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The small intestine is an important site of infection for many enteric bacterial pathogens, and murine
models, including the streptomycin-treated mouse model of infection, are frequently used to study these
infections. The environment of the mouse small intestine and the microbiota with which enteric pathogens
are likely to interact, however, have not been well described. Therefore, we compared the microbiota and the
concentrations of short-chain fatty acids (SCFAs) present in the ileum and cecum of streptomycin-treated mice
and untreated controls. We found that the microbiota in the ileum of untreated mice differed greatly from that
of the cecum of the same mice, primarily among families of the phylum Firmicutes. Upon treatment with
streptomycin, substantial changes in the microbial composition occurred, with a marked loss of population
complexity. Characterization of the metabolic products of the microbiota, the SCFAs, showed that formate was
present in the ileum but low or not detectable in the cecum while butyrate was present in the cecum but not
the ileum. Treatment with streptomycin altered the SCFAs in the cecum, significantly decreasing the concen-
tration of acetate, propionate, and butyrate. In this work, we also characterized the pathology of Salmonella
infection in the ileum. Infection of streptomycin-treated mice with Salmonella was characterized by a significant
increase in the relative and absolute levels of the pathogen and was associated with more severe ileal
inflammation and pathology. Together these results provide a better understanding of the ileal environment in

the mouse and the changes that occur upon streptomycin treatment.

The small intestine serves as the site of colonization and
attachment and the seat of pathogenesis for a number of im-
portant enteric bacterial pathogens of humans and animals.
Among the bacteria that cause diarrheal disease in the small
bowel are Vibrio cholerae, which colonizes the small intestine
and secretes toxins (64), and pathogenic forms of Escherichia
coli, including enteropathogenic E. coli (EPEC), enterotoxi-
genic E. coli (ETEC), and diffusely adherent E. coli (DAEC),
all of which either adhere to or affect enterocytes in the small
intestine (reviewed in reference 42). Yersinia enterocolitica and
Salmonella have also both been shown to preferentially invade
the ileum by targeting the Peyer’s patches (9, 25). All of these
species must thus survive within this region of the intestinal
tract in competition with the resident microbiota and must
there express determinants necessary for virulence. Addition-
ally, the small intestine is an important site for lesions associ-
ated with inflammatory bowel disease (IBD). Although the
causes of IBD are complex and multiple, the microbiota of the
small intestine is thought to be important to disease develop-
ment. It has been alternatively theorized that IBD stems from
an alteration in the host microbiota present, deficiencies in the
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host’s response to and control of the microbiota, or changes in
the function of a particular member of the microbiota (re-
viewed in references 65 and 72), the last of which is supported
by recent findings suggesting a connection between Crohn’s
disease and strains of Escherichia coli termed adherent and
invasive E. coli (5, 19).

The expression of virulence determinants by bacterial patho-
gens often occurs in response to specific environmental cues.
For enteric pathogens including EPEC, ETEC, DAEC, and Y.
enterocolitica, a temperature near 37°C is important for viru-
lence (13, 24, 28, 83). For EPEC, physiological osmolarity,
near-neutral pH, and quorum sensing have all been implicated
in pathogenesis (13, 92). Toxin production and hence virulence
in ETEC are regulated by osmolarity and microaerophilic
conditions (83), while Dr fimbria production in DAEC is
controlled by anaerobic conditions (24). Invasion by Y. en-
terocolitica is controlled by regulation of the expression of
the invasin protein by an acidic pH (28). For Salmonella, low
oxygen, log-phase growth, high osmolarity, and slightly al-
kaline pH have been shown to positively affect expression of
genes necessary for Salmonella invasion in vitro (2, 29, 31, 53,
73). Additionally, our previous work has shown that short-
chain fatty acid (SCFA) concentrations and pH are important
for invasion gene expression. The SCFAs acetate and formate
induce invasion gene expression, while butyrate and propi-
onate repress these same genes at pH levels comparable to
those of the mammalian intestinal tract (38, 52). Furthermore,
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previous in vivo studies have shown an association between
decreased SCFAs and susceptibility to Salmonella infection in
a cecectomized mouse model (87).

Examination of the intestinal environment reveals that en-
teric pathogens are tuned to respond to cues naturally present
in the gut. Host temperature is maintained close to 37°C.
There exists an axial oxygen gradient in the gut, with the lumen
of the small intestine and colon being anaerobic, whereas the
mucosal surface is microaerobic (21). The osmolality of the
small intestine in humans is 250 to 425 mosmol/kg depending
on the location within the small intestine and the state of
digestion (41, 49). In various mammalian species, studies have
shown that the SCFAs acetate and propionate are found in
both the large and small intestine, while butyrate is present
primarily in the cecum and colon and formate is present pri-
marily in the ileum (1, 6, 7, 18, 50, 51, 61, 67). Additionally, it
is thought that the resident microbiota present in the intestinal
tract produces quorum sensing molecules that may be im-
portant for interspecies communication (reviewed in refer-
ence 62).

Much of the environment of the intestinal tract is defined by
the metabolic processes of the bacterial populations that reside
within. There have been several recent comprehensive studies
that reveal the large intestine (the cecum, colon, and feces) of
mice and humans to be inhabited by a diverse population of
bacteria (23, 27, 39, 47, 55, 76, 80, 84). There are 10'* mi-
crobes/gram of contents in the distal intestinal tract, and it is
estimated that there are 500 to 1,000 different species present
(22, 90). Of these species, the majority belong to two phyla, the
Firmicutes and Bacteroidetes, this being true for both mice and
humans (27, 55). Because the intestinal microbiota plays a
critical role in protecting the host against enteric bacterial
pathogens or “colonization resistance” (85), increased under-
standing of the composition of the intestinal microbiota is
essential to defining bacterial pathogenesis. In contrast with
the wealth of information now available regarding the compo-
sition of the large intestine microbiota, relatively little is known
about that of the mouse small intestine. A comprehensive
survey of the microbiota in the human small intestine has been
completed with predominating groups consisting of the Firmi-
cutes (Lachnospiraceae and Bacillus) and the Bacteroidetes
(30). However, studies with mice consist of a limited survey of
the microbiota of the ileum (69), examination of bacteria
present at the phylum level (40), and quantification of partic-
ular bacterial groups believed to be common inhabitants of the
ileum (3).

The streptomycin-treated mouse model has proven to be an
effective method to study enteric disease and has been used to
study pathogens such as Vibrio cholerae, enterohemorrhagic E.
coli, and Salmonella (4, 60, 64, 88). It is specifically useful for
the study of Salmonella, as untreated mice develop systemic
salmonellosis without an enteric component, but pretreatment
with oral streptomycin produces enterocolitis (4, 70). In this
model of infection, the primary pathology occurs in the cecum,
and studies have shown that changes in the cecal microbiota
occur when mice are pretreated with streptomycin (4, 80).
However, the effects of streptomycin treatment on the ileum
have not been well characterized.

As the environment of the small intestine is poorly charac-
terized in animals used as models of enteric infection, we have
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in this study characterized the bacterial populations, fatty acid
composition, and histopathological changes of this region in
untreated and streptomycin-treated mice, both uninfected
and infected with Salmonella enterica serovar Typhimurium.
We hypothesized that a unique bacterial population within the
ileum, and the environment created by the population, would
be important for the protection of the host against invading
pathogens. We show here that there exists a stable bacterial
community within the ileum that is different from that of the
cecum and that the microbial population associated with the
ileal mucosa is different from that of the lumenal contents.
Additionally, we find that streptomycin treatment alters the
microbial populations associated with both the ileum and ce-
cum by decreasing species richness and changing the distribu-
tion of phylotypes present. We also find that streptomycin
pretreatment allows Salmonella to overcome colonization re-
sistance, increasing by 2 logs the number of Salmonella bacte-
ria present at this intestinal site in treated animals, and thus
alters the pathological response of the ileum to Salmonella
infection.

MATERIALS AND METHODS

Mouse experiments. For infection experiments, a spontaneous streptomycin-
resistant isolate of Salmonella enterica serovar Typhimurium strain ATCC 14028s
was used. Twenty-five milliliters of culture was grown overnight with aeration at
37°C in morpholinopropanesulfonic acid (MOPS) minimal medium with 0.5%
glucose (63). The bacteria were then pelleted, washed three times with phos-
phate-buffered saline (PBS), and resuspended in 1 ml of PBS. Fifty microliters
was then used to infect each mouse, equaling a dose of ~10° Salmonella bacteria
per mouse. All mouse experiments were approved by the Institutional Care and
Use Committee at Cornell University. Seven-week-old female C57BL/6 mice
were obtained from Charles River Laboratories for all experiments and housed
in a facility for pathogen containment. Mice were housed three to a cage and fed
a standard laboratory diet. Mice were divided into two groups of 12, with one
group inoculated orally with 30 wl of sterile water and the other with 30 pl of
sterile streptomycin sulfate solution (20 mg per mouse). Twenty-four hours later,
six mice in each group of 12 were inoculated orally with 50 wl of sterile PBS, and
the remaining six from each group received 50 wl of Salmonella suspension at a
total dosage of ~10° CFU. Forty-eight hours after infection with Salmonella,
mice were euthanized and tissues were collected from the ileum and the cecum
of each mouse.

DNA isolation. Samples from the distal ileum and cecum containing both
tissue and contents were collected and placed in bead tubes (Mo Bio Laborato-
ries, Inc., Carlsbad, CA), whereas samples of intestinal contents were carefully
expressed into microcentrifuge tubes without scraping the mucosa. The mass was
determined, and the samples were then flash frozen with liquid nitrogen. Sam-
ples were stored at —80°C until they were processed. Total DNA was isolated
from samples using a modified version of the Qiagen DNeasy blood and tissue kit
(Qiagen). Briefly, 360 ul of buffer ATL was added to samples in their bead tubes
and then homogenized for 1 minute using a Mini-Bead-Beater (BioSpec Prod-
ucts, Inc., Bartlesville, OK), a method of mechanical disruption that has been
shown to be effective for the isolation of bacterial DNA from fecal samples (56).
Then 40 pl of proteinase K was added, and samples were vortexed. Samples were
then processed as described in the manufacturer’s protocol with one change:
prior to the addition of 200 wl of 100% ethanol, the samples were incubated at
70°C for 30 min. Samples of intestinal contents were processed similarly except
that bead tubes were not used.

16S rRNA gene clone library construction and analysis. Clone libraries of 16S
rRNA-encoding genes were constructed as previously described (91). Briefly,
primers 8F and 1492R were used to amplify the 16S rRNA-encoding genes from
the DNA samples (75). For cecal samples, 20 cycles were used for PCR, whereas
24 cycles were used for ileal samples due to the lower concentration of bacterial
DNA present in the ileum. The increase in cycles allowed for amplification from
all but three ileal samples among the various treatment groups. For the samples
that did not amplify, there appeared to be a lower concentration of bacterial
DNA leading to mispriming with mouse DNA, which interfered with clone
library construction. Purified PCR products were then ligated into a T-tailed
cloning vector (pCR 4-TOPO; Invitrogen) and used to transform competent
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cells. Ninety-four clones per library were sequenced by the Cornell University
sequencing facility using the 8F primer. Sequences were then uploaded to the
Ribosomal Database Project (RDP; http://rdp.cme.msu.edu), and the pipeline
tool available via myRDP was used for quality analysis and alignment (14). The
RDP classifier (89), using the default 80% confidence threshold setting, and
SeqMatch (14) were then used for taxonomic classification of the aligned se-
quences. Additionally, distance matrices were generated from the RDP-based
sequence alignments and analyzed using the DOTUR program (74). Using a
level of 97% sequence identity, DOTUR was used to assign sequences to oper-
ational taxonomic units (OTUs), generate rarefaction curves, and calculate di-
versity indices. To determine the Bray-Curtis measure of B-diversity, the pro-
gram EstimateS was utilized (15).

Quantitative real-time PCR. The same DNA used for 16S rRNA gene clone
library construction was used for quantitative real-time PCR. The 16S rRNA-
encoding gene was used as the target to measure total bacteria and total numbers
of Salmonella bacteria present in each sample as previously described (3), except
for the bacterial strains used as assay standards. For assays of total bacteria, we
used E. coli MG1655 as the standard, and for total Salmonella we used Salmo-
nella enterica serovar Typhimurium ATCC 14028s. Standard curves were con-
structed using these strains to quantify the total number of 16S rRNA gene
copies per sample, with R? values of =0.995 extending to 1,000 copies of 16S
rRNA-encoding genes for total bacteria and one copy for Salmonella, defining
the lower limits of the test. For each sample, numbers of copies of 16S rRNA-
encoding genes per gram of tissue were calculated using the mass of the original
sample.

SCFA analysis and pH determination. Gas chromatography-mass spectrom-
etry (GC-MS) was used to quantify SCFAs in the cecum. Intestinal contents from
the cecum were collected in 1% acidified water. The mass of samples was
determined, and they were then flash frozen in liquid nitrogen. Samples were
processed using a modified version of a previously published protocol (66).
Samples were thawed at room temperature, vortexed for 1 minute, and then
centrifuged. The supernatant was removed and placed in a 4-ml glass vial (Na-
tional Scientific, Rockwood, TN) containing 50 pl each of 20 mM stock isotopes,
[?Hj]acetate and [1-'*CJacetate (Cambridge Isotope Laboratories, Inc., Ando-
ver, MA), [*Hs|propionate, and ['3C,]butyrate (Sigma-Aldrich), which were used
as internal standards for each sample. Samples were acidified with 10 ul HCI and
then extracted with 1 ml of diethyl ether four times. One milliliter of sample was
placed in a separate tube containing 2.5 pl of the derivatization reagent 1-tert-
butyl-dimethyl-silyl-imidazole (Sigma-Aldrich) and heated at 60°C for 30 min.
The derivatization step was performed on duplicate aliquots for each sample.
Samples were then transferred to autosampler tubes, and analyses were performed
on a Jeol GCMate II MS with an Agilent 6890N GC inlet equipped with a J&W
Scientific DB-5MS column (30 m X 0.250 mm, 0.25-um film thickness). A split
injector was used with a 250°C injector temperature and a 50:1 split ratio. The
initial oven temperature was 60°C held for 1 min followed by a 5°C/min ramp to
120°C and a 25°C/min ramp to a 270°C final temperature, which was held for 1
min. Total run time was 20 min, including a 3.5-min solvent delay. The derivat-
ized acids were detected using unit-mass resolution selected ion monitoring
(SIM) with magnetic field switching at 0.21-s cycle time on “flat-top” mass peaks
with a fully open collector slit: formate (retention time [R.T.], 3.98; SIM, 3 to 4.5
min; m/z 75 and 103), acetate (R.T., 4.91/4.95; SIM, 4.5 to 6.4 min; m/z 75, 117,
and 121), propionate (R.T., 6.82/6.9; SIM, 6.4 to 7.5; m/z 75, 131, and 136), and
butyrate (R.T., 9.07; SIM, 7.5 to 20 min; m/z 75, 145, and 149). The timing and
ions for the SIM program were selected based on 35 to 500 m/z full scans on
standard samples. The isotopic internal standards were then used for quantifi-
cation of the SCFAs in each sample. As a result of limitations with the protocol
and the small quantity of intestinal contents in the small intestine of mice, we
used high-pressure liquid chromatography (HPLC) to quantify all SCFAs in the
ileum and formate in the cecum. HPLC and pH determinations were performed
as previously described (38) except that a microcombination pH probe (Micro-
electrodes, Inc., Bedford, NH) was used. For both GC-MS and HPLC analyses,
sample preparation included steps to remove bacteria without lysis, and so SCFA
concentrations reflect those of the intestinal milieu.

Tissue collection and histology. The distal ileum (~4.0 cm) and cecum were
harvested, fixed in 10% neutral buffered formalin, and embedded in paraffin, and
the entire length was sectioned at 5-um thickness and stained with hematoxylin
and eosin for histopathological assessment. Sections of ileum were scored on a
scale of 0 to 4 for the presence and distribution of polymorphonuclear leukocytes
in five regions: (i) within the lamina propria of the intestinal mucosa, (ii) inside
the intestinal crypts (cryptitis), (iii) at the periphery of Peyer’s patches, (iv)
within the interfollicular regions of Peyer’s patches, and (v) within the subepi-
thelial dome areas of Peyer’s patches (0, none; 1, rare; 2, few scattered; 3, many
groups; 4, large numbers) by a board-certified blinded veterinary pathologist.
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Ileitis severity was calculated as a sum of the scores for the five categorical
parameters (maximum of 20). The scoring method is a modification of a method
used previously (58), and histological designations for each scoring region are
widely accepted and consistent with previously published work (10).

Statistical analysis. Analysis of SCFA concentrations was completed using the
Wilcoxon rank-sum test. For quantitative PCR (qPCR) and pH, the Kruskal-
Wallis test was used to determine whether there was a significant difference
among any of the groups, and then the Wilcoxon rank-sum test using a Bonfer-
roni correction was utilized to determine significance between individual groups.
Similarly, for the pathology scores, the Kruskal-Wallis test and then Dunn’s
posttest were performed. A P value of <0.05 was considered significant. Statis-
tical analysis was performed using Jmp 7.0 software (SAS, Cary, NC) or Graph-
Pad Prism version 5 (GraphPad Software, La Jolla, CA).

Nucleotide sequence accession numbers. All sequences generated in this study
have been submitted to GenBank with accession numbers FJ834458 to FJ838647.

RESULTS

The mouse ileum harbors a defined microbial population.
To increase our understanding of the mouse model of enteric
infection and the potential interaction of pathogens with both
the host and the resident microbiota in the small intestine, we
first characterized the bacteria of the most distal segment, the
ileum, using conventional mice and a culture-independent
method. Ileal and cecal samples, including both tissue and
contents, were taken from C57BL/6 mice, and 16S rRNA gene
clone libraries were created from these samples. We analyzed
a total of 536 partial rRNA-encoding gene sequences from the
ileum and 533 from the cecum. The clone libraries of the
cecum were examined to provide a point of reference for our
characterization of the ileum, since much work has previously
been done to characterize the microbiota of the cecum (47, 55,
80, 84). From these sequences, we determined that there exists
a bacterial community within the ileum that consists primarily
of the phyla Firmicutes (82%) and Bacteroidetes (16%). At the
taxonomic level of family, the most predominant Firmicutes
were of the families Clostridiaceae (34%), Lactobacillaceae
(24%), and Lachnospiraceae (17%) (Fig. 1A). Of the Clostridi-
aceae, the most predominant clones (32% of the total bacterial
population) had high sequence identity with a bacterial group
termed the segmented filamentous bacteria (SFB). The SFB
have previously been described as unculturable bacteria that
are closely associated with the ileal epithelium (20). Previous
phylogenetic analysis has also shown the SFB to be most
closely related to the genus Clostridium, a member of the
family Clostridiaceae (78). Thus, SFB constituted a substantial
portion of the ileal microbiota. In contrast to the bacterial
composition of the ileum, the predominant family of the Fir-
micutes in the cecam was the Lachnospiraceae (52%), a mem-
ber of the order Clostridiales, while merely 1% of the cecal
microbiota consisted of the Lactobacillaceae and less than 1%
consisted of the Clostridiaceae (Fig. 1A). These differences
between the bacterial composition of the ileum and that of the
cecum at the family level suggest that there is a defined mi-
crobial community in the ileum that differs greatly from that
found in the cecum.

Rarefaction analysis was next used both to identify differ-
ences in richness among the microbial populations of the ce-
cum and ileum and to assess the efficacy of our sampling
technique in obtaining representative samples from both of
these sites (34, 36). This analysis revealed that the ileum had
lower overall species richness than did the cecum, with ob-
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FIG. 1. The microbial composition of the ileum. 16S rRNA gene clone libraries were created from the ileum and cecum of C57BL/6 mice.
(A) Taxonomic analysis of the clone library sequences was performed using RDP Classifier and SeqMatch. Assignment to the phylum level for the
sequences from the ileum and cecum of untreated mice is displayed with further distinction among the phylum Firmicutes to the family level. The
total of the Firmicutes is shown by the arc extending around the pie chart. (B) Cluster analysis of the Bray-Curtis distance measure of diversity
between the microbial communities for the ileum and cecum from untreated mice. For the Bray-Curtis distance measure, an OTU was defined
as 97% sequence similarity. (C) 16S rRNA gene clone libraries were created from samples containing ileal tissue and contents or contents alone
from untreated mice. Sequences were assigned to OTUs using a definition of 97% sequence similarity. A heat map is used to show the relative
abundance of OTUs, with specific OTUs detected in the sample oriented along the horizontal axis, and the dendrogram showing the distribution
of OTUs. Darker coloring within the heat map indicates greater representation of specific OTUs. Phyla are shown above the figure, and highly
represented OTUs are shown below. Numbers 1 to 6 and 16P to 18P represent individual mice.

served OTUs of 67 and 156, respectively (Table 1 and Fig. 2A).
The analysis, however, also suggested an underrepresentation
of the number of OTUs present at both sites, as shown by the
positive slope of the curves in Fig. 2A and the Chaol analysis
of estimated richness (11, 12) (Table 1). This was nevertheless
not surprising, as much is still unknown about the complete
microbial richness of the intestinal tract. In addition to taxo-
nomic analysis and determination of species richness, we next
examined the diversity of the ileal and cecal samples using the
Bray-Curtis distance measure of diversity (57). Cluster analysis

TABLE 1. Observed and estimated OTUs

Chaol richness estimator

Sample g?l"lf value (9_5% confidence
interval)
Ileum 67 152 (101-282)
Ileal contents 9 12 (9-32)
Ileum, streptomycin treated 49 62 (53-93)
Cecum 156 227 (194-288)
Cecum, streptomycin treated 97 138 (115-189)
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FIG. 2. Streptomycin treatment alters the microbial composition of both the ileum and the cecum. (A) Rarefaction analysis and 95%
confidence intervals are shown for the 16S rRNA-encoding sequences obtained from each site in the untreated and streptomycin-treated mice.
Central lines represent rarefaction analysis of each site with the surrounding lines representing the upper and lower 95% confidence intervals. For
rarefaction analysis, an OTU was defined as 97% sequence similarity. (B) 16S rRNA gene clone libraries were created from samples containing
ileal tissue and contents from untreated mice and those pretreated with streptomycin. Sequences were assigned to OTUs using a definition of 97%
sequence similarity. A heat map is used to show the relative abundance of OTUs, with specific OTUs detected in the sample oriented along the
horizontal axis, and the dendrogram showing the distribution of OTUs. Darker coloring within the heat map indicates greater representation of
specific OTUs. Phyla are shown above the figure, and highly represented OTUs are shown below. Untreated mice shown in this figure are the same

as those shown in Fig. 1C.

of the Bray-Curtis distance using an OTU definition of 97%
sequence similarity showed that the ileal samples clustered
with each other but separately from samples derived from the
cecum (Fig. 1B). This analysis demonstrated that there were
differences in the distribution of microbial OTUs in the ileal
and cecal samples and that the ileal sample taken from each
mouse was more similar to other ileal samples than it was to
the cecal sample taken from the same mouse. Together these
analyses show that there is a unique microbial population as-
sociated with the ileum that is different from that of the cecum.

Previous work with humans has shown that the microbial
population associated with the feces is different from that of
the colonic tissue (27). Thus, we further characterized the
ileum to determine whether differences existed between the
population of bacteria present within the intestinal contents
and that associated with the ileal tissue. Samples containing
ileal contents but not the tissue of the ileum itself were taken
from three C57BL/6 mice, and 238 16S rRNA gene clones
were compared to those derived from ileal samples containing
both tissue and contents. We found that there was decreased
species richness in the samples that contained only contents
(Fig. 1C and 2A). The total number of OTUs observed was
nine in the samples containing only contents, compared to 67
in the samples that included both tissue and contents. Addi-
tionally, analysis utilizing the Chaol richness estimator further
supported this difference in the richness of OTUs, with no
overlap in the 95% confidence intervals (Table 1). Further-
more, the Shannon-Weiner diversity index, an indicator of
diversity within a population (57), was 2.87 in samples that
included both tissue and contents compared to 0.98 in samples
that contained only contents, indicating lower diversity within
the bacterial community derived from the contents of the il-
eum. Analysis of the composition of OTUs present in the
ileum (Fig. 1C) also showed that there was a larger number of
OTUs present in the samples containing both tissue and con-
tents and that there was a difference in the distribution of these

OTUs. Specifically, we found upon comparison that the rela-
tive abundance of the SFB was much lower in the samples
containing only contents, 3% * 2.6% compared to 31% = 13%
in samples with both tissue and contents. These results are
consistent with previous reports of the SFB being closely as-
sociated with the ileal epithelium (20). Thus, these results show
that there is greater bacterial diversity in the samples that
contain tissue and contents than in those that contain contents
alone and suggest the presence of a diverse bacterial popula-
tion in close association with the intestinal mucosa.
Streptomycin alters the microbiota of the ileum. To better
understand the streptomycin-treated mouse model of infection
and specifically the potential changes that occur in the small
intestine, we next characterized the microbiota of the ileum in
streptomycin-treated mice using 16S rRNA gene clone librar-
ies. Mice were treated orally with streptomycin, and samples
from the ileum and cecum were obtained 72 h after that treat-
ment. A total of 503 and 545 sequences were analyzed from the
ileum and cecum of these mice, respectively. To allow com-
parisons with the untreated mice described above, we per-
formed the two experiments simultaneously, using animals ob-
tained as a single lot. We found that streptomycin treatment
altered the composition of microbial communities in both the
ileum and the cecum. Rarefaction analysis demonstrated that
streptomycin treatment decreased species richness in both the
ileum and cecum (Fig. 2A). In this case, the Chaol estimator
of richness supported this conclusion as well, as there was no
overlap in the 95% confidence intervals of the Chaol values of
the treated sites compared to the respective untreated sites
(Table 1). We also examined the total number of 16S rRNA-
encoding genes/gram in the ileum and cecum by using qPCR.
Interestingly, we found that there was a 10-fold decrease in
bacterial numbers, from 10° to 10® 16S rRNA gene copies/
gram, in the ileum but that there was no significant change in
the cecum. Additionally, the Bray-Curtis distance measure of
diversity between the microbial communities showed that in
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both the ileum and the cecum the majority of samples from
untreated mice clustered together but separately from the re-
spective samples taken from streptomycin-treated mice (data
not shown). Collectively, these results show that streptomycin
treatment caused a decrease in the richness of the OTUs and
altered the distribution of OTUs in the majority of mice. Some
variation did occur within the groups. Specifically, for one
mouse in the group that had not been treated with streptomy-
cin, cluster analysis of both the ileum and cecum placed the
composition of the microbiota between those of the other
untreated mice and those of the streptomycin-treated group
(not shown). These results thus show variation among individ-
ual animals but demonstrate differences between the treated
and untreated groups. Among ileal samples, we found that
changes due to streptomycin treatment were not uniform
among individual mice, with differing OTUs predominating
after treatment with this antimicrobial. In particular, two mice
had a single family of organisms predominate after treatment
that was different from the other, in one case the family Lach-
nospiraceae and in the other the family Deferribacteraceae,
whereas the remaining mice did not have a particular predom-
inating group. Therefore, to further analyze these population
changes, we did not combine these libraries of sequences but
instead characterized the changes in the ileum caused by strep-
tomycin by examining the microbiota of individual mice for the
presence and prevalence of specific OTUs (Fig. 2B; untreated
mice shown in this figure are the same as those shown in Fig.
1C). Overall, there were changes in the distribution of OTUs
as well as in the relative abundance of particular OTUs. More
specifically, there was a decrease in the relative abundance of
the SFB in the streptomycin-treated mice, 3% = 4% compared
to 31% = 13% in the ileum of untreated mice, consistent with
previous reports that this group of bacteria is sensitive to strep-
tomycin (43).

Streptomycin pretreatment enhances Salmonella infection of
the ileum. In the murine model of Salmonella infection, strep-
tomycin treatment has been shown to enhance infection of the
cecum (4, 80), but little is known about effects on the small
intestine. We therefore next characterized the microbiota in
the ileum of mice infected with Salmonella to determine
whether infection was also altered in this region of the intes-
tinal tract. C57BL/6 mice were pretreated orally with either
sterile water or streptomycin, and 24 h later both groups were
orally infected with a streptomycin-resistant strain of Salmo-
nella. To examine the microbiota present in each of these
groups, 16S rRNA gene clone libraries were created. A suffi-
cient bacterial DNA concentration for clone library construc-
tion was obtained from five of six untreated mice and four of
six streptomycin-treated mice, for a total of 452 and 362 se-
quences from the respective groups. Taxonomic analysis of
these clone libraries showed that only one animal in the un-
treated group had detectable Salmonella in the ileum, with one
Salmonella 16S rRNA-containing clone identified among the
86 clones sequenced (not shown). In contrast, for mice pre-
treated with streptomycin prior to infection, 2 to 97% of the
total bacterial population observed in the ileum consisted of
Salmonella. To more precisely determine the extent of Salmo-
nella infection of the ileum, we used qPCR to determine the
number of Salmonella-specific 16S rRNA gene sequences
present. We were able to detect Salmonella in all of the ani-
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FIG. 3. Streptomycin pretreatment increases Salmonella infection
of the ileum. Real-time PCR was used to compare the numbers of
Salmonella bacteria in the ilea of individual mice without additional
treatment to those in mice pretreated with oral streptomycin. The
number of copies of the Salmonella 16S rRNA gene amplified using
Salmonella-specific primers was determined and is shown relative to
the mass of the ileal sample. The limit of detection for Salmonella was
one copy/100 ng total DNA. Represented adjacent to the circles are
the numbers of Salmonella 16S rRNA gene sequences identified over
the total size of the clone library analyzed from this same animal.
Circles with “nd” (not determined) show animals in which clone li-
braries could not be produced, primarily due to low bacterial DNA
yields. Horizontal lines represent the medians for each group.

mals, whether or not they were pretreated with streptomycin,
but found that streptomycin treatment significantly increased
the number of Salmonella bacteria at this site (P < 0.05). The
number of copies of the Salmonella 16S rRNA gene per gram
of tissue was increased in streptomycin-treated animals, with a
median in pretreated mice of 4 X 10°, more than 2 logs greater
than that of the untreated mice, which had a median of 1 X
10*. There was, however, much variation among individual
animals, with the number of Salmonella gene copies obtained
from mice treated with streptomycin prior to infection ranging
from 5 X 10° to 6 X 10%/gram of tissue (Fig. 3). One possible
explanation for this variation could be various levels of Salmo-
nella infection in these mice. However, histopathological ex-
amination confirmed the presence of severe diffuse colitis sim-
ilar to that previously reported for mice orally administered
streptomycin prior to infection (4). Mucosal damage and in-
flammation ranged from moderate and multifocal in one
mouse to severe and focally extensive or diffuse in the other
mice (not shown). Therefore, taken together these results show
that, although variation exists in the number of Salmonella
bacteria able to colonize the ileum, pretreatment with strep-
tomycin significantly alters the composition of the ileal micro-
biota and leads to enhanced survival of and colonization by
Salmonella in this important region of the intestine.
Streptomycin treatment alters the fatty acid composition of
the intestine. Since there are differences in the microbiota
found in the ileum and cecum, we next considered whether
these differences might manifest themselves as variations in the
presence and concentrations of SCFAs in each intestinal loca-
tion, suggesting a possible means by which Salmonella viru-
lence might be modulated in vivo, as SCFAs have been shown
to have differing effects on Salmonella invasion depending
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FIG. 4. SCFAs of the untreated and streptomycin-treated ileum and cecum. Intestinal contents were collected from the ileum and cecum of
both untreated and streptomycin-treated mice 72 h after treatment. SCFAs were quantified using HPLC analysis for the ileum (A) or GC-MS for
the cecum (B). The box plots show the medians with 25% and 75% quartiles. The bars in each box plot extend to the outermost points located
within the quartile = 1.5X the interquartile range. An asterisk indicates a significant difference at a P value of <0.01 between the untreated mice

and streptomycin-treated mice for SCFA concentrations.

upon their composition and concentration (38, 52). We there-
fore characterized the SCFAs in these regions of the intestine
using GC-MS and HPLC. As anticipated, there were signifi-
cant differences in the SCFAs present in the ileum and cecum.
We found that formate, previously identified as a positive sig-
nal for Salmonella invasion in vitro, was present in the ileum at
a median concentration of 8.1 mM but was low or below the
level of detection (median concentration of 0 mM) in the
cecum (Fig. 4). In contrast, butyrate, previously shown to be a
negative signal for invasion, was not detectable in the ileum but
was present in the cecum at a median concentration of 12.8
mM (Fig. 4). We also determined the pH of the intestinal
lumen, as acidity affects the penetration of SCFAs into bacteria
and thus their effects on gene expression. The median pH of
the ileum was 6.68 and that of the cecum was 6.39, both at
levels below neutrality, thus promoting increased bacterial up-
take of SCFAs.

Since alterations in the microbiota occur with streptomycin
treatment, and the microbiota produces SCFAs, we next de-
termined whether changes occurred to the SCFA concentra-
tions as a result of this treatment. We found that streptomycin
treatment altered the SCFAs of the cecum, with a significant
decrease in acetate, propionate, and butyrate, but did not sig-
nificantly alter the SCFAs of the ileum or the pH of either site
(Fig. 4 and data not shown). The median acetate concentration
was substantially reduced, from 42.0 mM to 9.4 mM, and the
median butyrate concentration was reduced from 12.8 mM to
1.0 mM in the cecum, while the median propionate concentra-
tion was more modestly reduced from 8.5 mM to 5.4 mM.
These results, taken with previous findings, show that SCFAs
exist in concentrations capable of signaling the modulation of
Salmonella virulence. Additionally, the results suggest that the
ileal environment in normal mice is conducive to tissue inva-

sion, while that of the cecum represses invasion, but that treat-
ment with streptomycin alters the environment of the cecum to
reduce repressive signals, perhaps explaining the cecal pathol-
ogy that is commonly observed during Salmonella infection of
streptomycin-treated mice.

Streptomycin treatment prior to infection with Salmonella
enhances ileal inflammation. Previous work on the streptomy-
cin-treated mouse model of Salmonella infection primarily fo-
cused on development of severe colitis without detailed exam-
ination of the ileum (4). Therefore, we characterized the
histopathological changes present in the ileum of control mice
and mice infected with Salmonella with and without oral ad-
ministration of streptomycin. Compared to mice infected with
Salmonella without antibiotic treatment, streptomycin admin-
istration prior to infection with Salmonella enhanced the extent
and degree of inflammation present in the distal ileum (Fig. 5
and 6). Five of the six mice administered streptomycin prior to
Salmonella showed multifocal to segmental infiltration of the
lamina propria at the base of intestinal crypts by clusters of
polymorphonuclear neutrophils accompanied by epithelial cell
damage and cryptitis (Fig. 5). Similarly, large numbers of neu-
trophils were present within interfollicular regions and at the
periphery of Peyer’s patches extending into the lamina propria
of adjacent mucosa. In contrast, mice infected with Salmonella
without streptomycin pretreatment had only a few neutrophils
admixed with a few eosinophils at the periphery of Peyer’s
patches (six of six mice) and interfollicular regions (two of six
mice). The subepithelial dome areas of Peyer’s patches in three
of six mice inoculated with Salmonella after oral streptomycin
administration also were markedly expanded by large numbers
of neutrophils, a change that was absent in mice from the other
groups (Fig. 5 and 6). Moreover, the follicle-associated epithe-
lium overlying the dome areas of ileal Peyer’s patches of mice
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FIG. 5. Streptomycin administration prior to infection with Salmo-
nella enhances the extent and degree of ileal inflammation in mice.
Hematoxylin- and eosin-stained ileum was obtained from mice pre-
treated with streptomycin and infected with Salmonella. (A) Necrosis
of ileal villi accompanied by focally extensive infiltration of lamina
propria by large numbers of polymorphonuclear neutrophils extending
along the base of intestinal crypts. Magnification, X12. (B) Infiltration
of villous lamina propria by large numbers of polymorphonuclear
neutrophils with segmental sloughing of intestinal epithelial cells.
Magnification, X20. (C) Infiltration of ileal Peyer’s patch subepithelial
dome area by large numbers of polymorphonuclear neutrophils (as-
terisk) together with focal disruption of the follicle-associated epithe-
lium (arrowhead) and transepithelial migration of neutrophils. Mag-
nification, X20.

receiving streptomycin with or without Salmonella was diffusely
low cuboidal, compared to the tall columnar epithelium in
untreated control mice (Fig. 6). To better quantify histopatho-
logical changes in the ileum of mice in each of the four treat-
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FIG. 6. Streptomycin administration prior to infection with Salmo-
nella is associated with ileal Peyer’s patch inflammation in mice. He-
matoxylin- and eosin-stained ileal Peyer’s patches of uninfected mice
and mice infected with Salmonella with and without streptomycin pre-
treatment. (A and B) Untreated and uninfected; (C and D) strepto-
mycin treated; (E and F) Salmonella infected; (G and H) streptomycin
treated and Salmonella infected. The subepithelial dome area is dif-
fusely infiltrated by large numbers of polymorphonuclear neutrophils
in the streptomycin-treated and Salmonella-infected mouse (G and H)
(asterisks), while the follicle-associated epithelium is markedly at-
tenuated in mice infected with Salmonella with (H) (arrowhead) or
without (F) (arrowhead) streptomycin compared with tall columnar
epithelium in uninfected mice (B and D) (arrowheads). The strep-
tomycin-treated and Salmonella-infected mouse also displays focal
disruption of the follicle-associated epithelium along with multifo-
cal transepithelial migration of polymorphonuclear neutrophils and
focal crypt abscess (H) (arrow). Magnifications, X6 (A, C, E, and
G) and X12 (B, D, F, and H).

ment groups, lesions were scored on a 0 to 4 scale, and ileitis
severity was calculated as the sum of the scores for the five
categorical parameters described in Materials and Methods,
with 20 representing maximum severity. Using this scoring
system, the median score for untreated mice was 1, while those
mice that had received both streptomycin and Salmonella and
displayed ileitis had a median score of 15 (P < 0.05). Slight
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increases in ileal pathology were present in groups that re-
ceived Salmonella or streptomycin alone (medians of 4.5 and 7,
respectively), but these values were not significantly different
from those for untreated mice. In addition to the ileal mucosal
changes, histopathological examination of the ileum revealed a
complete absence of long filamentous bacteria in the lumen of
the ileum of mice treated with streptomycin with or without
Salmonella infection (not shown). These results are thus con-
sistent with the microbial ecology data demonstrating a de-
crease in the numbers of SFB in mice receiving streptomycin
and show that antibiotic administration exacerbates the pathol-
ogy of the ileum caused by Salmonella.

DISCUSSION

There has been much recent work describing the bacterial
composition and chemical environment of the large intestine,
including the cecum, colon, and feces, but relatively little is
known about the comparable conditions of the small intestine.
In this work we have characterized the ileum of the mouse, the
species used frequently as a model of infection for many of the
enteric bacterial pathogens that cause disease in the small
intestine, and have examined the effects on this organ of both
antibiotic administration and infection with Salmonella. As an
effective rodent model of human enteric disease requires an
understanding of the types of bacteria that normally reside
within the intestine, we first identified the constituents of the
ileal microbiota. We found the microbiota of the mouse ileum
to be quite different from that of the cecum, with the predom-
inant Firmicutes present being the Clostridiaceae, Lactobacil-
laceae, and Lachnospiraceae, while in the cecum the predom-
inant family was the Lachnospiraceae, with much lower relative
abundance of the Lactobacillaceae and Clostridiaceae. These
findings are consistent with previous results for humans which
showed a similar higher relative abundance of the Lachnospi-
raceae in the large intestine and Lactobacillaceae in the small
intestine (30). In contrast to those results, however, our find-
ings also show a large relative abundance of the Clostridiaceae
in the mouse ileum that was not observed in the human small
intestine. In mice, 94% of the bacteria classified as Clostridi-
aceae belonged to a group of bacteria called the SFB. The SFB
are a group of unculturable, gram-variable, long, segmented,
and filamentous bacteria that have been shown to be closely
associated with the ileal epithelium in mice and other verte-
brates (20, 44). They have previously been observed in one
human ileal sample (44); however, less is known about the
prevalence in the normal human ileum. It is possible that they
are not as abundant in the human ileum as in the mouse ileum
or that more studies are necessary to look specifically for this
group of bacteria in human samples.

Our characterization of the ileal microbiota also showed that
there were differences in the microbial population associated
with samples containing tissue and lumenal contents compared
to those that contained only contents. In the samples contain-
ing only contents, there was lower species richness, with the
majority of bacteria classified within the family Lactobacil-
laceae (Fig. 1C). This suggests that the great majority of the
microbial diversity observed in the ileum arises from a popu-
lation of bacteria intimately associated with the intestinal mu-
cosa rather than within the ileal lumen. The increased relative
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abundance of the Lactobacillaceae in lumenal samples could be
attributed to several factors. Previous work using qPCR has
shown that Lactobacillus bacteria are present in quantities
between 107 and 10° in the distal small intestine (3), indicating
that they are a predominant group in this location. Current
data give conflicting reports on the ability of Lactobacillus
species to adhere to the intestinal mucosa (35); therefore, one
explanation for the relative abundance of Lactobacillaceae in
intestinal contents is that the Lactobacillaceae may not be as
closely associated with the ileal epithelium as are members of
the Lachnospiraceae, Clostridiaceae, and Bacteroidaceae. Sup-
porting this hypothesis is previous work showing that the SFB,
members of the Clostridiaceae, are very closely associated with
the ileal epithelium (20), which is consistent with our results
showing the relative abundance of the SFB in samples contain-
ing tissue to be 10-fold greater than that in samples with in-
testinal contents alone. Additionally, Lactobacillus species
have previously been shown to be abundant in the upper in-
testinal tract, including the stomach and upper small intestine
(71, 82). Thus, the bacterial population in the ileal contents
may be a transient population consisting primarily of bacteria
shed from the upper intestinal tract. The disparity between the
microbial composition of the mucosa and that of the contents
is important, because these results suggest that sampling the
intestinal contents alone severely underrepresents the diversity
present in the ileum. Thus, to fully understand the interaction
of invading pathogens with the host, it is important to charac-
terize the bacteria associated with the mucosa as well as within
the lumenal contents.

Upon treatment of mice with streptomycin, we observed
changes in the composition of the microbiota in both the ileum
and cecum. Specifically, in the ileum there was a 10-fold de-
crease in the SFB. Previous work has suggested a role for the
SFB in host-pathogen interactions; specifically, they were
shown to be important in providing protection against Salmo-
nella and EPEC colonization of ileal surfaces (33, 37) and for
stimulating the mucosal immune response in mice (46, 81).
Correlated with this loss of microbiota was the enhanced in-
fection of the ileum by Salmonella after treatment with strep-
tomycin. We observed a significant increase in the number of
Salmonella bacteria residing in the ileum in streptomycin-
treated mice, suggesting that the administration of this antimi-
crobial alters the ileal environment sufficiently to allow im-
proved colonization by the invading pathogen. In addition to
the changes in the SFB observed with streptomycin treatment,
we also observed inflammation in the ileum of mice treated
with streptomycin prior to infection with Salmonella that was
not seen in animals infected with Salmonella without strepto-
mycin treatment. In this study, mice were infected with Salmo-
nella 24 h after streptomycin treatment, while the character-
ization of the ileal environment and microbiota was conducted
in streptomycin-treated mice 72 h after administration of the
antibiotic. A previous study has shown that recovery of the
normal microbiota, as measured at the phylum level, occurred
5 days after streptomycin treatment (80). Therefore, it is pos-
sible that antibiotic treatment elicited changes in the numbers
of bacterial species not observed in this study that contributed
to Salmonella colonization. However, even so, these results,
along with those of previous studies, suggest a possible role for
the SFB in preventing colonization and infection of the ileal
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surface of normal mice, either by physically blocking coloniza-
tion or by creating an immune response and thus limiting
Salmonella entry to the Peyer’s patches and systemic disease.
Although mice that are monoassociated with SFB exist (45),
these mice would not allow a full understanding of the inter-
action of the SFB and surrounding commensals with the in-
vading pathogen. Thus, further work examining the relation-
ship between the SFB and Salmonella infection in the mouse is
hampered by the intractable nature of this intestinal resident.
In addition to the effects of the microbiota on Salmonella
infection, the genetic background of the mouse might also play
an important role. The strain used in this work, C57BL/6, is
Nrampl '~ and thus highly susceptible to Salmonella infection.
A previous study noted greater ileal inflammation after Sal-
monella infection in untreated Nrampl™™ strains than in
C57BL/6 mice (79), suggesting innate differences in their re-
sponses to infection. That work, however, did not examine the
effects of streptomycin pretreatment on this pathology, and so
the relative utility of mouse strains for this infection model
remains to be investigated.

SCFAs are produced by the intestinal microbiota and thus
are largely responsible for the composition of the intestinal
chemical environment. Furthermore, previous work has shown
that SCFAs affect both viability and virulence gene expression
in enteric pathogens (8, 32, 38, 48, 52, 54, 59, 77; reviewed in
reference 86). Therefore, in addition to characterizing the mi-
crobiota of the ileum and cecum, we also determined the
SCFA concentrations in these regions to better understand the
chemical cues likely to be sensed by pathogenic bacteria. We
found that formate was present in the ileum but was at a low
concentration or was undetectable in the cecum and, con-
versely, that butyrate was present in the cecum but was not
detectable in the ileum. These differences in SCFAs may be a
result of the variation in the microbiota between these two
locations. For example, the family Lachnospiraceae contains
genera that are classified as butyrate producers (16), and we
found that there was a higher relative abundance of the Lach-
nospiraceae in the cecum (52%) than in the ileum (17%).
Additionally, there is a higher relative abundance of the Lac-
tobacillaceae in the ileum (24%) than in the cecum (1%), and
under certain conditions species of Lactobacillus have been
shown to be heterofermentative, producing formate and ace-
tate in addition to lactic acid (17, 68). Upon treatment with
streptomycin, we observed significant changes in the SCFA
concentrations in the cecum, as was previously observed (67);
however, we observed more substantial decreases in both the
acetate and butyrate concentrations than those that were pre-
viously reported. It is likely that these changes in SCFAs oc-
curred as a result of the changes in the microbiota in this
region. Interestingly, at the family level, there did not appear
to be a change in the relative abundance of the Lachnospi-
raceae, which contain several butyrate producers. However, we
did observe decreased species richness and a change in the
distribution of phylotypes at the level of 97% sequence simi-
larity in the cecum of streptomycin-treated mice. These results
suggest changes at the species level; thus, it is possible that
there were changes in the relative abundance of the butyrate-
producing species present within the family Lachnospiraceae
leading to the changes in the butyrate concentration in the
cecum. Another possibility is that streptomycin eliminates a
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particular group of bacteria important for acetate production.
Previous work has shown that some butyrate producers use
exogenous acetate for butyrate production (26); therefore, a
decrease in the population of acetate-producing bacteria could
potentially lead to a decrease in both acetate and butyrate.
Thus, it is possible that the changes in microbiota as a result of
streptomycin treatment produced these changes in SCFA con-
centrations in the cecum.

On the basis of previous in vitro observations indicating
modulation of Salmonella invasion gene expression by certain
SCFAs, we hypothesized that alterations in the microbiota
associated with streptomycin administration and the resulting
changes in relative concentrations of SCFAs in the intestinal
tract may affect the pathogenesis of Salmonella infection in the
mouse model. Previous in vitro work from our laboratory and
those of others has shown that specific SCFAs can positively or
negatively affect the expression of Salmonella invasion genes.
In particular, formate has been characterized as a positive
signal and butyrate as a negative signal (8, 32, 38, 52). Since in
the mouse model of infection Salmonella invades primarily in
the ileum, in particular the Peyer’s patches, causing septicemia
(9, 70), the observation that formate is detectable in the ileum
and not the cecum suggests that it may be an important posi-
tive signal in vivo for Salmonella invasion gene expression. In
contrast, the presence of butyrate in the cecum and not the
ileum suggests that it may be an important negative signal in
vivo. Therefore, these results, along with previously published
results for cecectomized mice (87), indicate that the distribu-
tion and abundance of the SCFAs in the intestinal tract may
play an important role in Salmonella virulence. Upon treat-
ment with streptomycin prior to Salmonella infection, there are
changes in the intestinal pathology, with the appearance of
pronounced cecal inflammation (4) and, as shown in this work,
exacerbated pathology of the ileum as well. Changes in the
ileum cannot be attributed to alterations in the concentrations
of SCFAs present at this site, as untreated mice have an SCFA
composition that is likely already conducive to bacterial inva-
sion, and streptomycin treatment did not elicit a change in that
composition. In contrast, the cecal contents of treated mice
showed a significant reduction in SCFA concentrations, with
butyrate being substantially reduced. These results thus sug-
gest that streptomycin treatment prior to infection decreases
the negative signal provided by butyrate, allowing Salmonella
invasion in the cecum and the cecal pathology observed in this
infection model.
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