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Abstract. Enteric coinfections among children in low-income countries are very common, but it is not well known if
specific pathogen combinations are associated or have clinical importance. In this analysis, feces samples from children
in Rwanda and Zanzibar less than 5 years of age, with (N = 994) or without (N = 324) acute diarrhea, were analyzed by real-
time polymerase chain reaction targeting a wide range of pathogens. Associations were investigated by comparing co-
detection and mono-detection frequencies for all pairwise pathogen combinations. More than one pathogen was
detected in 840 samples (65%). A negative association (coinfections being less common than expected from probability)
was observed for rotavirus in combination with Shigella, Campylobacter, or norovirus genogroup II, but only in patients,
which is statistically expected for agents that independently cause diarrhea. A positive correlation was observed, in both
patients and controls, between Ct (threshold cycle) values for certain virulence factor genes in enteropathogenic
Escherichia coli (EPEC) (eae and bfpA) and toxin genes in enterotoxigenic E. coli (eltB and estA), allowing estimation of
howoften these geneswere present in the samebacteria. A significant positive association in patients only was observed
forShigellaandEPEC-eae, suggesting that this coinfectionmight interact in amanner that enhancessymptoms.Although
interaction between pathogens that affect symptoms is rare, this work emphasizes the importance and difference in
interpretation of coinfections depending on whether they are positively or negatively associated.

INTRODUCTION

Infectious diarrhea can be caused by a wide range of viru-
ses, bacteria, and protozoa and remains a major cause of
childhood morbidity and mortality in low-income countries, in
particular, among children less than 5 years of age.1 Formerly,
bacterial infectionsweremainly identified by culture, protozoa
by microscopy, and some viruses (rotavirus and adenovirus)
by antigen tests. Molecular methods such as polymerase
chain reaction (PCR) have improved the detection of viruses
andother pathogens, and the recent development ofmultiplex
assays has allowed parallel identification of a large number of
enteropathogens.2–6 Although it has been known from earlier
studies using older techniques that coinfections with two or
more enteric pathogens are common, the application of mo-
lecular techniques has revealed even higher rates.1,2,7–10 This
raises the questionwhethermore than one agent contributes to
the symptoms and multiple infections represent a diagnostic
challenge due to the difficulty in identifying the causative agent.
Detection of coinfections by molecular diagnostic methods
allows more sensitive studies of whether microbes are more
likely or less likely to occur together,11–14 but largedata sets are
required to evaluate more rare pathogen combinations. In the
present study, we havemerged data from two recent studies in
Rwanda and Zanzibar to elucidate the importance of enteric
coinfections in 1,318 children with or without diarrhea.

MATERIALS AND METHODS

Samples. The sampleswere collected as 1mLof feces or as
rectal swabs from children less than 5.0 years of age with or

withoutdiarrheaaspart ofclinical studiesconducted inRwanda
(2009–2012; N = 988) or Zanzibar (2011; N = 330), the clinical
data from which they have been reported previously.2,7,15,16

The inclusion criteria for patients (N = 994) were diarrhea with a
duration of < 96 hours (with or without vomiting or fever),
whereas the controls (N = 324) had absence of diarrhea, vom-
iting, or fever for > 10 days before inclusion. The median age
was 13.5 months for patients, of whom 43% were girls and
24.0 months for healthy controls, of whom 51% were girls.
Adenoviruswas not tested in the samples from2009 to 2010 (in
658 patients and 324 controls) and enteropathogenic Escher-
ichia coli (EPEC)-bfpA and EPEC-eae were not tested in sam-
ples fromZanzibar (165patients and 165 controls). The number
of patients and controls from Rwanda and Zanzibar, as well as
their mean ages, is summarized in Supplemental Table 1.
Nucleic acid extraction and real-time PCR. Approxi-

mately 250 μL of feces were dissolved in 4.5 mL of saline and
centrifuged for 5 minutes at 750 × g. Then, 250 μL of the
dissolved feces or 250 μL of the rectal swab were mixed with
2mL of lysis buffer, and this volumewas used for extraction of
total nucleic acid in an EasyMag instrument (BioMérieux,
Marcy-l’Étoile, France). The nucleic acids were eluted in 110 μL
and 5 μL of this volume was used in each PCR.
Real-time PCR was performed in an ABI 7900 384-well

system (Applied Biosystems, Foster City, CA) in nine parallel
reactions targeting adenovirus, astrovirus, norovirus geno-
type I (GI) or genotype II (GII), rotavirus, sapovirus, Cam-
pylobacter jejuni, Cryptosporidium parvum/Cryptosporidium
hominis, enterotoxigenic E. coli (ETEC) coding for heat-labile
toxin (eltB) or heat-stable toxin (estA), EPEC coding for intimin
(eae) or bundle-forming pilus (bfpA), Salmonella, and Shigella.
The sequences of the primers andprobe have been previously
described.2,17

Amplifications were performed in 20-μL reactions contain-
ing oligonucleotides and Taqman Fast Virus 1-step Master
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Mix (ABI, for RNA targets [Applied Biosystems]) or Universal
Master Mix (ABI, for DNA targets [Applied Biosystems]). After a
reverse transcription step at 46�C for 30minutes followedby 10
minutes of denaturation at 95�C, 45 cycles of two-step PCR
were performed (15 seconds at 95�C and 60 seconds at 56�C).
In each run, plasmidscontaining the target regions for all agents
were amplified in parallel with patient specimens to verify the
performance of each target PCR.
The results from real-time PCR were recorded as Ct

(threshold cycle) values, which is essentially the cycle in which
the fluorescence from the probe reaches certain intensity. The
assessment of Ct values was carried out in a standardized
manner by the sameperson in all runs. TheCt valueswere used
as a proxy for viral load in some of the correlation analyses.
Statistics.Threeanalytical approacheswereused. First,we

tested whether any combination of two pathogens was more
or less frequent than expected from their detection rates
alone. These analyses were performed separately for patients
and controls andwere presented both as correlations in a heat
map illustratingPearson rhoandasodds ratios (ORs) in tables,
with statistical significance assessed by Fisher’s exact test. In
addition, correlations betweenCt valueswere investigated for
each pathogen pair.
Second, interactions between coinfection and symptoms

were evaluated by logistic regression analysis for all pairwise
pathogen combinations with the presence of symptoms (i.e.,
patient versus control) as a dependent variable and detection
(yes or no) of the two pathogens as an independent variable,
and with an interaction term of the two.
Third, associations between coinfection and the presence

or severity of certain symptoms were analyzed to further ex-
plore the potential pathogenic importance of coinfection:
coinfection and mono-infections were compared, for each
pair of pathogens, as regards the presence of vomiting or
dehydration (Fisher’s exact test), as well as body temperature,
frequency of diarrhea, or degree of dehydration (Mann–
Whitney rank sum test).
Ethics. The studies were conducted in accordance with the

Declaration ofHelsinki and approved by the ethical committee
at the National University in Rwanda, by the Zanzibar Medical
Research Ethics Committee (ID: ZAMREC/0001/April/010)
and by the regional ethical board in Gothenburg (ID:052-08),
Sweden. Written informed consent was obtained from an
accompanying caretaker andwas recorded on a consent form
for each child included in the studies.

RESULTS

Overall detection ratesand frequencyofmultiple infections.
Theproportionsofchildrenwithnone,one (N=341), ormore than
one (N=840) detectedagentsare shown inFigure1.Thenumber
of patients andcontrolswithmono-or coinfection ispresented in
Supplemental Table 1 and details for all pathogen combinations,
in patients and controls, are presented in Supplemental Table 2.
Pathogens associated with symptomatic infection. The

detection frequencies and Ct values for the merged data
set are presented in Supplemental Table 3, showing that
rotavirus, norovirus GII, astrovirus, Cryptosporidium, and
EPEC-bfpA were detected more frequently in patients than in
controls. The Ct values were significantly lower (i.e., microbial
loads were higher) in patients than in controls for Shigella and
ETEC-estA, and to a lesser extent also for ETEC-eltB,

Cryptosporidium, and Campylobacter. Overall, these findings
reflect what has been reported before, separately for children
in Rwanda and Zanzibar.2,7,15

Positive association between detected pathogens. Three
pathogen target pairs showed strong positive associations in
both patients and controls, as indicated by a red color in the heat
map in Figure 2 (withP values by Fisher’s exact test indicated by
asterisks; the corresponding frequencies and OR are shown in
Supplemental Table 2). In particular, the combinations between
EPEC-eae and EPEC-bfpA and between ETEC-estA and ETEC-
eltB were much more frequent than expected from their mono-
infection rates, with 84 samples positive for both EPEC-eae and
EPEC-bfpA and 153 samples being positive for both ETEC-estA
andETEC-eltB. Therewasalsoasignificantassociationbetween
ETEC-estA and sapovirus, with 31 samples positive for both.
As shown in Figure 2, positive associations only in patients

were observed for the following combinations: Campylobac-
ter and ETEC-eltB, Cryptosporidium and Campylobacter,
Shigella and EPEC-eae, and Shigella and EPEC-bfpA.
Positive correlation between Ct values. When Ct values

were compared in a pairwise manner, significant correlations
were only observed for two target pairs, one being EPEC-eae
and EPEC-bfpA and the other ETEC-estA and ETEC-eltB. As
shown in Figure 3, the Ct values were similar (< 3.3 cycles
difference; corresponding to < 1 log10) for these pairs in many
samples, suggesting that the target genes were likely present
in the same bacterial strains: 72 samples with bfpA and eae
and 82 sampleswith eltB and estA. In other cases (12 samples
with bfpA and eae and 71 samples with eltB and estA), a
greater difference in Ct indicated that the target genes were
present in separate strains, each carrying only one of them.
This was also the case in the relatively large number of sam-
ples that were positive for only one of the targets (303 eltB, 94
estA, 54 bfpA, and 177 eae, shown as Ct = 45 in Figure 3).
Taken together, these observations indicate that 22% of
EPECwere “typical,” that is, carried both eae and bfpA genes,
whereas58%hadonlyeaeand20%onlybfpAgenes, and that
13%of ETEC carried both eltB and estA genes, whereas 60%
had only eltB and 27% only estA genes.

FIGURE 1. Number of pathogens detected by real-time polymerase
chain reaction in patients and controls.
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Negative association between detected pathogens.
Microbes with the capacity of causing diarrhea on their own
should, from a statistical point of view, be negatively associ-
ated in patients, that is, in children with diarrhea. Such nega-
tive associations were indeed observed for some pathogens,
as shown in Figure 2. All these negative associations included
rotavirus as one of the agents, in combination with Shigella,
norovirus GII, or Campylobacter.
Impact of coinfection on symptoms. Logistic regression

was performed with the presence of symptoms (i.e., patient
versus control) as a dependent variable and detection of the
two pathogens (yes or no) as an independent variable. This
analysis indicated a positive interaction for two pathogen
combinations: Shigella and EPEC-eae (OR = 4.85, P = 0.01),
and norovirus GII and EPEC-eae (OR = 5.57, P = 0.006). The
effects of coinfection could not be evaluated properly for ro-
tavirus or norovirus GII because of very low counts among
healthy controls.
The potential impact by coinfection on the severity of symp-

toms was further evaluated in 829 patients from Rwanda, for
whomclinical information about symptomshad been recorded.
We compared whether vomiting, frequency of diarrhea, or de-
gree of dehydration was more frequent or more pronounced in
cases with coinfections than in mono-infection for each pair of
pathogens. Coinfection with Shigella and EPEC-eae was as-
sociatedwith an increased frequencyof diarrhea (by� 1/day) as
compared with mono-infections of either of the two pathogens
(P < 0.001, Mann–Whitney rank sum test).

DISCUSSION

It is known fromnumerous reports that infectionwith several
gastroenteric agents is common among children in low-
income countries, but the clinical importance of polymicrobial
infection is uncertain and studies of potential associations
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FIGURE 3. Threshold cycle (Ct) values for 84 samples that were
positive for enteropathogenic E. coli (EPEC)-eae and EPEC-bfpA
(upper) and for 153 samples that were positive for enterotoxigenic E. coli
(ETEC)-eltB and ETEC-estA (lower). Pearson’s correlation coefficient
(ρ) was 0.79 for eae and bfpA, and 0.61 for eltB and estA (P < 0.0001 for
both). Red dots represent samples with less than 3.3 cycles differ-
ence inCt value, suggesting that the target geneswere present in the
same bacterial strain (72 with bfpA and eae; 82 with eltB and estA).
Sampleswith ³ 3.3 cycles difference are shown as blue dots (12 bfpA
and eae; 71 eltB and estA). Fifty-four samples that were positive for
EPEC-bfpA alone, 177 for EPEC-eae alone, 303 for ETEC-eltB alone,
and 94 for ETEC-estA alone were given a Ct value of 45 and are
shown as black circles.
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FIGURE 2. Heat map showing degree of correlation for all pathogen
combinations, comparing their detection as coinfection vs. mono-
infection. The color represents the correlation coefficient (r), as in-
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between the agents are scarce.11,14 For infections spread-
ing independent of each other, one would—on statistical
grounds—predict that agents that alone may cause diarrhea
would be negatively associated (i.e., be less common together
than one would expect from their mono-infection rates)
amongpatients but not among controls. Positive associations
in patients only would be anticipated if a combined infection
inducedmore severe symptoms. Positive associations in both
patients and controls might, for example, appear for patho-
genswhose transmission or ability to infectwasdependent on
the same environmental or host factors or if the target genes
were present in the same pathogen.
In the present study of associations between gastroenteric

agents in feces samples from 994 children with diarrhea and
from 324 healthy controls were studied. Significant negative
associations were observed only among children with di-
arrhea and only for a few pairs of pathogens: rotavirus and
Shigella, rotavirus and Campylobacter, and rotavirus and
norovirus GII. These four agents were (together with ETEC-
estA and Cryptosporidium) the pathogens associated with
symptomatic infection in the present data set (as previously
reported2,7,15), as well as in the global enteric multicenter
study.12 This finding was, as mentioned, expected (from a
statistical point of view) and indicates that negative associa-
tions might serve to identify pathogens that cause diarrhea
even when a control group is lacking, similar to the strategy of
case-only studies in genetics. Interestingly, there was no
negative association between rotavirus and ETEC-estA, de-
spite their strong associationwith symptomatic infection. This
might be explained if coinfection with these two agents ag-
gravated symptoms because this would result in a positive
association that opposed the expected negative association
between their detection. Additional studies are needed to
clarify potential associations between rotavirus and ETEC-
estA.
Positive associations in both patients and controls were

observed for pairs of target genes in ETEC and EPEC, and
correlations of Ct values allowed calculation of the proportion
of ETEC and EPEC that carried both virulence genes in a
manner that, to our knowledge, has not been described be-
fore. The gene coding for intimin (eae) is located to the locus of
enterocyte effacement in the E. coli chromosome and the
gene coding for bundle-forming pilus (bfpA) to the EPEC ad-
herence factor plasmid.18 In the present study, 22% of all
EPEC strains were deduced, on the basis of similar Ct values,
to carry both genes, 20%only thebfpAgeneand58%only the
eae gene. Overall, strains carrying both eae and bfpA genes
(“typical EPEC”) were found in 7.7% of patients and 5.0% of
controls, which is in line with previous reports.19

Likewise, there was a relatively strong correlation between
Ct values for ETEC-eltB and ETEC-estA among the 153
samples that were positive for both targets. The genes
encoding eltB and estA are usually located to plasmids that
may or may not be present together. The proportion of ETEC
that presented with similar Ct values for eltB and estA was
13%, suggesting that these genes were present in the same
bacteria in a relatively small proportion of ETECstrains. Taking
Ct values into account, 28% of all the 1,318 samples con-
tained strains that were deduced to carry ETEC-eltB only,
12%ETEC-estAonly, and 6.2% to carry both toxin genes. The
overall detection frequency for ETEC is higher than that in
most previous studies, which probably can be explained

by the high sensitivity of PCR.20,21 The use of Ct values to
estimate the proportion of samples with typical EPEC or
with ETECproducing both toxins is, to our knowledge, novel
and represents a strategy to avoid that the transition from
traditional to molecular methods leads to loss of important
information.9 We believe that this approach should be of
value in future studies of EPEC and ETEC infections.
Positive associations in patients only were observed for

Campylobacter and ETEC-eltB, Campylobacter and Cryp-
tosporidium, Shigella and EPEC-eae, and for Shigella and
EPEC-bfpA, suggesting that these combinations might po-
tentiate symptoms. Similarly, infections with EPEC-eae in
combination withShigella or norovirus GII weremore likely to
be symptomatic when analyzed by a different approach,
comparing the patient/control ratio for coinfection with the
corresponding mono-infection. These associations should,
however, be interpreted with caution because this study was
not primarily designed to compare coinfection in patients and
controls, as these groups differed significantly in age and
were not sufficiently well matched in time and area either.
This limitation in design should, however, not influence the
results of analysis within patients only, for each pathogen
pair, and of whether coinfections increased symptoms. The
finding that severe dehydrationwasmore frequent in patients
coinfected by Shigella and EPEC-eae supports that these
agents indeed might have synergistic effects on symptoms.
This potential positive interaction need to be confirmed
and explained in future studies, and such effects by other
combinations also need to be further investigated because
the number of cases was very low for many pathogen
combinations.
As mentioned, few previous studies have analyzed the fre-

quency and importance of coinfections. In a study from India
that included 2,748 patients with diarrhea, there was a very
strong association between rotavirus and Vibrio cholerae14

and significant negative associations were also seen between
V. cholerae andCryptosporidium, adenovirus,Shigella, ETEC,
or Vibrio parahaemolyticus and between rotavirus and Shi-
gella. These negative associationswere, however, not pointed
out as support for a causal role, which probably would be the
correct interpretation. In a recent study of coinfections, neg-
ative associations were not described,22 whereas in another,
negative associations between rotavirus and norovirus or
diarrheagenic E. coli in Chinese patients with diarrhea were
considered unexpected and difficult to interpret.23 We ob-
served negative associations only in patients and only for
pathogens that previously have been strongly associatedwith
symptomatic infection. We want to point out that such nega-
tive associations are actually statistically expected and a re-
flection of the capacity of these agents to cause diarrhea on
their own. This interpretation, which has been overlooked in
previous reports, needs to be emphasized to promote correct
conclusions in future studies.
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