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Alterations in the gut microbiota are correlated with ailments such as obesity, inﬂammatory bowel disease, and
diarrhea. Up to 60% of individuals traveling from industrialized to developing countries acquire a form of secretory
diarrhea known as travelers’ diarrhea (TD), and enterotoxigenic Escherichia coli (ETEC) and norovirus (NoV) are the
leading causative pathogens. Presumably, TD alters the gut microbiome, however the effect of TD on gut communities
has not been studied. We report the ﬁrst analysis of bacterial gut populations associated with TD. We examined and
compared the gut microbiomes of individuals who developed TD associated with ETEC, NoV, or mixed pathogens, and
TD with no pathogen identiﬁed, to healthy travelers. We observed a signature dysbiotic gut microbiome proﬁle of high
Firmicutes:Bacteroidetes ratios in the travelers who developed diarrhea, regardless of etiologic agent or presence of a
pathogen. There was no signiﬁcant difference in a-diversity among travelers. The bacterial composition of the
microbiota of the healthy travelers was similar to the diarrheal groups, however the b-diversity of the healthy travelers
was signiﬁcantly different than any pathogen-associated TD group. Further comparison of the healthy traveler
microbiota to those from healthy subjects who were part of the Human Microbiome Project also revealed a signiﬁcantly
higher Firmicutes:Bacteriodetes ratio in the healthy travelers and signiﬁcantly different b-diversity. Thus, the
composition of the gut microbiome in healthy, diarrhea-free travelers has characteristics of a dysbiotic gut, suggesting
that these alterations could be associated with factors such as travel.

Introduction
Globally, infectious diarrhea affects about one billion individuals each year. Unless comorbidities exist, most cases are not life
threatening and resolve within several days, yet in developing
countries it is a leading cause of malnutrition and mortality in
children. Up to 100 million people travel from industrialized to
these developing countries each year, and 40–60% of them will
develop diarrhea.1,2 This travelers’ diarrhea (TD) is clinically
defined as the passing of 3 or more unformed stools within a 24hour period accompanied by at least one additional enteric symptom, including vomiting, abdominal cramps, fever, and nausea.3
TD is acquired by consuming local contaminated food and water
and results in severe dehydration, can become incapacitating, and

causes major disruptions in business and personal travel and military service.4,5
A variety of pathogens are known to cause TD, including
bacteria, such as enterotoxigenic, enteroaggregative, and diffuse-adhering Escherichia coli (ETEC, EAEC, and DAEC,
respectively), Campylobacter, Salmonella, and Shigella, viruses,
[e.g. norovirus (NoV), rotavirus and astroviruses], and parasites, such as Giardia, Entameoba, and Strongyloides. Yet, in
25–40% of cases, no etiologic agent can be correlated with
disease.1,6,7 TD studies include research on the identification
and diagnosis of etiologic agents, epidemiology, treatments,
and preventative measures. A critical component that has
been overlooked is the gut microbiome and how it is affected
by TD.
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The gut microbiome functions as a protective barrier to
incoming pathogens, is responsible for synthesis of essential vitamins and degradation of complex polysaccharides, and aids in
immune system development.8–10 A number of diseases have
been correlated with alterations in the composition of the human
gut microbiome resulting in a state known as dysbiosis. This dysbiotic state is often characterized by a high abundance of bacteria
in the phylum Firmicutes, and is accompanied by an increase of
bacteria belonging to the phylum Proteobacteria and fewer members of the Bacteroidetes. Low bacterial diversity is another hallmark of dysbiosis. Dysbiotic gut microbiomes have been
associated with obesity,11,12 irritable bowel syndrome (IBS),13,14
and inflammatory bowel diseases (IBD).15 This is in contrast to
the healthy gut microbiome, which is generally dominated by
Bacteroidetes and composed of fewer members of the Firmicutes,
Actinobacteria, and Proteobacteria, respectively. These generalities are not true for every individual but have been reported in
the healthy Western population.
With the exception of studies on Clostridium difficile-associated diarrhea,16 IBS-diarrhea subtype,13,14,17 one study examining norovirus-associated diarrhea,18 and one study exploring
diarrhea in infants and children under 5 y of age,19 there have
been few community surveys of the gut microbiome during diarrheal disease in humans. None have examined the bacterial gut
communities associated with travelers’ diarrhea. We used bacterial 16S rDNA profiling to characterize and compare gut communities of individuals who developed pathogen-associated TD
(from NoV, ETEC, and ETEC plus pathogenic E. coli co-infections), to individuals who developed TD where a pathogen was
not identified, and to healthy, diarrhea-free travelers. Understanding the alterations that occur in the bacterial gut communities during TD may aid in development of better treatment
regimens and preventative measures.

Results
Samples and sequencing statistics
To determine how pathogens associated with TD might alter
the bacterial populations of the human gastrointestinal tract, we
performed a retrospective bacterial 16S rDNA sequencing study
using single stool samples collected from 111 individuals who
traveled from the US to Central America or India between 2005
and 2010. Each stool sample was tested for the presence of
known diarrheal pathogens using previously described diagnostic
methods.3,20-23 The only pathogens identified in these samples
were E. coli and NoV. The E. coli strains identified were ETEC,
EAEC and DAEC (Tables S2A and S2C), with ETEC predominating. In previous work, we evaluated the ETEC, no pathogen
identified (NPI), and healthy traveler samples for the presence
and relative gene copy number of the ETEC toxin genes, eltA,
sta1, and sta2 by qPCR;22 quantification of toxin genes for the
ETEC group is summarized in Supplemental Table 2A; ETEC
was identified in a single healthy traveler at low titer
(Table S2E). NoV was detected in some samples, and for positive
samples, genogroups were typed by qPCR (Tables S2B and
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S2C).20 Based on these diagnostic assays, the diarrheal stool
samples were categorized into 4 groups: ETEC (n D 38 ), NoV
(n D 7), NoV C Ec (n D 17), and NPI (n D 43). Twelve stool
samples from healthy, diarrhea-free travelers were included as
controls. DNA was extracted from each sample, and the amplified 16S rRNA gene V3-V5 variable regions were sequenced to
determine the bacterial diversity of each sample.
Following sequence read quality trimming and chimera
removal, the range of coverage per sample was >98%, and the
average read length was >240 nt. To account for uneven sequencing depth between samples, we rarefied each sample to 2,938
sequences (the lowest number of reads closest to our target of
3,000) by random subsampling prior to downstream community
analyses. This resulted in the elimination of 3 ETEC samples
and 3 NPI samples from the analysis because of low read counts.
Sequencing statistics by group are summarized in Table 1.
The TD microbiome resembles a dysbiotic microbiome
The mean relative abundances of post-processed sequence
reads by group are shown in Figure 1. The most abundant phyla
in the diarrheal groups were the Firmicutes, Bacteroidetes, and
Proteobacteria, consecutively. In general, the abundance profiles
of the individual subjects were reflective of the aggregate,
although there was a continuum (Fig. S1). Among the diarrheal
groups, there was only a significant difference in the abundance
of the Bacteroidetes between the NoV C Ec group (15%), and
the NPI group (5%, p D 0.007). We tested each of the following
sample metadata features (Table S1) for significant differences
within each sample group: travel destination, year collected,
ETEC toxin type, ETEC toxin gene copy number, and NoV
genogroup. None of the correlations between any of these features were significant. Thus, we conclude that TD, independent
of pathogen, including unidentified pathogens, is associated with
general alterations seen in other gut-associated diseases (low Bacteroidetes:Firmicutes ratio).11,12 We also observed that the community abundance profile of the healthy traveler group was
similar to that of the TD groups, although it was distinguished
by having a very low abundance of Bacteroidetes (0.5%), which
was significantly less than the NoV C Ec (15%, p D 0.0002) and
NoV (23%, p D 0.01) groups. This will be discussed in more
detail below.
Three metrics were used to calculate and estimate the differences in a-diversity, or within sample diversity, of the diarrheal and
control groups. The Chao1 richness estimator and observed
OTUs (Sobs) were calculated to estimate richness, or the number
of taxa, or OTUs, in a community (Table 2). Among the traveler
groups, the NoV C Ec and NoV groups had the highest estimated richness with median Chao1 values of 152 and 144
OTUs, respectively. The healthy travelers had an estimated richness of 109 OTUs, and the ETEC and NPI groups had Chao1
values of 98 and 99, respectively. There was a significant difference in community richness between the NoV C Ec and NPI
groups (p D 0.04). The Sobs for each traveler group followed a
similar pattern, although in general, the values were lower (about
65%) than the Chao1 results. There was a significant difference
in Sobs within the traveler groups, specifically when comparing
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Table 1. Sequencing statistics for diarrheal and control groups
Number of Sequences
Sample Group
ETEC
NoV
NoV C Ec
NPI
HT
HMP

Number of Samples

After Quality Trimming

After Processing Pipeline

Included in Study

Included in Analysesa

567,817
54,649
133,910
719,410
69,436
2,156,219

462,214
42,122
97,666
559,155
57,431
1,709,262

38
7
17
43
12
NA

35
7
17
40
12
235

a
Based on 2,938 sequences per sample.
ETEC D enterotoxigenic E. coli.
NoV D norovirus.
NPI D no pathogen identiﬁed.
HT D healthy traveler.
HMP D human microbiome project.

the NoV group to the healthy traveler and NPI groups (p D 0.03
and 0.02, respectively).
We also calculated the inverse Simpson diversity index (1/D)
to evaluate both richness and evenness between the diarrheal and
control groups (Fig. 2). The NoV group had the most diverse
community (median 1/D D 13), while the remaining diarrheal
groups and the healthy traveler group had similar median diversity indices indicating similar number and distribution of taxa
within samples.
To compare b-diversity, or between sample diversity, we generated a uYC distance matrix, which was plotted using non-metric
dimensional scaling (Fig. 3). Pairwise comparisons of each sample in the healthy traveler group to those in the ETEC, NoV,
and NoV C Ec groups were significant (p  0.001) but not
when compared to those in the NPI group (Fig. 3A). Thus, while
there are similar numbers of OTUs in each group, the structures
of most of the bacterial communities are different.
To better understand the diarrheal communities, we examined
the differences in taxa present in each group. We focused our
analysis on the top 100 OTUs, which contained 97% of the
sequences. We identified 11 OTUs with abundances that were

significantly different: four classified to the phylum Bacteroidetes, six to Firmicutes and one to Proteobacteria (Table 3). The
NoV C Ec group had the highest median abundance of one of
the two OTUs classified as Bacteroides (OTU11) and this was the
only group that had a significant abundance of two OTUs:
OTU58, which was classified to the Clostridium XIVb cluster
within the Lachnospiraceae family, and OTU98, which was classified as Bilophila. In addition to having the highest median percent abundance of the second Bacteroides species (OTU20), the
NoV group also had the highest median percent abundance of
Alistipes, Barnesiella, Roseburia, and OTU66, which classified as a
member of the Lachnospiraceae family. Here, the healthy traveler
group contained the highest median abundance of Streptococcus
and was the only group that contained a significant abundance of
two species of Lactococcus (OTU37 and OTU76).

The gut microbiota of healthy travelers is disrupted
The high abundance of Firmicutes observed in the healthy
travelers (Fig. 1) was an unexpected finding. Unfortunately, we
did not have pre-travel stool samples from these subjects as

Table 2. Median values (interquartile ranges) of bacterial community richness metrics.
Metric

ETEC

NoV

NoV C Ec

NPI

HT

KW p Value

Chao1
Sobs

98 (76)
65 (40)

144 (49)
98 (23)

152 (45)
87 (23)

99 (48)
63 (38)

109 (67)
55 (26)

0.02b
0.02c

HMP
121 (87)
74 (50)

WRS p Valuea
0.22
0.25

ETEC D enterotoxigenic E. coli.
NoV D norovirus.
NoV C Ec D norovirus C pathogenic E. coli.
NPI D no pathogen identiﬁed.
HT D healthy traveler.
HMP D human microbiome project.
KW D Kruskal-Wallis rank sum test.
WRS D Wilcoxon rank sum test.
a
HMP vs. HT.
b
NoV C Ec vs. NPI, p D 0.04.
c
NoV vs. HT p D 0.03, NoV vs. NPI p D 0.02.
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Figure 1. Phylum-level mean relative abundance of bacterial populations for diarrheal and control groups. Variable regions 3 through 5 of
the bacterial 16S rRNA gene were ampliﬁed, sequenced using 454 pyrosequencing, and processed using mothur version 31. High quality, chimera-free sequences were used to generate OTUs based on 97%
sequence identity, and OTUs were classiﬁed using the Ribosomal Database Project Version 9.

temporal controls. To compare these results to a healthy cohort,
we chose to use data from the HMP as a reference set. Importantly, the TD stool samples and the BCM Human Microbiome
Project (HMP) samples were processed and sequenced in our laboratories, which provided internal consistency. As shown in
Fig. 1, and previously reported by the HMP Consortium,24 the

Figure 2. Inverse Simpson Diversity by sampling group. The inverse
Simpson’s diversity index was calculated using mothur version 31. Boxes
represent the ﬁrst quartile (bottom), median value (middle line), and
third quartile (top). Bottom whiskers were calculated by subtracting the
minimum value from the ﬁrst quartile and top whiskers were calculated
by subtracting the third quartile from the maximum value.

aggregate bacterial abundance of the HMP stool samples is dominated by the Bacteroidetes (73%) followed by the Firmicutes
(24%). In contrast, the healthy travelers have significantly fewer
Bacteroidetes (0.5%, p D 4.7 x 10–8) and significantly more Firmicutes (89%, p D 4.7 £ 10–8) and Actinobacteria (6%, p D 4.7
£ 10–8) than the HMP cohort.

Figure 3. Differences in community structure between diarrheal and control groups. Non-metric multidimensional scaling was used to plot uYC distances,
which represent bacterial community structures. Samples with similar community structures cluster closer together.
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Table 3. Percent median relative abundance (interquartile range) of signiﬁcantly different OTUs between traveler groups
OTU

11
20
25
41
6
37
46
58
66
76
98

Classiﬁcation
Bacteroidetes
Bacteroides
Bacteroides
Alistipes
Barnesiella
Firmicutes
Streptococcus
Lactococcus
Roseburia
Lachnospiraceae
Lachnospiraceae
Lactococcus
Proteobacteria
Bilophila

ETEC

NoV

NoV C Ec

NPI

HT

0.20 (0.56)
0.10 (0.48)
0.07 (0.24)
0 (0.03)

0.88 (12.42)
1.74 (4.77)
4.05 (4.14)
0.54 (1.26)

2.21 (5.45)
1.02 (1.46)
0.20 (1.26)
0.10 (2.42)

0.17 (0.67)
0.12 (0.43)
0 (0.07)
0 (0.07)

0.09 (0.17)
0.02 (0.08)
0 (0.03)
0 (0)

0.51 (1.29)
0 (0)
0.07 (0.15)
0 (0)
0.03 (0.12)
0 (0)

0.17 (0.71)
0 (0)
0.88 (2.77)
0 (0.02)
0.14 (0.20)
0 (0.05)

1.26 (5.85)
0 (0)
0.14 (1.16)
0.03 (0.27)
0.10 (0.20)
0 (0.03)

1.84 (3.03)
0 (0.03)
0 (0.07)
0 (0.07)
0.03 (0.14)
0 (0.04)

7.40 (12.72)
0.12 (1.94)
0 (0.03)
0 (0)
0 (0)
0.27 (0.52)

0 (0.02)

0 (0.03)

0.03 (0.44)

0 (0)

0 (0)

ETEC D enterotoxigenic E. coli.
NoV D norovirus.
NoV C Ec D norovirus C pathogenic E. coli.
NPI D no pathogen identiﬁed.
HT D healthy traveler.

Based on Chao1 and Sobs calculations, the bacterial community richness of both healthy traveler and HMP groups are similar (Table 2). The median microbial diversity of the HMP group
(median 1/D D 5) is less than that of the healthy travelers
(median 1/D D 8), however the difference is not significant, and
the HMP variation is broad (Fig. 2). We expected that the
healthy traveler community might be less diverse based on the
dysbiotic gut microbiome profile observed in Figure 1 and from
previous studies showing this disrupted profile is associated with
decreased diversity.11,12 Examination of the differences in community structure, by plotting uYC distances using non-metric
dimensional scaling (Fig. 3B), however, clearly illustrated that
the healthy traveler and HMP stool communities were distinct.
To identify taxa that distinguish the healthy travelers and the
HMP cohort, we combined sequences from these two groups
and repeated the sequence analysis methods described for the
traveler groups. This generated a new set of OTUs that were specific to the healthy traveler-HMP comparison. We again compared the median abundances of the top 100 OTUs and
identified 33 OTUs with significantly different median percent
abundances (Table 4). As expected, the HMP cohort contained
many more significant OTUs belonging to Bacteroidetes. Two
species of Bacteroides (OTU1 and OTU2) were strikingly more
abundant in the HMP cohort. Additionally, Odoribacter, two
species of Parabacteroides, and two species of Alistipes were more
prevalent in the HMP cohort. Twenty-two of the 33 OTUs were
classified as Firmicutes, and within this phylum, the largest difference was seen in OTU12, which was classified as a member of
the Lachnospiraceae family and was more prevalent in the healthy
traveler group. The healthy traveler group also had more abundant relative representation of Streptococcus, Coprococcus, Enterococcus, Anaerostipes, Clostridium XI, and Clostridium XVIII
species, two species of Blautia, and two additional OTUs that
classified in the family Lachnospiraceae. The OTUs that were significantly more prevalent in the HMP cohort were Roseburia,
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Oscillibacter, Flavonifractor, and OTU7, which is a member of the
Lachnospiraceae. Three additional OTUs that are members of the
Lachnospiraceae family, two OTUs that are members of the Ruminococcaceae family, and one OTU that classified as a member of the
order Clostridiales were more abundant in the HMP cohort. Two
OTUs belonging to the phylum Proteobacteria were significantly
different between groups: these were Escherichia, which was more
prevalent in the healthy traveler group, and Parasutterella, which
was more abundant in the HMP cohort. Two members of the phylum Actinobacteria, Bifidobacterium and Collinsella, were more
abundant in the healthy traveler group.
Co-occurrence networks in NPI and pathogen-associated
TD
We performed network analysis to examine differences in cooccurrences of taxa in the presence and absence of known TD
pathogens. Here, we created two networks for comparison: one
combining all pathogen-associated diarrheal OTUs and one corresponding to the NPI OTUs. We did not create a network for
the healthy traveler group because the number of samples was
too small and would not allow for meaningful interpretations
and valid conclusions. After removing low variance OTUs
(Figs. S2A-B), an undirected Poisson graphical model was
applied to capture conditional relationships within each group.
Of the 239 OTUs included in the analysis, the two most abundant OTUs in both groups were OTU1, which classified as Lachnospiraceae, and OTU2, which classified as Escherichia (Fig. 4).
Within the pathogen-associated group there were two OTUs
that only co-occurred with OTU1 (Lachnospiraceae), these were
OTU6 (Streptococcus) and OTU9 (Lachnospiraceae). Six OTUs
co-occurred only with OTU2 (Escherichia): OTU28 (Eubacterium), OTU13 (Blautia), OTU21 (Akkermansia), OTU46
(Roseburia), OTU26 (Ruminococcaceae), and OTU29 (Acinetobacter), which also occurred with OTU33 (Chryseobacterium)
(Fig. 4A). The co-occurrence network in the NPI group was
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Table 4. Percent median relative abundance (interquartile range) of signiﬁcantly different OTUs between healthy travelers and HMP subjects by
phylum.
OTU

47
82
1
2
3
6
9
26
58
18
11
37
56
59
71
19
15
7
4
57
60
67
44
24
49
25
42
36
29
12
39
16

Classiﬁcation
Actinobacteria
Biﬁdobacterium
Collinsella
Bacteroidetes
Bacteroides
Bacteroides
Alistipes
Parabacteroides
Parabacteroides
Odoribacter
Alistipes
Firmicutes
Lachnospiraceae*
Ruminococcaceae*
Oscillibacter
Lachnospiraceae*
Lachnospiraceae*
Flavonifractor
Clostridiales*
Roseburia*
Lachnospiraceae*
Ruminococcaceae*
Anaerostipes*
Erysipelotrichaceae
Enterococcus
Coprococcus*
Lachnospiraceae*
Blautia*
Blautia*
Peptostreptococcaceae*
Lachnospiraceae*
Streptococcus
Lachnospiraceae*
Proteobacteria
Escherichiaa
Parasutterella

HT

HMP

1.65 (6.12)
0.39 (2.00)

0 (0.28)
0 (0.03)

0.07 (0.25)
0.09 (0.14)
0.02 (0.43)
0 (0)
0 (0)
0 (0)
0 (0)

24.91 (24.35)
19.64 (18.96)
3.74 (5.40)
1.53 (3.74)
0.82 (2.01)
0.27 (0.77)
0 (0.15)

0 (0.03)
0 (0.08)
0 (0)
0 (0)
0 (0)
0 (0)
0.02 (0.09)
0.05 (0.07)
0.12 (0.54)
0.20 (0.32)
0.22 (2.42)
0.71 (0.88)
0.97 (3.93)
1.11 (1.80)
1.51 (3.16)
1.58 (4.69)
2.14 (6.59)
4.12 (7.05)
4.56 (7.72)
6.76 (15.01)
19.40 (10.92)

0.34 (0.78)
0.68 (1.97)
0.14 (0.24)
0.07 (0.12)
0.07 (0.17)
0.03 (0.10)
0.27 (0.82)
0.41 (1.09)
0.92 (1.82)
3.03 (5.33)
0 (0)
0 (0.07)
0 (0)
0.07 (0.17)
0.17 (0.36)
0 (0.07)
0.10 (0.20)
0 (0.03)
0 (0.07)
0 (0.03)
0.51 (0.83)

1.32 (2.44)
0 (0)

0 (0.03)
0.10 (0.97)

*Member of the order Clostridiales.
a
Genus identiﬁed using megablast against the NCBI nucleotide database.

more complex (37 OTUs/nodes) than the pathogen-associated
group (22 OTUs/nodes). Eight OTUs co-occurred with only
OTU1 (Lachnospiraceae): OTU20 (Bacteroides), OTU30 (Lachnospiraceae), OTU55 (Lactobacillales), OTU63 (Actinobacteria), OTU21 (Akkermansia), OTU45 (Blautia), OTU48
(Firmicutes), and OTU65 (Weissella). Four OTUs co-occurred
with only OTU2 (Escherichia): OTU18 (Erysipelotrichaceae),
OTU38 (Erysipelotrichaceae), OTU11 (Bacteroides), and
OTU32 (Acidaminococcaceae) (Fig. 4B).

Discussion
Early non-molecular stool culture studies demonstrated that
the bacterial flora of people changed when they left their home
countries and traveled to developing regions.25 These changes
were assumed to relate to the ingestion of foods that contained
heavier counts of bacteria in the new locale.26 We used bacterial
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16S rDNA profiling in a retrospective analysis of the human gut
microbiome during TD to identify differences based on two of
the most common etiologic agents associated with TD. We compared the bacterial communities of TD and control groups:
ETEC, NoV, NoV C Ec, NPI, and healthy, diarrhea-free travelers. Our results indicate that diarrhea is associated with similar
bacterial communities regardless of the etiologic agent, or
absence of a known etiologic agent (Fig. 1). The phylum-level
profiles we observed are similar to profiles observed in other studies of gut dysbioses, specifically, those in seen in obesity, IBSdiarrhea subtype, IBD, and recurrent antibiotic-associated C. difficile infections. In all cases, the healthy controls contained a high
Bacteroidetes:Firmicutes ratio and the diseased groups contained
lower Bacteroidetes:Firmicutes ratios.11-14,16 Generally, increased
bacterial diversity is associated with a healthy gut, and the above
studies also associated decreases in a-diversity to obesity, IBSdiarrhea subtype, and infections with Clostridium difficile. While
we did not directly compare the diversity of the diarrheal groups
to the healthy HMP cohort, it is apparent that the diversity indices of the diarrheal groups are comparable to, or greater than, the
HMP group; therefore our diversity results were not consistent
with other studies examining diversity of the gut microbiome
during dysbiosis. Our samples were collected within 72 hours of
acute illness, and it is possible that communities from samples
collected in the 72-hour range may have already shifted to a
more diverse population. For example, the diarrheal episodes
that occur within the first 24 hours would presumably displace
several members of the population, which would result in an initial decrease in bacterial diversity. Over time, the displaced bacteria would begin to repopulate the gut, which would result in an
increase in bacterial diversity that would stabilize as diarrhea subsides. We were not able to stratify our analyses based on collection time, however it would be interesting to determine how
diversity is affected during the initial hours of TD.
Only one study has examined the human gut microbiome
during norovirus infection. Nelson et al. used sequencing and
analysis protocols that were nearly identical to those described in
this work to compare data from 38 NoV-infected subjects with
data from 22 HMP individuals.18 Only »20% of the NoVinfected individuals (n D 7) had a dysbiotic gut microbiome,
which was comprised mainly of Proteobacteria. These individuals
also had decreased diversity compared to the HMP samples. The
remaining samples had bacterial communities and diversity
scores that were similar to the HMP, which is similar to what we
observed in all of our diarrheal groups.
Our OTU-level analysis comparing the travelers (Table 3)
revealed an abundance of Streptococcus in the healthy traveler group.
Streptococcus species are known gut commensals, specifically Streptococcus agalactiae, however they are not generally reported as highly
abundant genera in the gastrointestinal tract. Pop et al. compared
the gut communities of children from Africa and Southeast Asia
ages newborn to 59 months.19 The study included diarrheal and
control groups and identified three streptococcal species that were
positively associated with the diarrheal group. Two of these species
were also associated with dysenteric diarrhea in their study. An
abundance of Alistipes was observed in the NoV group. A previous

Gut Microbes

115

study by Saulnier et al. that characterized the
gut microbiome of a pediatric IBS population observed a correlation in the abundance
of Alistipes with frequency of abdominal
pain.17 Abdominal pain is a common complaint among individuals suffering from
TD,27 but we were not able to correlate
symptoms with microbial communities
because this information was not available
for the individuals in our study population.
This underscores the importance of collection and inclusion of metadata in analyses of
microbiome studies.
Within the diarrheal groups we
observed an abundance of bacteria that
classified within the order Clostridiales:
OTU 46: Roseburia, and two Lachnospiraceae OTUs (OTU58 and OTU66). Bacteria in these taxa are known for their
utilization of carbohydrates that result in
the production of short chain fatty acids,
specifically butyrate. Butyrate is essential
for gut health and functions as a regulator
of cell proliferation and differentiation.28
We speculate that the abundance of these
OTUs in the diarrheal groups is a result of
the gut attempting to return to a state of
homeostasis.
We also observed a significant abundance of Bacteroides species in the NoV
and NoV C Ec groups. Bacteroides are
generally associated with a healthy gut,
particularly Bacteroides thetaiotaomicron,
which metabolizes polysaccharides indigestible by the host. The increase in Bacteroides seen in the NoV and NoV C Ec
groups may be a consequence of fucose
utilization. Fucosylated glycans are an
important nutrient for Bacteroides, and
murine studies have shown B. thetaiotaomicron can induce fucosylation of glycans
in intestinal epithelial cells, thus enhancing its colonization potential.9 It has
Figure 4. OTU co-occurrence networks in pathogen-associated and no pathogen identiﬁed travelbeen suggested that mutations in host
ers’ diarrhea communities. Low abundance OTUs were ﬁltered prior to applying an undirected subfucosyltransferases, such as the secretor
linear graphical model to capture co-occurrences of OTUs in pathogen-associated TD (A) and no
fut2 gene, may alter the gut microbiota,
pathogen identiﬁed TD (B) groups. Node size corresponds to OTU median abundance. Node color
specifically the abundance of Bacteroides
represents the number of connections from red (many connections) to green (one connection).
species. Interestingly, susceptibility to
NoV infection is linked to the secretor
fut2 gene. Secretor-positive individuals have been shown to be
Several possible scenarios, alone, or in combination, could be
more susceptible to NoV infection than secretor-negative indi- responsible for the dysbiotic profile we observed in the healthy
viduals. Secretor status was not available for the individuals travelers. First, travel alone may disrupt the gut microbiome.
included in this study, however we speculate that those Travel, especially to international destinations, can be stressful
infected with NoV are secretor-positive and harbor a gut envi- and often results in changes in sleep patterns, hydration, and alironment that potentially promotes rebound colonization of mentary routine. Second, while the individuals in the healthy
Bacteroides.
traveler group were diarrhea-free at the time of stool collection,
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they were not followed to determine if they later developed diarrhea. It is possible that the communities identified represent a
pre-diarrhea state. Third, the dysbiotic microbiome profile could
be result of, or a response to, local diet and water that the subjects
were exposed to at their travel destinations. Subjects did stay with
host families for the duration of their visit and were presumably
fed local cuisine. Our single time point study does not allow us
to address any of these possibilities but emphasizes the importance of a longitudinal analysis that includes pre-, and post-travel
sampling plus collection of crucial metadata, such as diet, to
unravel the specific reasons for the unexpected bacterial composition observed in the healthy travelers.
Our comparison of OTUs between the healthy travelers and
HMP cohort identified 33 OTUs that significantly varied in
abundance (Table 4). We speculate that changes in the diets, or
changes in nutrients, of the healthy travelers upon arrival to Central America or India are responsible for the observed differences.
As described above, we speculate that the healthy traveler communities are attempting to shift to a homeostatic state. Seven of
the 10 OTUs within the Firmicutes that are significantly more
abundant in the healthy travelers are associated with healthy gut
homeostasis and responsible for the metabolism of carbohydrates,
such as Bacteroides, Bifidobacterium, and OTUs that classified
within the Clostridiales (annotated in Table 4).
We performed network analysis to identify co-occurrence of
taxa in pathogen-associated and NPI TD. While the NPI network was more complex, both networks included OTUs associated with gut health, such as Bifidobacterium, Bacteroides, and
members of Clostridiales, such as Lachnospiraceae, Ruminococcaceae, Roseburia, Blautia, Coprococcus, Eubacterium, and Dorea.
These results point to a potential struggle of the commensal gut
bacteria to return their environment to a stable state. Co-occurrence of genera in a study characterizing the gut microbiome of
Danish, French, Italian, Spanish, and Japanese individuals was
hypothesized to be associated with utilization of available
nutrients.29 In this study, subjects were classified into three
groups, or enterotypes, based on the abundance of three genera:
Bacteroides, which co-occurred with Parabacteroides; Prevotella,
which co-occurred with Desulfovibrio; and Ruminococcus, which
co-occurred with Akkermansia. Our TD co-occurrence networks
are more complex than the networks described in this study, and
we did not see similar co-occurrence of OTUs. We speculate that
during the course of TD, resident microbes are displaced by the
rapid influx of water and electrolytes. This displacement may
require synergy of the remaining community of microbes to
return the gut to its pre-disrupted state. Again, a longitudinal
study that examines not only shifts in bacterial communities, but
also addresses changes in nutrient utilization by assessing functional pathways are necessary to address this and our above mentioned hypotheses.
This study provides the first comprehensive analysis of the
bacterial communities within the human gut associated with
TD. The results from this study are important for future research
in TD and travel medicine. Specifically, they will be important
in the development of future studies that will determine how
travel affects the gut microbiome and whether alterations lead to
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development of diarrhea and will provide a reference for comparison for future studies. Our results may also provide insight into
better treatment regimens that may include reconstitution of specific members of the gut community.

Materials and Methods
Travelers diarrhea study population
Stool samples were obtained from previous TD studies and
were used for bacterial community analysis. Samples were collected between 2005 and 2010 from adult males and non-pregnant females who had traveled from the United States to Central
America or India and who either developed travelers’ diarrhea
(n D 99), or remained diarrhea-free (healthy travelers, n D 12).
At the destination sites, subjects lived with host families for five
weeks. Exclusion criteria are listed in Table S1, but important to
this work, subjects were excluded from the study if they showed
signs of gastroenteritis, had taken antibiotics or antidiarrheal
medication prior to study entry, or had a history of inflammatory
bowel disease. Demographic data, such as age and gender, were
not available due to de-identification and coding of samples prior
to processing at Baylor College of Medicine. Informed consent
was obtained from all study participants, and the Institutional
Review Board at The University of Texas Health Science Center
at Houston (UTHSC) approved the studies.
Stool sample collection and pathogen screening
For subjects suffering from TD, stool specimens were self-collected within 72 hours of the onset of acute illness, and samples
were transported to study investigators within 30 minutes of collection. Samples were shipped to UTHSC within 24 hours of
collection, where they were aliquoted and stored at ¡80 C.
Twelve stool samples from healthy, diarrhea-free travelers were
included as healthy controls (DuPont, personal communication).
Stool samples were screened for known diarrheal pathogens, as
previously described.3,20-23 For this study, stool samples were
grouped according to pathogen, or pathogens, identified: ETEC
(n D 38), NoV (n D 7), NoV C a pathogenic strain of E. coli
(ETEC, EAEC, or DAEC; n D 17) (NoV C Ec). No pathogen
was identified in an additional 43 diarrheal samples (NPI).
Available metadata associated with the samples are listed in
Supplemental Tables 2A-E.
DNA extraction, bacterial 16S rRNA gene amplification,
and 454 pyrosequencing
One aliquot of each frozen stool sample was thawed, and
500–800 ml of stool was transferred to a MO BIO PowerSoil
DNA Extraction PowerBead Tube (MO BIO Laboratories, Inc.,
cat# 12888). Samples were incubated at 95 C for 10 minutes,
then at 65 C for 10 minutes,30 followed by genomic DNA
extraction using the MO BIO PowerSoil DNA Extraction Kit
protocol (MO BIO Laboratories, Inc.), and DNA samples were
stored at ¡20 C. Using the extracted DNA as a template, the
16S rRNA gene variable regions three through five (V3-V5) were
amplified and sequenced following version 4.2.2 of the HMP
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Data Generation 16S 454 Protocol (http://www.hmpdacc.org/
doc/16S_Sequencing_SOP_4.2.2.pdf).
16S rDNA sequence analysis
Sequences for this study were uploaded to the NCBI short
read archive and are available under BioProject ID
PRJNA276911. mothur version 1.31 was used for processing
and analysis of 454 16S rDNA reads.31 The 454 standard operating procedure (http://www.mothur.org/wiki/454_SOP32) was
followed with the modification of additionally removing sequences greater than 500 base pairs (bp) in length. Chimeras were
detected using mothur’s implementation of UCHIME33 and
removed, and operational taxonomic units (OTUs) were generated based on 97% sequence identity. OTUs in each group were
classified using mothur’s implementation of the Ribosomal Database Project (Version 9).34 a-diversity was calculated using the
Chao1 richness estimator35 and the Inverse Simpson Diversity
Index.36 b-diversity was evaluated using the Yue and Clayton distance metric37 and visualized using non-metric multidimensional
scaling. For network analysis, an undirected Poisson graphical
model was applied to determine co-occurrence of OTUs. This
model was applied to data that were first filtered to remove
OTUs with a variance below 1/e, because these usually represent
rare species that contribute to zero inflation in the data (Fig. S2).
Human microbiome project sequence data
16S rDNA reads from stool samples collected for the Human
Microbiome Project (HMP) 16S rRNA Clinical Production
Phase I July 2010 data freeze were downloaded from http://
www.hmpdacc.org/HMR16S to use as an independent set of
healthy controls. Samples were collected and processed at Baylor
College of Medicine in Houston, Texas and at Washington University and St. Louis Hospital in St. Louis, Missouri.30 DNA was
extracted and 16S rDNA sequencing was performed as described
above. Reads corresponding to the 16S rDNA V3-V5 regions
from 235 individuals24 were analyzed in parallel with the healthy
traveler reads, as described above.
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