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In developing countries where diarrheal disease is a leading cause of morbidity and mortality in children under

5 years of age, enteric coinfection is common. There is little understanding, however, of the biologic interaction

between coinfecting pathogens. The authors investigated the potential for synergistic interaction between co-

infecting pathogens on diarrhea pathogenesis using an epidemiologic framework. They conducted community-

based, case-control studies in 22 communities in northwestern Ecuador between 2003 and 2008. Risk ratios of

diarrhea associated with single infections and coinfections were estimated. Interaction between coinfecting path-

ogens was assessed through departure from risk ratio additivity and multiplicativity after adjustment for age. On

the additive scale, the authors found departure from the null value of 0 for rotavirus-Giardia coinfections (interac-

tion contrast ratio = 8.0, 95% confidence interval: 3.1, 18.9) and for rotavirus-Escherichia coli coinfections (inter-

action contrast ratio = 9.9, 95% confidence interval: 2.6, 28.4). On the multiplicative scale, they found departure

from the value of 1 for rotavirus-Giardia coinfections (multiplicative interaction = 3.6, 95% confidence interval:

1.3, 8.7). This research provides epidemiologic evidence for synergism between rotavirus and other enteric path-

ogens. During coinfection, the pathogenic potential of each organism appears to be enhanced. The potential for

pathogenesis to be more severe in the presence of a rotavirus coinfection amplifies the need for rotavirus

vaccination.

case-control studies; diarrhea; Escherichia coli; Giardia; interaction; prevalence; rotavirus; synergism

Abbreviations: CI, confidence interval; EIEC, enteroinvasive Escherichia coli and Shigellae; EPEC, enteropathogenic E. coli;
ETEC, enterotoxigenic E. coli; RR, risk ratio.

Editor’s note: An invited commentary on this article is
published on page 396, and the authors’ response is pub-
lished on page 400.

Diarrheal disease is the fifth leading cause of death in
low- and middle-income countries (1). Although mortality
rates have declined in the past several decades (2), diarrhea
still causes up to 1.9 million childhood deaths each year
(3). Many enteric viruses, bacterial pathogens, and parasites
likely contribute to this disease burden both individually
and together (2). Together, coinfecting pathogens may
cause more severe diarrhea than infection with either

pathogen alone (4). Specific coinfecting pathogens may
also act synergistically, resulting in even greater pathogene-
sis and a larger contribution to the overall diarrheal disease
burden.

Mixed infections are commonly detected in case-control
studies, making it difficult to establish causal links between
a pathogen and diarrhea. Coinfecting pathogens may con-
found these relations and, if ignored, potentially lead to
false inferences. Previous case-control studies (5–12) have
found mixed infections in 10%–40% of cases and 0%–15%
of controls and as many as 5 coinfecting pathogens (7, 12).
Although mixed infections were discussed in all 8 studies,
only 3 reported associations between single infections and
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diarrhea (6, 10, 11). By consistently distinguishing between
single and mixed infections, we may be able to improve
our understanding of the pathogenic potential of enteric
infections.
Mixed infections have been shown to exacerbate diar-

rheal illness. Earlier studies support increased morbidity
and mortality from rotavirus-Escherichia coli coinfections
in animals (13–17). Clinic-based studies of diarrhea cases
have also suggested greater severity of diarrhea in the pres-
ence of a rotavirus-E. coli coinfection (4, 6, 10, 18, 19). In
contrast, Unicomb et al. (20) have shown no greater se-
verity than that of single infections with rotavirus or
E. coli. Uhnoo et al. (21) have also demonstrated no in-
crease in severity from mixed viral-bacterial infections.
Yet, the authors did report prolonged diarrhea associated
with coinfections compared with single infections with ro-
tavirus. The pathogenicity of enteric coinfections has been
the focus of very few community-based studies but was ex-
amined in the report by Bilenko et al. (22). However, much
of the clinical research to date supports enhanced pathogen-
esis from the combined independent actions of 2
pathogens.
Little is known about the potential for pathogens to act

synergistically to cause diarrhea. In vitro models have provid-
ed us with some insight on the biologic mechanisms behind
synergism. These studies (23–25) have shown that intestinal
cell lines incubated with rotavirus may predispose cells to in-
creased adhesion, invasion, and multiplication by invasive
bacteria. Superti et al. (23) also reported increased levels of
viral replication in coinfected cells, demonstrating a synergis-
tic interaction. The relations were time dependent; higher
levels of adhesion, invasion, and multiplication were noted as
the rotavirus-incubation period lengthened. Furthermore, the
inability of noninvasive bacterial strains to traverse the host-
cell membrane points to a specific transport mechanism and
not just a general increase in permeability. While these in
vitro models support a synergistic interaction between rotavi-
rus and coinfecting pathogens, evidence from community-
based studies will be important to confirm this action in vivo.
In this study, we use community-based, case-control data

to estimate the prevalence and pathogenicity of Giardia, ro-
tavirus, and E. coli (including Shigellae) across all ages in
northern coastal Ecuador between 2003 and 2008. In our
assessment of pathogenicity, we distinguish between single
infections and coinfections. We also examine the evidence
for biologic synergism between coinfecting pathogens by
estimating their interaction on both additive and multiplica-
tive scales.

MATERIALS AND METHODS

Study region

The study region is located in the northwestern coastal
area of Ecuador in the Cantón Eloy Alfaro. This area has
experienced rapid development since the introduction of a
paved road in 2001. The new road links the region to the
coast on the west and the Andes to the east, facilitating the
movement of products, people, and pathogens in and out of
the region. We sampled 21 villages in the study area, each

of which is located along 1 of 3 rivers that drain into
Borbón, the urban center of the region also included in the
study. These 22 communities generally rely on river water,
although some have access to well or piped water. Sanita-
tion facilities range from pit latrines to flush toilets.

Study design

Between August 2003 and February 2008, we conducted
up to seven 15-day case-control studies in each of the 22
communities. Before the case-control period began, we
conducted a census of the community. During the case-
control period, we visited each house daily to identify all
cases of diarrhea in the 21 villages (ranging in size from 5
to 200 households) or in a random sample of 200 house-
holds in Borbón, which has a population of approximately
1,000 households. For every case, we randomly selected 1
household control and 2 community controls at the time of
case identification. Cases were defined as anyone with 3 or
more loose stools in a 24-hour period. Controls were eligi-
ble if they were free of diarrhea in the previous 6 days (no
other inclusion or exclusion criteria were applied). Stool
specimens were collected from all cases and controls. We
obtained oral consent from each village and household in
the study. Approximately 99% of houses consented to par-
ticipate in the study, and 93% of cases submitted stool
specimens. Institutional review board committees at the
University of Michigan, Trinity College, and Universidad
San Francisco de Quito approved all protocols.

Pathogen detection

Stool samples were tested for rotavirus, pathogenic
E. coli, E. coli Shigellae, and Giardia. Rotavirus was de-
tected in the field by using a commercial immunochromato-
graphic test (RIDA QUICK rotavirus; R-Biopharm AG,
Darmstadt, Germany). Fecal samples were plated directly
onto xylose lysine deoxycholate (XLD) or MacConkey
agar. All lactose-negative isolates, identified as either
E. coli or Shigellae by an API-20E test kit (bioMerieux,
Inc., Hazelwood, Missouri), and a random sample of 5
lactose-positive isolates were analyzed by polymerase chain
reaction. Pathotype-specific primers were used to identify
enterotoxigenic E. coli (ETEC) (heat-labile toxin gene
(eltB) and heat-stable toxin gene (estA)), enteropathogenic
E. coli (EPEC) (bundle-forming pilus gene (bfp)), and en-
teroinvasive E. coli (EIEC) or Shigellae (invasion plasmid
antigen gene (ipahH)). Additionally, an aliquot of fecal ma-
terial was frozen in liquid nitrogen and transported to a lab-
oratory in Quito, where Giardia was detected by using an
enzyme-linked immunosorbent assay kit (RIDASCREEN
Giardia; R-Biopharm). Further details can be found (26).

Statistical analysis

We pooled 152 case-control studies and analyzed these
together using R, version 2.11.1 (R Foundation for Statisti-
cal Computing, Vienna, Austria). Estimates of diarrhea
prevalence were based on the number of cases identified,
the number of household residents, and the community
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population during each case-control visit. To estimate the
prevalence of enteric infection, we assigned inverse proba-
bility sampling weights to all cases and controls. Probabili-
ty sampling weights were adjusted to the age distribution of
the community population for age-specific estimates only.
Using these weights and the standard Horvitz-Thompson
theory (27), we achieved unbiased estimation of the 15-day
prevalence. The pathogenicity of each organism was quan-
tified by the risk ratio between the presence of the pathogen
and diarrheal symptoms. These risk ratios were calculated
directly from the 2 × 2 table whose entries were filled in
with the weighted proportions. To investigate pathogenic
effects both within and across age groups, we estimated the
strata-specific, crude, and Mantel-Haenszel pooled risk
ratio for diarrhea associated with single and multiple infec-
tions (28). Biologic interaction between 2 coinfecting path-
ogens was assessed on the additive scale by the interaction
contrast ratio (ICR) (28) and age-standardized risk ratios
(RRs):

ICR ¼ RRcoinfection �RRsingle infection 1 �RRsingle infection 2 þ 1

and, on the multiplicative scale, by estimating departure
from multiplicativity of the age-standardized risk ratios
(28), which we refer to as “multiplicative interaction”:

Multiplicative interaction

¼ RRcoinfection

ðRRsingle infection 1 � RRsingle infection 2Þ :

Use of age-standardized risk ratios allowed us to account
for potential confounding by age. To make statistical infer-
ences while accounting for correlated data, we characterized
the sampling distribution of the interaction contrast ratio,
multiplicative interaction, and all risk ratios by bootstrap-
ping the data. We sampled with replacement from the origi-
nal data set a number of observations equal to the original
sample size. By use of this new data set, estimates of the
interaction contrast ratio, multiplicative interaction, and all
risk ratios were calculated. This process was repeated 1,000
times to produce estimates of the sample distributions asso-
ciated with each statistic. The lower 0.025 and upper 0.975
percentiles of the bootstrap distribution of these statistics
are presented as 95% confidence intervals. Prevalence and
pathogenicity estimates for Plesiomonas shigelloides are re-
ported elsewhere (29). Because EIEC and E. coli Shigellae
share similar molecular mechanisms and phylogeny, these
organisms were grouped together and are noted as EIEC/
Shigella in the subsequent text.

RESULTS

Case-control sample

Between August 2003 and February 2008, a total of
3,314 stool samples were collected from 883 cases and
2,431 controls in the study region. We isolated pathogens
in 499 cases (56.5%) and in 780 controls (32.1%)
(Table 1). Mixed infections were detected in 21.2% of

cases and in 4.2% of controls. The most common infections
were either single or mixed infections with Giardia, found
in 31.5% of cases and 20.4% of controls. Rotavirus was
detected in 22.2% of cases and 2.6% of controls, and E.
coli or Shigella was found in 17.1% of cases and 6.8% of
controls. Multiple E. coli pathotypes were isolated in 21 in-
dividuals (Table 2). Our sample size, which was originally

Table 1. Infection Patterns Identified in Cases and Controls From

22 Communities in Northwestern Ecuador, 2003–2008

Mutually Exclusive Infection Categories
Cases
(n = 883)

Controls
(n = 2,431)

No. % No. %

Giardia 137 15.5 408 16.8

Rotavirus 85 9.6 47 1.9

Rotavirus +Giardia 52 5.9 9 0.4

Escherichia coli a 52 5.9 107 4.4

Giardia +E. coli a 46 5.2 42 1.7

Plesiomonas shigelloides 38 4.3 116 4.8

Rotavirus +E. coli a 23 2.6 4 0.2

Giardia +P. shigelloides 17 1.9 32 1.3

Rotavirus +P. shigelloides 12 1.4 2 0.1

E. coli a +P. shigelloides 9 1.0 8 0.3

Rotavirus +Giardia +E. coli a 12 1.4 0 0.0

Rotavirus +Giardia +P. shigelloides 7 0.8 1 0.0

Giardia +E. coli a +P. shigelloides 4 0.5 3 0.1

Rotavirus +Giardia +E. coli a +
P. shigelloides

3 0.3 0 0.0

Rotavirus +E. coli a +P. shigelloides 2 0.2 1 0.0

Total 499 56.5 780 32.1

a Includes Shigella.

Table 2. Escherichia coli and Shigellae Infection Patterns

Identified in Cases and Controls Exclusively Infected With E. coli
and/or Shigellae in 22 Communities in Northwestern Ecuador,

2003–2008

Mutually Exclusive Infection Categories
Cases
(n = 883)

Controls
(n = 2,431)

No. % No. %

Enteroinvasive Escherichia coli 11 1.2 48 2.0

Shigellae 6 0.7 16 0.7

Enterotoxigenic E. coli 22 2.5 23 0.9

Enteropathogenic E. coli 4 0.5 8 0.3

Enteroinvasive E. coli + Shigellae 5 0.6 9 0.4

Enteroinvasive E. coli + enterotoxigenic
E. coli

2 0.2 1 0.0

Shigellae + enterotoxigenic E. coli 1 0.1 0 0.0

Shigellae + enteropathogenic E. coli 1 0.1 1 0.0

Enteroinvasive E. coli + Shigellae +
enterotoxigenic E. coli

0 0.0 1 0.0

Total 52 5.9 107 4.4
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reduced from 3,326 to 3,314 observations because of
missing information on case-control status, was further
reduced to 3,107 because of missing individual census

data. For all subsequent analyses, we used a sample size of
3,107. The median ages of cases and controls were 3 years
(range: 0–81) and 16 years (range: 0–99), respectively.

Community prevalence

The 15-day-period prevalence of diarrhea was 2.3%
(95% confidence interval (CI): 2.1, 2.5) (Table 3). Al-
though there were cases of diarrhea in older children and
adults, diarrhea was most prevalent in children younger
than 5 years (Figure 1). The prevalences of Giardia and
rotavirus were 20.3% (95% CI: 18.1, 22.5) and 3.2% (95%
CI: 2.2, 4.2), respectively. Giardia and rotavirus infections
were prevalent across all age categories, although the latter
were most prevalent in children under 1 year of age. Of the
E. coli pathotypes, EIEC/Shigellae was the most prevalent
at 4.5% (95% CI: 3.3, 5.7) and was evenly distributed
across the age groups with the exception of infants; only 1
EIEC/Shigellae infection was identified in infants younger
than 1 year.

Table 3. Weighted Community Prevalence and 95% Confidence

Intervals Estimated by Using the Horvitz-Thompson Theory, 2003–

2008

Prevalence
(%)a

95% Confidence
Interval

All-cause diarrhea 2.3 2.1, 2.5

Giardia 20.3 18.1, 22.5

Rotavirus 3.2 2.2, 4.2

Enteroinvasive Escherichia
coli/Shigellae

4.5 3.3, 5.7

Enterotoxigenic E. coli 2.0 1.2, 2.7

Enteropathogenic E. coli 0.6 0.1, 1.0

a Weighted prevalence estimates were based on analyses of

stool samples from cases and controls.

Figure 1. Weighted community prevalence and upper confidence limit of all-cause diarrhea (A), Giardia (B), rotavirus (C), enteroinvasive
Escherichia coli or Shigellae (D), enterotoxigenic E. coli (E), and enteropathogenic E. coli (F) across 4 age categories in 22 communities in
northwestern Ecuador, 2003–2008.
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Table 4. Age-specific, Mantel-Haenszel Pooled and Crude Risk Ratios for Diarrhea and Bootstrap 95% Confidence Intervals in Northwestern Ecuador, 2003–2008

Infection Category
<1 Yeara–d 1–4 Yearsa–d 5–12 Yearsa–d ≥13 Yearsa–d

Mantel-Haenszel
Pooleda–d Crudea–c

Risk Ratio 95% CI Risk Ratio 95% CI Risk Ratio 95% CI Risk Ratio 95% CI Risk Ratio 95% CI Risk Ratio 95% CI

Giardia

Any infection 2.3 1.2, 4.5 1.8 1.2, 2.7 1.1 0.6, 1.8 1.6 0.9, 2.7 1.7 1.3, 2.3 2.6 2.1, 3.2

Single infection 1.4 0.5, 3.8 1.2 0.8, 1.9 0.6 0.3, 1.2 0.6 0.1, 1.3 1.1 0.8, 1.5 1.5 1.2, 2.0

Any coinfection 3.9 2.4, 7.4 3.6 1.7, 7.2 7.8 3.3, 16.7 4.1 2.9, 6.0 7.6 5.6, 10.4

Rotavirus

Any infection 2.0 0.7, 5.1 4.2 2.3, 8.0 7.0 3.2, 20.6 14.1 7.8, 27.2 4.3 2.8, 7.1 10.7 7.9, 15.1

Single infection 1.4 0.4, 5.2 2.4 1.1, 6.2 2.5 0.6, 10.9 6.6 3.2, 15.1 2.3 1.3, 4.8 5.8 3.8, 9.4

Any coinfection 8.7 6.2, 12.1 20.2 8.5, 58.3 59.0 30.6, 122.1 9.4 6.9, 12.7 25.5 17.3, 39.6

Enteroinvasive
Escherichia coli
and Shigellae

Any infection 2.4 1.2, 5.0 3.9 1.8, 7.5 4.1 2.0, 7.9 2.9 1.8, 4.8 3.6 2.4, 5.0

Single infection 1.2 0.4, 5.7 2.6 0.8, 5.6 1.5 0.7, 3.2 1.6 0.9, 2.7

Any coinfection 3.4 1.7, 7.9 7.4 3.5, 15.7 10.3 3.4, 33.1 4.6 2.7, 8.4 6.7 4.1, 10.5

Enterotoxigenic E. coli

Any infection 1.5 0.4, 4.9 5.4 3.1, 9.8 8.8 3.4, 21.4 3.3 0.9, 12.2 3.7 2.2, 6.5 7.1 4.6, 12.1

Single infection 4.1 1.5, 10.7 8.2 1.8, 24.5 1.8 0, 9.8 2.2 1.0, 6.3 3.8 2.0, 8.2

Any coinfection 6.5 3.4, 11.1 9.4 2.0, 41.0 16.2 0, 158.5 6.0 3.8, 8.8 13.9 7.5, 28.7

Enteropathogenic E. coli

Any infection 2.7 0.9, 8.1 1.7 0.7, 4.8 5.7 2.0, 14.3

Single infection

Any coinfection 3.5 1.1, 10.8 3.4 1.2, 8.7 11.6 4.2, 44.9

Abbreviation: CI, confidence interval.
a Risk ratios compare the risk of diarrhea in those exposed to risk with those unexposed to Giardia, rotavirus, pathogenic E. coli, Shigellae, and Plesiomonas shigelloides.
b Risk ratios based on cell counts of <5 were excluded.
c All risk ratios were weighted by inverse sampling probabilities.
d Strata-specific and pooled estimates are weighted by inverse age-specific sampling probabilities.
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Pathogenicity

A single infection with rotavirus was significantly associ-
ated with diarrhea in children from 1 to 4 years of age (RR =
2.4, 95% CI: 1.1, 6.2) and in those older than 13 years
(RR = 6.6, 95% CI: 3.2, 15.1) (Table 4). In comparison, a
single infection with ETEC increased the risk of diarrhea in
children aged 1 through 12 years but not in adults. Single
infections with rotavirus were significantly associated with
diarrhea across all age groups (Mantel-Haenszel RR = 2.3,
95% CI: 1.3, 4.8). Age appeared to confound the associa-
tions between diarrhea and each of Giardia, rotavirus,
ETEC, and EPEC. In all instances, crude estimates of the
risk ratios were higher than Mantel-Haenszel risk ratios
pooled across age groups. In addition, where we had
enough data to report estimates across infection categories,
Mantel-Haenszel risk ratios associated with a coinfection
and any infection were greater than the risk ratios associat-
ed with single infections by the same pathogen.

Coinfections

We found evidence for greater than additive and greater
than multiplicative effects of rotavirus coinfections on the risk
of having diarrhea. Under the null hypothesis of no inter-
action on the additive and multiplicative scales, we would
expect the interaction contrast ratio to equal 0 and the multi-
plicative interaction to equal 1, respectively. The interaction
contrast ratio specific to coinfection with rotavirus and
Giardia was 7.96 (95% CI: 3.13, 18.92), and the multiplica-
tive interaction was 3.61 (95% CI: 1.33, 8.71) (Table 5). Co-
infections with rotavirus and Giardia were found in all age
categories. Excluding 2 coinfected individuals with missing
birth dates, 31 (63%) rotavirus-Giardia coinfections occurred

in children under the age of 5 years. The interaction contrast
ratio related to coinfection with rotavirus and E. coli was
9.93 (95% CI: 2.61, 28.41), while the multiplicative inter-
action was 3.06 (95% CI: 0.75, 7.27). Of these 24 coinfec-
tions, 1 was missing a birth date, 10 (43%) were found in
children under the age of 5, and 16 were specific to EIEC/
Shigellae. We found no interaction effects associated with a
Giardia and E. coli coinfection on diarrhea.

DISCUSSION

Using community-level data, we provide evidence that co-
infecting pathogens act synergistically with rotavirus to cause
diarrhea. Possible mechanisms for these synergistic effects
may be specific, involving attachment and invasion of the in-
testinal epithelia by pathogens, or nonspecific resulting from
inflammation. We also found evidence that a single infection
with rotavirus is pathogenic in young children and adults. The
potential for rotavirus to cause disease in these age groups
and the potential for pathogenesis to be more severe in the
presence of a rotavirus coinfection may warrant targeting rota-
virus prevention efforts to both young children and adults.

Synergism of coinfecting pathogens

Simultaneous infection with rotavirus and Giardia or ro-
tavirus and E. coli (including Shigellae) resulted in a
greater risk of having diarrhea than would be expected if
the coinfecting organisms acted independently of one
another. The idea that rotavirus and Giardia act synergisti-
cally contradicts findings by Bilenko et al. (22), who com-
pared the severity scores of single and mixed infections in
Bedouin infants. However, their inferences were based on a

Table 5. Assessment of the Biologic Interaction Between Coinfecting Pathogens Associated With Diarrhea on Additive and Multiplicative

Scales by Using Age-standardized Risk Ratios and Bootstrap 95% Confidence Intervals in Northwestern Ecuador, 2003–2008

Age-standardized Estimates

Infection Category RR Additive Model Multiplicative Model

Interaction Contrast Ratioa 95% CI Multiplicative Interactionb 95% CI

Rotavirus (single infection) 2.63

Giardia (single infection) 1.13

Rotavirus and Giardia (coinfection) 10.72

7.96 3.13, 18.92 3.61 1.33, 8.71

Rotavirus (single infection) 2.63

Escherichia coli /Shigellae (single infection) 1.64

Rotavirus and E. coli/Shigellae (coinfection) 13.20

9.93 2.61, 28.41 3.06 0.75, 7.27

Giardia (single infection) 1.13

E. coli/Shigellae (single infection) 1.64

Giardia and E. coli/Shigellae (coinfection) 3.02

1.25 −1.48, 3.13 1.63 0.47, 3.06

Abbreviations: CI, confidence interval; RR, risk ratio.
a Interaction contrast ratio = RRcoinfection−RRsingle infection 1−RRsingle infection 2 + 1.
b Multiplicative interaction = RRcoinfection/(RRsingle infection 1 × RRsingle infection 2).
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small sample size with only 12 single rotavirus infections
and 3 rotavirus-Giardia coinfections. Regarding coinfection
with rotavirus and E. coli, our findings disagree with those
of Uhnoo et al. (21), which could be the result of differenc-
es between developed and developing country settings.
Unicomb et al. (20) also reported findings dissimilar to
ours, but the E. coli pathotypes detected were different. Ap-
proximately two-thirds of the rotavirus-E. coli coinfections
found in their study were specific to diffuse-adherent
E. coli and enteroaggregative E. coli while, in our study, a
similar proportion involved EIEC/Shigellae. On the other
hand, the ability of these coinfecting pathogens to have at
least additive effects is supported by other studies in chil-
dren (4, 6, 10, 18, 19). Our community-based study provides
evidence for superadditive effects of coinfecting pathogens.
Unlike these studies, ours includes older age groups and
uses a different outcome measure. Rather than severity of
diarrhea, we have considered the ability of coinfecting path-
ogens to cause diarrhea, defined as 3 or more loose stools
passed in a 24-hour period. Because our definition likely
includes diarrhea ranging in severity, our findings that co-
infecting pathogens act synergistically to cause either mild
or severe diarrhea complement these previous works.

The evidence for synergistic interaction between rota-
virus and other coinfecting pathogens is important to the
global burden of diarrhea given that developing and rural
regions may experience a high prevalence of enteric in-
fections. Giardia, for example, was estimated to affect
one-fifth of the population in our study region, creating the
potential for high levels of coinfection. Furthermore, the
lack of improved water and sanitation in developing regions
may facilitate simultaneous transmission of enteric patho-
gens. Synergistic interaction between rotavirus and co-
infecting pathogens calls for targeted rotavirus prevention,
as well as more general water, sanitation, and hygiene im-
provements, to curb transmission of coinfecting pathogens.

Mechanisms for synergistic interaction

In vitro models of pathogenesis indicate that synergism
between rotavirus and invasive bacteria involves specific
biologic pathways (23–25). These pathways may involve
the attachment of, or the invasion by, coinfecting pathogens
through an up-regulation of specific receptors. It is interest-
ing that we found no evidence for pathogenic effects of
EIEC/Shigellae alone, yet when infection occurred in the
presence of rotavirus the risk of diarrhea was enhanced. It
should be noted that rotavirus, ETEC, EPEC, and Giardia
predominately affect the small bowel, while EIEC and
Shigellae colonize the large bowel (30). Pathogenesis
studies in the rhesus monkey (31) and rabbits (32) have
suggested that Shigella passage through the jejunum of the
small intestine may alter secretion of sodium and water, po-
tentially contributing to watery diarrhea. The heightened
pathogenicity of Giardia in the presence of rotavirus may
be related to a more successful attachment of the trophozo-
ite ventral disk to the infected epithelium (33).

Alternatively, the biologic mechanisms behind synergis-
tic interaction may be less specific than in vitro models
predict. The inflammatory response induced by rotavirus

likely damages the epithelium and alters the mucosal struc-
ture facilitating the attachment and invasion of coinfecting
pathogens. Inflammation is also characterized by the release
of fluid, mucin, and cellular debris, which potentially
contain high-energy nutrients for pathogens (34). Further-
more, the secretion of antimicrobials during inflammation
could alter the composition of the gut microbiota, allowing
pathogens to occupy the commensal niche (35). More re-
search is needed to elucidate the pathogenesis of diarrhea
during rotavirus coinfection.

Prevalence and pathogenicity

Regarding the pathogenicity of single infections, our
findings that rotavirus is associated with diarrhea when
pooled across age groups are consistent with those of other
community- and clinic-based studies (7, 36, 37). However,
the lack of an association between rotavirus and diarrhea in
infants younger than 1 year is inconsistent with the litera-
ture (6, 7, 38) and may correspond to the presence of ma-
ternal antibodies (39), our small sample size in this age
group, or misclassification of diarrhea owing to looser
stools in infants at baseline. Despite the probable exposure
to early infection with rotavirus, the ability of rotavirus to
cause diarrhea in adolescents and adults was observed. The
presence of rotavirus-induced diarrhea in older age groups
may be accounted for by frequent transmission between
infants and their caregivers, potential inclusion of immuno-
compromised and malnourished individuals in our sample,
inclusion of mild diarrhea events, waning of rotavirus im-
munity over time, and exposure to a variety of circulating
genotypes (40). A previous study from this region found high
rates of the emerging G9 genotype (41), while another repor-
ted subsequent replacement of the G9 genotype by the G1
and G2 genotypes (42). In developing countries, rotavirus-
specific interventions may also need to be targeted to older
children and adults.

Overall, we estimated that 2.3% of the population, as
well as 9.3% of children under the age of 5, had diarrhea
during any given 15-day period. Although diarrhea preva-
lence in the total population may have been low, we found
high prevalence of infection. High prevalence of asymp-
tomatic infection may reflect early exposure to enteric path-
ogens and naturally acquired immunity. High prevalence of
Giardia in our region may be further explained by frequent
exposure, rapid recolonization rates, and long-term shed-
ding (43). The overall isolation rates of Giardia, rotavirus,
EIEC/Shigellae, ETEC, and EPEC from cases and controls
were comparable to those found in other studies of children
under 5 years of age (5, 8, 9, 36). Our detection of patho-
gens in 56.5% of cases was similar to isolation rates from
other community-based studies (5, 44, 45) and, as expect-
ed, was lower than those from hospital-based studies in
children, which capture more severe diarrhea (7, 10, 46).

Although cases and controls were not age matched while
sampling, all age categories had a sufficient number of cases
and controls for analyses. Our age-specific estimates of path-
ogenicity were limited solely by the prevalence of pathogen
infections within each age category. Confounding by age
was addressed in our analyses. Additional confounders of
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the association between enteric infection and diarrhea, such
as environmental or social variables, potentially act through
other enteric pathogens to cause diarrhea. Therefore, adjust-
ment for other enteric pathogens addresses confounding,
which in our analyses was done through the exclusion of
other measured pathogens from the risk ratio estimates.
There are unmeasured pathogens that may have resulted in
confounding. However, unpublished data from our region in-
dicate that the majority of the helminthes in circulation are
nonpathogenic and that there are low rates of other potential-
ly pathogenic organisms, such as Vibrio cholerae, Crypto-
sporidium, Salmonella spp., and Aeromonas spp. Published
data from other regions suggest that the predominant patho-
gens are those captured in our study (11, 36, 37).

Conclusions

Given the high prevalence of enteric pathogen coinfection
found in our study and those of others (7, 9, 10, 12, 46), a
true understanding of the pathogenesis of diarrheal disease is
incomplete without a thorough understanding of the biologic
interaction of these pathogens. Furthermore, reducing the di-
arrheal disease burden is dependent upon our knowledge of
the pathogenesis of diarrhea. This study is one of the few to
consider pathogenicity of both single and mixed infections
in all age groups, with a particular focus on the synergistic
interaction between coinfecting pathogens. Our literature
search suggests that this is the first community-based study
of diarrhea to examine synergistic effects using theory
rooted in foundational epidemiology. Further research is
needed to address the specific biologic mechanisms of
enteric pathogens resulting in their synergistic interaction.
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