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ABSTRACT International travelers are frequently afflicted by acute infectious diarrhea,
commonly referred to as travelers’ diarrhea (TD). Antibiotics are often prescribed as
treatment or prophylaxis for TD; however, little is known about the impacts of these
regimens on travelers’ gut microbiomes and carriage of antibiotic resistance genes
(ARGs). Here, we analyzed two cohorts totaling 153 US and UK servicemembers deployed
to Honduras or Kenya. These subjects either experienced TD during deployment and
received a single dose of one of three antibiotics [Trial Evaluating Ambulatory Therapy
of Travelers’ Diarrhea (TrEAT TD) cohort] or took once-daily rifaximin (RIF), twice-daily
RIF, or placebo as prophylaxis to prevent TD [Trial Evaluating Chemoprophylaxis Against
Travelers’ Diarrhea (PREVENT TD) cohort]. We applied metagenomic sequencing on 340
longitudinally collected stool samples and whole-genome sequencing on 54 Escheri-
chia coli isolates. We found that gut microbiome taxonomic diversity remained stable
across the length of study for most treatment groups, but twice-daily RIF prophylaxis
significantly decreased microbiome richness post-travel. Similarly, ARG diversity and
abundance were generally stable, with the exception of a significant increase for
the twice-daily RIF prophylaxis group. We also did not identify significant differences
between the ARG abundance of E. coli isolates from the TrEAT TD cohort collected from
different treatment groups or timepoints. Overall, we found no significant worsening
of gut microbiome diversity or an increase in ARG abundance following single-dose
treatment for TD, underscoring that these can be effective with low risk of impact on
the microbiome and resistome, and identified the relative microbiome risks and benefits
associated with the three regimens for preventing TD.

IMPORTANCE The travelers’ gut microbiome is potentially assaulted by acute and
chronic perturbations (e.g., diarrhea, antibiotic use, and different environments). Prior
studies of the impact of travel and travelers’ diarrhea (TD) on the microbiome have not
directly compared antibiotic regimens, and studies of different antibiotic regimens have
not considered travelers’ microbiomes. This gap is important to be addressed as the use
of antibiotics to treat or prevent TD—even in moderate to severe cases or in regions with
high infectious disease burden—is controversial based on the concerns for unintended
consequences to the gut microbiome and antimicrobial resistance (AMR) emergence.
Our study addresses this by evaluating the impact of defined antibiotic regimens
(single-dose treatment or daily prophylaxis) on the gut microbiome and resistomes of
deployed servicemembers, using samples collected during clinical trials. Our findings
indicate that the antibiotic treatment regimens that were studied generally do not lead
to adverse effects on the gut microbiome and resistome and identify the relative risks
associated with prophylaxis. These results can be used to inform therapeutic guidelines
for the prevention and treatment of TD and make progress toward using microbiome
information in personalized medical care.
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nternational travelers are frequently afflicted by acute infectious diarrhea, commonly

referred to as travelers’ diarrhea (TD) (1, 2). Deployed military personnel are also at risk,
with as many as three-quarters of American troops in Afghanistan and Iraq experiencing
TD and over half having multiple episodes (3, 4). The subsequent operational costs from
reduced performance and lost duty days make TD a top infectious disease concern for
military medicine (1). Further, disruptions to the gut microbiome caused by TD and
international travel can increase the risk of colonization by multidrug-resistant organisms
(5-7), which may spread domestically when travelers and military personnel return home
(8).

As TD is commonly caused by bacterial etiologies, most notably pathogenic
Escherichia coli (6), antibiotics are recommended as a therapeutic to treat TD and are
often offered as prophylaxis to prevent it (9). Empiric treatment for moderate or severe
TD includes fluoroquinolones, azithromycin, or rifaximin as a single dose or for a few
days (10). While antibiotic prophylaxis is generally discouraged due to concerns for
antimicrobial resistance (AMR), regimens of these drugs are often prescribed to prevent
TD (10). When chemoprophylaxis is recommended, it is generally limited to rifaximin due
to its demonstrated efficacy against non-invasive enteric pathogens, favorable safety
profile, and inability to be absorbed (11, 12). At an individual level, a healthy gut
microbiome may reduce infection risk and disease progression by deterring colonization
by exogenous organisms (13). However, disruptions to this community—such as the
dysbiosis caused by antibiotic use (14)—can interfere with the beneficial functions
of the microbiome and could predispose to the invasion and proliferation of diarrhea-
genic pathogens. Despite advances in understanding the epidemiology, etiology, and
comorbidities of TD, most studies into its treatment and prevention have not assessed
the impact on the gut microbiome. Clinical outcomes cannot be fully explained without
an understanding of unintended consequences potentially occurring in the microbiome,
such as gut dysbiosis or acquired AMR, prompting investigations into the impacts of
current antibiotic therapeutic and preventative approaches (12).

To address this gap in knowledge, we applied shotgun metagenomic and whole-
genome sequencing to longitudinally collected fecal samples and E. coli cultured
from stool during two US military-led TD clinical trials. The Trial Evaluating Ambula-
tory Therapy of Travelers’ Diarrhea (TrEAT TD) (NCT01618591) (15) trial evaluated the
effectiveness of three single-dose antibiotic regimens [azithromycin (AZI), rifaximin
(RIF), or levofloxacin (LEV)] with loperamide to treat TD. Single-dose antibiotic thera-
pies have potential importance for use in an operational military environment, where
multidose regimens may not be feasible (15). Additionally, single-dose antibiotics may
have a reduced effect on colonization with resistant organisms (16). By analyzing the
samples from this trial, we sought to determine whether any of these single-dose
treatments increased adverse effects on the microbiome and resistome relative to the
others. The Trial Evaluating Chemoprophylaxis Against Travelers’ Diarrhea (PREVENT TD)
(NCT02498301) trial evaluated the effectiveness of the antibiotic rifaximin once or twice
daily as prophylaxis vs placebo to prevent TD. By analyzing samples from this trial, we
sought to determine whether rifaximin prophylaxis instigated adverse effects on the
microbiome or resistome relative to the placebo control. Together, analysis of these
interventional cohorts permitted an evaluation of the impacts of international travel, TD,
and antibiotic regimens for treatment and prophylaxis on gut microbiome composition
and antibiotic resistance burden.
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RESULTS

Gut microbiomes are temporally stable over most antibiotic regimen
exposures

TrEAT TD subjects were enrolled based on presentation with acute diarrhea. They
provided an initial fecal sample at diarrheal onset (day 0) but before antibiotic treat-
ment with a single dose of AZI, RIF, or LEV (15). All study arms also received adjunc-
tive loperamide. Follow-up fecal samples were collected 7 and 21 days after onset
(File S1). PREVENT TD subjects were enrolled upon arrival to the destination country.
They provided the first (visit 1) fecal sample, then began daily or twice-daily rifaximin
prophylaxis or placebo throughout the length of deployment (average of 35.2 days), and
then provided the second fecal sample (visit 2) shortly before departing (Table 1; File
S2). To characterize the gut microbiomes of servicemembers enrolled in these cohorts,
we profiled the collected fecal samples via whole metagenomic shotgun sequencing
with microbial taxonomic composition analysis using MetaPhlAn3 (17). In the TrEAT TD
cohort, we observed no change in Shannon diversity or species richness as a function
of time or treatment group (Fig. 1A and B; File S3). The mean Shannon diversity values
for AZI, LEV, and RIF (respectively) were 2.1, 2.0, and 1.9 (day 0); 2.1, 2.3, and 2.3 (day 7);
and 2.1, 2.1, and 2.2 (day 21, all ns, ANOVA linear mixed-effect model). The mean species
values for AZI, LEV, and RIF (respectively) were 40.8, 41.3, and 40.3 (day 0); 35.5, 44.9, and
39.5 (day 7); and 40, 42.2, and 38.5 (day 21, all ns, ANOVA linear mixed-effect model). The
most dominant phylum was Firmicutes across all timepoints, ranging from 68% (day 0, SD
= 24.1%) to 81% abundance (day 21, SD = 17.3%) (P = 1.0e-2, Wilcoxon). Proteobacteria
decreased over the course of the trial, starting at 11% (day 0, SD = 19.1%) and dropping
below 1% abundance at the end of the trial (day 21, SD = 1.2%) (P = 5.6e-3). Bacteroidetes
abundance was 6% at TD onset (SD = 15%) and then fell below 1% relative abundance
after treatment (SD = 9.9e-2) (P = 4.1e-2) (Fig. 1Q).

In the PREVENT TD cohort, we did not observe differences in Shannon diversity over
time nor by prophylaxis group, with visit 1 linear model means of 3.1, 3.0, and 3.0
and visit 2 linear model means of 3.0, 3.0, and 3.0 for placebo, once-daily rifaximin,
and twice-daily rifaximin, respectively (Fig. 1D). These subjects had 72.9, 69.7, and 71.3
species on average in their visit 1 gut microbiome sample and 67.9, 64.8, and 64.6
in their post-study sample (Fig. 1E). The subjects on twice-daily rifaximin prophylaxis
experienced a significant decrease in microbiome richness at visit 2 relative to visit
1 (71.3 to 64.6 species; 95% Cl 2.5-10.8, P = 0.02; Fig. 1E); however, there were no
differences between the other groups. When comparing subjects across every treatment

TABLE 1 Demographics of analyzed stool samples?

mBio

TrEAT TD

Location USA to Honduras
Sex, n male (%) 34/37 (92%)
Age mean (IQR) 31.95 (27-38)
Study groups Azithromycin Levofloxacin Rifaximin
Timepoint (in days after TD onset) 0 7 21 0 7 21 0 7 21
Samples 11 11 1 14 12 13 12 12 12

PREVENT TD
Location UK to Kenya
Sex, n male (%) 112/116 (97%)
Age mean (IQR) 27.5(23-31)
Study groups Placebo Once-daily rifaximin Twice-daily rifaximin
Timepoint (relative to travel duration) Pre- Post-  Pre- Post- Pre- Post-
Samples 33 33 44 44 39 39
Average time between samples in days (IQR)® 34.9 (33-37) 35.8(33.8-37) 34.8 (33-38)

?Study groups: all single-dose antibiotics with loperamide.
®ns, ANOVA.
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FIG 1 Gut microbiome dynamics based on treatment or prophylactic usage of antibiotics. (A-C) Shannon diversity, richness, and phylum-level relative

abundance for the TrEAT TD trial (n = 108). (D-F) Shannon diversity, richness, and phylum-level relative abundance for the PREVENT TD trial (n = 232). Data points

are individual fecal samples. The horizontal lines represent the median, and the upper and lower hinges represent the 25th to 75th percentiles (interquartile

range). The coloring represents the treatment regimen for Shannon diversity and richness plots. For the relative abundance of phyla, the coloring represents

the specified phyla. Subjects who had acute dysentery in TrEAT TD and who did not complete the prophylaxis regimen in PREVENT TD were excluded from the

analysis.

group, we did not find any differences in richness or Shannon diversity based on the
development of diarrhea (File S3). We also observed no differences in richness as a
function of the number of days between samples (File S3). In the PREVENT TD cohort,
some of the 232 samples (n = 22) were from subjects who took antibacterial agents
(azithromycin, ciprofloxacin, metronidazole, amoxicillin, ciprofloxacin, and flucloxacillin)
other than rifaximin, which could impact microbial diversity. Indeed, in linear mixed-
effect models, antibacterial use other than rifaximin was found to significantly decrease
both richness (P = 6.1e-3) and Shannon diversity (P = 1.4e-3) (File S3). To test whether
the observed effects in subjects taking twice-daily rifaximin were driven solely by
rifaximin administration, we omitted the subjects who took other antibacterial agents.
This retained the same statistical results of the entire cohort, where the only group with
significant impacts on microbiome richness were the subjects on twice-daily rifaximin
(File S3). Given the stability of microbiomes in both cohorts, we wanted to study
the comparative abundances of phyla across studies. Of note, we observed a higher
abundance of Bacteroidetes in the PREVENT TD cohort relative to the TrEAT TD cohort (P
= 2.0e-5) (Fig. 1F). Visit 1 and visit 2 PREVENT TD Bacteroidetes average abundances were
17%-18% (SD = 12.8%) and 19%-22% (SD = 13.2%), respectively (ranges are across all
treatment groups, P = 0.053). We observed the opposite phenomenon with Firmicutes,
where visit 1 abundances ranged from 71% to 72% (SD = 12.6%) and visit 2 abundances
ranged from 65% to 68% (SD = 11.9%, P = 5.0e-4). We were unable to evaluate the
impact of unmeasured covariates including dietary habits prior to and during travel and
environmental factors.

Overall, subjects in the TrEAT TD cohort had significantly lower Shannon diversity
at TD onset (day 0) and 21 days later relative to PREVENT TD subjects at baseline (Fig.
STA; 2.0 vs 3.1, P < 2e-16, Wilcoxon) and at the end of the trial (Fig. S1B; 2.2 vs 3.0, P <
2e-16, Wilcoxon). Similarly, gut microbiome richness was significantly lower in TrEAT TD
subjects at TD onset and at 21 days compared to that in PREVENT TD subjects at baseline
(Fig. S1C; 40.0 vs 71.0, P < 8.3e-16, Wilcoxon) and endpoint (Fig. S1D; 39.5 vs 65.0, P <
9.9e-15, Wilcoxon). We next compared taxonomic compositions between the TrEAT TD
and PREVENT TD cohorts. We plotted the principal coordinate analysis of Bray-Curtis
dissimilarity between the two trials (Fig. S2). Perhaps unsurprising given the differences
between the two cohorts (countries of origin, deployment destinations, acute enteric
infection status), clustering by trial was statistically significant (P = 3.7e-2).
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Escherichia is enriched during diarrhea and associated with the host’s
immune response

While measures of alpha diversity were largely stable for most subjects, we hypothe-
sized that the relative abundance of certain taxa could vary across the trial period. We
identified taxa that were enriched and depleted over time using MaAsLin2 (18) (Fig.
2A and B). For the TrEAT TD cohort, we found that the most depleted genera at each
timepoint relative to day 0 were Bacteroides (coef = —2.87, qval = 2.3e-2 at day 21),
Escherichia (coef = —2.07, qval = 0.13 at day 21), and Parabacteroides (coef = —1.58, qval =
0.11 at day 21). The most highly enriched genera included Gemmiger (coef = 2.78, qval =
4.5e-3 at day 7), Enterococcus (coef = 2.60, qval = 0.11 at day 21), and Adlercreutzia (coef
= 2.59, qval = 2.3e-2 at day 21) relative to day O (File S3). For the PREVENT TD subjects,
the most depleted genera relative to the placebo group at visit 1 were Intestinibacter
(coef = =3.17, qval = 0.17 at visit 2 with BID rifaximin), Streptococcus (coef = —2.84, qval
= 0.08 at timepoint 2 with BID rifaximin), and Adlercreutzia (coef = —2.74, qval = 0.09 at
timepoint 2 with BID rifaximin) (Fig. 2B). The most highly enriched genera as a function
of treatment group and time included Escherichia (coef = 4.09, qval = 1.4e-4 at visit 2
with placebo), Klebsiella (coef = 2.11, qval = 0.12 at visit 2 with placebo), and Eggerthella
(coef = 1.32, qval = 0.12 at timepoint 2 with placebo). Thus, we found taxa that were
specifically altered over the course of the TrEAT TD and PREVENT TD trials.

Given that enteropathogens that cause TD can cause local inflammation in the gut
(19), we evaluated whether specific inflammatory signatures were associated with gut
microbiome composition. To investigate the host inflammatory response to TD, we
evaluated cytokine concentrations in stool from 56 TrEAT TD subjects at day 0 and at day
21. Nine cytokines were significantly increased at TD onset (day 0) relative to diarrheal
resolution 21 days later (Fig. 2C), including IL-6 (P = 7.9e-3) and IL-10 (P = 8.1e-3). No
significant differences were found in the study group (-File S3). Interestingly, although
fecal inflammation normalizes, we did not observe overall changes in alpha diversity 21
days after diarrheal onset (Fig. 1A and B). We hypothesized that the cytokine levels could
be associated with changes in the microbiome composition between TD onset and
resolution because we observed taxonomic changes during that interval (Fig. 1C). We
compared genus-level microbiome data with cytokine concentrations in stool using
DIABLO (20). We found several associations between center log-ratio transformed
cytokine and genus-level microbiome abundance (Fig. 2D). We observed a strong inverse
relationship between Asaccharobacter and the cytokines CCL13, CXCL10, and CXCL11. Of
note, we found a positive correlation between Escherichia and CXCL11 (Fig. 2D), which
also remained at a threshold of r = 0.40 (Fig. S3). Escherichia was also associated with
other cytokines at a cutoff of r = 0.30, including positive associations between CXCL10
and CCL13 and negative associations with CCL26 (Fig. S3). Notably, CCL13, CXCL10, and
CXCL11 have all been reported to have antimicrobial activity against E. coli (21). This
connection between Escherichia abundance and host inflammatory response reinforces
previous findings on the role of E. coli in diarrheal disease (22). These associations
highlight the potential inflammatory effects of E. coli abundance and identify Asaccharo-
bacter as a potentially anti-inflammatory genus in the gut of military personnel with TD.

Increase in antibiotic resistance gene abundance in the twice-daily rifaximin
group

Having characterized the dynamics of changes to the gut microbiome during diarrhea
and antibiotic use, we next examined if similar trends exist in the gut resistome. We
identified and quantified antibiotic resistance gene (ARG) abundances in the metage-
nomes of each stool sample using ShortBRED (23). For TrEAT TD subjects, we observed a
mean ARG sum per metagenomic sample of 8,731 reads per kilobase per million (RPKM)
atday 0, 8,535 at day 7, and 8,723 at day 21 (Fig. 3A, P = 0.99 by LME ANOVA; File S3). The
average numbers of unique ARGs per sample were 161, 163, and 157 at days 0, 7, and 21,
respectively (Fig. 3B, P = 0.39, File S3). Overall, we observed no change in ARG richness or
abundance between timepoints or treatment groups (Fig. 3A and B). Furthermore, when
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FIG 2 (Continued)
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of the connecting line represents the directionality of correlation. Subjects who had acute dysentery in TrEAT TD and who did not complete the prophylaxis

regimen in PREVENT TD were excluded from the analysis.

we subset to ARGs corresponding to resistance for the drugs used in this trial (macro-
lides, quinolones, and rpoB-targeting drugs), we also observed no differences in
resistance over time (Fig. S4). These data demonstrate no discernable impact of three
individual antibiotic doses on the gut resistome during the 21-day observation period.
At baseline within the PREVENT TD trial, each gut resistome harbored a mean of
5,134 to 5,390 ARG RPKM (Fig. 3C, ns, ANOVA). After an average of 35 days of twice-daily
rifaximin, the ARG burden significantly increased to 5,833 (Fig. 3C; P = 0.03, LME ANOVA).
This increase was not secondary to specific ARGs as we observed no associations
between ARGs and treatment groups with generalized linear mixed-effect models. The
ARG burden increased for the other two groups, but this increase was not significant
(5,224 to 5,836 RPKM for the placebo group and 5,390 to 5,655 RPKM for the once-daily
rifaximin group) (Fig. 3C; P = 0.14 and P = 0.82, respectively, LME ANOVA). The mean
number of metagenomic ARGs ranged from 241 to 268 per sample at baseline at visit
1 (Fig. 3D). After treatment (average duration of 35.2 days), no significant differences
were present, and the mean values were 282 for the placebo group, 245 for the daily
rifaximin group, and 242 for the BID rifaximin group. We then subset ARGs to those that
could provide rifaximin resistance including mutations in rpoB and efflux pumps (24). We
found no significant changes in rpoB ARG count or sum (Fig. S5A and B). We found an
increase in the number of ARGs corresponding to efflux pumps in the placebo group
at visit 2 from 19.6 to 27.4 (Fig. S5C, P = 0.02). This increase likely corresponds to the
observed increase in Escherichia and Klebsiella (Fig. 2B) as these organisms are known to
harbor multiple efflux pump ARGs (25). We observed a non-significant increase in efflux
pump ARG RPKM in the twice-daily rifaximin group from 332 at baseline to 447 at visit
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2 (Fig. S5D, P = 0.098). Thus, twice-daily rifaximin led to an increase in gene content
devoted to ARGs without increasing the absolute number of ARGs. Taken together, these
results show that while the host inflammatory response recovers from perturbation by
diarrheal disease within 21 days after TD onset in the TrEAT TD trial, the gut microbiome
and resistome do not recover during this time as inferred by the baseline samples from
the PREVENT TD trial. We also show strong associations between Escherichia abundance
and diarrhea-induced inflammatory cytokines and that rifaximin prophylaxis reduces the
abundance of E. coli at the expense of a decrease in microbiome richness and an increase
in ARG count for twice-daily prophylaxis.

Phylogeny and ARG content of multidrug-resistant fecal E. coli

Given that E. coli is a common cause of diarrhea (6), and our findings on the associa-
tion of the Escherichia genus with diarrhea (Fig. 2), we investigated the phylogenetic
diversity, ARG content, and virulence potential of TD-associated E. coli by performing
whole-genome sequencing on 54 E. coli isolates collected from 17 US personnel from
the TrEAT TD cohort, deployed to Honduras (Fig. S6A). While the microbiome analyses
were limited to subjects who experienced watery diarrhea due to the limited sample
size, we also included isolates from three subjects who experienced bloody febrile
diarrhea and received azithromycin alone or azithromycin plus adjunctive loperamide.
Additionally, to get a broader scope of diarrhea-causing E. coli overall, we also included
189 E. coli genomes from Boolchandani et al. (26), which were isolated from diarrheal and
non-diarrheal samples from a cohort of international travelers visiting Cusco, Peru.

We constructed a core genome maximum-likelihood tree of this group of 243 isolates
as well as 35 reference Escherichia genomes (27) (Fig. 4). The TrEAT TD isolates belonged
to E. coli phylogroups A, B1, B2, C, D, F, and clade I. The majority of E. coli isoaltes
overall as well as those specifically from diarrheal samples (day 0) belonged to clade A
(overall = 31/54, 57.4%; diarrheal = 18/28, 64.3%) and B1 (12/54, 22.2%; 6/28, 21.4%). No
isolates from phylogroups B2, F, or clade | were collected from diarrheal samples. This
matches the phylogroup distribution seen in the isolates from Cusco, where the most
common phylogroups overall and from diarrheal samples were also A and B1. The TrEAT
TD isolates’ MLST profiles represented 34 unique sequence types, with ST10 being the
most common overall and from diarrheal samples (overall = 9/54, 16.7%; diarrheal =
6/28,21.4%). ST10 was also the most commonly detected among isolates from the Cusco
cohort.

We next screened our isolate genomes for VF and assigned DEC pathotypes based
on the presence of specific VF genes (Materials and Methods). DEC pathotypes are
used to group E. coli strains that possess similar VFs and cause diseases with similar
pathology (28). The most prevalent pathotypes in the TrEAT TD cohort overall were EAEC
(9/54, 16.7%) and ETEC (8/54, 14.8%). We also observed one hybrid strain (EAEC-DAEC).
Nearly half of TrEAT TD isolates were unable to be assigned a pathotype, and so were
assigned to the “no pathotype determined” (NPD) group (25/54, 46.3%). Among the
TrEAT TD diarrheal samples, EAEC (8/28, 28.6%) and ETEC (5/28, 17.9%) were also the
most common, and a smaller relative proportion were NPD (11/28, 20.4%). For the Cusco
isolates, EAEC was also the most prevalent pathotype overall and in diarrheal samples
(26).

To explore the diversity and distribution of AMR determinants harbored by these
isolates, we screened their genomes for known ARGs. In total, we identified 39 unique
AMR determinants, comprised of 3 core (present in 100% of isolates) and 36 accessory
ARGs. Consistent with Cusco isolates, the core ARGs were the multidrug efflux pumps
emrD and acrF and the beta-lactamase blakEC. The most common accessory ARGs were
the mdtM multidrug efflux pump (50/54; 92.6%), sul2 sulfonamide resistance gene
(31/54, 57.4%), aph(6)-Id and aph(3)-Ib aminoglycoside resistance genes (28/54 and
27/54, 51.9% and 50.0%, respectively), and the blaTEM-1 extended-spectrum beta-lacta-
mase (23/54, 42.6%). These were also the most common accessory ARGs in the TrEAT TD
diarrheal samples. We observed no significant difference in the number of ARGs encoded
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FIG 4 Diarrheagenic E. coli isolates are phylogenetically diverse and encode many ARGs and virulence factors (VFs). The phylogenetic tree inferred from the
core-genome alignment of 54 E. coli isolates from the TrEAT TD cohort (red), 189 published DEC genomes from the Cusco TD study (blue), and 35 E. coli
reference genomes (gray). Annotations from the inner to the outer ring: cohort, phylogroup, barplot denoting ARG count, E. coli pathotype (assigned by the
presence/absence of specific VFs), and barplot denoting VF count.

by isolates collected from the different timepoints, pathotypes, nor treatment groups
(Fig. 5A and B). This suggests no treatment-driven increase in the risk of multidrug-resist-
ant E. coli enrichment and is consistent with findings that ARG counts remain high for
weeks after diarrhea (26).

Overall, we observed low rates of ARGs encoding resistance to the drug classes that
include our antibiotic treatment regimens (Fig. S6C). Only 2 ARGs against macrolide class
antibiotics (AZI, PLA, LOP) were detected—erm(B) and mph(A)—which were encoded by
just 11/54 isolates. Only 3 ARGs against quinolone class antibiotics (LEV) were detected
—aqepA4, gnrB19, and gnrS1—which were encoded by just 5/54 isolates. And only 1
ARG against rifamycin class antibiotics (RIF) was detected—arr—which was encoded
by just 2/54 isolates. Examining the rates of ARG carriage within treatment groups,
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The boxes show median and quartiles; the error bars extend to the values within the 1.5 interquartile range. (B) Boxplot of
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FIG 5 (Continued)

subjects and timepoints. The points represent the individual isolates, the type of line indicates the number of SNPs in the
comparison, and the coloring of points/lines indicates the isolates’ multi-locus sequence type (MLST). Open reading frames
(ORF) are colored as follows: ARGs (red), mobile elements (yellow), hypothetical proteins (dark gray), and other genes (light
gray). (D) Arrangements of ARGs and mobile elements identified on the same contig and shared between multiple samples.
Labeled by the isolate the contig belongs to. The bars connecting the contig regions indicate the regions of similarity with a
minimum comparison length of 500 bp, and shading indicates nucleotide identity.

we observed low rates of ARGs encoding quinolone and rifamycin resistance within
subjects receiving levofloxacin and rifamycin, respectively. Just 2/25 isolates from 2/8
subjects in the LEV group encoded resistance to quinolones, and 0/7 isolates from 2
subjects in the RIF encoded resistance to rifamycins. However, within the groups that
received azithromycin (AZI, PLA, LOP), 8/22 isolates from 5/7 subjects encoded resistance
to macrolides. Among these, 2/8 isolates were from day 0 samples (diarrhea onset), 2/8
from day 7, and 4/8 from day 21, suggesting enrichment for macrolide ARGs following
treatment with azithromycin. We also performed antibiotic susceptibility tests on a
subset of our isolates at the time of collection (15/54), and while we observed high
rates of rifamycin resistance across the board (13/15 isolates), we did not observe any
associations between resistance phenotype and treatment group over time (Fig. S6D).

As we did not have isolates derived from all TrEAT TD samples or from the PREVENT
TD trial, we used our data set of cultured isolate genomes from the TrEAT TD and Cusco
trials to identify these strains within these samples using StrainGE (29). We first examined
if timepoint had an impact on average strain count per metagenome. We found that
there was a significantly higher number of strains detected in day 0 diarrheal samples
from the TrEAT TD trial (average strain counts of 1.72 for day 0, 1.17 for day 7, and
1.07 for day 21), but there was no impact on average strain count per sample based on
timepoint in the PREVENT TD trial (average strain counts of 1.1 for T1 and 1.33 for T2;
Fig. S7A, P = 1.1e-2, Fig. S7B, P = 0.17, File S3). Next, we examined if the average number
of strains per sample changed based on the antibiotic treatment group. We found no
significant impacts on strains per metagenome as a function of treatment group in TrEAT
TD (average strain counts of 1.6 for AZI, 1.1 for LEV, and 1.33 for RIF) or PREVENT TD
(average strain counts of 1.33 for placebo, 1.35 for rifaximin 550 mg daily, and 1.09 for
rifaximin 550 mg twice daily) samples (Fig. S7C, P = 0.24, Fig. S7D, P = 0.30, File S3). Lastly,
we profiled these metagenomes for specific ARGs and VFs encoded by our E. coli isolates
and found that there was no significant difference in the average number of AMR and
VF genes per metagenome between PREVENT TD (29.3 genes) and TrEAT TD (30.0 genes)
metagenomes (Fig. S7E, P = 0.88, File S3).

Persistence and co-colonization of fecal E. coli and ARG clusters

By examining the relatedness of E. coli isolates we identified instances of the same strain
or clone persisting within a single subject and/or being found in multiple subjects.
Within our cohort, we defined a strain as two or more isolates with <200 core genome
SNPs (single nucleotide polymorphisms) and identified seven strain groups shared within
and between subjects (Fig. S6B). Next, we performed high-resolution whole-genome
SNP comparisons between isolates belonging to the same strain group (Fig. 5C). We
identified clonal ST44 isolates cultured from different subjects 10 months apart with 0
whole-genome SNPs, as well as ST10 isolates cultured from different subjects 3 months
apart with 0 SNPs. Furthermore, while the ST44 0-SNP clones belonged to the NPD
pathotype, they encoded among the highest number of ARGs (n = 16) of any collected
isolates (Fig. 5B). Taken together, this shows that phylogenetically diverse DEC, both
pathotyped and non-pathotyped, can encode high numbers of ARGs and persist and
infect multiple travelers. Further studies with more dense sampling while traveling
and surveillance for several months post-travel could uncover the precise dynamics of
acquisition and persistence and determine the risk posed by colonization with these
multidrug-resistant strains after travel has concluded.
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Lastly, we observed highly similar ARG gene clusters shared among phylogenetically
diverse E. coli. One cluster was comprised of five ARGs against four antibiotic classes
—>blaTEM-1 (beta-lactam), dfrA8 (trimethoprim), sul2 (sulfonamide), and aph(3”)-Ib and
aph(6)-1d (aminoglycoside)—and was shared among isolates from six subjects and three
phylogroups (Fig. 5D). The isolates from subjects 61-0073, 61-0091, 61-0109, and 61-0181
were all from diarrheal samples collected within a 1.5-month span (July to August 2014)
(Fig. S5A). The remaining isolates from subjects 61-0523 and 61-0677 were collected >5
months later, with the latter also from a diarrheal sample but the former from a sample
collected from a non-diarrheal sample 21 days post-diarrhea. Furthermore, these ARGs
were flanked by 1S26 and 1S91 transposases, and 6/7 were found in isolates collec-
ted from diarrheal stool samples, suggesting the potential for mobilizability and the
presence of these ARGs in diarrhea-causing pathogens.

DISCUSSION

In this study, we evaluated the impact of different antibiotic regimens for the treatment
and prophylaxis of TD on the gut microbiome, resistome, inflammatory status, and strain
dynamics using well-characterized samples from two large clinical trials. We found that
microbiome diversity remained stable for the duration of the study for most treatment
groups. However, twice-daily rifaximin significantly decreased microbiome richness over
time. Similarly, antibiotic resistance gene diversity and abundance were mostly stable
but were significantly increased for the twice-daily rifaximin prophylaxis group in the
PREVENT TD trial.

The TrEAT TD cohort was limited by the lack of placebo controls and an inability
to collect samples before the onset of diarrhea. In the absence of these, we speculate
that the observed taxonomic stability actually represents the persistence of a decreased
diversity state instigated by diarrhea, which does not recover for at least 21 days
post-diarrhea—well past the symptomatic period. Indeed, these diarrheal TrEAT TD
samples had significantly lower richness and Shannon diversity when compared to
those of the non-diarrheal PREVENT TD samples, including the lower diversity twice-daily
rifaximin post-travel samples. This perturbation to the gut microbiome observed during
our 21-day sampling interval is consistent with a previously reported TD cohort of
travelers visiting Cusco, Peru, which observed significantly decreased richness for up to
2 weeks after diarrhea (22). Together, this suggests that while prophylaxis perturbs the
microbiome, with the twice-daily rifaximin incurring a significantly decreased taxonomic
diversity, this perturbation was less than that caused by experiencing diarrhea and
antibiotic treatment. Additionally, while we did not observe microbiome recovery 21
days post-diarrhea, inflammatory cytokines significantly decreased over the same period
indicating recovery of diarrhea-associated inflammation. This builds on evidence that the
host response and recovery from diarrhea is complex, and while clinical symptoms may
cease and local inflammatory markers may resolve, the microbiome community structure
remains altered (30).

Our results are consistent with a previous study on the TrEAT TD cohort, which
quantified differences in functional composition using the HuMiChip array and the
TagMan Array Card (31). The HuMiChip characterizes the functional capabilities of human
microbiomes using ~134,000 probes that target key microbial gene families (32). The
TagMan Array Card also characterizes fecal microbiome compositions, using 384 probes
to detect 19 enteropathogens (33). Using these tools, no differences in microbiome
compositions or ARG abundances were detected between timepoints and antibiotic
regimens.

Here, we observed that rifaximin prophylaxis depletes E. coli abundance compared
to placebo controls, suggesting efficacy in targeting this potential diarrhea-causing
pathogen. This is consistent with previous studies that have evaluated the success
of rifaximin in the prevention of TD (34, 35) and other studies that have found an
acquisition or enrichment for Enterobacteriaceae and Escherichia post-travel (36-38).
However, we add the caveat that not necessarily all E. coli depletion is diarrheagenic
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E. coli and likely includes non-pathogenic commensal strains. Future trials that simulta-
neously capture a pre-, during, and post-diarrheal state would be useful to evaluate
the fluctuation in the prevalence of E. coli in the microbiomes, to show that a lack of
prophylactic treatment leads to a flourishing of E. coli that culminates in symptomatic
diarrhea.

Our study builds on previous studies of the impact of international travel and TD
on gut microbiome changes and ARG acquisition (7, 8, 22, 36, 37, 39-42). These also
observed increases in the abundance of Enterobacteriaceae, particularly Escherichia (7,
22, 36, 40). Our observations that Proteobacteria and Bacteroidetes decreased following
diarrhea while Firmicutes increased (TrEAT TD trial) is consistent with previous reports
characterizing diarrheal samples as being enriched for Proteobacteria and Bacteroidetes
and depleted in Firmicutes (22, 39). Interestingly, while previous reports did not observe
an increase in the overall abundance of ARGs post-travel—although the abundance
of genes to specific drug classes could increase (22, 40)—we did observe a significant
increase in ARG abundance in the PREVENT TD twice-daily rifaximin group. Lastly, our
findings build on those from the TrEAT TD clinical trial study, which found all single-
dose treatment groups were also comparable in terms of time to clinical cure, rate of
treatment failure, and adverse effects (15).

In addition to these microbiome analyses, we analyzed E. coli isolates cultured
from TrEAT TD Honduras diarrheal stool samples and from samples collected following
symptom resolution. Prior studies also observed high rates of acquisition and persistence
of multidrug-resistant extended-spectrum beta-lactamase (ESBL)-encoding Enterobacter-
iaceae, such as blaTEM, blaCTX-M, and blaOXA (7, 8, 40). We also observed similar
proportions of E. coli pathotypes as the Cusco TD Peru study (22). While we did not
have pre-diarrheal isolates to compare to, we note that the ARG count of isolates from
diarrheal samples was significantly higher than those collected from the non-diarrheal
samples of Cusco subjects who did not experience diarrhea (P = 1.96e-3) and not
significantly different from subjects who did experience diarrhea.

Further studies directly evaluating the long-term recovery of the microbiome and
resistome along with clinical outcomes following TD treatment and prophylaxis are
needed to assess for potential delayed consequences. Our study represents the next
phase in the evaluation of antibiotic effects on the gut microbiome and ARG emer-
gence needed to more fully understand and wisely apply antibiotic stewardship while
supporting the development of effective clinical practice guidance.

MATERIALS AND METHODS
Study designs and samples analyzed

The overall TrEAT TD study was a randomized, double-blind trial conducted in four
countries (Afghanistan, Djibouti, Kenya, and Honduras) between September 2012 and
July 2015 (NCT01618591). The US and UK servicemembers with acute watery diarrhea
were randomized and received either single-dose azithromycin (500 mg; 106 persons),
levofloxacin (500 mg; 111 persons), or rifaximin (1,650 mg; 107 persons), in combination
with loperamide. The overall PREVENT TD study was a randomized, placebo-controlled,
double-blind, clinical trial conducted in US and UK military personnel deploying overseas
between 2016 and 2019 (NCT02498301). Subjects were recruited <72 hours after arrival
and randomized to receive either once-daily rifaximin (550 mg), twice-daily rifaximin
(550 mg x2), or placebo, to be taken while deployed. Chemoprophylaxis was maintained
for the duration of travel or a predetermined period of up to 6 weeks and at least 2
weeks.

Due to sample availability and transport considerations, we analyzed stool samples
from a subset of the subjects and timepoints reported in these studies. For the TrEAT
TD cohort, we analyzed 108 stool samples from 37 US servicemembers deployed to
Honduras who experienced acute watery diarrhea (Table 1). Samples were collected at
the presentation of diarrhea but prior to antibiotic treatment (day 0) and then 7 and 21
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days after. Additionally, E. coli isolates were collected from the stool samples of 17 TrEAT
TD subjects. For the PREVENT TD cohort, we analyzed 232 stool samples from 116 UK
servicemembers deployed to Kenya (average travel time = 35.2 days) (Table 1). The first
stool samples were collected after arrival in Kenya and before the first dose of rifaximin,
and the second stool samples were taken shortly before leaving Kenya and <96 hours
from the last dose of rifaximin (the majority taken almost immediately after).

Stool samples were self-collected and stored in a cool box (2-8°C) and then taken
to the on-site lab within 2 hours. Macroscopic observations—consistency (watery, loose,
semisolid, or formed), atypical components (mucoid, blood, and others, e.g., color)—
were graded. Within 24 hours of collection, the stool was frozen at —80°C. Stool
samples were cultured for bacterial enteropathogens, including E. coli, using conven-
tional microbiologic techniques (43, 44). Enteropathogens were identified according
to their growth on differential and selective agar plates (45). Stool specimens were
streaked onto MacConkey agar, Salmonella-Shigella agar (SS), Hektoen Enteric agar (HE),
thiosulfate citrate bile salt sucrose agar (TCBS), and Campylobacter blood-free agar base
(CBF). Five lactose fermenting colonies with morphology compatible with E. coli were
selected from each MacConkey agar plate. After incubation, enteropathogen differentia-
tion was performed according to their growth characteristics in the different agars and
differential biochemical reactions (45). Antibiotic susceptibility tests were performed
using the Kirby-Bauer disk diffusion method, with each antibiotic reported as sensitive
(S), intermediate (1), or resistant | according to the CLSI guidelines (46). For transporta-
tion, colonies were incubated in MacConkey agar at 37°C for 24 hours, and isolated
colonies were resuspended in cryovials with trypticase soy broth with 15% glycerol,
frozen at —70°C, and shipped overnight on dry ice. Samples were shipped to Washington
University School of Medicine in St. Louis (WUSM), MO, USA, where they were stored at
—80°C until DNA extraction.

A freezer failure affected a subset of samples from the TrEAT TD cohort. We first
compared 43 paired aliquots collected from the same sample, where one aliquot was
in the freezer failure and the other maintained temperature at —80°C. When compar-
ing microbiome richness, Shannon diversity, and Bray-Curtis dissimilarity, we found no
statistically significant differences between any metric in paired samples (Supplemen-
tary File 3). As this indicated that the freezer failure did not significantly alter sample
compositions, we therefore also included 30 samples affected by the freezer failure,
which did not have an unaffected paired sample. For the paired samples, we only
included the non-freezer failure sample in downstream analyses.

Metagenomic analysis

Approximately 250 mg of frozen stool was chipped from an aliquot shipped to the
Dantas laboratory at WUSM and processed with the DNeasy PowerSoil Pro Kit (Qiagen)
per manufacturer instructions with two rounds of bead beating for 2 min at 2,500
oscillations/min on a Mini-Beadbeater-24 (BioSpec Products) with 5 min on ice. The
Quant-iT PicoGreen fluorescence assay (Invitrogen) and Qubit fluorometer dsDNA HS
assay (Invitrogen) were used to quantify DNA concentrations. In addition, 0.5-ng input
DNA was then used to generate sequencing libraries with the Nextera Flex reagents
(Ilumina) and purified using the Agencourt AMPure XP system (Beckman Coulter). The
lllumina NextSeq 550 platform was used to generate 2 x 150 paired-end sequencing
reads at a target read depth of 5 million reads per sample. Read counts for each sample
are provided in Files S1 and S2.

Bioinformatic tools used the default parameters except where indicated. Sequenc-
ing reads were demultiplexed by barcode and had adapters removed with
Trimmomatic v0.38 (24695404) with the following parameters: ILLUMINACLIP:Nexter-
aPE-PE.fa:2:30:10:1:true SLIDINGWINDOW:4:20 LEADING:10 TRAILING:10 MINLEN:60. Read
quality was assessed using FastQC v0.11.7 (47) and MultiQC v1.2 (48). Reads that
are mapping to the human chromosome were removed with DeconSeq v0.4.3 (49),
and disordered reads were repaired using BBMap v38.90 (50). Taxonomic profiling
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was performed with MetaPhlAn3 v3.0.7. Richness, Shannon diversity, and Bray-Curtis
similarity were calculated on these outputs directly. The MaAsLin2 package was used for
linear mixed modeling to identify microbial taxa, ARGs, and pathways associated with
the timepoint or treatment status of default parameters (18). Fixed and random effects
are denoted in individual analyses in File S3 and our publicly available code on GitHub.

ShortBRED protein markers were built from the Comprehensive Antibiotic Resist-
ance Database (CARD) 3.0 2020 database as well as previously validated hits from
prior functional metagenomic screens (51-53) using shortbred-identify.py with a cluster
identity of 90% and screened against UniRef9 v0.9.4. The number of hits for each gene
was determined with ShortBRED-quantify, which normalizes the reads based on marker
length and read depth. A Gaussian linear mixed-effect model created using the Imer
function of the Imer4 package in R was used to predict ARG totals based on the time of
treatment. The formula for the full model was ARGs ~ Treatment Time + (1 | SubjectID).
ARG subsetting was based on annotations from the CARD 3.0 2020 database (51).

Cytokine measurements from stool

Concentrations of 40 cytokines were measured by Bio-Plex Pro Human Chemokine
40-plex Panel (Bio-Rad) in stool. Fecal samples from timepoints 0 and 21 from subjects in
the TrEAT TD trial were processed by adding 500-ul sample diluent HB with a dissolved
protease inhibitor tablet (one tablet per 10 mL buffer) (Thermo A32965) as previously
published (54). Then, samples were vortexed for 30 sec twice and then spun down
at 10,000 RPM for 10 min. Samples were then filtered through a 0.45-um filter (VWR
cellulose acetate) into a 96-well plate. Bradford assays for protein quantification were
performed on the samples to normalize cytokine concentration to total protein. Samples
were then run per the manufacturer’s instructions at half concentration. Samples were
only used if they were not included in the freezer failure.

Isolate sequencing, assembly, and annotation

The E. coli isolates stored at —80°C in 15% glycerol were inoculated in 1.5-mL tryptic
soy broth and were grown overnight at 37°C with shaking. Genomic DNA was extracted
using the BiOstic Bacteremia DNA Isolation Kit as per the manufacturer’s protocol. DNA
concentration was quantified using the Qubit fluorometer and stored at —20°C. Isolate
sequencing libraries were prepared similarly to stool samples. Processed reads were
assembled into draft genomes using SPAdes v3.14.0 (55) with the following parameters:
spades.py -k 21,33,55,— --careful. Assembly quality was assessed by BBMap v38.82 (56),
QUAST v4.5 (57), and CheckM v1.0.7 (58), with the following inclusion criteria: >90%
completeness, <5% contamination, and <500 contigs > 500 bp. Species assignment was
verified in silico using Mash v2.2 and (59) and FastANI v1.3 (60), with an inclusion criterion
of >95% average nucleotide identity (ANI) to the E. coli-type strain GCF_003697165.2.

Phylogroup, ARG, VF, and pathotype prediction

Draft genomes were annotated using Bakta v1.5.1 (61) wi- --mincontiglen 200. A core
genome alignment of the 54 isolates from this study, plus 189 isolates from the Cusco
TD study (22), and 30 reference Escherichia genomes (27) was generated using Panaroo
v1.2.10 (62) wi- --clean-mode strict a- --aligner mafft. The output core_gene_alignment.aln
file was used to build a maximum-likelihood phylogenetic tree using FastTree v2.1.10
(63) and visualized in iTOL (64) rooted at the outgroup E. albertii K7756. The TrEAT TD
genomes’ phylogroups were assigned with ClermonTyping (65) using the mash_group
output and verified by clustering with known reference genomes. MLST was assigned
using MLST v2.4 (https://github.com/tseemann/milst) using the ecoli_achtman_4 scheme.
ARGs were identified using AMRFinder v3.10.42 (66), and ARG counts were compared
using the ANOVA post hoc Tukey test. VFs were identified in E. coli genomes using
AMRFinder and VirulenceFinder (67). Isolates were assigned a DEC pathotype in
silico using PathotypeR (https://github.com/kevinsblake/PathotypeR) according to the
presence/absence of specific VF genes, namely:
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= Shiga toxin-producing E. coli (STEC): stx1 and/or stx2 (without eae)

= Enteropathogenic E. coli (EPEC): eae and/or bfpA (without stx7 and/or stx2)
= Enterohemorrhagic E. coli (EHEC): stx7 and/or stx2, and eae

= Enteroinvasive E. coli (EIEC): ipaH

= Enterotoxigenic E. coli (ETEC): ItcA and/or stal

= Enteroaggregative E. coli (EAEC): aatA and/or aaiC and/or aggR

= Diffusely adherent E. coli (DAEC): afaC and/or afakE

= NPD: does not encode any of the above VFs

= Hybrid pathotypes: encode the requisite VFs for >1 pathotype.

For genomic context analyses, isolates containing an ARG of interest (e.g., blaTEM)
were identified, underwent pairwise blastn, and then filtered for pairs with high identity
(>99%) and coverage (>9,000 bp). These were visualized in Easyfig v2.2.2 (68) using the
Bakta-outputted .gbff files, with a minimum BLAST length of 500 bp.

Strain and clonality analyses

Pairwise SNP distances were calculated between our 54 TrEAT TD isolates using Prokka
v1.14.5 (69) wi- --mincontiglen 200, Roary v3.12.0 (70), and SNP sites v2.4.0 (71). Based
on a histogram of core SNP counts, we assigned isolates to the same strain if they
had <200 core SNPs. Next, we quantified whole-genome SNP counts between isolates
from the same strain by aligning an isolate’s processed reads to the assembly of
the earliest isolated isolate of that strain using the snippy-multi function of Snippy
v4.4.3 (https://github.com/tseemann/snippy). As a control, we also aligned these earliest
isolates’ assemblies and their own reads and masked any spurious SNPs found here
from the final counts in the other comparisons. Strains were identified in metagenomes
with our TrEAT TD and Cusco TD isolates as references using StrainGE v1.3.3 (29) against
PREVENT TD and TrEAT TD metagenomes. AMR and virulence factors specific to E. coli
within metagenomes were done by cross-referencing isolate AMRFinder outputs with
the resultant StrainGE analysis.

DIABLO/mixOmics

The mixOmics (20) package in R was used for cross-correlation analysis of both meta-
genomic and cytokine abundance data. To avoid over-fitting on the large number of
variables in our data sets, we utilized sPLS-DA. To find the number of variables from each
data set to keep in the final model, we estimated model error rates for all combinations
of seq(10,20,2) variables for both metagenomic and metabolomic data sets, using the
function tune.block.splsda (10-fold cross-validation, repeated 10 times, “centroids.dist”
distance metric). Circos plots were generated using the indicated correlation cutoff
between variables. We used correlations of r = 0.3 and r = 0.4 to maximize potential
correlations and minimize false positives (20).

Statistical analyses and data visualization

Statistical comparison between groups was done using vegan v2.6-4 (72). Figures were
generated in RStudio, using ggplot2. A Gaussian linear mixed-effect model created using
the Imer function of the Imer4 package in R was used to predict ARG totals based on
the time of treatment. The formula for the full model was ARGs ~ Treatment Time + (1 |
ParticipantID). For inflammation analysis, each cytokine had a linear mixed-effect model
constructed with antibiotic type and timepoint as fixed effects and participant ID as
random effects.

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio0.02790-23 16

Downloaded from https://journals.asm.org/journal/mbio on 12 December 2023 by 128.252.210.1.


https://github.com/tseemann/snippy
https://doi.org/10.1128/mbio.02790-23

Research Article

ACKNOWLEDGMENTS

The authors would like to thank the staff at The Edison Family Center for Genome
Sciences & Systems Biology at the Washington University School of Medicine in St. Louis,
including Eric Martin and Brian Koebbe for computational support, Jessica Hoisington-
Lépez and MariaLynn Crosby for managing the high-throughput sequencing core, and
Bonnie Dee, Kathleen Matheny, Jacky Theodore, and Keith Page for the administrative
support. Finally, we would like to thank the members of the Dantas Lab for helpful
general discussions and comments on the manuscript.

This work was funded by the Congressionally Directed Medical Research Program
through the Peer Reviewed Medical Research Program by an award to G.D. and M.PS.
(PRMRP; award number: PR170802). The TrEAT TD trial was supported by the Bureau of
Medicine and Surgery, Uniformed Services University of the Health Sciences (USUHS)
(grant agreement HU0001-11-1-0022; USU project G187V2), and the National Institute of
Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH) (interagency
agreement Y1-Al-5072). The PREVENT TD trial was supported with federal funds from the
United States Navy Bureau of Medicine and Surgery, under award HU0001-14-1-0012;
the Defense Health Program, US Department of Defense, under award HU0001190002;
and the NIAID, NIH, under Inter-Agency Agreement Y1-Al-5072. Portions of this work
were also funded by the Doris Duke Charitable Foundation Physician Scientist Fellowship
(2021081) to D.J.S. G.D. is also supported by the NIAID of the National Institutes of
Health (R01-Al123394) and the Edward Mallinckrodt, Jr. Foundation (scholar award).
K.S.B. is supported by the National Institute of Diabetes and Digestive and Kidney
Diseases (T32-DK007130), and D.J.S. is supported by the Doris Duke Charitable Founda-
tion Physician Scientist Fellowship (2021081) and NIH NIAID Clinical Scientist Research
Career Development Award (K08-Al159384). S.P. is supported by the National Institute of
Diabetes and Digestive and Kidney Diseases (T32-DK0747653). The content is solely the
responsibility of the authors and does not necessarily represent the official views of the
funding agencies.

G.D,, M.PS,, KS.B., D.J.S., and S.P. conceived the experiments and analysis. M.S.R. and
R.L.G. led the TrEAT TD and PREVENT TD trials, supported by T.L., CK.P, JAF, and D.R.T.
K.S.B., D.J.S., and B.W. extracted DNA from the stool samples and isolates and generated
shotgun data. D.J.S. and S.P. performed cytokine analyses. K.S.B., D.J.S., and S.P. performed
the computational analysis and interpreted the results. K.S.B., D.J.S., and S.P. drafted the
article, with critical revisions from G.D., M.PS., and co-authors. All authors reviewed and
approved the final manuscript. The contents of this publication are the sole responsibility
of the authors and do not necessarily reflect the views, opinions, or policies of the
USUHS; the Henry M. Jackson Foundation for the Advancement of Military Medicine,
Inc. (HJF); the Department of Defense (DoD); the Departments of the Army or Navy;
the UK Ministry of Defense, the Naval Medical Research Command (NMRC); or the US
Government. The authors are military service members or federal/contracted employees
of the US Government. This work was prepared as part of official duties. Title 17 USC §
105 provides that "Copyright protection under this title is not available for any work of
the US Government." Title 17 USC § 105 defines US Government work as work prepared
by a military service member or employee of the US Government as part of that person’s
official duties.

AUTHOR AFFILIATIONS

'The Edison Family Center for Genome Sciences & Systems Biology, Washington
University School of Medicine, St. Louis, Missouri, USA

’Department of Pediatrics, Washington University School of Medicine, St. Louis, Missouri,
USA

*Department of Molecular Microbiology, Washington University School of Medicine, St.
Louis, Missouri, USA

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbi0.02790-23 17

Downloaded from https://journals.asm.org/journal/mbio on 12 December 2023 by 128.252.210.1.


https://doi.org/10.1128/mbio.02790-23

Research Article

“‘Department of Obstetrics and Gynecology, Washington University School of Medicine,
St. Louis, Missouri, USA

*Center for Women'’s Infectious Diseases, Washington University School of Medicine, St.
Louis, Missouri, USA

®Department of Pathology and Immunology, Division of Laboratory and Genomic
Medicine, Washington University School of Medicine, St. Louis, Missouri, USA

"Henry M. Jackson Foundation for the Advancement of Military Medicine Inc., Bethesda,
Maryland, USA

8Naval Medical Research Command, Silver Spring, Maryland, USA

°Academic Department of Military Medicine, UK Defence Medical Directorate, Birming-
ham, United Kingdom

"Infectious Disease Clinical Research Program, Preventive Medicine and Biostatistics
Department, Uniformed Services University of the Health Sciences, Bethesda, Maryland,
USA

""Department of Biomedical Engineering, Washington University in St. Louis, St. Louis,
Missouri, USA

AUTHOR ORCIDs

Kevin S. Blake @ http://orcid.org/0000-0003-4247-1209
Drew J. Schwartz (& http://orcid.org/0000-0003-1568-7733
Srinand Paruthiyil © http://orcid.org/0000-0002-8687-5443
Mark P. Simons & http://orcid.org/0000-0002-4316-9709
Gautam Dantas @ http://orcid.org/0000-0003-0455-8370

FUNDING
Funder Grant(s) Author(s)
DOD | USA | MEDCOM | Congressionally PR170802 Mark P. Simons

Directed Medical Research Programs (CDMRP) Gautam Dantas

DOD | Uniformed Services University of the HU0001-11-1-0022 Mark S. Riddle
Health Sciences (USUHS) David R. Tribble

HHS | NIH | National Institute of Allergy and Y1-Al-5072 David R. Tribble
Infectious Diseases (NIAID)
Doris Duke Charitable Foundation (DDCF) 2021081 Drew J. Schwartz

HHS | NIH | National Institute of Diabetesand ~ T32-DK007130 Kevin S. Blake
Digestive and Kidney Diseases (NIDDK)

HHS | NIH | National Institute of Allergy and K08-Al1159384 Drew J. Schwartz
Infectious Diseases (NIAID)

HHS | NIH | National Institute of Diabetesand ~ T32-DK0747653  Srinand Paruthiyil
Digestive and Kidney Diseases (NIDDK)

United States Navy Bureau of Medicine and HU0001-14-1-0012 Ramiro L. Gutiérrez

Surgery David R. Tribble
Defense Health Program, US Department of HU0001190002 Ramiro L. Gutiérrez
Defense David R. Tribble

HHS | NIH | National Institute of Allergy and RO1-Al1123394 Gautam Dantas
Infectious Diseases (NIAID)

Edward Mallinckrodt, Jr. Foundation (EMF) scholar award Gautam Dantas

AUTHOR CONTRIBUTIONS

Kevin S. Blake, Formal analysis, Visualization, Writing - original draft | Drew J. Schwartz,
Formal analysis, Funding acquisition, Validation, Visualization, Writing - original draft
| Srinand Paruthiyil, Formal analysis, Visualization, Writing — original draft | Bin Wang,

Month XXXX Volume 0 Issue O

mBio

10.1128/mbio0.02790-23 18

Downloaded from https://journals.asm.org/journal/mbio on 12 December 2023 by 128.252.210.1.


https://doi.org/10.1128/mbio.02790-23

Research Article

Formal analysis | Jie Ning, Formal analysis | Sandra D. Isidean, Data curation, Supervision
| Daniel S. Burns, Data curation | Harris Whiteson, Formal analysis | Jamie A. Fraser, Data
curation | Patrick Connor, Data curation | Tom Troth, Data curation | Chad K. Porter, Data
curation | David R. Tribble, Data curation | Mark S. Riddle, Data curation | Ramiro L.
Gutiérrez, Data curation | Mark P. Simons, Data curation, Funding acquisition | Gautam
Dantas, Conceptualization, Funding acquisition, Resources, Supervision, Writing - review
and editing.

DIRECT CONTRIBUTION

This article is a direct contribution from Gautam Dantas, a Fellow of the American
Academy of Microbiology, who arranged forand secured reviews by Ilana Brito, Cornell
University, and David Haslam, Cincinnati Children’s hospital, University of Cincinnati.

DATA AVAILABILITY

The datasetsdata sets generated from shotgun metagenomics and isolate sequencing
are available from the NCBI SRA under BioProject ID PRINA945408. The analysis scripts
are available at: https://github.com/dantaslab/2023_Blake_TrEAT-PREVENT-TD

ETHICS APPROVAL

The clinical trials from which data and samples were obtained were reviewed and
approved by the Uniformed Services University of the Health Sciences, Naval Medi-
cal Research Command, Walter Reed Army Institute of Research, and Kenya Medical
Research Institute Institutional Review Boards (IRBs), as well as by the UK Ministry of
Defence Research Ethics Committee in compliance with all applicable local, federal, and
Department of Defense regulations governing the protection of human subjects. The
protocol under which this work was performed was reviewed and approved by the
Naval Medical Research Command (NMRC.2021.0005), Uniformed Services University of
the Health Sciences, Walter Reed Army Institute of Research, Kenya Medical Research
Institute, and Washington University in St. Louis.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

File S1 (mBi002790-23-s0001.xIsx). TrEAT TD metadata.

File S2 (mBi002790-23-s0002.xIsx). Prevent TD metadata.

File S3 (mBi002790-23-s0003.xlsx). Statistics.

Figure S1 (mBio02790-23-s0004.pdf). Higher Shannon diversity at baseline and
endpoint and richness for PREVENT TD trial relative to TrEAT TD trial.

Figure S2 (mBi002790-23-s0005.pdf). Bray Curtis dissimilarity index plot between trials
using MetaPhlAn3 species outputs.

Figure S3 (mBi002790-23-s0006.pdf). Circosplot with DIABLO.

Figure S4 (mBio02790-23-s0007.pdf). The sums of resistomes for the TrEAT TD trial as
subsetted by AMR class.

Figure S5 (mBi002790-23-s0008.pdf). ARG count and RPKM for specific RpoB resistance
genes and efflux pump ARG count and ARG sum within the Prevent TD cohort.

Figure S6 (mBio02790-23-s0009.pdf). Timeline, histogram, heatmap, and grouping of
AST results.

Figure S7 (mBi002790-23-s0010.pdf). Strain counts.

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio0.02790-23 19

Downloaded from https://journals.asm.org/journal/mbio on 12 December 2023 by 128.252.210.1.


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA945068
https://github.com/dantaslab/2023_Blake_TrEAT-PREVENT-TD
https://doi.org/10.1128/mbio.02790-23
https://doi.org/10.1128/mbio.02790-23

Research Article

REFERENCES

1.

Month XXXX Volume 0

Porter CK, Olson S, Hall A, Riddle MS. 2017. Travelers' diarrhea: an update
on the incidence, etiology, and risk in military deployments and similar
travel populations. Mil Med 182:4-10. https://doi.org/10.7205/MILMED-
D-17-00064

de la Cabada Bauche J, Dupont HL. 2011. New developments in
traveler's diarrhea. Gastroenterol Hepatol (N Y) 7:88-95.

Sanders JW, Putnam SD, Riddle MS, Tribble DR, Jobanputra NK, Jones JJ,
Scott DA, Frenck RW. 2004. The epidemiology of self-reported diarrhea
in operations Iraqi freedom and enduring freedom. Diagn Microbiol
Infect Dis 50:89-93. https://doi.org/10.1016/j.diagmicrobio.2004.06.008
Putnam SD, Sanders JW, Frenck RW, Monteville M, Riddle MS,
Rockabrand DM, Sharp TW, Frankart C, Tribble DR. 2006. Self-reported
description of diarrhea among military populations in operations Iraqi
freedom and enduring freedom. J Travel Med 13:92-99. https://doi.org/
10.1111/j.1708-8305.2006.00020.x

Olson S, Hall A, Riddle MS, Porter CK. 2019. Travelers' diarrhea: update on
the incidence, etiology and risk in military and similar populations -
1990-2005 versus 2005-2015, does a decade make a difference? Trop Dis
Travel Med Vaccines 5:1. https://doi.org/10.1186/540794-018-0077-1
Leung AKC, Leung AAM, Wong AHC, Hon KL. 2019. Travelers' diarrhea: a
clinical review. Recent Pat Inflamm Allergy Drug Discov 13:38-48. https:/
/doi.org/10.2174/1872213X13666190514105054

Worby CJ, Sridhar S, Turbett SE, Becker MV, Kogut L, Sanchez V, Bronson
RA, Rao SR, Oliver E, Walker AT, Walters MS, Kelly P, Leung DT, Knouse
MC, Hagmann SHF, Harris JB, Ryan ET, Earl AM, LaRocque RC. 2023. Gut
microbiome perturbation, antibiotic resistance, and Escherichia coli
strain dynamics associated with international travel: a metagenomic
analysis. Lancet Microbe 4:790-e799. https://doi.org/10.1016/52666-
5247(23)00147-7

Arcilla MS, van Hattem JM, Haverkate MR, Bootsma MCJ, van Genderen
PJJ, Goorhuis A, Grobusch MP, Lashof AMO, Molhoek N, Schultsz C,
Stobberingh EE, Verbrugh HA, de Jong MD, Melles DC, Penders J. 2017.
Import and spread of extended-spectrum beta-lactamase-producing
Enterobacteriaceae by international travellers (COMBAT study): a
prospective, multicentre cohort study. Lancet Infect Dis 17:78-85. https:/
/doi.org/10.1016/51473-3099(16)30319-X

van der Bij AK, Pitout JDD. 2012. The role of international travel in the
worldwide spread of multiresistant Enterobacteriaceae. J Antimicrob
Chemother 67:2090-2100. https://doi.org/10.1093/jac/dks214

Adler AV, Ciccotti HR, Trivitt SJH, Watson RCJ, Riddle MS. 2022. What's
new in travellers' diarrhoea: updates on epidemiology, diagnostics,
treatment and long-term consequences. J Travel Med 29:taab099. https:/
/doi.org/10.1093/jtm/taab099

Hu 'Y, Ren J, Zhan M, Li W, Dai H. 2012. Efficacy of rifaximin in prevention
of travelers' diarrhea: a meta-analysis of randomized, double-blind,
placebo-controlled trials. J Travel Med 19:352-356. https://doi.org/10.
1111/j.1708-8305.2012.00650.x

Riddle MS, Connor BA, Beeching NJ, DuPont HL, Hamer DH, Kozarsky P,
Libman M, Steffen R, Taylor D, Tribble DR, Vila J, Zanger P, Ericsson CD.
2017. Guidelines for the prevention and treatment of travelers' diarrhea:
a graded expert panel report. J Travel Med 24:557-S74. https://doi.org/
10.1093/jtm/tax026

Ducarmon QR, Zwittink RD, Hornung BVH, van Schaik W, Young VB,
Kuijper EJ. 2019. Gut microbiota and colonization resistance against
bacterial enteric infection. Microbiol Mol Biol Rev 83:@00007-19. https://
doi.org/10.1128/MMBR.00007-19

McDonald LC. 2017. Effects of short- and long-course antibiotics on the
lower intestinal microbiome as they relate to traveller's diarrhea. J Travel
Med 24:535-538. https://doi.org/10.1093/jtm/taw084

Riddle MS, Connor P, Fraser J, Porter CK, Swierczewski B, Hutley EJ,
Danboise B, Simons MP, Hulseberg C, Lalani T, Gutierrez RL, Tribble DR,
TrEAT TD Study Team. 2017. Trial evaluating ambulatory therapy of
travelers' diarrhea (TrEAT TD) study: a randomized controlled trial
comparing 3 single-dose antibiotic regimens with loperamide. Clin
Infect Dis 65:2008-2017. https://doi.org/10.1093/cid/cix693

Riddle MS, DuPont HL, Connor BA. 2016. ACG clinical guideline:
diagnosis, treatment, and prevention of acute diarrheal infections in
adults. Am J Gastroenterol 111:602-622. https://doi.org/10.1038/ajg.
2016.126

Issue 0

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

mBio

Beghini F, Mclver LJ, Blanco-Miguez A, Dubois L, Asnicar F, Maharjan S,
Mailyan A, Manghi P, Scholz M, Thomas AM, Valles-Colomer M, Weingart
G, Zhang Y, Zolfo M, Huttenhower C, Franzosa EA, Segata N. 2021.
Integrating taxonomic, functional, and strain-level profiling of diverse
microbial communities with bioBakery 3. Elife 10:e65088. https://doi.
org/10.7554/eLife.65088

Mallick H, Rahnavard A, Mclver LJ, Ma S, Zhang Y, Nguyen LH, Tickle TL,
Weingart G, Ren B, Schwager EH, Chatterjee S, Thompson KN, Wilkinson
JE, Subramanian A, Lu Y, Waldron L, Paulson JN, Franzosa EA, Bravo HC,
Huttenhower C. 2021. Multivariable association discovery in population-
scale meta-omics studies. PLoS Comput Biol 17:e1009442. https://doi.
org/10.1371/journal.pcbi.1009442

Ko G, Jiang Z-D, Okhuysen PC, DuPont HL. 2006. Fecal cytokines and
markers of intestinal inflammation in international travelers with
diarrhea due to Noroviruses. J Med Virol 78:825-828. https://doi.org/10.
1002/jmv.20630

Rohart F, Gautier B, Singh A, Lé Cao K-A. 2017. mixOmics: an R package
for 'omics feature selection and multiple data integration. PLoS Comput
Biol 13:1005752. https://doi.org/10.1371/journal.pcbi.1005752

Yang D, Chen Q, Hoover DM, Staley P, Tucker KD, Lubkowski J,
Oppenheim JJ. 2003. Many chemokines including CCL20/MIP-3alpha
display antimicrobial activity. J Leukoc Biol 74:448-455. https://doi.org/
10.1189/jlb.0103024

Boolchandani M, Blake KS, Tilley DH, Cabada MM, Schwartz DJ, Patel S,
Morales ML, Meza R, Soto G, Isidean SD, Porter CK, Simons MP, Dantas G.
2022. Impact of international travel and diarrhea on gut microbiome
and resistome dynamics. Nat Commun 13:7485. https://doi.org/10.1038/
s41467-022-34862-w

Kaminski J, Gibson MK, Franzosa EA, Segata N, Dantas G, Huttenhower C.
2015. High-specificity targeted functional profiling in microbial
communities with ShortBRED. PLoS Comput Biol 11:€1004557. https://
doi.org/10.1371/journal.pcbi.1004557

Kothary V, Scherl EJ, Bosworth B, Jiang Z-D, Dupont HL, Harel J, Simpson
KW, Dogan B. 2013. Rifaximin resistance in Escherichia coli associated
with inflammatory bowel disease correlates with prior rifaximin use,
mutations in rpoB, and activity of Phe-Arg-B-naphthylamide-inhibitable
efflux pumps. Antimicrob Agents Chemother 57:811-817. https://doi.
org/10.1128/AAC.02163-12

Li X-Z, Plésiat P, Nikaido H. 2015. The challenge of efflux-mediated
antibiotic resistance in Gram-negative bacteria. Clin Microbiol Rev
28:337-418. https://doi.org/10.1128/CMR.00117-14

Scholz U. 2023. On the relevance of considering temporal dynamics in
loneliness research. Appl Psychol Health Well Being 15:267-274. https://
doi.org/10.1111/aphw.12422

Denamur E, Clermont O, Bonacorsi S, Gordon D. 2021. The population
genetics of pathogenic Escherichia coli. Nat Rev Microbiol 19:37-54.
https://doi.org/10.1038/541579-020-0416-x

Robins-Browne RM, Holt KE, Ingle DJ, Hocking DM, Yang J, Tauschek M.
2016. Are Escherichia coli pathotypes still relevant in the era of whole-
genome sequencing? Front Cell Infect Microbiol 6:141. https://doi.org/
10.3389/fcimb.2016.00141

van Dijk LR, Walker BJ, Straub TJ, Worby CJ, Grote A, Schreiber HL,
Anyansi C, Pickering AJ, Hultgren SJ, Manson AL, Abeel T, Earl AM. 2022.
StrainGE: a toolkit to track and characterize low-abundance strains in
complex microbial communities. Genome Biol 23:74. https://doi.org/10.
1186/513059-022-02630-0

Hill DR, Beeching NJ. 2010. Travelers' diarrhea. Curr Opin Infect Dis
23:481-487. https://doi.org/10.1097/QCO.0b013e32833dfca5

Johnson RC, Van Nostrand JD, Tisdale M, Swierczewski B, Simons MP,
Connor P, Fraser J, Melton-Celsa AR, Tribble DR, Riddle MS. 2021. Fecal
microbiota functional gene effects related to single-dose antibiotic
treatment of travelers' diarrhea. Open Forum Infect Dis 8:0fab271. https:
//doi.org/10.1093/ofid/ofab271

TuQ, LiJ, ShiZ, ChenY, LinL, LiJ, Wang H, Yan J, Zhou Q, Li X, Li L, Zhou
J, He Z. 2017. HuMiChip2 for strain level identification and functional
profiling of human microbiomes. Appl Microbiol Biotechnol 101:423-
435. https://doi.org/10.1007/s00253-016-7910-0

10.1128/mbi0.02790-23 20

Downloaded from https://journals.asm.org/journal/mbio on 12 December 2023 by 128.252.210.1.


https://doi.org/10.7205/MILMED-D-17-00064
https://doi.org/10.1016/j.diagmicrobio.2004.06.008
https://doi.org/10.1111/j.1708-8305.2006.00020.x
https://doi.org/10.1186/s40794-018-0077-1
https://doi.org/10.2174/1872213X13666190514105054
https://doi.org/10.1016/S2666-5247(23)00147-7
https://doi.org/10.1016/S1473-3099(16)30319-X
https://doi.org/10.1093/jac/dks214
https://doi.org/10.1093/jtm/taab099
https://doi.org/10.1111/j.1708-8305.2012.00650.x
https://doi.org/10.1093/jtm/tax026
https://doi.org/10.1128/MMBR.00007-19
https://doi.org/10.1093/jtm/taw084
https://doi.org/10.1093/cid/cix693
https://doi.org/10.1038/ajg.2016.126
https://doi.org/10.7554/eLife.65088
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1002/jmv.20630
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1189/jlb.0103024
https://doi.org/10.1038/s41467-022-34862-w
https://doi.org/10.1371/journal.pcbi.1004557
https://doi.org/10.1128/AAC.02163-12
https://doi.org/10.1128/CMR.00117-14
https://doi.org/10.1111/aphw.12422
https://doi.org/10.1038/s41579-020-0416-x
https://doi.org/10.3389/fcimb.2016.00141
https://doi.org/10.1186/s13059-022-02630-0
https://doi.org/10.1097/QCO.0b013e32833dfca5
https://doi.org/10.1093/ofid/ofab271
https://doi.org/10.1007/s00253-016-7910-0
https://doi.org/10.1128/mbio.02790-23

Research Article

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,
44,

45,

46.

47.

48.

49.

50.
51.

Month XXXX Volume 0

Liu J, Gratz J, Amour C, Kibiki G, Becker S, Janaki L, Verweij JJ, Taniuchi M,
Sobuz SU, Haque R, Haverstick DM, Houpt ER. 2013. A laboratory-
developed TagMan Array Card for simultaneous detection of 19
enteropathogens. J Clin Microbiol 51:472-480. https://doi.org/10.1128/
JCM.02658-12

Koo HL, Dupont HL, Huang DB. 2009. The role of rifaximin in the
treatment and chemoprophylaxis of travelers' diarrhea. Ther Clin Risk
Manag 5:841-848. https://doi.org/10.2147/tcrm.s4442
Martinez-Sandoval F, Ericsson CD, Jiang Z-D, Okhuysen PC, Romero
JHMM, Hernandez N, Forbes WP, Shaw A, Bortey E, DuPont HL. 2010.
Prevention of travelers' diarrhea with rifaximin in US travelers to Mexico.
J Travel Med 17:111-117. https://doi.org/10.1111/j.1708-8305.2009.
00385.x

Langelier C, Graves M, Kalantar K, Caldera S, Durrant R, Fisher M,
Backman R, Tanner W, DeRisi JL, Leung DT. 2019. Microbiome and
antimicrobial resistance gene dynamics in international travelers. Emerg
Infect Dis 25:1380-1383. https://doi.org/10.3201/eid2507.181492

Worby CJ, Earl AM, Turbett SE, Becker M, Rao SR, Oliver E, Taylor Walker
A, Walters M, Kelly P, Leung DT, Knouse M, Hagmann SHF, Ryan ET,
LaRocque RC. 2020. Acquisition and long-term carriage of multidrug-
resistant organisms in US International travelers. Open Forum Infect Dis
7:0faa543. https://doi.org/10.1093/0ofid/ofaa543

Dallman TJ, Neuert S, Fernandez Turienzo C, Berin M, Richardson E,
Fuentes-Utrilla P, Loman N, Gharbia S, Jenkins C, Behrens RH, Godbole G,
Brown M. 2023. Prevalence and persistence of antibiotic resistance
determinants in the gut of travelers returning to the United Kingdom is
associated with colonization by pathogenic Escherichia coli. Microbiol
Spectr 11:e0518522. https://doi.org/10.1128/spectrum.05185-22
Youmans BP, Ajami NJ, Jiang Z-D, Campbell F, Wadsworth WD, Petrosino
JF, DuPont HL, Highlander SK. 2015. Characterization of the human gut
microbiome during travelers' diarrhea. Gut Microbes 6:110-119. https://
doi.org/10.1080/19490976.2015.1019693

Bengtsson-Palme J, Angelin M, Huss M, Kjellqvist S, Kristiansson E,
Palmgren H, Larsson DGJ, Johansson A. 2015. The human gut micro-
biome as a transporter of antibiotic resistance genes between
continents. Antimicrob Agents Chemother 59:6551-6560. https://doi.
org/10.1128/AAC.00933-15

Ruppé E, Armand-Lefévre L, Estellat C, Consigny P-H, EI Mniai A,
Boussadia Y, Goujon C, Ralaimazava P, Campa P, Girard P-M, Wyplosz B,
Vittecoq D, Bouchaud O, Le Loup G, Pialoux G, Perrier M, Wieder |,
Moussa N, Esposito-Farése M, Hoffmann |, Coignard B, Lucet J-C,
Andremont A, Matheron S. 2015. High rate of acquisition but short
duration of carriage of multidrug-resistant Enterobacteriaceae after
travel to the tropics. Clin Infect Dis 61:593-600. https://doi.org/10.1093/
cid/civ333

Dao TL, Hoang VT, Magmoun A, Ly TDA, Baron SA, Hadjadj L, Canard N,
Drali T, Gouriet F, Raoult D, Parola P, Marty P, Rolain J-M, Gautret P. 2021.
Acquisition of multidrug-resistant bacteria and colistin resistance genes
in French medical students on internships abroad. Travel Med Infect Dis
39:101940. https://doi.org/10.1016/j.tmaid.2020.101940

Nachamkin CFI. 2015. Manual of clinical microbiology

Gray L. 1995. Manual of clinical microbiology, p 450-456. American
Society for Microbiology.

MacFaddin JF. 2000. Biochemical tests for identification of medical
bacteria. 3rd ed. Lippincott Williams & Wilkins.

CLSI. Nccls M100-S11. In No. 1, performance standards of antimicrobial
susceptibility testing. Vol. 21.

Andrews S. 2010. FastQC: a quality control tool for high throughput
sequence data. Babraham Bioinformatics

Ewels P, Magnusson M, Lundin S, Kéller M. 2016. MultiQC: summarize
analysis results for multiple tools and samples in a single report.
Bioinformatics 32:3047-3048. https://doi.org/10.1093/bioinformatics/
btw354

Schmieder R, Edwards R. 2011. Fast identification and removal of
sequence contamination from genomic and metagenomic datasets.
PLoS One 6:217288. https://doi.org/10.1371/journal.pone.0017288
Bushnell B. n.d. BBMap

Alcock BP, Raphenya AR, Lau TTY, Tsang KK, Bouchard M, Edalatmand A,
Huynh W, Nguyen A-L, Cheng AA, Liu S, et al. 2020. CARD 2020:
antibiotic resistome surveillance with the comprehensive antibiotic

Issue 0

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

mBio

resistance database. Nucleic Acids Res 48:D517-D525. https://doi.org/
10.1093/nar/gkz935

Gibson MK, Wang B, Ahmadi S, Burnham C-AD, Tarr PI, Warner BB,
Dantas G. 2016. Developmental dynamics of the preterm infant gut
microbiota and antibiotic resistome. Nat Microbiol 1:16024. https://doi.
org/10.1038/nmicrobiol.2016.24

Gasparrini AJ, Wang B, Sun X, Kennedy EA, Hernandez-Leyva A, Ndao IM,
Tarr Pl, Warner BB, Dantas G. 2019. Persistent metagenomic signatures of
early-life hospitalization and antibiotic treatment in the infant gut
microbiota and resistome. Nat Microbiol 4:2285-2297. https://doi.org/
10.1038/541564-019-0550-2

Sigman M, Conrad P, Rendon JL, Akhtar S, Eberhardt J, Gamelli RL,
Choudhry MA. 2013. Noninvasive measurement of intestinal inflamma-
tion after burn injury. J Burn Care Res 34:633-638. https://doi.org/10.
1097/BCR.0b013e318280e2f8

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell
sequencing. J Comput Biol 19:455-477. https://doi.org/10.1089/cmb.
2012.0021

Smith HE, Yun S. 2017. Evaluating alignment and variant-calling software
for mutation identification in C. elegans by whole-genome sequencing.
PLoS One 12. https://doi.org/10.1093/bioinformatics/btt086

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality
assessment tool for genome assemblies. Bioinformatics 29:1072-1075.
https://doi.org/10.1093/bioinformatics/btt086

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015.
CheckM: assessing the quality of microbial genomes recovered from
isolates, single cells, and metagenomes. Genome Res 25:1043-1055.
https://doi.org/10.1101/9r.186072.114

Ondov BD, Treangen TJ, Melsted P, Mallonee AB, Bergman NH, Koren S,
Phillippy AM. 2016. Mash: fast genome and metagenome distance
estimation using MinHash. Genome Biol 17:132. https://doi.org/10.1186/
$13059-016-0997-x

Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. 2018.
High throughput ANI analysis of 90K prokaryotic genomes reveals clear
species boundaries. Nat Commun 9:5114. https://doi.org/10.1038/
s41467-018-07641-9

Schwengers O, Jelonek L, Dieckmann MA, Beyvers S, Blom J, Goesmann
A. 2021. Bakta: rapid and standardized annotation of bacterial genomes
via alignment-free sequence identification. Microb Genom 7:000685.
https://doi.org/10.1099/mgen.0.000685

Tonkin-Hill G, MacAlasdair N, Ruis C, Weimann A, Horesh G, Lees JA,
Gladstone RA, Lo S, Beaudoin C, Floto RA, Frost SDW, Corander J, Bentley
SD, Parkhill J. 2020. Producing polished prokaryotic pangenomes with
the Panaroo pipeline. Genome Biol 21:180. https://doi.org/10.1186/
$13059-020-02090-4

Price MN, Dehal PS, Arkin AP. 2010. FastTree 2--approximately
maximum-likelihood trees for large alignments. PLoS One 5:9490.
https://doi.org/10.1371/journal.pone.0009490

Letunic I, Bork P. 2021. Interactive Tree Of Life (iTOL) v5: an online tool
for phylogenetic tree display and annotation. Nucleic Acids Res
49:W293-W296. https://doi.org/10.1093/nar/gkab301

Beghain J, Bridier-Nahmias A, Le Nagard H, Denamur E, Clermont O.
2018. ClermonTyping: an easy-to-use and accurate in silico method for
Escherichia genus strain phylotyping. Microb Genom 4:e000192. https://
doi.org/10.1099/mgen.0.000192

Feldgarden M, Brover V, Haft DH, Prasad AB, Slotta DJ, Tolstoy I, Tyson
GH, Zhao S, Hsu C-H, McDermott PF, Tadesse DA, Morales C, Simmons M,
Tillman G, Wasilenko J, Folster JP, Klimke W. 2019. Validating the
AMRFinder tool and resistance gene database by using antimicrobial
resistance genotype-phenotype correlations in a collection of isolates.
Antimicrob Agents Chemother 63:€00483-19. https://doi.org/10.1128/
AAC.00483-19

Joensen KG, Scheutz F, Lund O, Hasman H, Kaas RS, Nielsen EM,
Aarestrup FM. 2014. Real-time whole-genome sequencing for routine
typing, surveillance, and outbreak detection of verotoxigenic Escherichia
coli. J Clin Microbiol 52:1501-1510. https://doi.org/10.1128/JCM.03617-
13

10.1128/mbi0.02790-23 21

Downloaded from https://journals.asm.org/journal/mbio on 12 December 2023 by 128.252.210.1.


https://doi.org/10.1128/JCM.02658-12
https://doi.org/10.2147/tcrm.s4442
https://doi.org/10.1111/j.1708-8305.2009.00385.x
https://doi.org/10.3201/eid2507.181492
https://doi.org/10.1093/ofid/ofaa543
https://doi.org/10.1128/spectrum.05185-22
https://doi.org/10.1080/19490976.2015.1019693
https://doi.org/10.1128/AAC.00933-15
https://doi.org/10.1093/cid/civ333
https://doi.org/10.1016/j.tmaid.2020.101940
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1371/journal.pone.0017288
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.1038/nmicrobiol.2016.24
https://doi.org/10.1038/s41564-019-0550-2
https://doi.org/10.1097/BCR.0b013e318280e2f8
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1186/s13059-016-0997-x
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1099/mgen.0.000685
https://doi.org/10.1186/s13059-020-02090-4
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1099/mgen.0.000192
https://doi.org/10.1128/AAC.00483-19
https://doi.org/10.1128/JCM.03617-13
https://doi.org/10.1128/mbio.02790-23

Research Article

68.

69.

70.

Month XXXX Volume 0

Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome comparison
visualizer.  Bioinformatics  27:1009-1010.  https://doi.org/10.1093/
bioinformatics/btr039

Seemann T. 2014. Prokka: rapid prokaryotic genome annotation.
Bioinformatics 30:2068-2069. https://doi.org/10.1093/bioinformatics/
btu153

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, Fookes
M, Falush D, Keane JA, Parkhill J. 2015. Roary: rapid large-scale
prokaryote pan genome analysis. Bioinformatics 31:3691-3693. https://
doi.org/10.1093/bioinformatics/btv421

Issue 0

71.

72.

mBio

Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, Keane JA, Harris SR.
2016. SNP-sites: rapid efficient extraction of SNPs from multi-FASTA
alignments. Microb Genom 2:e000056. https://doi.org/10.1099/mgen.0.
000056

Oksanen J, SimpsonGL, BlanchetGF, KindtR, LegendreP, MinchinPR,
O’Hara RB, SolymosP, StevensMHM, SzoecsE, et al. 2022. vegan:
community ecology package_. R package version 2.6-4

10.1128/mbi0.02790-23 22

Downloaded from https://journals.asm.org/journal/mbio on 12 December 2023 by 128.252.210.1.


https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1099/mgen.0.000056
https://doi.org/10.1128/mbio.02790-23

	Gut microbiome and antibiotic resistance effects during travelers’ diarrhea treatment and prevention
	RESULTS
	Gut microbiomes are temporally stable over most antibiotic regimen exposures
	Escherichia is enriched during diarrhea and associated with the host’s immune response
	Increase in antibiotic resistance gene abundance in the twice-daily rifaximin group
	Phylogeny and ARG content of multidrug-resistant fecal E. coli
	Persistence and co-colonization of fecal E. coli and ARG clusters

	DISCUSSION
	MATERIALS AND METHODS
	Study designs and samples analyzed
	Metagenomic analysis
	Cytokine measurements from stool
	Isolate sequencing, assembly, and annotation
	Phylogroup, ARG, VF, and pathotype prediction
	Strain and clonality analyses
	DIABLO/mixOmics
	Statistical analyses and data visualization



