most
predominant followed by G1 and G8 (18 %), G3 (12 %), and G9 (2%). P[6] (31
%) and P[8] (38 %) were identified among RVA P-types. These results are similar
to findings from neighbouring countries (Republic ofCongo and Cameroon),
where most of the genotypes detected in our study were also reported [137,138].
P[8] (38 %) occurred as the most predominant P-genotype in this study, contrary
to what was reported in a previous study in Gabon where P[6] (71.4 %) was the
most detected followed by P[8] (23.8 %) [6]. This predominance of P[8] has been
observed not only in Central Africa, but also in Central and South-Eastern
Europe, [139]. However, a variable detection rate of RVA genotypes was
observed over the study sites. For instance, our findings revealed that G1 (18 %)
was lower than the proportion of G1 reported in Republic of Congo (57.5 %) and
Central African Republic (37 %) [138,140].

Interestingly, our study reported a significant emergence of rotavirus G12 as well
as the occurrence of G8 and G9 identified for the first time in Gabon, in addition
to a bat-related G3 genotype. This could be explained by a possible animal
source or by human migration into the region. In these regions where the
population still lives in close contact with animals, potential interspecies or

zoonotic transmission of group A rotavirus cannot be excluded [141].
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Regarding G/P type combinations, we identified the G12P[6] combinations in 24
out of 121 samples (21 %) and the G1P[8] combinations in 19 out of 121 samples
(17 %). This is in contrast to previous studies where G12P[6] was not reported
[142] . The low proportion of G12P[8], as also reported previously, could be
explained due to the fact that the RVA vaccine is not yet introduced in the country
as the emergence of G12P[8] has been linked to vaccine pressure exerted on
rotavirus types [142] .In addition, two rare genotype combinations G9P[8] and
G8P[8] frequently detected in South-eastern Asia and some African countries
were found in this study [143,144]. Multiple genotypes in the same host is a
crucial factor for rotavirus reassortment, a process that creates new viral strains

with differential adaptive and pathogenic potential.

The high percentage of non-typeable strains could suggest the circulation of
viruses with unusual G and/or P genotypes that are not detected by the sets of
primers adopted in our protocol. On the other hand, non-typeable strains may be
strains of animal origin (P[1], P[5], P[7] and G5) that we did not specifically look
for, or human strains that have undergone a mutation at the binding site of the

primer specific to the genotype by genetic drift [139].

The phylogenetic analysis of RVA strains revealed a close relationship between
Gabonese strains and those from East and South of Asia, Europe (Belgium) and
other African countries. This reinforces what was mentioned above regarding the

potential contribution of population movements in introducing RVA strains.

Amino acid changes at the antigenic epitopes on the VP7 and VP4 proteins of
RVA can affect the capacity of antibodies to neutralize the virus. In this regard,
alignment of the amino acid residues of the VP7 antigenic epitopes of Gabonese
and vaccine strains were performed. G3 strain showed multiple amino acid
changes at the antigenic epitopes on the VP7 strain compared to G1. An amino
acid substitution (D97E) located in the 7-1a region was observed in comparison
with the Rotateq G1 strain only, while one substitution was found at site 147
(N147D) compared to G1 strain from both vaccines. These mutations already

reported in Iranian strains are important in virus neutralization [145].
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Comparison of amino acid sequences of Gabonese G3 RVA strain and the G3
component of both vaccines indicated three changes at sites 242, 146, and 221.
These amino acid residues do not belong to the site involved in neutralisation
escape. When comparing this strain with the G3 Rotarix strain only, 9 residues
were different out of 29 amino acid residues of these epitopes. In addition, one
amino acid substitution (K238N) located in the 7-1b region was found by
comparing Gabonese G3 RVA strain and the G3 component of Rota Teq. This
mutation reported elsewhere, is responsible for a potential N-linked glycosylation
site and could therefore affect the antigenicity of this epitope [146,147].
Interestingly, the bat transmitted G3 genotype identified in our study presented
an amino acid substitution (K238D) by comparison with the G3 component of
Rota Teq.

Since a previous study estimated that Rota Teq provides 83 % protection against
G12 [70], a comparison of amino acid sequences of Gabonese G12 RVA strain
(mostly detected in this study) as well as G8 strain and the corresponding
components of both vaccines revealed multiple amino acid differences within the
3 VP7 trimers. This variability of amino acid at the antigenic epitopes on the VP7

was previously observed in Saint-Louis for G12 RVA strain [142].

The comparison of the VP8* fragment of VP4 of Gabonese P[8] strains with P[8]
of both vaccine strains revealed a remarkable amount of differences. For P[8],
which is in combination with G1 genotype, two substitutions were identified when
compared with both vaccines and four changes were found when compared with
Rotarix. Moreover, there were four differences when comparing P[8] from G8P[8]
and G9P[8] RVA combinations and five substitutions when compared only with
Rotarix. These findings are in line with other studies that have shown
discrepancies in antigenic sites between wild-type and vaccine strains [146,147].
The P[8] strain of all RVA combinations found in our study showed the presence
of an amino acid substitution at position 144 located in the 8-1 region compared
to the two vaccine strains. This observation was different than what was reported

previously [147].
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Taken together, our findings offer baseline epidemiological and genetic data
required for assessing the pre-vaccine epidemiological situation. It will be
important to continue the research after the implementation of the vaccines in
Gabon.

3.4. Diversity of other enteric viruses: norovirus, astrovirus,
sapovirus and aichivirus

The diversity of enteric viruses is currently recognised as a threat to the

development of preventive strategies, particularly vaccine development.

With this regard, Chapter 3 assessed the genetic diversity of enteric viruses in
Gabonese children under five years of age. In this purpose, we screened four
different enteric viruses, including NoV, SaV, HAstV and AiV among children
with/without diarrhea, using PCR methods. Subsequently, phylogenetic analyses
of different genome regions were performed to provide indication for recombinant
strains, genetic diversity, and information about unusual strains of viruses

causing diarrhea.

The detection rate of at least one viral agent was 23.2 % and 14.9 % for
symptomatic and asymptomatic children, respectively. This number of enteric
viruses’ cases found in sick children is lower than what has been previously
reported, whereas the detection rate in the control group was almost equal to the
proportion reported by Zhang, SX et al., in 2016 [148,149]. This low proportion of
enteric viruses found in symptomatic children could be explained by the fact that
rotavirus known to be the most prevalent gastroenteritis virus and adenovirus

were not screened in this study.

NoV (14.7 %) and HAstV (7.3 %) were the most detected enteric viruses in
symptomatic children, while in asymptomatic children, NoV (9 %) and AiV (6 %)
were found to be predominant. Our results are in concordance with previous
studies, in which norovirus was identified as the most predominant after RVA and
adenovirus, and HAstV ranked fourth among children with diarrhea [112,148]. In
agreement with Ouédraogo et al., aichivirus detected for the first time in Gabon,
was predominant in healthy children.
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Overall, enteric viruses screened were found only in symptomatic children aged
0 to 24 months while for age group 25 to 59 months, highest infection rates were
found in the controls. This higher frequency of viral infections in symptomatic
children less than twenty-five months of age is in agreement with previous reports
[150,151]. Moreover, this observation shows the highest susceptibility of the
children to viral infections during early childhood, perhaps due to the fact that at
this age, children crawl and are carried by people, thus are more likely to touch
contaminated objects. The fact that most of the infection cases were found in the
age group 25 to 59 months in asymptomatic children, while in sick children, they
were identified during the two first years of life, could perhaps suggest that the
acquisition of immunity against these infections occur after the age of 24 months
[152].

Seasonal distribution throughout the sampling period was observed among
children with diarrhea. NoV, SaV and HAstV were detected with major peaks
during dry seasons, with NoV showing a significant seasonal pattern. These
findings are in line with what was reported in Cameroon [153] and Nigeria [154].
In concordance with the previous observations, occurrence of AiV was observed

during the rainy season [154,155].

Among norovirus positive cases, genogroup Il (NoV GII) was the most detected
in symptomatic children with a detection rate of 11.3%. This finding is consistent
with the study which showed that NoV Gll plays a major role in sporadic diarrheal
diseases [156]. Moreover, the data presented in this study shows the
predominance of capsid genotype Gll.4 and polymerase genotype GII.P31. As
observed elsewhere, the emergence or the predominance of Gll.4 could perhaps
be explained by the increase in tropism or affinity of norovirus for histo-blood
group antigens [157]. Predominance in GII.31 (formerly known as the Gll.Pe)
reinforces speculation pointing out that GII.P31 has obviously replaced Gll.P4 as
the leading RdRp genotype in children with sporadic gastroenteritis [158].
Furthermore, GIll.Pe/Gll4 Sydney (newly named GII.P31-Gll.4 Sydney) firstly
reported in Australia in 2012, subsequently widespread in South Africa (2012-
2013), Iran (2015-2016), Korea (2013) and China (2012-2015), was also found in
this report with a proportion of 45.2 % [159-164]. These two genotypes GII.P31
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et Gll.4 Sydney detected in our study were closely related to the Australian
reference strains identified in 2012 (with the GenBank accession numbers
JX459907 and JX459908 respectively). While four GII.P17 strains were closer to
Japanese strains (LC037415) and the three capsid genotypes GII.17 were closer
to the American strain identified in 2016 (AY502009). These results revealed that
the same strains are circulating across the world and population movements

facilitate the importation of global NoV strains [165].

Our results are similar to findings of Lekana’s study, in which human astrovirus
was identified as the third pathogen after NoV and SaV [112]. The detection rate
of HAstV found in children with diarrhea is relatively similar to what was reported
in Nigeria (6.8 %) and Burkina Faso (4.9 %) [148,166]. In contrast to previous
studies from France, China, and Spain that reported HAstV1 as the predominant
strain, ours did not find this genotype in the study population [167,168]. However,
HAstV5 and HAstV4 were mostly detected in children with diarrhea. Our finding
reported the presence of the highly divergent human astrovirus MLB1 strain in
one symptomatic child. Moreover, three cases of novel astrovirus strains (Ast-
VA1) known to be associated with AGE outbreak was found in our study

population [169]..

Human sapovirus was detected in 3.4 % of the cases and 1.5 % in healthy
children. This finding was similar to previous studies that reported a lower
detection rate of SaV than NoV. [148,170]. Genogroup | SaV was predominant
among all SaV positive samples genotyped. In concordance with Audrey Cilli et
al., 2019, SaV-Gl.2 and SaV -GI.3 was identified in children with diarrhea [171],
while SaV-Gl.1 was found in one symptomatic case as well as in one
asymptomatic child. Although less frequent in this present study than in
Burkinabe children with diarrhea [148], one case of Gll.4 has been characterized

among SaV-Gll.

In agreement with previous findings, our study reported a low proportion of AiV
(2.5 %) in the study population, with more cases in asymptomatic participants
[172]. This could reinforce the fact that the clinical role of AiV as gastroenteritis

agent is still unclear. Contrary to previous findings of the presence of AiV A in
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children with gastroenteritis [173,174], the AiV A detected in our study came from
healthy children. This reinforces the need for further studies to elucidate the full
spectrum of clinical symptoms of AiV. The rare AiV C reported only in Burkina
Faso [148] and France [175] in children with gastroenteritis was also identified in
one symptomatic child in our study. Our study was the first to report AiV in Central
Africa, including the rare AiV genotype C, already reported only in France and
Burkina Faso [95,148].

In conclusion, diarrheal diseases remain a major public health issue in developing
countries. There are over 2.5 billion diarrheal illnesses cases annually worldwide
and an estimated 1,400 deaths daily. Current diarrhea control programs are
failing in some regions due to lack of awareness, routine diagnosis, and effective
epidemiological surveillance to sustain and enhance diarrhea control. However,
documenting the aetiology of diarrhea is important to guide vaccine development,
design prevention and treatment strategies. In this work, a spectrum of infectious
agents found in children with diarrhea was reported. These findings can serve as
baseline data for public health stakeholders and guide more detailed future
studies. The findings of the second publication demonstrate that CerTest Crypto
RDT has low sensitivity for the detection of Cryptosporidium spp. Thus, this rapid
diagnostic test should not be used as an appropriate tool to guide community-
based screening programs. The findings of the third and fourth manuscripts show
a great diversity and emerging enteric virus strains in the Gabonese population.
The third study provides insight into the circulating rotavirus genotypes prior to
vaccine introduction in the country and reveals amino acid substitutions in the G
and P antigenic epitopes, which could influence vaccine efficacy. Overall, this
dissertation promotes prompt information refinement of diarrheal control and

elimination strategies.

Although the data does not directly reflect the scenario related to the causality of
diarrhea, our reports suggest active surveillance of circulating enteropathogens
in the community. In addition, important information was highlighted on the
burden of RVA in Gabon and on the diagnosis of Cryptosporidium. Several

studies could now be conducted to help extend this work. These may include:
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-The pattern of rotavirus transmission in the community. Our study reported the
presence of a bat-related RVA G3 genotype in a symptomatic child. This finding
raised the question of the transmission route of RVA strains in the community

and frequence of zoonotic transmission

- Post-vaccination rotavirus surveillance. Chapter 4 showed the presence of RVA
in unvaccinated, symptomatic, and asymptomatic children. The G1P[8] genotype
combination targeted by both vaccines was the second most prevalent strain.

- Development of nucleic acid-based rapid diagnostic test. As detailed in chapter
2, this issue was raised by the performance of the immunochromatographic test
used for the detection of Cryptosporidium among African children.
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4. SUMMARY

Diarrheal diseases collectively constitute a serious public health challenge
globally. The causative agents of diarrheal disease include adenovirus (serotypes
40 and 41), Aeromonas spp, Entamoeba histolytica, Cryptosporidium spp.,
Escherichia coli strains, norovirus (NoV), non-typhoidal Salmonella spp.,
rotavirus A (RVA), Shigella spp., Vibrio cholerae and Clostridium difficile. Among
these, rotavirus, Cryptosporidium spp., and Shigella spp. are the three
aetiological agents responsible for most deaths in children under 5 years old. The
distributions of these pathogens are overlapping and they coexist in many
endemic areas, particularly in low-income countries. Accurate diagnosis and
molecular characterization of diarrheal pathogens are necessary for surveillance,
prevention, and control of diarrhea. To obtain accurate epidemiological data,to
support diarrheal disease control and elimination intervention strategies in

Gabon, four studies were conducted as part of this thesis.

First, the prevalence of pathogens found in stool samples in outpatient Gabonese
children < 5 years with diarrhea was for the first time systematically investigated
to describe the local spectrum of infectious agents. The most frequently identified
were enteroinvasive Escherichia coli (EIEC) /Shigella and Enterotoxigenic
Escherichia coli (ETEC), followed by Giardia lamblia, Cryptosporidium spp. and
rotavirus. The emergent ETEC, EIEC /Shigella, Cryptosporidium spp. and
rotavirus were frequently detected in combination. The most frequently observed
combinations of pathogens were EIEC/Shigella and ETEC, ETEC and rotavirus
as well as Cryptosporidium and EIEC/Shigella. This information serves as
baseline for recommendation for interventions and diagnostic algorithms to public

health stakeholders.

The second study was nested in a broader community-based project and aimed
to evaluate cryptosporidiosis diagnosis by a rapid diagnostic test (CerTest Crypto
RDT) against a composite reference of quantitative polymerase chain reaction
(gPCR) and restriction fragment length polymorphism (RFLP)-PCR in African
children from four countries (Gabon, Ghana, Madagascar, and Tanzania)

admitted to a hospital with diarrhea. The performance of this RDT varied across
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the four study sites. Overall, the test showed a low sensitivity for the detection

of Cryptosporidium parvum and C. hominis.

This work included the comprehensive investigation of rotavirus
genotypes and antigenic epitope variability in the VP7 and VP4 proteins of
circulating rotavirus A strains compared to vaccine strains, as the third part of this
dissertation. Rotavirus A was detected in 55 % (98/177) of hospitalized children
with gastroenteritis and 21 % (14/67) of the control children. The most common
genotypes were G1, G3, G8, G9, G12, with G8 and G9 being reported for the first
time in Gabon. All of these G genotypes were associated either with P[6] or P[8]
genotypes. Several amino acid mutations associated with immune evasion were
detected on antigenic epitopes of VP7 (sites 94, 147) and VP8* (sites 89, 116,
146, 150) of Gabonese strains, which may lead to reduced efficacy of available

RotaTeq and Rotarix vaccines.

The fourth study was designed to determine the prevalence and genetic diversity
of four main enteric viruses (Norovirus, Sapovirus, Astrovirus and Aichvirus A) in
hospitalized children <5 years with gastroenteritis and community controls
without gastroenteritis. Norovirus (14.7 %; 26/177) and astrovirus (7.3 %; 13/177)
were the most prevalent in children with diarrhea, while in the healthy group
norovirus (9 %; 6/67) followed by aichivirus A (6 %; 4/67) were predominant. The
predominant norovirus genogroup was Gll, consisting mostly of genotype
GII.P31-Gll.4 Sydney. This study provides the first report on the detection of
Aichvirus A in Gabon and Central Africa.

This thesis provides the epidemiological and genetic baseline data that will be
essential for advocating a much-needed management of diarrhea as
recommended by the WHO. Moreover, these results show that the
implementation of a national vaccination program against rotavirus is necessary
and urgent in Gabon. The findings related to the performance of CerTest Crypto
RDT in Africa will support implementation of diarrhea control and elimination
efforts in endemic areas. Future work should focus on the development of
laboratory methods to improve the sensitivity of cryptosporidiosis detection and

on expanding the use of routine diagnosis.
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5. GERMAN SUMMARY (ZUSAMMENFASSUNG)

Durchfallerkrankungen stellen zusammengenommen weltweit eine ernsthafte
Herausforderung fur die offentliche Gesundheit dar. Zu den Erregern von
Durchfallerkrankungen gehdren Adenovirus (Serotypen 40 und 41), Aeromonas
spp., Entamoeba histolytica, Cryptosporidium spp., Escherichia coli-Stamme,
Norovirus (NoV), nicht-typhoidale Salmonella spp., rotavirus A (RVA), Shigella
spp., Vibrio cholerae und Clostridium difficile. Unter diesen sind Rotavirus,
Cryptosporidium spp. und Shigella spp. die drei Atiologien, die fiir die meisten
Todesfalle bei Kindern unter 5 Jahren verantwortlich sind. Die Verbreitungen
dieser Krankheitserreger tberschneiden sich und sie koexistieren in vielen
Endemiegebieten, insbesondere in Landern mit niedrigem Einkommen. Eine
genaue Diagnose und molekulare Charakterisierung von Durchfallerregern ist fur
die Uberwachung, Pravention und Kontrolle von Durchfall erforderlich. Um
genaue epidemiologische Daten zu erhalten, um die Bekdmpfung von
Durchfallerkrankungen und Interventionsstrategien zur Eliminierung in Gabun zu

unterstitzen, wurden im Rahmen dieser Arbeit vier Studien durchgefihrt.

Zunachst wurde die Préavalenz von Erregern in Stuhlproben ambulanter
gabunischer Kinder < 5 Jahre mit Durchfall erstmals systematisch untersucht, um
das lokale Erregerspektrum zu beschreiben. Am haufigsten wurden
enteroinvasive Escherichia coli (EIEC) /Shigella und enterotoxigene Escherichia
coli (ETEC) identifiziert, gefolgt von Giardia lamblia, Cryptosporidium spp. und
Rotaviren. Die aufstrebenden ETEC, EIEC /Shigella, Cryptosporidium spp. und
Rotavirus wurden haufig in Kombination nachgewiesen. Die am haufigsten
beobachteten Erregerkombinationen waren EIEC/Shigella und ETEC, ETEC und
Rotavirus sowie Cryptosporidium und EIEC/Shigella. Diese Informationen dienen
als Grundlage fur Empfehlungen fur Interventionen und Diagnosealgorithmen an

Interessenvertreter des 6ffentlichen Gesundheitswesens.

Die zweite Studie war in ein breiter angelegtes Gemeinschaftsprojekt eingebettet
und zielte darauf ab, die Kryptosporidiose-Diagnose durch einen diagnostischen
Schnelltest (CerTest Crypto RDT) anhand einer zusammengesetzten Referenz

aus quantitativer Polymerase-Kettenreaktion (gPCR) und
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Restriktionsfragmentlangen-Polymorphismus (RFLP)-PCR zu bewerten bei
afrikanischen Kindern aus vier Landern (Gabun, Ghana, Madagaskar und
Tansania), die mit Durchfall ins Krankenhaus eingeliefert wurden. Die Leistung
dieses RDT variierte zwischen den vier Studienzentren. Insgesamt zeigte der
Test eine geringe Sensitivitat fur den Nachweis von Cryptosporidium parvum und

Cryptosporidium hominis.

Diese Arbeit beinhaltete eine umfassende Untersuchung von Rotavirus
Genotypen und antigene Epitopvariabilitat in den VP7- und VP4-Proteinen von
zirkulierenden Rotavirus-A-Stammen im Vergleich zu Impfstammen als dritten
Teil dieser Dissertation Rotavirus A wurde bei 55 % (98/177) der hospitalisierten
Kinder mit Gastroenteritis und bei 21 % (14/67) der Kontrollen nachgewiesen.
Die haufigsten Genotypen waren G1, G3, G8, G9, G12, wobei G8 und G9 zum

ersten Mal in Gabun beschrieben wurden.

Alle diese G-Genotypen waren entweder mit P[6]- oder P[8]-Genotypen
assoziiert. Auf antigenen Epitopen von VP7 (Stellen 94, 147) und VP8* (Stellen
89, 116, 146, 150) von gabunischen Stammen wurden mehrere
Aminosauremutationen im Zusammenhang mit Immunevasion nachgewiesen,
was zu einer verringerten Wirksamkeit der verfigbaren RotaTeq- und Rotarix-

Impfstoffe fuhren kdnnte.

Die vierte Studie wurde entwickelt, um die Pravalenz und genetische Vielfalt der
vier wichtigsten enterischen Viren (Norovirus, Sapovirus, Astrovirus und
Aichvirus A) bei hospitalisierten Kindern unter 5 Jahren mit Gastroenteritis und
ambulanten Kontrollen ohne Gastroenteritis zu bestimmen. Norovirus (14,7 %;
26/177) und Astrovirus (7,3 %; 13/177) waren bei Kindern mit Durchfall am
haufigsten, wahrend in der gesunden Gruppe Norovirus (9 %; 6/67) gefolgt von
Aichivirus A (6 %; 4/67) dominierten. Die vorherrschende Norovirus-Genogruppe
war Gll, die hauptsachlich aus dem Genotyp GII.P31-Gll.4 Sydney bestand.
Diese Studie liefert den ersten Bericht Uber den Nachweis von Aichvirus A in
Gabun und Zentralafrika.

Diese Dissertation liefert die epidemiologischen und genetischen Basisdaten, die

fur die Pravention und Kontrolle von Durchfallerkrankungen, wie von der WHO
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empfohlen, unerlasslich sind. Dartiber hinaus machen diese Ergebnisse die
Einfuhrung der Impfung gegen Rotavirus in das nationale Impfprogramm
notwendig und dringend. Die Erkenntnisse zum Verstandnis der Leistung von
CerTest Crypto RDT in Afrika werden die Umsetzung von Durchfallbekampfungs-
und Eliminierungsbemihungen in Endemiegebieten unterstitzen. Zukinftige
Arbeiten sollten sich auf die Entwicklung von Labormethoden zur Verbesserung
der Sensitivitat des Kryptosporidiose-Nachweises und auf die Ausweitung des
Einsatzes der Routinediagnostik konzentrieren.
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