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Gastric acid and escape to systemic circulation represent major
bottlenecks to host infection by Citrobacter rodentium
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The gastrointestinal (GI) environment plays a critical role in shaping enteric infections. Host environmental factors create
bottlenecks, restrictive events that reduce the genetic diversity of invading bacterial populations. However, the identity and impact
of bottleneck events on bacterial infection are largely unknown. We used Citrobacter rodentium infection of mice, a model of human
pathogenic Escherichia coli infections, to examine bacterial population dynamics and quantify bottlenecks to host colonization.
Using Sequence Tag-based Analysis of Microbial Populations (STAMP) we characterized the founding population size (Nb’) and
relatedness of C. rodentium populations at relevant tissue sites during early- and peak-infection. We demonstrate that the Gl
environment severely restricts the colonizing population, with an average Nb’ of only 12-43 lineages (of 2,000+ inoculated)
identified regardless of time or biogeographic location. Passage through gastric acid and escape to the systemic circulation were
identified as major bottlenecks during C. rodentium colonization. Manipulating such events by increasing gastric pH dramatically
increased intestinal Nb’. Importantly, removal of the stomach acid barrier had downstream consequences on host systemic
colonization, morbidity, and mortality. These findings highlight the capability of the host Gl environment to limit early pathogen
colonization, controlling the population of initial founders with consequences for downstream infection outcomes.
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INTRODUCTION

Enteric infections are shaped by the dynamic interplay between
pathogen and host [1-3]. The context of these interactions is
determined by the gastrointestinal (Gl) environment, a series of
complex, distinct, and inter-connected ecosystems where enteric
pathogens must quickly adapt to overcome variations in physical,
immune, and microbial features for successful colonization [1]. It is
important to consider how regional environmental factors create
barriers that impact initial colonization events and ultimately
determine the overall infection outcome.

The impact of the host environment on pathogen colonization
and dissemination can be investigated using population
dynamics, the study of how and why populations change in size
and structure over time [4]. Of major interest are bottleneck
events, which represent sharp reductions in the size and genetic
diversity of a population due to an environmental stimulus [5]. In
the Gl tract, potential causes of bottlenecks include colonization
resistance by the resident microbiota, thickness of the mucus
layer, or immune cell infiltration [1, 3]. An important consequence
of bottlenecks is founder effects, in which a loss of genetic
variation occurs when a new population is established by a small
number of individuals (the founding population). Bottlenecks can
significantly impact the course of infection, as reducing genetic
diversity can increase the rate at which mutations become fixed
within the population, leading to consequences such as altered
virulence or antibiotic resistance [5].

Enteropathogenic and enterohemorrhagic Escherichia coli
(EPEC; EHEC) are enteric pathogens causing diarrheal disease
that, in developing countries, is the second leading cause of death
in children under age five [6, 7]. As neither EPEC nor EHEC colonize
mice, a mouse model of EPEC/EHEC infection has been well-
established using the natural murine pathogen Citrobacter
rodentium [8, 9]. C. rodentium is the causative agent of
transmissible murine colonic hyperplasia, a form of enteric colitis
[10-12], and shares many hallmarks of infection with EPEC and
EHEC, including the use of a Type lll Secretion System (T3SS) for
intimate attachment to the host epithelium and injection of
protein effectors into host cells [13-16]. Transmitted through
contaminated food or water, they pass from the external
environment through the acidic stomach and navigate the
changing architecture of the small and large intestines before
shedding in the feces and passing to a new host [1].

To date, our understanding of EPEC, EHEC, and C. rodentium
population dynamics, as with most other pathogens, has relied on
the use of colony-forming units (CFU) as a read-out of bacterial
colonization. However, in using CFU counts, any early genetically
restrictive events are masked by the rapid expansion of colonizing
bacteria. Instead, a technique called Sequence Tag-based Analysis of
Microbial Populations (STAMP) has emerged as a tool to study
bacterial population dynamics [17]. STAMP involves infecting a host
with a library of individually genetically barcoded bacteria of equal
fitness, to collect and sequence the colonizing populations of
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barcodes at desired locations and timepoints post-infection (Fig. 1A)
[17]. Ecological formulas are then used to calculate the estimated
founding population size and the degree of relatedness (chord
distance) between samples [17, 18]. STAMP has been used to
characterize enteric infections by Vibrio cholerae and Listeria
monocytogenes in mice, demonstrating differences to founding
population size by tissue site and route of administration [17, 19]. A
modified barcoding protocol has also been used to measure
systemic colonization by extraintestinal pathogenic E. coli (EXPEC),
revealing the importance of clonal expansion to bacterial
persistence [20]. It is clear from these studies that founding
population size differs across pathogens and reflects key barriers
to infection.

Our study uses STAMP to directly quantify bottleneck events
during C. rodentium infection. The measurement of founding
population size across ten Gl regions, in both mucosal and lumenal
pathogen subpopulations, and two major systemic organs at early-
and peak-infection timepoints provides a comprehensive picture of
C. rodentium population dynamics. We identify major bottlenecks to
colonization and evaluate how the manipulation of gastric pH, a key
environmental barrier, impacts colonization. We further demonstrate
that altering intestinal pathogen population size has downstream
effects on disease severity and overall host susceptibility. Together,
these results improve our understanding of colonization dynamics
during intestinal infection.

METHODS

Generation of the barcoded STAMP library

A library of tagged C. rodentium was created by inserting a 30-nucleotide
barcode into the flagellar pseudogene figN of wild-type (WT) C. rodentium
strain DBS100 using suicide plasmid vector pRE112 by single cross-over to
preserve chloramphenicol resistance [21]. The barcode region is flanked by
18-nucleotide constant regions for identification by sequencing (Fig. S1).
Following triplicate bi-parental matings of E. coli MFDpir and C. rodentium
DBS100, colonies were scraped and pooled before expansion in lysogeny
broth (LB) broth at 37 °C overnight, sub-cultured 1:20 to prevent in vitro
bottlenecks. This subculture was then aliquoted and frozen at —70 °C until
use, with a new aliquot used for each experiment. Primers used to create
the library are listed in Table S2. Bacterial fitness was evaluated by
comparing 10 uniquely barcoded colonies to WT C. rodentium, and
calculated population size (Nb) was calibrated to CFU (Supplemental
Materials and Data; Figs. S1-S3).

Mouse infections and pre-treatments

Unless otherwise stated 7-week-old female C57BL/6 J mice were gavaged
orally with 108 CFU of wild-type (WT) or barcoded C. rodentium DBS100
(100 pL volume). In the case of infection with the barcoded library of C.
rodentium, the inoculum was prepared by culturing a 1 mL frozen aliquot
of the barcoded library for 3h 1:20 in LB supplemented with
chloramphenicol at 30 pg/mL (+Cam30) before being spun down and
washed to remove antibiotic, and resuspended in phosphate-buffered
saline (PBS). Mice infected with the barcoded library were singly housed
post-infection to prevent mixing of barcodes by coprophagy. Mice were
monitored daily throughout the 3-12 day infection for weight loss and
clinical symptoms. Mice were euthanized at experimental endpoint by
isoflurane anesthesia followed by carbon dioxide inhalation.

To neutralize the stomach acid pH, mice were pretreated with either
sodium bicarbonate or proton pump inhibitor, Lansoprazole. Sodium
bicarbonate was administered as a 5% w/v solution (100 uL volume) by
oral gavage 30 min before infection with C. rodentium. Lansoprazole
(Sigma-Aldrich; CAS Number 103577-45-3) was administered intraperito-
neally daily for 8 days at a concentration of 8 mg/kg before C. rodentium
gavage 12 h after the final injection [22].

To determine disease susceptibility, 7-week-old female C3H/HeJ mice
were inoculated with 10° CFU of WT DBS100 (100 uL volume) from
overnight culture after antacid treatment, as above. Mice were monitored
twice daily for weight loss and clinical symptoms, and euthanized upon
reaching humane endpoint.
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Sample collection and processing

Fecal samples were collected daily post-infection (p.i.). At experimental
endpoint, the Gl tract, liver, gall bladder, and spleen were collected (Fig. 2A).
To isolate mucosal and lumenal populations, Gl samples were opened
longitudinally and gently scraped to collect lumenal content. The remaining
tissue was washed twice in PBS for collection to represent the mucosal
population. All samples were collected in 1 mL PBS and homogenized in a
FastPrep-24 (MP Biomedicals) at 5.5m/s for 2 min. 250 uL of sample was
plated in triplicate on MacConkey (Mac) agar +Cam30, capturing barcodes
from 75% of the total sample. 100 pL of the remaining sample was diluted for
enumeration of CFU. After 18-20 h of growth at 37 °C bacterial colonies were
counted and plates containing at least 10 colonies were scraped to collect
barcoded C. rodentium, pooling triplicate plates, and genomic DNA was
extracted (Qiagen DNeasy Blood & Tissue Kit).

Sequencing index tags were added by triplicate PCR to reduce PCR bias
(Table S3). Cycling conditions were as follows: initial 30 s denaturation at
98 °C followed by 30 cycles of 10s at 98°C, 10s at 52°C, and 28s at 72°C
with a 5min final extension at 72 °C. Triplicate PCR reactions were pooled
and purified using the Qiagen MinElute PCR Purification Kit before
DNA quantification using a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen).
Equal concentrations of each purified sample were then pooled and
sequenced.

Amplicon sequencing and data analysis

Sequencing was performed at the UBC Biomedical Research Centre
Sequencing Core, on a MiSeq (lllumina) using a 50-cycle V2 MiSeq reagent
kit with 40% PhiX and a custom read 1 sequencing primer (Table S3).
Demultiplexed single-end reads were processed in QIIME2, trimming off
the conserved regions and filtering for barcodes of exactly 30 bp in length.
Denoising was done using DADA2 to algorithmically determine the
difference between sequencing errors and true biological variability, and
thereby report exact amplicon sequence variants. DADA2 was chosen as it
is applicable to any genetic locus, and reports fewer false positive
sequence variants than other methods [23]. Data were then filtered to
include barcodes present in a minimum of 5 reads in at least one tissue or
fecal sample, and present in the inoculum in at least 2 reads. An average of
2062 unique barcodes were confirmed in the library. Nb, allele frequency,
genetic relatedness, and directionality index were calculated using
previously described formulas [18, 24, 25], substituting individual barcodes
as alleles as described [5]. Generation time (g) was set to 1 for all
calculations. Calculated Nb values were corrected using an in vitro
calibration curve (IVCC; Supplemental Materials and Data) and plotted as
Nb'. In directionality index calculations, the number of unique inoculated
barcodes was used to determine population size (n).

Bacterial growth and survival at gastric pH

Bacterial growth was assessed over 20 h by diluting an overnight culture
1:200 in LB adjusted to neutral pH 7 or gastric pH 3.5. Cultures were grown
at 37 °C with agitation and ODgq readings were taken every 10 min in a
Synergy H1 plate reader (Biotek). Bacterial survival at gastric pH 3.5 was
assessed by inoculating C. rodentium from overnight culture 1:50 into LB
adjusted to neutral pH (pH 7 control) or gastric pH. At 30 min intervals
bacteria were washed and resuspended in PBS before dilution and plating
on neutral LB agar to determine viability. Time points were chosen to
reflect average reported gastric emptying times of 30-120 min [26].

Statistical analysis

Statistical analysis was performed in GraphPad Prism (www.graphpad.com).
All statistical tests used are described in the figure legends. Unless otherwise
stated, analysis of non-normally distributed data was performed using Mann-
Whitney tests to compare two groups and Friedman tests for more than two
groups with Dunn’s multiple comparisons test. Unless otherwise stated,
analysis of normally distributed data was performed using two-way ANOVA
with Dunnett’s multiple comparisons test, or a Mixed-effects analysis with
Holm-Sidak’s multiple comparisons test. Aggregate results represent the
mean + SD, and statistical significance is represented by *p < 0.05, **p < 0.01,
**¥p<0.001 and ****p<0.0001. Spearman correlation analysis between
variables was performed in Graphpad Prism (p- and rho- values representing
Spearman correlation values; lines representing linear regression +95%
confidence intervals). Non-metric Multi-Dimensional Scaling (NMDS) plots
were created by calculating the Bray-Curtis distance matrix using phyloseq
(1.38.0) [27].
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RESULTS

Barcoding C. rodentium provides a robust tool for exploring

population dynamics

To identify and quantify bottleneck events within the mouse gut,
we generated a library of isogenic but uniquely-tagged C. rodentium
DBS100 [17]. Barcodes consisting of 30 random nucleotides were
inserted into the pseudogene figN [21, 28] and the library, with an
average of 2,062 uniquely-tagged lineages, was assessed for fitness.
Individual lineages from the barcoded population showed similar
growth to the WT C. rodentium (Fig. S1B, C). Type lll Secretion (T3S)
assays showed uniform banding patterns across 10 barcoded and
WT C. rodentium strains, indicating similar ability to produce the
T3SS and secrete protein effectors (Fig. S1D). In vivo colonization
during single-strain infections resulted in no significant differences
in fecal shedding, intestinal, and systemic bacterial load (Fig. S1E, F)
and, in direct in vivo competition with the WT strain, average
competitive index values (cecum = 1.09; colon =0.98; spleen =
1.12; Fig. S1G) indicated no significant fitness defects. The barcode
insert was also found to be stable both in vitro and in vivo (Fig. S2).
Altogether, these data indicate that the flgN barcode insert does not
affect bacterial fitness.

Sequencing of the barcode inserts within the bacterial
population allowed us to calculate estimated population size
(Nb), representing the number of unique founders in a given
sample. To calibrate the Nb values determined from barcode
sequencing back to recoverable bacterial load (as determined by
CFU), an in vitro calibration curve (IVCC) was created. Here we
imposed artificial bottlenecks through serial dilutions for both
plating and sequencing analysis [17]. We found a strong
correlation between CFU and Nb, allowing for the calculation of
a corrected population size (Nb’), or bottleneck size, with a high
degree of accuracy for Nb values of up to ~10* using the standard
curve (R*=099; Fig. S3). As such, we concluded that this
barcoded library is an appropriate tool for measuring C. rodentium
population size across Gl sites.

Bottleneck events occur during C. rodentium colonization

Studies monitoring fecal shedding and gut colonization during C.
rodentium infection of mice hint that severe bottlenecks occur
early during infection, restricting the number of bacteria able to
colonize the Gl tract, and reducing the genetic diversity of the
invading population [29-32]. To establish the presence of bottle-
neck events during C. rodentium infection, we infected mice with
the barcoded library by oral gavage and plated their feces daily
post-infection (p.i.) to enumerate CFU burden and founding

population size. Patterns of C. rodentium fecal shedding indicate a
potential bottleneck event. We observed high shedding of viable
bacteria at 4 h post-infection, the average Gl transit time in adult
C57BL/6J mice as determined using Carmine Red (data not
shown); this is followed by low-level shedding by remaining C.
rodentium (days 2-4 p..), and expansion of this successfully
colonizing population (days 6-10 p.i.; Fig. 1B). Following plating of
large intestinal tissues p.i. we observed a similar pattern in the
colonization of both the cecum and colon as determined by CFU
burden (Fig. S4). In contrast, while fecal founding population size
(Nb’) mimicked patterns of CFU burden at 4 h and day 1 p.i., this
population did not recover, remaining at low levels throughout
the infection time course (Fig. 1B). We propose a model in which
much of the inoculating population flushes through the gut
without colonizing, followed by low-level colonization by success-
ful bacteria, and their later expansion to peak infection (Fig. 1B).
Together, this evidence indicates that C. rodentium encounters
bottlenecks during host colonization, enabling further STAMP
analysis.

Limited founding populations of C. rodentium succeed in
seeding the Gl tract

To characterize the population dynamics of C. rodentium within a
murine host, we chose to investigate early- and peak-infection
timepoints (day 3 and 7 p.i. respectively), sectioning the Gl tract
into 10 regions for collection, along with the liver and spleen
(Fig. 2A). At day 3, C. rodentium was reliably found to colonize the
large intestine (LI; cecum-colon), colonizing the distal cecum
(housing the cecal patch, an area of high C rodentium
colonization) at similar levels to peak infection, while approxi-
mately ten-fold lower in other regions (Fig. 2B) [33]. While some
CFU were detected in the small intestine (SI; proximal duodenum-
distal ileum), colonization was variable (Fig. S5). At day 7, CFU
were detected in all Gl regions, including the upper SI where C.
rodentium colonization has not been well-characterized (Fig. 2C).
Colonization across upper S| sites was similar from the proximal
duodenum to proximal ileum, at roughly 100-fold lower than the
LI, increasing in the distal ileum. As previously described [33], C.
rodentium CFU burden is highest in the distal cecum and the distal
colon towards the rectum. Immediately following the cecum we
found that CFU burden decreases at the proximal colon (upper 1/
34 of the colon). This indicates that small-scale regional
differences exist in pathogen burden across the intestine, even
along the length of the colon, which is understood to be a
preferred niche of C. rodentium.
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barcoded C. rodentium DBS100 of otherwise equal fitness. Mice are inoculated with the library by oral gavage and samples are taken at early-
(day 3) and peak- (day 7) infection timepoints, in addition to fecal samples taken daily post-infection (p.i.). Samples are homogenized and
plated in their entirety for enumeration of colony forming units (CFU) before collection and sequencing of barcode regions on a MiSeq
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To quantify C. rodentium population size across host tissues, we
sequenced the barcodes within regional populations at 3- and
7-days post-infection. Despite an inoculating population of
2000+ unique barcodes, a founding population of only 1-385
individual lineages was found at each site in the Gl tract,
regardless of time post-infection (Fig. 2D, E), and all Gl sites had
a similar average Nb’ (day 3 = 15.76; day 7 = 36.74) regardless of
pathogen burden, even at established niches of C. rodentium. Both
the Nb’ and CFU values showed a high degree of variation
between mice. Indeed, despite initial similarity at 4h p.i., non-
metric multi-dimensional scaling (NMDS) analysis of sequenced
samples revealed clustering by mouse, indicating stochastic
colonization of individuals by different barcode lineages (Fig. 2F).
Spearman correlation between Nb’ values and C. rodentium
burden showed a significant positive correlation at day 3
(rho=0.705, p=<0.0001), but no correlation at day 7 p.i.
(rho=0.12, p=0.35; Fig. S5). The loss of relationship between
Nb’ and CFU by peak-infection indicates both a saturation of the
gut environment, and a loss of diversity within the infecting
population over time. Together, these data reveal a significant
founder effect during C. rodentium infection of the mouse Gl tract,
with only a small portion of the initial population ultimately
contributing to infection.

Diversity within the infecting population is lost during early
infection

Given the low population size across the gut, it is clear that a
significant loss of diversity occurs during infection, and so we
aimed to determine when this loss occurs. We first plotted the
number of reads per barcode within individual mice over time.

The ISME Journal (2023) 17:36 -46

While there was a high number of barcodes shed at 4h p.i,
representing the population of C. rodentium flushing through
immediately after gavage, we found that most of these barcodes
were lost by day 1 p.i, and were not represented in the Gl tissues
at day 7 (Fig. 3A). Alpha diversity measurements confirm a
significant loss of diversity between fecal populations at 4 h and
day 1 p.i. (Fig. 3B). As the diversity of the shed C. rodentium
population likely mirrors events within the gut, these data indicate
that a severe bottleneck event occurs within one day of gavage.

To investigate compositional differences between founding
populations across the gut, we used barcode sequencing data to
determine the relatedness of regional C. rodentium populations
within a single animal infection. Relatedness is measured as chord
distance (Dch), which compares the relative frequency of
individual barcodes between samples; populations with low Dch
values share more similar frequencies of the same barcodes and
are considered more closely related [17, 18]. In the study of
mammalian populations Dch values >0.2 have been considered as
distinct populations. Though an equivalent cut-off has not been
established for bacterial populations, y = 0.2 has been indicated as
a reference point in subsequent figures. We investigated Dch
between fecal C. rodentium populations shed on sequential days
p.i. (Fig. S6). While Dch values were initially high between shed
populations, they reached a high degree of relatedness by day 2
p.i., again suggesting dynamic changes to the infecting population
within the first two days.

Next, we wanted to investigate both the diversity and
relatedness of C. rodentium populations across the gut. At day 7
p.i. we found a trend towards increased Shannon diversity in the
proximal cecum to mid colon regions, as compared to both the
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barcode in a representative mouse at 4 h, day 1, day 6, and in the distal colon at day 7 p.i., demonstrating that barcode diversity is lost during
early infection. B Shannon alpha diversity within the shed fecal population over time. Statistics represent a Mixed-effects model with Geisser-
Greenhouse correction and Dunnett’s multiple comparisons test (N =9-16). C Shannon alpha diversity across intestinal sites at day 7 p.i.
D Heat map showing the mean chord distance (Dch), a measure of genetic relatedness, between of all intestinal samples at day 7 p.i., where
Dch values greater than 0.2 indicate that populations are distinct (N =5-6). E Relatedness of the duodenal sites compared to key tissue
regions (N =11). Statistics represent a Friedman test with Dunn’s multiple comparisons test. F Directionality index calculations between
intestinal tissues at day 7 p.i. and C. rodentium shed daily in the feces, where negative (blue) values indicate that population 1 is closer to the
input population compared to population 2, and positive (red) values indicate that population 1 is farther from the input population.
G Directionality index () calculations between intestinal tissues at day 3 p.i. (population 1 - population 2), where negative (blue) values
indicate that population 1 is closer to the input population compared to population 2, and positive (red) values indicate that population 1 is
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small intestine and distal colon (Fig. 3C). We also investigated adjacent tissue sections at day 3 p.i. vary in genetic relatedness

chord distance relationships between all tissues at day 7. We
observed a general pattern of relatedness amongst small intestinal
tissues and amongst large intestinal tissues, with separation
between these two groups (Fig. 3D). Indeed, we found that
adjacent tissues were related across sections (<0.2) indicating
movement or exchange of barcodes between sites, with the
exception of the distal ileum-proximal cecum which has an
increased chord distance (Fig. 3D, Fig. S6). While this may suggest
the presence of a bottleneck event upon entry to the large
intestine, overall, we found that regional C. rodentium populations
show a high degree of relatedness. In contrast, we found that
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(Fig. S6), likely because populations are not well-established
during early infection.

Coprophagy is considered a major source of transmission of C.
rodentium between co-housed hosts [2], and may also play a role
in normalizing colonizing populations within the gut. In particular,
seeing little to no colonization of the upper SI at day 3 p.i., we
hypothesized that coprophagy is important in seeding the Sl later
during infection. Comparing the chord distance of the duodenal
samples to key tissue sites (Fig. 3E) revealed a higher degree of
relatedness to all other Sl regions, and to the distal colon. Though
C. rodentium is thought to re-seed the colon from the cecal patch
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region [33], at peak infection we found a higher average Dch
between the distal cecum and all Sl regions, as well as the distal
colon (Fig. S6E, F). These data point to the distal colon as a main
site of shedding, rather than the cecum, determining the
composition of the transmitted population.

To further investigate the possibility of range expansion of C.
rodentium and serial founder effects across intestinal sites, we
calculated the directionality index () [25]. This statistic allows for the
detection of asymmetries in allele, or barcode, frequencies that
result from population expansion. The calculation of ¢ assumes the
loss of rare barcode lineages as expansion occurs, and the
subsequent increase in the frequency of abundant lineages within
the newly expanded population when compared to the original. The
¥ values, which account for differences in the frequency of shared
lineages between two populations, will increase in the direction of
expansion; as a result, a positive  value indicates a likely expansion
from an initial founder population. We found that all ¢ values
comparing intestinal tissues to shed C. rodentium populations over
time were positive, with the greatest expansion when compared to
populations shed at 4 h and 1 day p.i. (Fig. 3F), corresponding to the
significant loss of diversity which occurs at this time. Within the gut,
the ¢ values of small intestinal tissues at day 3 p.i. were positive as
compared to large intestinal tissues, indicating further expansion
from the starting population, and supporting the hypothesis that the
small intestine is seeded later during infection through coprophagy
(Fig. 3G).

Lumenal and mucosal subpopulations are closely related

C. rodentium exists in the large intestine as both a tissue-adherent
and lumenal population [34]. Considering the apparent exchange
of members between adjacent C. rodentium populations, we
examined dynamics of founders in these two subpopulations by
performing STAMP analysis separately on mucosal and lumenal Gl
populations (Fig. S7A). We hypothesized that colonization of the
mucosa could present a bottleneck and expected to see
differences in both CFU burden and Nb’ between subpopulations
at the same Gl site. We found a non-significant trend towards
higher CFU in the lumenal population compared to corresponding
mucosal populations, in the colon at day 3 and in all sections
downstream of the jejunum at day 7 p.i. (Fig. S7B, C). However,
barcode sequencing showed no difference in Nb’ values between
lumenal and mucosal subpopulations (Fig. S7D, E). Instead, we
found a strong positive correlation between lumenal and mucosal
Nb’, as well as CFU burdens across sites (Fig. S7F, G). These data
indicate a strong relationship between mucosal and lumenal
populations such that restrictions to one subpopulation may
influence the other.

We next calculated chord distance to measure the genetic
relatedness between mucosal and lumenal subpopulations.
Genetic relatedness of adjacent mucosal populations show that
regions are more distinct at day 3 compared to day 7 p.i
(Fig. S7H). Adjacent lumenal populations in the small intestine
were all highly related to each other, suggesting bacterial
movement between regions (Fig. S7I). By comparing the mucosal
and lumenal populations at each site, we found that the proximal
and distal colon had the lowest Dch values, indicating that these
may be possible sites of either increased shedding of the mucosal
population or increased mucosal seeding by the lumenal
population (Fig. S7J). These data indicate a high amount of
relatedness between C. rodentium populations in the mucosa,
intimate to the epithelial layer, and in the intestinal lumen.

Escape to systemic circulation represents a major barrier to
colonization

In our model of C. rodentium infection, only 81.8% of singly
housed mice demonstrated systemic colonization by day 7 p.i.
despite robust intestinal colonization, measured as those mice
with recoverable CFU in the spleen. As intestinal colonization did
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not guarantee systemic colonization, bottlenecks likely exist to
systemic spread. To determine whether escape from the GI tract
represents a bottleneck to systemic infection by C. rodentium, we
collected spleens (N=10) and livers (N=6) for CFU and
sequencing analysis. Mice with detectable spleen CFU always
had colonized livers, while the reverse was not true, suggesting
the liver and spleen are colonized sequentially (Fig. 4A). Despite
this, Nb’ was similar across organs (Fig. 4B). We found that one
barcode lineage represented 36-99% of the bacterial populations
in the spleen and liver in all mice sequenced (Fig. 4C, D), with
dominant barcodes matching in both systemic organs (Fig. 4E).
The dominating barcode was different in each mouse, confirming
this was due to priority effects rather than a pre-existing fitness
advantage by any one barcoded lineage. Per mouse, systemic and
intestinal Nb’ was also similar, with a strong positive correlation
between intestinal and spleen Nb’ (Fig. 4F).

While dominant systemic barcodes were found across all gut
regions, spleen and liver populations showed a higher degree of
relatedness to small intestinal and distal colon populations
(Fig. 4G). Considering the sequential colonization of liver and
spleen, C. rodentium may exit the gut through the portal
circulation, which drains from the Sl and LI, as well as through a
“leaky” colon resulting from intestinal damage, followed by
entrance to the systemic circulation and subsequent spleen
colonization. C. rodentium was not detected in the gall bladder
(data not shown) and therefore cannot re-enter the Gl tract
through the bile. To investigate this further we calculated
directionality index, which indicates that liver populations are
founded earlier than spleen populations (a positive ¢ value when
comparing spleen to liver and a negative g value when comparing
liver to spleen; Fig. 4H). We further found that liver populations
were more distant from the expansion origin compared to various
tissue sites in both the small and large intestines, supporting the
possibility of spread through the portal circulation (Fig. 4H).
Together, these data indicate that clonal expansion occurs during
colonization of extra-intestinal sites, possibly due to chance
escape of the Gl tract through the portal circulation during early
infection.

Gastric acid is a major early bottleneck to C. rodentium
colonization

We have established that most diversity of colonizing bacterial
lineages is lost within one day post-infection. Next, we wanted to
identify the bottleneck event responsible. We hypothesized that
passage through the acidic stomach environment is a major
barrier to infection. Indeed, Dch values ~0.8 between the
inoculum and intestinal populations at both timepoints indicate
the populations are highly divergent (Fig. S8A). While viable C.
rodentium shed at 4h p.i. retains relatedness to the inoculum
(mean Dch = 0.16), considering the short timeframe this may still
indicate a large extinction event (Fig. S8B). These observations
indicate an early stress experience by C. rodentium that results in a
dramatic bottleneck immediately upon infection, which could be
due to low stomach pH.

Stomach acid is a significant barrier to enteric infection
[22, 35, 36]. We found that C. rodentium does not grow in LB at
pH 3.5, representing the average gastric pH in mice (Fig. 5A) [37].
Plating after exposure to pH 3.5 revealed that over half (53.1%) of
the C. rodentium population dies after a range of 30-120 min (the
lower and upper limits of gastric emptying time) (Fig. 5B) [26]. The
0-minute control (inoculation into LB pH 3.5 before immediate
processing) further shows that most cell death occurs upon
immediate exposure to low pH, while processing after subculture
at a neutral control pH did not result in significant death.
Therefore, while C. rodentium is tolerant of gastric pH, a large
portion of the population may die before reaching the intestines.

To determine how removing the stomach acid barrier affects
downstream population dynamics of C. rodentium, we increased
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gastric pH of the mice via pre-treatment with either sodium
bicarbonate or the proton pump inhibitor Lansoprazole before C.
rodentium infection [22, 38]. Both interventions effectively increased
gastric pH (Fig. 5C). Although antacid pre-treatment did not
significantly alter intestinal CFU counts (Fig. 5D, E; Fig. S8C, D), the
Nb’ was increased at peak infection across all Gl regions, with up to a
6.8-fold increase at day 7 in response to Lansoprazole in the lumenal
populations of the upper Sl, from the proximal duodenum to the
proximal ileum (Fig. 5F, G). These data indicate that low stomach pH
represents a major early bottleneck to C. rodentium colonization.

Widening intestinal colonization bottlenecks may alter
systemic spread and overall disease susceptibility

Next, we sought to determine whether manipulating intestinal
founding population size had additional consequences to down-
stream infection. Compared to 81.8% in untreated controls, 100% of
colonized mice pre-treated with Lansoprazole exhibited spleen
colonization (Fig. 6A), with a modest increase also observed in
response to sodium bicarbonate pre-treatment, indicating that
systemic spread may be affected by increasing intestinal Nb’. While
CFU burdens in the spleen and liver were not affected by either
antacid pre-treatment (Fig. 6B), Lansoprazole significantly increased
systemic Nb’ (Fig. 6C). While the genetic relatedness between the
spleen and liver of untreated mice was high (mean Dch=0.12),
chord distance values increased in both antacid treatments (Fig. 6D),
indicating a difference in community composition. Indeed, in
sodium bicarbonate pre-treated mice, barcodes within the liver
populations were more evenly spread across colonizing barcodes,
while the spleen population remained restrictive (Fig. 6E). This was
reflected in changes to Dch values between the systemic and
intestinal regions of antacid-treated mice (Fig. 6F-G). As antacid pre-
treated mice were found to have higher colon weights than
untreated mice, indicating increased tissue hyperplasia, loss of
epithelial barrier integrity may allow for increased Gl escape and an
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increased diversity of barcode lineages in the liver, though an
additional bottleneck may exist to further colonization of the spleen.
This is supported by a positive trend (rho = 0.55, p = 0.055) between
liver-spleen Dch and colon weight (Fig. 6H-1).

Given these changes to intestinal Nb’ and systemic colonization,
we investigated whether antacid pre-treatment could increase
overall host susceptibility to enteric infection. While singly housed
untreated mice developed robust C. rodentium infection at an
average rate of 53.6%, antacid pre-treatment increased this
infection rate to 70% (Fig. 6J). Manipulating natural bottlenecks,
such as acidity of the stomach, may therefore increase host
susceptibility to infection. To test this further, susceptible C3H/HelJ
mice were pre-treated with antacids before infection with a low
infectious dose of C. rodentium [39]. We found that antacid pre-
treated mice displayed increased morbidity and mortality
compared to untreated animals, significantly in the
Lansoprazole-treated group (Fig. 6K). These data indicate that
manipulating early barriers to infection can have downstream
consequences on host colonization and disease progression.

DISCUSSION

STAMP allowed us to make several key observations about
population dynamics during C. rodentium infection. The most
striking is the small founding population size of C. rodentium
across the Gl tract, with an average of ~50 individually barcoded
bacteria across any site or timepoint, indicating a severe restriction
to the genetic diversity. Even areas of high C. rodentium density,
such as the cecal patch and rectal regions, demonstrate a highly
restrictive Nb’, suggesting they may be competitive for initial
colonization while favouring the expansion of successful coloni-
zers. This finding was in stark contrast to the reported population
sizes of up to 10° individuals of enteric pathogen V. cholerae which
also expresses a T3SS [17], and instead more similar to intracellular
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pathogen L. monocytogenes [19]. This is an intriguing result
considering that C. rodentium is a natural murine pathogen,
expected to be adapted for colonization of the mouse gut [17, 19].

Interestingly, we noted differences in Nb’ values at the same
site between individual mice (Fig. 2). This may indicate that the
carrying capacity for C. rodentium differs between individuals,
even between those of the same genetic background [19]. For
example, subtle differences between hosts, such as differences in
host metabolism, have been shown to impact colonization [39].
Individual differences coupled with stochasticity of colonization
may explain the inherent variability found in the infection model,
with a dramatic decrease in colonization rate from 100% in co-
housed animals to only 53.7% upon single-housing (Fig. 6J).

Despite differences in Nb’ values between mice, by peak-infection
C. rodentium CFU burdens were the same, even after dramatic
changes to Nb’ following antacid-treatment (Fig. S5C, Fig. 5D, E).
These data indicate a saturation of the gut environment by peak-
infection.

We found that exit from the Gl tract represents a significant
bottleneck to systemic dissemination of C. rodentium. Spleen and
liver populations were dominated by 1-2 barcode lineages,
despite a high systemic Nb/, suggesting that colonization of
systemic organs occurs by chance escape of the GI tract early
during infection, allowing for clonal expansion before the host
becomes overwhelmed at peak infection and additional barcodes
enter the systemic circulation (Fig. 4). However, further studies are
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necessary to rule out within-host adaptation by members of the

(Fig. 5). Gastric pH is therefore a substantial barrier to enteric
infecting population that facilitate systemic colonization. Another

colonization, from which C. rodentium must quickly recover to

substantial bottleneck event was identified in the stomach. Enteric
pathogens require acid tolerance to survive low gastric pH; EPEC
has been demonstrated to tolerate simulated gastric fluid [36],
whereas 20-80% of ingested EHEC may be lost in the gastric fluid
[35]. We demonstrated that average gastric pH completely inhibits
C. rodentium growth, and while recovery from this dormant state is
possible after removal from low pH, almost half of the population
was unable to survive the upper limits of gastric emptying time
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prevent being flushed through the GI tract and lost.

By increasing gastric pH we demonstrated how manipulating
individual barriers can alter the course of infection, with an
expansion of Nb’ across all intestinal sites compared to untreated
mice (Fig. 5). Significantly, through infection of susceptible C3H/He)J
mice, we demonstrated that removal of early-infection barriers can
increase host susceptibility, morbidity, and mortality (Fig. 6). Sodium
bicarbonate pre-treatment, administered locally 30 min before C.
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rodentium gavage, represents a temporary reduction in gastric pH,
while prolonged Lansoprazole exposure represents continual
prescription administration. It is notable that the largest differences
in population size and disease susceptibility were demonstrated in
the context of this prolonged PPl administration, which allows for
potential additional temporal effects on the host environment [22].
These data are relevant to human health outcomes as a human
case-control study identified patient use of PPIs as a major risk factor
for infection by Enterobacteriaceae [40]. Gastric acid suppressants are
over-used both inside and outside of hospital settings [41]; between
40-60% of acute hospital inpatients are prescribed PPIs, of which
Lansoprazole is one of the most common [41]. Our study shows that
gastric acid suppressants may eliminate at least one critical early
barrier to enteric infection. In the case of hospital inpatients,
increasing gastric pH may therefore further predispose an already
vulnerable population to hospital-acquired infection. As gastric pH is
a significant barrier to even well-adapted pathogens such as C
rodentium, it may similarly prevent the effective colonization of
beneficial microbes. It is currently unclear how efficiently commer-
cial probiotic strains colonize the human gastrointestinal tract,
though studies suggest their colonization to be largely transient,
relying on the continual administration of strains to produce
beneficial effects [42]. This is likely due to significant bottlenecks to
niche establishment, which could be mitigated through the further
study of bottlenecks during host colonization. It may be that a
combination of encapsulation or neutralization of gastric acid could
promote the maintenance of beneficial microbial communities upon
administration.

In summary, our analysis of population dynamics during C.
rodentium infection demonstrates how restrictive initial Gl
colonization is, and places further emphasis on the need for
bacterial pathogens to sense and respond rapidly to their
changing surroundings as they traverse the gut to establish their
niche. Early infection events are important to determine the
diversity and number of initial founders, with potential down-
stream consequences on infection outcome. We have demon-
strated that bottlenecks result in stochastic colonization at the
individual level, eliminating lineages regardless of fitness. It
follows that, during natural infection by a non-uniform pathogen
population under selective environmental pressure, bottlenecks
could create selective sweeps that enrich for individuals with
increased fitness. This suggests that adaptive mutations, for
instance that increase virulence or antibiotic resistance, could be
rapidly fixed in a population within the host gastrointestinal
environment, and transmitted to new hosts. At the population
level, this means that bottlenecks have important epidemiological
impacts such as on the rate of horizontal gene transfer and
acquisition of drug resistance genes, impacting the diversity of
infection outbreaks and enriching adaptive mutations within the
population [5]. As such, understanding the effects of bottlenecks
on a genetically non-uniform population could greatly inform
evolution of pathogen virulence or even adaptation to new hosts.

DATA AVAILABILITY

The datasets generated during the current study are available in the NCBI Sequence
Read Archive (SRA) under BioProject ID PRINA810564.
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