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Listeria monocytogenes is a common food-borne pathogen that
can disseminate from the intestine and infect multiple organs.
Here, we used sequence tag-based analysis of microbial populations
(STAMP) to investigate L.monocytogenes population dynamics dur-
ing infection. We created a genetically barcoded library of muri-
nized L. monocytogenes and then used deep sequencing to track
the pathogen’s dissemination routes and quantify its founding pop-
ulation (Nb) sizes in different organs. We found that the pathogen
disseminates from the gastrointestinal tract to distal sites through
multiple independent routes and that Nb sizes vary greatly among
tissues, indicative of diverse host barriers to infection. Unexpectedly,
comparative analyses of sequence tags revealed that fecally ex-
creted organisms are largely derived from the very small number
of L. monocytogenes cells that colonize the gallbladder. Immune
depletion studies suggest that distinct innate immune cells restrict
the pathogen’s capacity to establish replicative niches in the spleen
and liver. Finally, studies in germ-free mice suggest that the micro-
biota plays a critical role in the development of the splenic, but not
the hepatic, barriers that prevent L. monocytogenes from seeding
these organs. Collectively, these observations illustrate the potency
of the STAMP approach to decipher the impact of host factors on
population dynamics of pathogens during infection.
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Some pathogens are able to disseminate from their sites of
inoculation to reach distant organs and proliferate to high

numbers. During dissemination, pathogens must circumvent host
defense mechanisms that restrict access to niches permissive for
pathogen replication, which constitute “bottlenecks” constraining
pathogen establishment. Understanding pathogen dissemination
routes and the extent, timing, and nature of host bottlenecks pro-
vides valuable understanding of host–pathogen interactions but can
be challenging to investigate experimentally (1). Although dis-
semination routes and population bottlenecks can, in principle, be
determined by meticulous counting of the number of organisms at
multiple sites over time, obtaining sufficient spatial and temporal
resolution for such studies is often not possible.
Experimental approaches that rely on inoculation of a pop-

ulation of distinguishable, rather than clonal, organisms have
been developed to facilitate quantification of population bottle-
necks (2–7). Sequence tag-based analysis of microbial pop-
ulations (STAMP) (8) uses organisms that can be distinguished
based on short-sequence barcodes integrated at a neutral position
within their genome [also known as wild-type (wt) isogenic tags].
Barcoded organisms from infected animals are enumerated
through deep sequencing, and STAMP combines this information
with a mathematical framework from classical population ge-
netics to quantify the founding population (Nb) at each infected
site (i.e., the number of organisms that survive host bottlenecks
and contribute to subsequent population expansion). STAMP en-
ables determination of the Nb with high accuracy and over a wide

dynamic range, and the STAMP tags enable assessment of the
relatedness among pathogen populations at different sampling sites.
Listeria monocytogenes is a gram-positive, food-borne patho-

gen that can spread from the gastrointestinal (GI) tract, where it
can cause gastroenteritis, to distal sites, including the spleen,
liver, gallbladder (GB), brain, and placenta, which can result in
meningitis, septic abortion, and other manifestations of systemic
infection (9–12). A variety of pathogen factors that enable the
organism to grow within host cells and to spread from cell to cell
have been identified; additionally, studies of host–pathogen in-
teractions have yielded considerable insight into the host re-
sponse to L. monocytogenes (13–17). However, there is relatively
little knowledge of L. monocytogenes population dynamics during
infection. Portnoy and coworkers (7) and Bakardjiev et al. (10)
studied orogastrically infected guinea pigs to identify routes by
which L. monocytogenes disseminates from the intestine to the
liver, mesenteric lymph nodes (MLNs), and spleen, and they
have characterized how L. monocytogenes traffics between ma-
ternal organs and the placenta (7, 10). However, none of these
studies measured Nb sizes in these organs.
Here, we used STAMP to map L. monocytogenes dissemina-

tion routes and quantify Nb sizes following orogastric (OG) and
i.v. inoculation of mice. For both infection protocols, we found
that Nb size was highest for the liver and spleen, suggesting that a
subset of the OG inoculum escapes from the GI tract before
constriction of the L. monocytogenes Nb there. A markedly lower
number of founders gave rise to the L. monocytogenes populations
in the GB. Unexpectedly, comparative analyses of sequence tags
revealed that this organ is the principal source for fecally ex-
creted L. monocytogenes. Moreover, using immune depletion and
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germ-free (GF) mice, we show the potency of the STAMP ap-
proach for investigating the impact of host factors on pathogen
population dynamics.

Results
L. monocytogenes Nb Sizes Vary Among Different Organs. A library
of barcoded but otherwise isogenic L. monocytogenes strains was
constructed to enable quantitation of the bottlenecks the pathogen
confronts within different tissues during infection and to track its
dissemination through the body. Each of the strains in the library
harbors 1 of 200 unique short (∼30 bp) sequence tags inserted into
a neutral site (18) on the chromosome. The in vitro growth kinetics
of a subset of the tagged strains were indistinguishable from the
in vitro growth kinetics of the untagged wt strain (Fig. S1A),
strongly suggesting that the barcodes do not influence L. mono-
cytogenes growth. Based on mathematical modeling, this number of
barcodes is sufficient to determineNb sizes as great as 10

5 with high
accuracy (8). Moreover, we experimentally established that we
could measure Nb sizes over a wide range with this library using
STAMP by comparing the frequencies of tags in an inoculum with
the frequencies recovered after exposure to distinct bottlenecks.
We plated defined fractions of an in vitro culture of the library
(i.e., imposed population bottlenecks) and compared the number
of colony-forming units (CFUs) observed on the plates with the
calculated number of founders ascertained using STAMP (Fig.
S1B). There was an excellent correlation between these values (R2 =
0.98) over a range of at least four orders of magnitude (Fig. S1B),
indicating that this library could be used to estimate bottleneck sizes
ranging from as low as three cells to as high as 5 × 105 cells.
The barcoded library was created in L. monocytogenes 10403S

InlAm, a so-called “murinized” version of a human clinical isolate.
This strain expresses a variant of InlA, a surface protein critical for
invasion of intestinal epithelial cells, which interacts more effi-
ciently with the murine rather than the human E-cadherin re-
ceptor (19). OG inoculation of 10403S InlAm into adult mice
results in a disease that mimics human food-borne listerosis, with
dissemination of the pathogen from the GI tract, although large
inocula are required (19). Consistent with previous reports, 72 h
after BALB/c mice were orogastrically inoculated with the bar-
coded library (3 × 109 CFUs per mouse), all mice exhibited signs
of infection (e.g., ruffled fur, reduced activity) and the pathogen
could be isolated from the small intestine (SI), colon, and feces as
well as from sites beyond the GI tract, such as the MLNs, liver,
spleen, and GB (Fig. 1A). L. monocytogenes was isolated from the
blood and brain as well (Fig. 1A), but there was greater variability
in the recovery of the pathogen from the latter two tissues than
from other sites. The number of CFUs recovered from brain
samples was highly correlated with CFU numbers from blood
samples (R2 = 0.81), consistent with the model that blood-borne
organisms seed the brain.
We enumerated CFUs recovered from each of these sites and

estimated the size of the Nb by comparing the frequencies of tags
in the inoculum with the frequencies in organisms recovered from
the different samples (yielding Nb) and adjusting it with the cali-
bration curve (yielding Nb′) (8). In general, similar numbers of
L. monocytogenes CFUs were recovered from the colon, feces,
MLN, spleen, liver, and GB at 3 d postinfection (dpi), with geo-
metric mean values of ∼4 × 106 (Fig. 1A), suggesting that these
sites all have a fairly similar capacity to carry L. monocytogenes. In
contrast, Nb′ values from these samples displayed more variation
(from a mean of 3 in the GB to a mean of 373 in the liver; Fig.
1A), suggesting that the magnitude of host restrictions for estab-
lishing infection in these locations varies. Unexpectedly,Nb′ values
were lower in the GI tract [SI (9) and colon (46)] compared with
inner organs [spleen (205) and liver (373); P < 0.01 for SI vs.
spleen or liver, but values for colon vs. spleen or liver did not reach
statistical significance; Fig. 1A], although the latter sites pre-
sumably are colonized by bacteria initially disseminated from the

GI tract. The fact that Nb′ values for the spleen and liver exceed
Nb′ values for the GI tract suggests that a subset of the inoculum
must have escaped from the GI tract, presumably via the portal
vein, lymphatics, or systemic circulation (7), before restriction of
the population there. The Nb′ values for the SI at 3 dpi pre-
dominantly reflect intracellular L. monocytogenes because they
were similar for tissue treated with gentamicin, which kills extra-
cellular organisms, and untreated SI tissues (Fig. 1A). The fact
that even the largest calculated Nb′ values were at least six orders
of magnitude lower than the inoculum size of 3 × 109 CFUs per
mouse indicates that there is an extremely severe bottleneck for
L. monocytogenes to establish infection in this model; the different
Nb sizes in the tested host tissues reveal that additional tissue-
specific bottlenecks constrain the capacity of L. monocytogenes
to access different host organs.
The lowest Nb′ values were found in the GB. Even though

there was Nb′ ≤ 9 in the GB samples (mean Nb′ = 3, Nb′ range:
1–9), the numbers of L. monocytogenes CFUs recovered from
these samples were comparable to the numbers found in other
tissues (Fig. 1A). Thus, host barriers appear to restrict access of
L. monocytogenes to the GB severely; however, once the path-
ogen reaches this site, presumably by passing through the hepatic
duct and then ascending through the cystic duct, it is capable of
replicating to high densities. The GB is known to be relatively
deficient in its capacity to recruit innate immune effector cells

Fig. 1. Recovered CFU and Nb′ sizes in different tissues following OG or
i.v. inoculation of L. monocytogenes. BALB/c mice were orogastrically in-
oculated with 3 × 109 CFUs of L. monocytogenes (10403S InlAm) (A) or in-
jected i.v. with 6 × 104 CFUs (B). Bacterial loads (CFU, black squares) and Nb

sizes (Nb′, red circles) in different tissues were determined 3 d after OG in-
fection or 2 d after i.v. infection. CFU values are expressed per organ for the
SI, colon, MLN, spleen, liver, GB, and brain; they are expressed per milliliter
for blood and per pellet for feces. Each black square and red circle represents
data from one mouse. Geometric means (horizontal lines) and SD (whiskers)
are shown. SI (Gent−), gentamicin-negative (untreated SI tissues).
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such as neutrophils (20), likely accounting for the high density of
organisms found there. Notably, despite the relatively large Nb′
value observed in the colon (mean = 46), the Nb′ value in the
feces was very low and similar to the Nb′ value in the GB, sug-
gesting that fecal organisms are not principally derived from
intracellular organisms replicating within colonic tissue.
Historically, many studies have used i.v. inoculation of

L. monocytogenes as a model to investigate in vivo pathogen–host
interactions. In contrast to OG inoculation, the i.v. route intro-
duces a high number of bacteria into the blood at the same time. It
bypasses gut barriers that may prevent L. monocytogenes dissemi-
nation, and the pathogen can directly seed the spleen and liver.
We measured Nb′ and CFU values 2 d after i.v. inoculation of 6 ×
104 CFUs. At this dose and time, the mice exhibit similar signs of
disease observed 3 d after OG inoculation. Although Nb′ and CFU
values were generally similar for i.v. and OG inoculation (Fig. 1 A
vs. B), there were some differences dependent upon the route of
inoculation. For example, Nb′ values tended to be higher and less
varied in the spleen and liver after i.v. vs. OG inoculation, con-
sistent with the pathogen’s direct and immediate access to these
organs after i.v. inoculation. Not surprisingly, Nb′ values were also
higher in blood after i.v. injection compared with OG inoculation,
and CFU counts had a lower variance. Similarly, CFU counts re-
covered from brain samples also exhibited lower variance with the
i.v. infection route, consistent with hematogenous seeding of the
brain. The i.v. infection route did not increase the particularly low
Nb′ values that were observed in fecal, GB, and brain samples with
OG inoculation, suggesting that escape from the intestine is not the
primary impediment to colonization of these sites (Fig. 1 A and B).

The GB Is the Reservoir for Fecal Shedding of L. monocytogenes.
Besides enabling calculation of Nb sizes, the sequence tags facili-
tate comparisons of the genetic relatedness among populations
from different samples, which can be calculated by comparing tag
frequencies within populations. The most striking finding from
these analyses was the high degree of genetic relatedness between
populations resident in the GB and the feces after either OG
(3 dpi) or i.v. inoculation, which was far higher than the re-
latedness of GB or fecal populations to populations from any
other tissue (Fig. 2 A and B, respectively, and Fig. S2 A–C). An-
imals were often found to contain the same single predominant
tagged strain in samples from both sites (consistent with the low
Nb′ values for these sites); however, the identity of this tag differed
among mice, indicating that a selective advantage does not ac-
count for a particular strain’s predominance within GB and fecal
samples (Fig. 2C). Notably, there was far less correspondence
between fecal populations and populations within colonic tissue,
and colonic samples were typically not dominated by a single
tagged strain (Fig. 2C). Collectively, these data provide further
support for the idea that L. monocytogenes replicating in-
tracellularly within colonic tissue is not the predominant source of
the pathogen shed in feces; instead, the GB serves as the reservoir
for bacteria likely to be fecally transmitted. The similarity between
the populations in the GB and feces was not as marked 2 d after
OG inoculation, likely because some of the fecal bacteria are still
derived from the inoculum (Fig. 2A and Fig. S3).
Additional pairwise comparisons between L. monocytogenes

populations in samples from different sites showed that the ge-
netic relatedness between samples from different sites was gen-
erally low for animals inoculated by the OG route (Fig. S2A). This
finding suggests that L. monocytogenes may arrive at sites distal
to the GI tract through multiple independent paths, rather than
seeding a primary niche from which bacteria subsequently spread.
These observations are consistent with episodic spread of the
population from the OG inoculum through the portal vein,
and perhaps other routes, to the liver and via lymphatics and
systemic circulation to the MLN and spleen as proposed by
Melton-Witt et al. (7). In contrast, after i.v. inoculation, the

L. monocytogenes recovered from blood, spleen, and liver samples
were all closely related (Fig. 2D), consistent with bacterial in-
jection into the bloodstream and subsequent filtration and se-
questration by the spleen and liver. In animals inoculated by the
OG route, bacterial populations in the liver and spleen tended to
become more related as the bacterial load in the blood increased
(Fig. 2E). However, in the absence of high-grade bacteremia
(bacterial load < 1,000 CFU/mL; Fig. 2E), the samples’ relative
lack of relatedness suggests that they are seeded by independent
processes. These findings suggest a model in which the liver and
spleen are seeded with distinct founders at an early stage of the
infection; subsequently, as the pathogen burden increases, the
blood enables exchange of bacteria between the two organs.
Furthermore, following OG inoculation, it is likely that pathogen
arrival at the liver and spleen is progressive, because Nb′ values
tended to increase from day 2 to day 3 following inoculation (Fig.
1A vs. Fig. S3).
We investigated whether L. monocytogenes chemotaxis and/or

motility modulates the pathogen’s capacity to reach or proliferate
within colonized sites by performing infections with a ΔcheA
L. monocytogenes strain, which is defective in both chemotaxis and
motility (Fig. 3A). Following OG inoculation of mice with the
barcoded ΔcheA mutant, Nb and CFU values from the spleen,
liver, and GB samples were very similar to the values obtained
with inoculation of the wt strain (Fig. 1A vs. 3B). Furthermore,
when the barcoded ΔcheA and wt libraries were coinoculated
orogastrically, the ΔcheA mutant was found to have a competitive
index of ∼1 relative to the wt strain (i.e., no colonization deficit)
(Fig. 3C), and ΔcheA and wt strains were equally likely to be the
dominant strain isolated from GB samples (Fig. 3D). Together,
these observations all suggest that neither chemotaxis nor motility
modulates the capacity of L. monocytogenes to reach or colonize
the GB, liver, spleen, and MLN.

Fig. 2. Genetic relatedness of L. monocytogenes populations isolated from
different tissues. Genetic relatedness of L. monocytogenes populations in
the indicated samples 48 h and/or 72 h after OG inoculation (A) and 48 h
after i.v. inoculation (B and D). (C) Relative frequencies of barcodes in the
GB, feces, and colon of two representative mice. (E) Correlation between the
L. monocytogenes burden in the blood (x axis) and the genetic relatedness
of L. monocytogenes populations in the spleen and liver (y axis) 48 and 72 h
after OG inoculation of mice. The Pearson correlation coefficient value was
used to quantify correlation. Each open circle in A, B, D, and E represents
data from one mouse.
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Different Host Innate Immune Factors Contribute to Restricting
L. monocytogenes Nb Sizes in the Spleen and Liver. To begin to ex-
plore the host factors that control L. monocytogenes Nb sizes in
various tissues, we treated mice with antibodies against compo-
nents of the innate immune response before inoculation of the
pathogen. Inoculation via the i.v. route, which is known to deliver
an initial synchronous bolus of the pathogen to the liver (∼80% of
inoculum) and spleen (∼20% of inoculum) (21), was used for
these experiments because this infection route has been used for
similar immune depletion studies in the past (22). Prior studies
have established that after i.v. inoculation, there are two stages of
L. monocytogenes growth in the spleen and liver: a lag phase (first
6 h), followed by an exponential expansion phase (21). During
the lag phase, there is no net proliferation of the pathogen in the
spleen, whereas in the liver, there is a net reduction in the
L. monocytogenes cells during this stage (23). Most (∼80%) of
the L. monocytogenes cells that reach the liver are thought to be
captured and subsequently inactivated by Kupffer cells during the
lag phase, whereas the remaining L. monocytogenes cells enter
hepatocytes, where they can replicate (23–25).
Mice were treated with an antibody to Gr-1, which is expressed

on myelomonocytic cells (MMCs), including neutrophils and
monocytes, at doses known to deplete cells bearing this marker
(26). This treatment leads to an accelerated course of disease (22);
therefore, tissue samples for analyses were obtained 24 h after
infection. Consistent with previous reports, more L. monocytogenes
CFUs were recovered from the spleen and liver (22), as well as
from the GB of anti–Gr-1–treated mice, than from control animals
(Fig. 4A). The Nb′ values were also elevated in the spleen and GB
(Fig. 4A), suggesting that Gr-1–bearing cells (or some process that
requires these cells) restrict the size of the Nb′ in these two organs

and likely restrain the pathogen’s subsequent replication in these
sites as well. In the spleen, Nb′ values in anti–Gr-1–treated animals
were elevated to values that are close to the predicted fraction of
the inoculum initially captured by this organ (∼20% of the in-
oculum), suggesting that the anti–Gr-1 treatment ablated the
spleen’s capacity to hinder L. monocytogenes in establishing a
replicative niche. In contrast, Nb′ values in the livers of control and
anti–Gr-1–treated mice did not differ, even though ∼60-fold more
L. monocytogenes CFUs were recovered from the livers of treated
mice (Fig. 4A). This discrepancy suggests that MMCs do not play a
major role in modulating L. monocytogenes’ initial access to and
establishment within hepatocytes, but that these cells restrict the
subsequent expansion of the L. monocytogenes population, per-
haps by killing L. monocytogenes released from lysed hepatocytes
during the later stage of L. monocytogenes proliferation (21, 23).
Mice were also treated with antibody to TNF-α, a cytokine that

promotes the activity of macrophages (including Kupffer cells in
the liver), monocytes, and neutrophils (27–29). For these experi-
ments, tissue samples were collected 2 d after i.v. inoculation of
L. monocytogenes. Similar to anti–Gr-1–treated mice, the numbers
of L. monocytogenes CFUs recovered from the spleens and livers
of anti–TNF-α–treated mice were elevated compared with control
animals (Fig. 4B). However, in contrast to anti–Gr-1 treatment,
administration of antibody to TNF-α elevated Nb′ values in the
livers, but not in the spleens, of treated mice (Fig. 4B). The ele-
vation of hepatic Nb′ values in response to TNF-α inactivation, but
not in response to anti–Gr-1 treatment, which depletes monocytes
and neutrophils, suggests that the pathogen’s capacity to establish
infection in the liver may be restricted by Kupffer cells. These cells
are known to produce antimicrobial products (e.g., reactive oxygen
species, superoxide) in response to TNF-α stimulation (30), and
their activity is reduced by anti–TNF-α treatment (30). Taken to-
gether, the observations from the antibody depletion experiments
suggest that different innate immune cell types restrict the capacity
of L. monocytogenes to establish infection in the spleen and liver.
In addition to its effect on liver and spleen colonization,

pretreatment with anti–TNF-α mAb significantly increased
the Nb′ values for GBs (Fig. 4B) of mice inoculated i.v. with
L. monocytogenes. However, inactivation of TNF-α did not change
the bacterial burden in the GB (Fig. 4B), suggesting that TNF-α
activity restricts the capacity of L. monocytogenes to access/establish
in this organ but not its subsequent proliferation to 107 CFUs,

Fig. 3. Chemotaxis and motility are not required for L. monocytogenes to
breach intestinal barriers and reach distal infection sites. (A) Motility of wt
(WT) and ΔcheA L. monocytogenes in 0.3% agar plates. (B) CFU and Nb sizes
for the indicated tissues at 3 dpi of mice inoculated orogastrically with 3 ×
109 CFUs of ΔcheA L. monocytogenes. Each black square and red circle
represents data from one mouse. Geometric means (horizontal lines) and SD
(whiskers) are shown. (C) Competitive indexes for the indicated tissues from
mice inoculated orogastrically with a 1:1 mixture of barcoded ΔcheA and wt
L. monocytogenes. Each black circle represents data from one mouse.
(D) Relative frequencies of L. monocytogenes barcodes in the GB of infected
mice; data are from two litters of mice (n = 9) that were infected on dif-
ferent days.

Fig. 4. Modulation of the capacity of L. monocytogenes to establish and
proliferate in the spleen, liver, and GB following treatment with monoclonal
anti–Gr-1 or anti–TNF-α antibodies. Control (Ctrl) and anti–Gr-1 mAb-treated
mice (A) or anti–TNF-α–treated mice (B) were infected i.v. with 6 × 104 CFUs
of L. monocytogenes. CFU (black squares) and Nb′ (red circles) values for the
indicated tissues were determined 1 dpi in the anti–Gr-1–treated mice and
2 dpi in the anti–TNF-α–treated mice. The data are from two litters of mice
(n = 10) that were infected on different days. Each black square and red
circle represents data from one mouse. Geometric means (horizontal lines)
and SEM (whiskers) are shown. The Mann–Whitney test was used to assess
significance: *P < 0.05, **P < 0.01, ***P < 0.001. n.s., no significance.
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which may represent the maximal carrying capacity of the GB for
L. monocytogenes.

Microbiota Augments Splenic but Not Hepatic Barriers to the
Pathogen. The intestinal microbiota can play a direct role in
protecting the host from intestinal pathogens (31). In addition,
the microbiota exerts indirect yet critical influences on pathogen–
host interactions by modulating the development of several host
organ systems, including the innate and adaptive immune systems
(32). We compared L. monocytogenes CFU and Nb′ values from
the spleen, liver, and GB from conventional [specific pathogen-
free (SPF)] and GF Swiss Webster mice following i.v. inoculation
of the pathogen. Elevated CFUs were recovered from the spleens
and livers of GF mice relative to SPF mice, as observed previously
in C57BL/6 mice (33), but no increase was observed in CFUs
recovered from the GB (Fig. 5A). The elevated L. monocytogenes
CFU values in spleens from GF mice were accompanied by ele-
vated Nb′ values in this tissue (Fig. 5A), whereas hepatic GF
samples only showed an increase in CFUs. Thus, the alterations
seen in GF livers and spleens parallel the alterations observed in
anti–Gr-1–treated animals (compare Figs. 4A and 5A), raising the
possibility that the absence of microbiota impairs development of
neutrophils and/or monocytes that are targeted by the anti–Gr-1
treatment. Depletion of gut microbiota by oral administra-
tion of broad-spectrum antibiotics for 17 d, which resulted in a 2 ×
105-fold reduction in amplifiable 16S rRNA sequences in feces,
did not alter splenic or hepatic bacterial loads or Nb′ values (Fig.
5B), consistent with reports that the microbiota must be present
during an early critical period to shape innate immune develop-
ment (34). Previous studies have suggested that the intestinal
microbiota enhances the bactericidal activity of bone marrow-
derived neutrophils (35) and promotes the differentiation of
granulocyte and monocyte progenitors in the bone marrow and
spleen (33), which might underlie the distinct CFU and Nb′ values
we observed for spleens of GF and SPF animals. However, the
similarity of Nb′ values in livers from GF and SPF mice suggests
that the gut microbiota does not markedly shape the capacity of
Kupffer cells or any other hepatic innate immune cells that re-
strict the establishment of L. monocytogenes in the liver. Taken
together, our experiments suggest that the microbiota exerts
distinct roles in the development of splenic and hepatic innate
immune cells.

Discussion
We took advantage of STAMP, using barcoded but otherwise
isogenic L. monocytogenes, to quantify the effects of host barriers
on this food-borne pathogen’s capacity to establish a replicative
niche (i.e., defined Nb) in various host organs following OG or
i.v. inoculation. We found that L. monocytogenes populations with
distinct composition and complexity arise within the spleen, liver,
GB, and other tissues due to organ-specific restrictions imposed
by innate immune factors and the microbiota, as well as by the ex-
istence of multiple dissemination pathways (Fig. S4). The i.v. in-
fection route did not increase the particularly low Nb′ values that
were observed in fecal, GB, and brain samples with OG inoculation,
suggesting that escape from the intestine is not the primary barrier
to colonization of these sites. Surprisingly, Nb′ values in the SI and
colon were similar regardless of the route of inoculation. Thus, the
number of niches available for L. monocytogenes replication in
intestinal tissue does not appear to be primarily determined by the
route (intestinal tract vs. blood) through which the pathogen
reaches these sites. Collectively, our observations illustrate the
power of the STAMP approach to decipher the impact of host
factors on population dynamics of pathogens during infection.
Besides enabling quantification of Nb sizes, STAMP facilitates

comparative analyses of the genetic diversity of populations re-
covered from different host organs. Prior studies by Contag and
coworkers (12) revealed that the GB is routinely colonized in
mice infected with L. monocytogenes, but did not discern the full
ramifications of this finding. Here, by comparing the barcodes of
L. monocytogenes recovered from the GB and feces, we discovered
that the GB is the principal source for L. monocytogenes shed
in the feces. Organisms recovered from the GB and feces usu-
ally contained the same single highly dominant tag, although the
identity of the tag differed among animals. Although fecal-oral
transmission is not an important route of L. monocytogenes
transmission in humans, it is thought to be important in ruminants
in the wild (36). Thus, if the GBs of ruminant animals are colonized
with L. monocytogenes in a pauciclonal manner as we have observed
in mice, then it is likely that pauciclonal fecal-oral transmission of
L. monocytogenes occurs in the wild. With such a restrictive bot-
tleneck limiting transmission of the pathogen, it is likely that genetic
drift is a potent force in shaping L. monocytogenes evolution in the
wild. Furthermore, our findings suggest an unexpected similarity
between L. monocytogenes and Salmonella enterica serotype Typhi,
for which the GB is the reservoir for S. typhi transmitted among
humans (37).
Both MMCs and TNF-responsive cells limit the capacity of

L. monocytogenes to establish a replicative niche in the GB;
however, additional studies are required to define host and
pathogen factors further that account for the profound restriction
of the L. monocytogenes Nb size in this organ. We speculate that a
very small pauciclonal L. monocytogenes population seeds the GB
early in infection and that this population receives unfettered
access to niches in which rapid replication is possible. This initial
Nb′ value may be derived from the first pathogen cells to lyse out
of infected hepatocytes and migrate through the bile to the GB.
Subsequently, after the initial replication of these founders, re-
sources for replication of “late arrivers” to the GB are restricted
and they are at a competitive disadvantage. This scenario, which is
similar to the “priority effect” proposed by Lam andMonack (5) to
explain the clonality of Salmonella enterica serovar Typhimurium
observed during chronic colonization of the murine colon, as-
sumes that there are a relatively finite number of niches optimal
for L. monocytogenes replication in the GB. It is also possible that
the growth of the L. monocytogenes founders in the GB induces
expression of pathogen factors that antagonize growth of the late
arrivers. Further studies to elucidate the molecular mecha-
nisms that account for the highly restricted size of the founding
L. monocytogenes population in the GB are warranted. Indeed,

Fig. 5. Modulation of host barriers to L. monocytogenes infection by the
microbiota. (A) GF and SPF Swiss Webster mice were inoculated i.v. with 6 ×
104 L. monocytogenes CFUs. CFU (black squares) and Nb′ (red circles) values in
the indicated tissues were determined 2 d later. Data are from two litters of
mice (n = 10) that were infected on different days. Each black square and red
circle represents data from one mouse. (B) Antibiotic-treated (Abx) Swiss
Webster mice and nontreated control mice were inoculated i.v. with 6 × 104

L. monocytogenes CFUs. CFU (black squares) and Nb′ (red circles) values in the
indicated tissues were determined 2 d later. Each black square and red circle
represents data from one mouse. Geometric means (horizontal lines) and SEM
or SD (whiskers, A and B, respectively) are shown. The Mann–Whitney test was
used to assess significance: *P < 0.05, **P < 0.01, ***P < 0.001.
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deeper understanding of the L. monocytogenes factors that facili-
tate its replication in the GB could contribute to the creation of
safer live-attenuated L. monocytogenes strains for use as vaccine
vectors and in cancer therapeutics (38).

Materials and Methods
The STAMP protocol used herewas similar to the STAMP protocol described by
Abel et al. (8). For most in vivo studies, 8-wk-old female BALB/c mice were
orogastrically inoculated with 3 × 109 CFUs of barcoded L. monocytogenes
10403S InlAm; 48 h and 72 h after inoculation, animals were euthanized and
organs (proximal SI, colon, MLN, spleen, liver, GB, blood, and brain), as well as
fecal pellets, were collected and homogenized. All of the homogenates/
samples were plated on BHI-streptomycin plates for CFU enumeration and Nb

analysis. For Nb analysis, L. monocytogenes colonies were washed off plates,
genomic DNA was extracted, and the region harboring the 30-bp barcodes
was amplified using primer PLM30 and primer PLM6-P29 (Table S1). The

purified PCR products were combined in equimolar concentrations and se-
quenced on an Illumina MiSeq machine using primer PLM49. Reaper-12–340
was used to discard sequence reads with low quality (≤Q30) and trim the
sequence following the barcode. The trimmed sequences were clustered with
QIIME (version 1.6.0) using pick_otus.py with a sequence similarity threshold
of 0.9. Then, Nb was calculated and adjusted by the calibration curve to yield
Nb′ using an R script (8). Genetic distance was estimated using the Cavalli–
Sforza chord distance method (39) as described by Abel et al. (8). Genetic
relatedness is 1 − genetic distance. The animal protocol used for this study
was reviewed and approved by Harvard Medical Area Standing Committee
on Animals. All methods are described in detail in SI Materials and Methods.
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