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The distribution and colonization levels of the altered Schaedler flora (ASF) in their natural hosts are poorly
understood. Intestinal colonization levels of the eight ASF strains in outbred Swiss Webster mice with or
without Helicobacter hepaticus infection were characterized by real-time quantitative PCR. All ASF strains were
detected in the cecum and colon, but some strains displayed significant variation in colonization levels with

host age, gender, and H. hepaticus infection status.

The flora of the gastrointestinal tract (GIT) in mammals is
highly complex and diverse. It has been estimated that there
are approximately 10'? viable bacteria per g of large bowel
content in humans, with the presence of at least 400 to 500
species (1, 10, 17). Dynamic changes in the composition of the
normal GIT microbial species in immunocompetent hosts dur-
ing aging, between genders, and after experimental infection
with microbial pathogens are not well understood. This is
largely due to the complexity of the microbiota and the limi-
tation of widely used culture-based techniques. Therefore,
gnotobiotic animals colonized with defined microbiota became
a valuable tool for exploring microbe-host interactions (7). In
the mid-1980s, a defined microbiota, namely, the altered
Schaedler flora (ASF), consisting of eight murine bacterial
species, was developed as a minimum set of organisms suffi-
cient to establish normal physiological functions in the GIT (4,
11, 16). Phylogenetic comparisons based on 16S rRNA gene
sequences reveal that the ASF includes two aerotolerant lac-
tobacillus strains, ASF360 and ASF361; two Clostridium sp.
strains, ASF356 and ASF502; Eubacterium sp. strain ASF492;
Bacteroides sp. strain ASF519; low-G+C-content gram-posi-
tive bacterial strain ASF500; and strain ASF457, which clusters
with the Flexistipes species (3). We recently developed 16S
rRNA gene-based real-time quantitative PCR (QPCR) proto-
cols for discrimination of all eight ASF strains and demonstra-
tion of their spatial distribution and stability in the GITs of
gnotobiotic mice (C.B-17 SCID mice with ASF as their only
flora) (15). In this study, we analyzed the natural distribution
and colonization dynamics of the ASF and tabulated ASF
colonization parameters in the GIT concurrently infected with
the murine enteric pathogen Helicobacter hepaticus in the GITs
of Swiss Webster (SW) mice which were used previously (5).

Four- to 6-week-old mice free of known murine viruses,
Helicobacter spp., and parasites were obtained from Taconic
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Farms (Germantown, NY). Thirty male and 30 female SW
mice were divided into six groups of 10 mice (either male or
female) and maintained in static microisolator cages in an
Association for Accreditation and Assessment of Laboratory
Animal Care International-accredited facility and fed a diet
(ProlabRMH3000) from PMI Nutrition International (Rich-
mond, IN). The mice were inoculated with wild-type (WT) H.
hepaticus or a cdtB-deficient H. hepaticus mutant or sham
dosed with brucella broth as a control. Mice received 0.2 ml of
a fresh inoculum (~2 X 10® organisms) by gastric gavage every
other day for three inoculations. This H. hepaticus mutant
contains a minitransposon-mediated mutation within the cdtB
gene coding for a catalytic subunit of cytolethal distending
toxin; the mutant lacked cytolethal distending toxin activity (5).
Five male and five female mice from each group were eutha-
nized at 8 weeks postinfection (wpi) (15 weeks of age) and 16
wpi (23 weeks of age), respectively. Immediately after eutha-
nasia with CO,, contents in the intestines were removed by
rinsing with sterile saline. One-centimeter segments of the
jejunum, ileum, cecum, and colon for RNA and DNA isolation
were collected and snap-frozen in liquid nitrogen immediately
after sampling and stored at —70°C prior to use. Total DNA
from the harvested intestinal samples was isolated with Trizol
Reagents by following the manufacturer’s recommendations
(Invitrogen).

In order to enumerate the numbers of bacteria of eight ASF
strains in the intestines of SW mice by QPCR, genomic DNAs
from cultured ASF bacteria were used to generate standard
curves of six 10-fold dilutions, ranging from 10° to 10 pg.
QPCR was performed with a Prism Sequence Detection Sys-
tems 7700 (Applied Biosystems, Foster City, CA) as described
previously (15). Subsequently, the quantities of the bacterial
DNA were converted into copy numbers of the respective ASF
genomes on the basis of their 16S rRNA gene copies. The copy
numbers of the ASF genomes were then normalized to micro-
grams of mouse chromosomal DNA whose quantities in the
samples were measured by QPCR with the 18S rRNA gene-
based primers and probe mixture (Applied Biosystems). Data
on the levels of H. hepaticus were analyzed among multiple
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groups by the Kruskal-Wallis test and between two groups by
a two-tailed ¢ test for normally distributed data or a Mann-
Whitney U test for abnormally distributed data. The normality
of the data sets was analyzed with the Kolmogorov-Smirnov
test. Values of P < 0.05 were considered significant.

The numbers of 16S rRNA gene copies of six ASF strains
(ASF356, ASF360, ASF361, ASF457, ASF492, and ASF519)
were estimated previously by Southern blotting or QPCR (15).
For determination of the numbers of 16S rRNA gene copies
within ASF500 and ASF502, approximately 1 pg of genomic
DNA from ASF strain 500 or 502 was digested with BamHI,
EcoRI, or HindIII overnight, separated on a 1% agarose gel,
and then transferred to a nylon membrane. For preparing a
hybridization probe, the 262-bp or 405-bp PCR fragment was
amplified from the 16S rRNA gene of strain ASF500 or
ASF502, respectively, with the specific primers as described
previously (15). The probe was labeled with horseradish per-
oxidase with a direct nucleic acid labeling and detection sys-
tem, and hybridization was performed by following the manu-
facturer’s recommendations (Amersham Biosciences, Piscataway,
NJ). Southern blotting indicated that strains ASF500 and ASF502
contained one and two copies of the 16S rRNA gene, respectively
(data not shown).

Our data demonstrated that all eight ASF strains persis-
tently colonized the ceca and colons of SW mice; six ASF
strains (except for strains ASF457 and ASF492) were also
present in their jejuna and ilea. The total number of mucosa-
associated ASF strains in SW mice increased from the small
intestine (10° to 10) to the large bowel (10* to 10°) at both 15
and 23 weeks of age (Fig. 1). Between 15 and 23 weeks of age, the
total numbers of ASF bacteria increased in the ceca (~5-fold)
and colons (~10-fold) whereas the level of ASF bacteria slightly
decreased in the jejuna and ilea; these results were due to the
increase in several ASF strains, such as ASF457, ASF492, and
ASF356, in the large intestine during aging or the significant
reduction or elimination of some ASF strains, such as ASF457
and ASF492, in the small intestine. Given that ~1 pg of mouse
DNA was isolated from 1 mg of wet intestinal tissue with Trizol
reagent (unpublished data), the total number of ASF bacteria per
gram of wet intestinal tissue was approximately 10° in the jeju-
num, 107 in the ileum, >10 in the cecum, and 10® in the colon at
23 weeks of age. This trend is consistent with our previous obser-
vation in germ-free C.B-17 SCID mice colonized with ASF strains
(5 X 10° bacteria/g in the small intestine, ~10'° bacteria/g in the
cecum, and >108 bacteria/g in the colon) (15). These data suggest
that ASF bacteria may be used as indicator organisms for moni-
toring dynamic changes in the overall microflora in the GITs of
experimental mice.

Previous studies reported only part of the ASF flora present
in the mouse GIT (2, 14); however, these were based on se-
quencing of denaturing gradient gel electrophoresis (DGGE)
fragments and PCR-generated clones, and these techniques
have a low probability of detection of low-frequency species.
For example, only strains ASF360 (L. murinus) and ASF519
(Bacteroides sp.) were present in the distal colons of inbred 129
Sv/Ev mice when being characterized by sequencing of the 16S
rRNA gene fragments derived by PCR-DGGE (2). Nonethe-
less, Salzman et al. identified four members of the ASF in the
cloned microbial 16S rRNA gene sequences generated from
the GITs of FVB mice, including strains ASF360 and ASF519
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in the large intestine, strain ASF361 in the small intestine, and
strain ASF502 in both the cecum and the large intestine (14).
The detection of all ASF species by QPCR thus confirms that
these species are part of the natural murine GIT flora, albeit
some at relatively low proportions of the total flora (6, 8, 15).
In addition, the use of mouse strains with various genetic
backgrounds and different vendor sources and types of diets
could also contribute to differences in the colonization status
of ASF in the murine GIT (4).

Ages of mice influence colonization dynamics or levels of
certain ASF strains (Fig. 1). Between 15 and 23 weeks of age,
the levels of strains ASF356 and ASF492 in the colon and of
strains ASF457 and ASF500 in both the colon and the cecum
significantly increased (P < 0.05 or 0.008). In contrast, the
levels of strain ASF457 in the jejunum and strain ASF492 in
the small intestine significantly decreased between these two
time points, whereas strain ASF492 was not detected in the
small intestine at 23 weeks of age. Also, alteration of the
colonization levels of some ASF strains during aging was found
to be gender dependent. The cecal levels of strains ASF356
and ASF492 and the jejunal levels of strains ASF360 and
ASF361 in males and the jejunal levels of strains ASF500 and
ASF502 in females were significantly higher at 15 weeks of age
than at 23 weeks of age (P < 0.05). In addition, Bacteroides sp.
strain ASF519 in the ceca of female mice (P < 0.016) and the
colons of male mice (P < 0.008) significantly increased be-
tween 15 and 23 weeks of age. These results suggest that mouse
age and gender play an import role in the colonization levels of
some of ASF strains in the intestinal tracts of SW mice.

We previously demonstrated that WT H. hepaticus colonized
the jejunum, ileum, cecum, and colon at similar levels at 8 wpi
between male and female SW mice; however, the level of H.
hepaticus in the ceca and colons of females mice was less by
~1,000-fold than in the male mice at 16 wpi (5). In addition,
the cdtB-deficient H. hepaticus mutant was able to transiently
colonize the intestines of male SW mice through 8 wpi but was
cleared at 16 wpi; in contrast, this mutant did not colonize the
intestines of female SW mice (5). Infection with WT H. he-
paticus or the cdtB-deficient H. hepaticus mutant led to an
approximately 10-fold increase in strain ASF360 over the
sham-dosed controls in the jejuna and ilea of 23-week-old male
mice at 16 wpi (Fig. 2A). In contrast, cecal levels of strain
ASF502 were decreased by infection with WT H. hepaticus or
cdtB-deficient H. hepaticus mutant in male SW mice (15 weeks
old) (P < 0.008 for the mutant and <0.016 for WT H. hepaticus
3B1) by 8 wpi (Fig. 2B). H. hepaticus infection had a minimal
effect on the colonization level or distribution of strains ASF356,
ASF361, ASF457, ASF492, ASF500, and ASF519 along the in-
testinal tract (data not shown).

Interestingly, Lactobacillus sp. strain ASF360, but not Lac-
tobacillus murinus ASF361, increased in response to H. hepati-
cus infection. Recently, it has been reported that the Lactoba-
cillus Acidophilus group, which is phylogenetically related to
strain ASF360 (3), was missing from the DGGE profiles of
germfree, interleukin-10 (IL-10)-deficient mice which devel-
oped severe colitis 3 and 6 weeks after microbial exposure; in
contrast, L. murinus ASF361 was identified in both the IL-10-
deficient and wild-type mice (on an inbred 129 Sv/Ev back-
ground) (2). In addition, approximately 10% of murine Lac-
tobacillus isolates had an inhibitory effect on tumor necrosis
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FIG. 1. Eight ASF strains persistently colonize the intestines of sham-dosed SW mice as quantified by QPCR. Data are presented as means *
standard errors. Values represent the number of copies of each ASF genome per microgram of mouse DNA. Open ((J) and closed (m) bars
represent mice euthanized at 15 and 23 weeks of age, respectively. F, female SW mice; M, male SW mice; *, P < 0.05; *%, P < 0.008.

factor alpha production by lipopolysaccharide-stimulated
mouse macrophages (12). Experimental inoculation of se-
lected probiotic lactobacilli attenuated pathogenic or commen-
sal intestinal microbe-induced typhlocolitis in several IL-10-

deficient mouse strains (9, 13). Whether the increased levels of
strain ASF360 in H. hepaticus-infected SW mice, which have
no demonstrable intestinal pathology, plays a probiotic role

requires further investigation.
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FIG. 2. Influence of H. hepaticus infection on colonization by ASF
strains ASF360 and ASF502. Data are presented as means * standard
errors. Control, sham-dosed mice; cdtB- Hh, a cdtB-deficient H. he-
paticus mutant; WT Hh, WT H. hepaticus strain 3B1; *, P < 0.05; **,
P < 0.008.

Overall, H. hepaticus infection had a limited impact on col-
onization levels of ASF strains. This is consistent with the
observation that H. hepaticus infection in SW mice did not
cause enteritis. One possible explanation for this result is that
immunocompetent, outbred SW mice have the ability to im-
munologically respond to H. hepaticus infection and simulta-
neously to sustain homeostasis of commensal intestinal micro-
biota. This explanation is supported by our recent finding that
the levels of strains ASF361, ASF500, and ASF502 were sig-
nificantly increased in the colons of T-cell receptor B-deficient
mice with H. hepaticus-induced typhlocolitis (unpublished ob-
servations). However, this study did not rule out the possibility
that H. hepaticus infection affected the distribution and colo-
nization of other non-ASF intestinal microbes. Recently,
Kuehl et al. demonstrated that H. hepaticus colonization was
associated with a decrease in the overall diversity of the mi-
crobial community in the ceca of C57BL/6 mice (8a).
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In summary, we have characterized the colonization dynam-
ics of eight ASF strains in the intestinal tracts of outbred SW
mice by QPCR. This molecular approach overcomes culture-
dependent limitations and provides a powerful tool for quan-
titatively dissecting bacterium-host interactions with high res-
olution. In addition, the information obtained in this study
regarding the influence of age, gender, and H. hepaticus infec-
tion on the distribution and colonization levels of the respec-
tive ASF strains will be useful in designing in vivo experiments
for elucidating the roles of ASF strains in mice challenged with
enteric pathogens or subjected to other environmental stimuli.
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