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Diarrheal disease is a major public health problem for children in developing countries.
Knowledge of etiology that causes diarrheal illness is essential to implement public
health measures to prevent and control this disease. Published studies regarding the
situation of childhood diarrhea in Sudan is scanty. This study aims to investigate
viral and bacterial etiology and related clinical and epidemiological factors in children
with acute diarrhea in Khartoum State, Sudan. A total of 437 fecal samples were
collected from hospitalized children <5 years old with acute diarrhea, viral and bacterial
pathogens were investigated by using two-tube multiplex RT-PCR. The genotypes of
adenovirus and bocavirus were determined by sequencing. Viral diarrhea was identified
in 79 cases (62 single and 17 co-infections) (18%), and bacterial diarrhea in 49 cases
(87 single and 12 co-infections) (11.2%). Mixed infections in both groups totaled 19
samples (4.3%) with more than one pathogen, they were viral co-infections (n = 7,
36.8%) bacterial co-infections (n = 2, 10.5%) and viral bacterial co-infection (n = 10,
52.6%). Rotavirus (10.2%) was predominantly detected, followed by norovirus G2
(4.0%), adenovirus (1.6%), bocavirus (1%), and norovirus G1 (0.9%). Infection with
astrovirus was not detected in this study. The Shigella —Enteroinvasive E.coli (EIEC) (8.9%)
was the predominantly found bacterial pathogen, followed by Vibrio parahaemolyticus
(0.9%), enterohaemorrhagic E.coli (EHEC) —Enteropathogenic E. coli (EPEC) (0.6%) and
Salmonella enteritidis (0.6%). V. cholerae, Yersinia enterocolitica and Campylobacter
jejuni were not detected in this study. The phylogenetic tree identified adenovirus
belonged to genotype 41 and bocavirus belonged to two different clades within human
bocavirus 1. Our findings represent the first report that adenovirus 41 is a cause of
diarrhea in Sudan and that human bocavirus 1 is the principal bocavirus strain circulating
in Sudan. In conclusion, this is the first comprehensive report to elaborate the pathogen
spectrum associated with childhood diarrhea in Khartoum State, Sudan. The results
obtained in the present study highlighted the current epidemic situation, the diverse
pathogens related to childhood diarrhea, and the importance and the urgency of taking
appropriate intervention measures in Khartoum State, Sudan.
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INTRODUCTION

Diarrhea has been defined as the passing of watery stool
more than three times in 24 h, usually caused by consumption
of contaminated food or drinks containing any of various
pathogens (Vargas et al., 2004). Diarrhea remains one of
the leading causes of morbidity and mortality in children
in Africa (Ngosso et al, 2015). Diarrhea can be caused by
viral, bacterial, protozoan, or helminth and fungal pathogens.
It can also be caused by sensitivity to certain types of
food or drugs and sometimes by stress (Vargas et al., 2004;
Ngosso et al,, 2015). Annually, more than 1 billion diarrhea
episodes and approximately 2.5 million deaths occur in children
under 5 years of age in developing countries (Vargas et al.,
2004; Chen et al, 2012; Kotloff’s et al.,2013; Ngosso et al.,
2015). In most of these countries, diarrhea is the third
most common cause for young children to visit health care
centers, but little information is available in those countries
regarding the causative agents (Vargas et al., 2004). Viral and
bacterial infections are the most common causes of childhood
diarrhea, but they cannot be differentiated based on clinical
presentation. Hence, in developing countries treatment of
diarrhea is mainly based on symptomatic findings (Ali et al.,
2005; Wang et al.,, 2014). Among viral causes, enteric viruses
are recognized as the principal etiologic agents for childhood
diarrhea. Five kinds of viruses are considered relevant as
a cause of gastroenteritis including rotaviruses, adenoviruses,
noroviruses, astrovirus, and bocavirus (Silva et al, 2008).
Bacterial pathogens come as the second common causes of
diarrhea in developing countries, and such bacteria include
Escherichia coli, Shigella spp., Campylobacter spp., Salmonella
spp., and Vibrio parahaemolyticus (Somily et al.,, 2014; Wang
et al., 2014). However, in sporadic cases of adult diarrhea Vibrio
cholerae, Yersinia, Shigella, and Salmonella spp., are the most
common causative agents in developing countries. Poor hygiene
and sanitation, limited access to safe drinking water, and many
other conditions such as malnutrition which increase the risk
of contracting diarrhea are also common in these countries
(Bonkoungou et al., 2013). Ministry of Health in Khartoum
introduced a live human-attenuated G1 (P8) oral Rota vaccine
(Rotarix) and administrated in two doses at approximately 2-
6 months of age since 2011, as a strategy to prevent and
control diarrheal infection, but still, the rate of infection is
high (Alaaeldeen et al., 2015). Published studies regarding the
problem of childhood diarrhea in Sudan are scanty, with only
two reports had indicated that rotaviruses and diarrheagenic
Escherichia coli (DEC) were common causes of childhood
diarrhea (Mustafa et al.,, 2012; Elhag et al., 2013). The aim of
the present study is to identify the occurrence of viral agents
(rotavirus, norovirus G1, norovirus G2, adenovirus, astrovirus,
and human bocavirus) and bacterial agents (Shigella, DEC,
Vibrio parahaemolyticus, Salmonella, Yersinia, Vibrio cholerae,
and Campylobacter) in children with diarrhea. The study also
aims to investigate the association of particular risk factors,
such as age and gender of the patient, the use of antibiotic,
and clinical features with the occurrence of the enteropathogens
detected.

METHODS

This study was a joint study co-conducted at the Central
Laboratory, Ministry of Higher Education and Research, Sudan
and at the National Institute for Viral Disease Control and
Prevention, Chinese Center for Disease Control and Prevention,
China (CDC), Beijing, China. A total of 437 fecal samples
comprising of 276 boys and 161 girls, whom mostly live in rural
area, were collected in a clean, dry plastic container during two
different seasons (the hot dry season from April to June, and
the rainy season from August to December) in the year 2014 at
Khartoum teaching hospitals. The samples were transported in
an ice box on the same day of collection to the central laboratory
in the Department of Virology, Sudan. The samples were stored
at —20°C until analyzed at the beginning of 2015. The frozen
samples were then transported on dry ice to CDC, Beijing,
China. The children admitted to hospitals had been clinically
diagnosed with acute diarrhea ranging 1-4 days of the samples
collection. The participants were between ages < 1- < 2 year
(403, 92.2%); >2 -< 4 year (32, 7.3%), and >4-5 year. (2, 0.5%).
Among them, 421(96.3%) had been vaccinated for rotavirus while
16 (3.7%) not vaccinated. Patient’s data were collected through
structured questionnaire including season, age, gender, clinical
symptoms, Rotavirus vaccination status and antibiotic use. The
study was conducted with the approval of the Ethics Committee
of Sudan Academy of Sciences, and written informed consents
were obtained from the children’s parents.

Nucleic Acid Extraction

Viral nucleic acids (RNA, DNA) and bacterial DNA were
extracted from 200 pl of 10% fecal suspension in phosphate
buffered saline. The viral nucleic acid extraction was done by
using QIAamp 96 Virus QIAcube HT kit according to the
manufacturer’s instructions (Qiagen, Germany), while bacterial
DNA was extracted using QIAamp® Fast DNA Stool Mini Kit
(Qiagen) according to manufacturer’s instructions. The extracts
intended for both viral and bacterial assays were eluted in 200
il of RNase-and DNase- free water (Qiagen) and immediately
stored at —80°C and —20°C, respectively.

Primers of Multiplex PCR

A total of 13 chimeric primers targeting viral and bacterial
genomes used in the previously published study (Wang et al,
2014) were adopted. The chimeric primers consisted of a gene-
specific sequence fused at the 5" end of the universal sequence
which ensures the approximate amplification efficiency of all the
microorganisms; thus, all of the chimeric primers had similar
annealing temperatures to assure the approximate amplification
efficiency.

Multiplex-RT-PCR and PCR

A two-tube multiplex PCR method adopted from a previous
study (Wang et al, 2014) was used in this study. Multiplex
one-step RT-PCR was done to detect six viruses (rotavirus,
norovirus G1, norovirus G2, adenovirus, astrovirus, and human
bocavirus) in tube 1. Multiplex PCR was done to detect
seven enteric bacteria (Shigella, diarrheagenic E. coli, Vibrio
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parahaemolyticus, Salmonella enteritidis, Yersinia enterocolitica,
Vibrio cholerae and Campylobacter jejuni in tube 2. as described
in the previous study Wang et al,, 2014. The multiplex PCR
conditions were carried out according to the previous study
Wang et al.,, 2014. The thermal cycling was performed using
PCR Amplifier (ThermoElectronCorp.Vantaa, Finland) followed
by the detection of amplified DNA products by capillary
electrophoresis using QIAxcel and DNA Screening kit, Qiagen).

Sequence and Phylogenetic Analysis

The PCR products obtained from adenovirus and bocavirus
positive specimens were subjected to Sanger sequencing (Tsing
Ke, Beijing, China). The sequences obtained were edited to
remove primer sequences and unreadable sequences at the 3’
and 5 end using Bio Edit software and then compared with
reference sequences by searching for closely related reference
sequences in the NCBI GenBank database using the BLAST
server (http://www.ncbi.nlm.nih.gov/blast). The reference strains
from GenBank representing different genotypes were included
in the phylogenetic analysis, and all the selected sequences as
shown in Supplementary Data Sheets 1, 2) were aligned using
MEGA 5. Neighbor-joining (NJ) trees were constructed using the
Kimura two-parameter method, and the reliability was assessed
by bootstrap resampling 1,000. The nucleotide sequences of
diarrheal viruses described in the present study have been
deposited in the GenBank database. The accession numbers are
shown in Supplementary Data Sheet 3.

RESULTS

The Detection of Viral and Bacterial

Etiologies in Fecal Samples

The two-tube multiplex PCR using the QIAxcel machine
allowed detection of viral diarrhea in 79/437 (18.0%) cases and
bacterial diarrhea in 49/437 (11.2%) cases. Mixed infections were
detectable in a total of 19/437 (4.3%) cases in both groups
(Supplementary Figures 1, 2). As much more samples were
collected from boys (276) than from girls (161) in the age
group <1-< 2 year. (403, 92.2%), the comparisons between these
variables were not appropriate. Of the 437 stool samples tested by
two-tube multiplex PCR assay, tube lassay detected 79 sequences
of five types of viruses (single and co-infection) (45 rotaviruses,
4 norovirus G1, 18 norovirus G2, 7 adenoviruses, 5 bocavirus),
whereas astrovirus was not detected in this study. Tube 2 assay
detected 49 sequences of 6 types of bacteria (single and co-
infection) (39 Shigella or EIEC, 4 V. parahaemolyticus and 3
EHEC -EPEC, 3 S. Enteritidis), while V. cholerae, Y. enterocolitica
and C. jejuni were not detected in this study.

Rotavirus was the most frequently detected virus in 10.3%
(45/437) samples, followed by norovirus G2 in 4.1% (18/437),
adenovirus in 1.6% (7/437), bocavirus in 1.1% (5/437), and
norovirus G1 in 0.9% 4/437); (Table 1). The Shigella—EIEC
was the most predominantly detected bacteria in 8.9% (39/437)
samples, followed by V. parahaemolyticus in 0.9% (4/437) and
0.7% (3/437) for each of EHEC - EPEC and S. enteritidis.
Infection with one type of virus was found in 72 cases (16.5%),
while virus co-infection involving rotavirus and norovirusG2
were detected in three cases, rotavirus and adenovirus in two

cases, one case of norovirus G2 and adenovirus, and one case
of rotavirus and bocavirus (Table 2). Bacterial co-infections were
detected in two cases with one for V. parahaemolyticus and S.
Enteritidis and the other case for Shigella~EIEC and EHEC-
EPEC (Table 2). As shown in Table 2, mixed infections involving
viruses and bacteria were detected in 10 samples (2.2 %). Of the
45 patients with rotavirus infection, 4 came from non-vaccinated,
the difference between vaccinated and non-vaccinated patients
group was significant (P-value 0.049), as shown in Table 3. None
viruses or bacteria was detected in 319 diarrheal cases. Figure 1
explains the etiological agents detected in all diarrheal cases.
Among all children with diarrheal infections, 68.1 % of whom
with viral infections had fever while vomiting occurred in 65.1%
of these children. Antibiotics were used for treatment in 80.8%
of those children. Of those with bacterial infections, fever and
vomiting occurred in 56.8 and 69.8%, respectively. Antibiotics
were used in 83.7% of those cases. The incidence of diarrheal
cases in the period from August to December (rainy season)
was 87.2% while from April to June (hot and dry season) was
(12.6%), the incidence of both viral and bacterial infection was
high (93.6%, 85.7%, respectively) in the rainy season, but was
much less (6.3 and 14.3%, respectively) during the hot and dry
season. Table 1 shows the details of infections and the clinical
characterization.

Nucleotide Sequence and Phylogenetic
Analysis of Adenovirus and Bocavirus

Positive Samples

Successful sequencing of adenovirus-based on hexon gene was
done on six samples and bocavirus based on VP1 gene on two
samples. The obtained nucleotides sequences were compared
with reference sequences published in GenBank (Supplementary
Data Sheets 1, 2). Phylogenetic trees were generated for both
adenovirus and bocavirus as shown in Figures 2, 3 respectively.
Based on nucleotide sequence analysis, all six adenoviruses
detected in the present study belonged to adenovirus 41. The
phylogenetic tree showed that these strains belonged to two
clades related to the strains found worldwide. Samples No 217,
250, 299, and 332 were closely related to the Netherlands strain
(Lemiale et al., 2007). While the Sample 28 and 196 were linked to
several strains found around the globe (Ireland, Japan, Vietnam,
Korea, China, Cote d’Ivoire, USA, and India), as shown in
Figure 2. For bocavirus, the nucleotide analysis revealed that
the two sequences from samples 21, 103 were related to HbV1.
whereas the phylogenetic tree indicated that they were two
genetically distant strains. Figure3 indicated sample 21 was
related to several strains around the world (Netherlands, Iran,
Japan, Thailand, Sweden, and Spain) and the sample 103 was
similar to several strains from other countries (Hong Kong, USA,
Taiwan, Italy, Iran, Cambodia, and China).

DISCUSSION

Diarrheal diseases are the major public health problem for
children in Sudan and most developing countries (Bonkoungou
et al., 2013; Wang et al,, 2014). Knowledge of causative agents
that cause diarrheal illness is critical in the implementation of
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TABLE 1 | Gender, Age groups, Season, clinical characteristics and Drug by pathogens of diarrheal children.

Characteristic

Microbes Positive Gender (%) Age (Years) (%) Season (%) Symptoms (%) Drug (%)
Number of patient (%) M F 0-2 2-4 4-5 Autumn Summer Vomiting Fever Antibiotic use (%)

Viruses 79 (18) 65.8 342 937 6.3 0 93.6 6.3 65.1 58.1 80.8
Rota A 45 (10.2) 57.8 42.2 97.8 2.2 0 95.61 4.4 60.6 46.9 80
Noro G2 18 (4) 778 222 889 1141 0 88.9 114 78.6 78.6 89.9
Noro G1 4 (0.9 50 50 100 0 0 100 0 50 75 75
Adeno 7(1.6) 85.7 143 80 20 0 85.7 14.3 57.1 57.1 85.7
Boca 5(1.1) 80 20 80 20 0 100 0 80 60 40
Astro 0(0) 0 0 0 0 0 0 0 0 0 0
Bacteria 49 (11.2) 65.3 347 955 4.5 0 85.7 14.3 69.8 56.8 83.7
Shigella/EIECT 39 (8.9) 64.1 359 974 2.6 0 82.1 17.9 73 58.8 84.5
Vibrio Parahaemolyticus 4(0.9) 75 25 100 0 0 100 0 50 75 100
EHEC/EPEC23 3(0.7) 66.7 333 66.7 333 0 100 0 100 0 100
Salmonella enteritidis 3(0.7) 66.7  33.3 100 0 0 10 0 0 100 100
Yersinia enterocolitica 0(0) 0 0 0 0 0 0 0 0 0 0
Vibrio cholera 0(0) 0 0 0 0 0 0 0 0 0 0
Campylobacter jejuni 0(0) 0 0 0 0 0 0 0 0 0 0

1 Enteroinvasive E. coli (EIEC).
2 Enterohemorrhagic E. coli (EHEC).
3 Enteropathogenic E. coli (EPEC).

TABLE 2 | Frequency of samples with mixed viral, mixed bacterial, and viral
bacterial infections.

Pathogen No. of co-infections
(%)

rotavirus and norovirus G2 3 (15.8%)
rotavirus and adenovirus 2(10.5%)
norovirus G2 and adenovirus 1(5.3%)
rotavirus and bocavirus 1(5.3%)
V. parahaemolyticus and S. Enteritidis 1(6.3%)
shigella-EIEC and EHEC-EPEC 1(6.3%)
rotavirus and Shigella 4(21.1%)
rotavirus, adenovirus, V. parahaemolyticus, and S. enteritidis 1(5.3%)
norovirus Gll and Shigella 1(5.3%)
norovirus Gll and V. parahaemolyticus 1(5.3%)
adenovirus, V. parahaemolyticus, and Salmonella 1(5.3%)
adenovirus and E. coli 1(6.3%)
bocavirus and Shigella 1(5.3%)
Total 19 (100%)

appropriate public health measures to prevent and control these
diseases (Youssef et al., 2000). This study was conducted in
two seasons (Autumn and Summer) from April to December in
2014, in Khartoum State, Sudan. The aim of this study was to
determine some of the viral and bacterial pathogens associated
with acute gastroenteritis in stool samples from children <5
years old using a two-tube multiplex PCR assay developed in
a previous study (Wang et al, 2014). In this study, the fecal
specimens collected from children with diarrhea were positive for

TABLE 3 | Cross-tabulation of the frequency of rotavirus infection among
rotavirus-vaccinated and non-vaccinated subjects using A chi-square test.

PCR Vaccinated Not vaccinated Total P-value
Rotavirus  Positive 41 (9.7%) 4 (25%) 45 (10.3%)  0.049*
Negative 380 (90.3%) 12 (75%) 392 (89.7%)
Total 421 (100%) 16 (100%) 437 (100%)

"Means the result is significantly different.

Overview of the results

m Viralinfections
M Bacterial infections
m Mixed infections

m Undiagnosed cases

FIGURE 1 | The overview of results that detected 79 viral (69 single —10
co-infections) and 49 bacterial (39 single 10 co-infections) and 319
undiagnosed cases.

viral (18%), and bacterial (11.2%) agents. Five viruses (rotavirus,
norovirus G1, norovirus G2, adenovirus, bocavirus) and 6
bacteria species (Shigella, EIEC, V.parahaemolyticus, EHEC,
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100

AB728839/type F/Adenovirus 41

HQ005287/type F/Adenovirus 41

KF303071/type F/Adenovirus 41

KP274041/type F/Adenovirus 41

- AB610520/type F/Adenovirus 41
AB103344/type F/Adenovirus 41

1 EF429127/type F/Adenovirus 41

@ Adv-Sample 28

@ Adv-Sample 196
DQ315364/type F/Adenovirus 41
—— @ Adv-Sample 217

@ Adv-Sample 250

@ Adv-Sample 299
’ @ Adv-Sample 332

10

AB330121/type F/Adenovirus 40

NC_001460/type A/Adenovirus 12
DQ149611/type A/Adenovirus 31

DQ149610/type A/Adenovirus 18

NC_001405/type C/Adenovirus 2

AY339865/type C/Adenovirus 5

DQ923122/type G/Adenovirus 52

AC_000018/type B/Adenovirus 7
AY487947/type E/Adenovirus 4

AY598970/type B/Adenovirus 11
— NC_010956/type D/Adenovirus 9

—
0.05

FIGURE 2 | Phylogenetic analysis of Adenovirus sequences isolated in Sudan (28,

100l AC_000006/type D/Adenovirus 17

196, 217, 250, 299, and 323). The Hexon region was used for genotyping (see

Supplementary Data Sheet 2). The Kimura’s two-parameter model with 1,000 replications of bootstrap sampling implemented in MEGA 5 was used to analyze the
data. Only Bootstrap values >70% are indicated at nodes. Bars show distances. erepresent Sudan Adenovirus isolates in this study.

and EPEC, S. Enteritidis) were detected in this study. Both
single and multiple viral or bacterial infections (co-infections)
were also detected. The impact of co-infection on clinical
severity was not studied for these patients; however, it has been
previously reported that no significant differences were observed
in the clinical symptoms of patients with co-infection compared
with those with single infections (Saikruang et al., 2014). The
incidence of diarrhea (27%) caused by pathogens in this study
is lower than that obtained in other studies (Elhag et al., 2013;
Magzoub et al., 2013; Mustafa et al., 2014; Wang et al., 2014).

In Sudan, the positive rate of viral diarrhea cases detected in the
present study was 18%, slightly higher than other previous studies
(16%) which were conducted to detect rotavirus in Khartoum
State and had a similar population in terms of the gender and age
exposed to infection (Magzoub et al., 2013). Also, the incidence
of our report was higher than another survey in Khartoum State
detected rotavirus and adenovirus which was partially similar
to our report in the area of research conducted but different in
the age groups studied (children and adult) (Elhag et al., 2013).
However, we identified new emerging viruses for the first time
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FIGURE 3 | Phylogenetic analysis of Bocavirus sequences isolated in Sudan (21,103). The VP1 region was used for genotyping (see supplementary Data Sheet 3).
The Kimura’s two-parameter model with 1000 replications of bootstrap sampling implemented in MEGA 5 was used to analyze the data. Only Bootstrap values >70%
are indicated at nodes. Bars show distances. erepresent Sudan Boca virus isolates in this study.

83 FJ973558_TU-A-114-06
7 KM624025_LZFB080

in Sudan, including norovirus G1, norovirus G2, astrovirus, and
bocavirus. Furthermore, we used sensitive automated capillary
electrophoresis system in the detection of these pathogens, which
may have increased the detection rate of these agents. In this
study, rotavirus was the predominant pathogen causing diarrhea
in childhood. The finding is similar to the previous study of
the Global Enteric Multicenter Study (Kotloff et al., 2013) and
other studies in developing countries (Yan et al., 2003; Ali et al.,
2005; Bonkoungou et al., 2013; Onori et al., 2014; Wang et al,,
2014).

The rotavirus infection was prevalent among vaccinated
patients and children under two years. Thus, it may indicate
that locally circulating serotypes are not included in the
Rotarix vaccine, which consists of just one serotype G1P8 or

that the vaccine might have deteriorated during transport or
storage. It may also indicate that children in the age group
<2 years old may not have completed the vaccine regimen.
Similar findings were reported previously in the Central African
Republic and Sudan (Banga-Mingo et al, 2014; Alaaeldeen
et al., 2015). In our study, the test results indicated that the
incidence of norovirus and adenovirus was lower than previous
studies in Sudan (Elhag et al, 2013; Mustafa et al,, 2013).
This difference may reflect differences in sample size, age
tested and timing of these studies. Our current study is the
first report on the detection of norovirus G1, bocavirus, and
astrovirus in Sudan, although the incidences of these viruses
were lower than reported from other country (Wang et al,
2014).
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The most common serotypes of adenovirus that causes
gastroenteritis worldwide are adenovirus 40, and 41 in subgroup
F. Sequence analysis of the partial genome of adenovirus in
Sudan showed that all the detected strains belonged to adenovirus
genotype 41 and these six strains could be further divided into
two clades. To our knowledge, this study also represents the first
report that adenovirus 41 is one consider as a cause of diarrhea
in Sudan. Our study also for the first time describes the primary
human bocavirus (HBoV) genotypes circulating in Sudan. The
analysis based on VP1 (viral capsid protein) sequences revealed
that the viral DNAs belonged to human bocavirus 1 with two
different branches. Our findings also suggest that HBoV1 is the
main genotype circulating in Sudan.

The incidence of bacterial infection (11.2%) in Khartoum
State in this study is lower than that reported in a previous study
(19%) in the same area (Mustafa et al., 2012). The differences in
the results may be due to differences in the type of stool specimen;
sample size tested and different testing methods.

It is noted that no positive samples for V. cholerae, C. jejuni,
or Y. enterocolitica were detected. Shigella-EIEC was the second
most common pathogen detected in our study, in line with results
obtained by other investigators (Youssef et al., 2000). However,
our primer targeted the same gene (ipaH) for detection Shigella
and EIEC, so we cannot differentiate between them.

We also found that rotavirus was the most common
pathogen involved in co-infections, which is similar to reported
results in another study in China (Wang et al., 2014). Our
findings may be as a result of rotavirus pathogenesis, which
causes enterocyte destruction leading to enhanced opportunistic
pathogen infection and this explain that rotavirus was the
common pathogen involved in co-infection. Additionally,
children at the age <2 year may be subjected to extreme
exposure to bacteria such as E. coli (Jourdan et al., 1998).
Our study also revealed that the incidence of both viral and
bacterial infections was much higher in rainy Season (wet) than
in summer(dry-hot), in contrast to a study that reported viral
infections occurring mainly during the dry season in Burkina
Faso (Bonkoungou et al, 2013). The difference could be due
to statistical bias because most of our samples were collected
during autumn. Nonetheless, this may warrant further research
with adequate sample sizes that cover all seasons of a year.
In addition, the present study highlighted antibiotic misuse
for the treatment of diarrhea, which necessitates improving
knowledge about the differentiation between viral and bacterial
infections, in addition to developing diagnostic methods in our
hospital laboratories. The highest number of positive samples
was found in the boys and age group <2 years (Table 1) due
to the majority of our samples collected from boys and the age
group <1-< 2 year. The reason for the bias in the numbers

REFERENCES

Alaaeldeen, B. A., Emad, A. M, Mohammed Ea, L, Hitham, E., E., and Abualgasim,
E. A., (2015). The frequency of rotavirus infection among vaccinated and non-
vaccinated children with diarrhea in omdurman pediatric hospital, sudan. Am.
J. Res. Commun. 3, 96-107.

of children with diarrhea (boys of <1-< 2 year.) admitted to
hospitals is not clear and need to be further investigated to
determine whether or not it is the pattern of childhood diarrhea
in Sudan.

It is of note that no pathogens were detected in 319 diarrheal
stool samples in this study, which is relatively similar to the result
(86%) achieved in a previous research conducted in Khartoum
state (Elhag et al,, 2013). These patients are likely infected by
other pathogens not tested in both studies such as Sapovirus,
Hepatitis A virus, Staphylococcus aureus, Aeromonas, other
serotypes of E. coli, and parasites. Therefore, further research
should be attempted to target these pathogens.

CONCLUSION

In conclusion, this is the first comprehensive report to elaborate
commonly known pathogen spectrum associated with childhood
diarrhea in Khartoum State, Sudan. The results obtained in
the present study highlight urgency of taking appropriate
intervention measures in Khartoum State, Sudan.

AUTHOR CONTRIBUTIONS

MA, IK, and XM designed the experiment; MA, JW, and HS did
the lab experiment; HW and AM analyzed the data; MA, K-AE,
and AE collected the samples. MA, JW, and AE wrote the article.

FUNDING

This work was supported by grants from the National key
research and development plan of China (2016TFC1202700,
2016YFC1200900 and 2017YFC1200503) and China Mega-
Project for Infectious Disease (201772X10302301-004 and
20177X10104001).

ACKNOWLEDGMENTS

We thank Professor Charles H. Calisher of College of Veterinary
Medicine and Biomedical Sciences, Colorado State University
for his proofreading of this manuscript. Also we thank funding
agencies, China Mega-Project for Infectious Disease and Beijing
Municipal Science & Technology Commission Project for
supporting this work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.00112/full#supplementary-material

Ali, M. B., Ghenghesh, K. S., Aissa, R. B., Abuhelfaia, A., and Dufani, M. (2005).
Etiology of childhood diarrhea in Zliten, Libya. Saudi Med. J. 26, 1759-1765.
Banga-Mingo, V., Waku-Kouomou, D., Gody, J. C., Esona, M. D., Yetimbi, J. F.,
Mbary-Daba, R., et al. (2014). Molecular surveillance of rotavirus infection in
Bangui, Central African Republic, October 2011-September 2013. Infect Genet.

Evol. 28, 476-479. doi: 10.1016/j.meegid.2014.08.023

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 112


https://www.frontiersin.org/articles/10.3389/fmicb.2018.00112/full#supplementary-material
https://doi.org/10.1016/j.meegid.2014.08.023
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Adam et al.

Diarrhea Causes in Sudanese Children

Bonkoungou, I. J., Haukka, K. Osterblad, M., Hakanen, A. J., Traoré,
A. S, Barro, N,, et al. (2013). Bacterial and viral etiology of childhood
diarrhea in Ouagadougou, Burkina Faso. BMC Pediatr. 13:36.
doi: 10.1186/1471-2431-13-36

Chen, J., Tang, J., Liu, J., Cai, Z., and Bai, X. (2012). Development and evaluation
of a multiplex PCR for simultaneous detection of five foodborne pathogens. J.
Appl. Microbiol. 112, 823-830. doi: 10.1111/j.1365-2672.2012.05240.x

Elhag, W. I, Saeed, H. A, Omer El, F. E, and Ali, A. S. (2013).
Prevalence of rotavirus and adenovirus associated with diarrhea among
displaced communities in Khartoum, Sudan. BMC Infect. Dis. 13:209.
doi: 10.1186/1471-2334-13-209

Jourdan, N., Brunet, J. P., Sapin, C., Blais, A., Cotte-Laffitte, J., Forestier, F., et al.
(1998). Rotavirus infection reduces sucrase-isomaltase expression in human
intestinal epithelial cells by perturbing protein targeting and organization of
the microvillar cytoskeleton. J. Virol. 72, 7228-7236.

Kotloff, K. L., Nataro, J. P., Blackwelder, W. C., Nasrin, D., Farag, T. H,
Panchalingam, S., et al. (2013). Burden and etiology of diarrhoeal disease
in infants and young children in developing countries (the Global Enteric
Multicenter Study, GEMS): a prospective, case-control study. Lancet 382,
209-222. doi: 10.1016/S0140-6736(13)60844-2

Lemiale, F., Haddada, H., Nabel, G. J., Brough, D. E., King, C. R, and
Gall, J. G. (2007). Novel adenovirus vaccine vectors based on the enteric-
tropic serotype 41. Vaccine 25, 2074-2084. doi: 10.1016/j.vaccine.2006.
11.025

Magzoub, M. A, Bilal, N. E, Bilal, J. A, and Osman, O. F. (2013).
Rotavirus infection among Sudanese children younger than five years
of age: a cross-sectional hospital-based study. Pan Afr. Med. ]. 16, 88.
doi: 10.11604/pam;j.2013.16.88.2519

Mustafa, A., Makki, A., Siddig, O., Haithami, S., Teleb, N., Trivedi, T,
et al. (2014). Baseline burden of rotavirus disease in Sudan to monitor
the impact of vaccination.Pediatr. Infect. Dis. ]. 33(Suppl. 1.), S23-27.
doi: 10.1097/INF.0000000000000095

Mustafa, M. O., Nur Hassan, A., and Mohamed A, H. (2012). Bacterial etiology
of diarrhoeal diseases in children under five years old in Ombadda Hospital -
Sudan. Sudanese J. Public Health 7, 93-97.

Mustafa, Abdelrazig, W. 1., and Humodi A, S., (2013). Studies on Norovirus
amongst Asymptomatic Food Handlers and Patients with Gastroenteritis in
Khartoum State. Dissertation, University of Science and Technology College
of Medical Laboratory Science.

Ngosso, B. E., Nkwengulila, G., and Namkinga, L. A. (2015). Identification
of pathogenic intestinal parasitic protozoa associated with diarrhea among
under-fives children in dar es salaam, Tanzania. Int. J. Med. Sci. 2,
49-55.

Onori, M., Coltella, L., Mancinelli L., Argentieri, M., Menichella, D.,
Villani, A., et al. (2014). Evaluation of a multiplex PCR assay for
simultaneous detection of bacterial and viral enteropathogens in stool
samples of paediatric patients. Diagn. Microbiol. Infect. Dis. 79, 149-54.
doi: 10.1016/j.diagmicrobio.2014.02.004

Saikruang, W., Khamrin, P., Suantai, B., Okitsu, S., Hayakawa, S., Ushijima, H.,
et al. (2014). Detection of diarrheal viruses circulating in adult patients in
Thailand. Arch. Virol. 159, 3371-3375. doi: 10.1007/s00705-014-2191-3

Silva, P. A, Stark, K., Mockenhaupt, F. P., Reither, K., Weitzel, T., Ignatius, R., et al.
(2008). Molecular characterization of enteric viral agents from children in a
northern region of Ghana. J. Med. Virol. 80, 1790-1798. doi: 10.1002/jmv.21231

Somily, A. M., Al-Othman, M. F., and Kambal, A. M. (2014). Bacterial
pathogens associated with infectious diarrhea in King Khalid University
Hospital, Riyadh Saudi Arabia 2005-2010. Afr. J. Microbiol. Res. 8, 1453-1459.
doi: 10.5897/AJMR2014.6668

Vargas, M., Gascon, J., Casals, C., Schellenberg, D., Urassa, H., Kahigwa, E., et al.
(2004). Etiology of diarrhea in children less than five years of age in Ifakara,
Tanzania. Am. J. Trop. Med. Hyg. 70, 536-539.

Wang, J., Xu, Z., Niu, P., Zhang, C., Zhang, J., Guan, L., et al. (2014). A two-tube
multiplex reverse transcription-PCR assay for simultaneous detection of viral
and bacterial pathogens of infectious diarrhea. Biomed Res. Int. 2014:648520.
doi: 10.1155/2014/648520

Yan, H., Yagyu, F., Okitsu, S., Nishio, O., and Ushijima, H. (2003). Detection
of norovirus (GI, GII), Sapovirus and astrovirus in fecal samples using
reverse transcription single-round multiplex PCR. J. Virol. Methods 114, 37-44.
doi: 10.1016/j.jviromet.2003.08.009

Youssef, M., Shurman, A., Bougnoux, M. Rawashdeh, M., Bretagne,
S., and Strockbine, N. (2000). Bacterial, viral and parasitic enteric
pathogens associated with acute diarrhea in hospitalized children
from northern Jordan. FEMS Immunol. Med. Microbiol. 28, 257-263.
doi: 10.1111/j.1574-695X.2000.tb01485.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Adam, Wang, Enan, Shen, Wang, El Hussein, Musa, Khidir
and Ma. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 112


https://doi.org/10.1186/1471-2431-13-36
https://doi.org/10.1111/j.1365-2672.2012.05240.x
https://doi.org/10.1186/1471-2334-13-209
https://doi.org/10.1016/S0140-6736(13)60844-2
https://doi.org/10.1016/j.vaccine.2006.11.025
https://doi.org/10.11604/pamj.2013.16.88.2519
https://doi.org/10.1097/INF.0000000000000095
https://doi.org/10.1016/j.diagmicrobio.2014.02.004
https://doi.org/10.1007/s00705-014-2191-3
https://doi.org/10.1002/jmv.21231
https://doi.org/10.5897/AJMR2014.6668
https://doi.org/10.1155/2014/648520
https://doi.org/10.1016/j.jviromet.2003.08.009
https://doi.org/10.1111/j.1574-695X.2000.tb01485.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Molecular Survey of Viral and Bacterial Causes of Childhood Diarrhea in Khartoum State, Sudan
	Introduction
	Methods
	Nucleic Acid Extraction
	Primers of Multiplex PCR
	Multiplex-RT-PCR and PCR
	Sequence and Phylogenetic Analysis

	Results
	The Detection of Viral and Bacterial Etiologies in Fecal Samples
	Nucleotide Sequence and Phylogenetic Analysis of Adenovirus and Bocavirus Positive Samples

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


