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Abstract
The gastrointestinal (GI) microbiota forms amutualistic relationship with the host through complex and dynamic interactions.
Because of the complexity and interindividual variation of the GI microbiota, investigating how members of the microbiota
interact with each other, as well as with the host, is daunting. The altered Schaedler flora (ASF) is a model community of eight
microorganisms that was developed by R.P. Orcutt and has been in use since the late 1970s. The eight microorganisms
composing the ASF were all derived frommice, can be cultured in vitro, and are stably passed throughmultiple generations (at
least 15 years or more by the authors) in gnotobiotic mice continually bred in isolator facilities. With the limitations associated
with conventional, mono- or biassociated, and germfree mice, use of mice colonized with a consortium of known bacteria that
naturally inhabit themurine gut offers a powerful system to investigatemechanisms governing host–microbiota relationships,
and how members of the GI microbiota interact with one another. The ASF community offers significant advantages to study
homeostatic as well as disease-related interactions by taking advantage of a well-defined, limited community of
microorganisms. For example, quantification and spatial distribution of individual members, microbial genetic manipulation,
genomic-scale analysis, and identification of microorganism-specific host immune responses are all achievable using the ASF
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model. This review compiles highlights associated with the 37-year history of the ASF, including descriptions of its continued
use in biomedical research to elucidate the complexities of host-microbiome interactions in health and disease.
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The Gut Microbiota
It is well established that the number of bacteria living in our gas-
trointestinal (GI) tract outnumber our own cells 10 to 1, with val-
ues that reach 1011 cells/gram contents in the colon (Eckburg
et al. 2005; Luckey 1972; Savage 1977; Whitman et al. 1998). The
mutualistic relationship with the host has co-evolved to form a
dynamic interaction between the gut microbiota and the host.
In healthy individuals, the microbiota thrives in a largely stable
environment with continuous nutrient delivery, and in which
the host benefits from microbial contributions to metabolism,
vitamin production, immune system development, and com-
petitive exclusion of pathogens (Ley et al. 2006; O’Hara and
Shanahan 2006).

Determining how specific autochthonous microorganisms
contribute to the health of themammalian host remains a signif-
icant challenge due to the vast diversity of microbial species in
the gut, which is colonized with several hundred species and
subspecies (Eckburg et al. 2005; Savage 1977). Members of themi-
crobiota are also not evenly distributed throughout the GI tract,
but are concentrated in many niches throughout the alimentary
tract from the lumen to the mucosa (Dubos et al. 1965; Eckburg
et al. 2005; Savage et al. 1968; Zoetendal et al. 2002). Understand-
ing how microorganisms have adapted to colonize specific
niches is also challenging due to the varying environmental
conditions that can be encountered throughout the GI tract,
including pH, nutrient availability, host immunity, and bacterial
cell density.

Mice as Models for the Gut Microbiota
Mice are themost commonmammalianmodel withwhich to ex-
amine themutualistic relationship between the host and themi-
crobial world living within us. Similar to humans, mice have a
complex gut microbiota dominated by Firmicutes and Bacteroi-
detes, along with members of the Proteobacteria, as well as
other phyla that respond to perturbations such as diet and anti-
biotics (Dethlefsen et al. 2007; Ley et al. 2006). The murine micro-
biota can be manipulated in ways not possible with humans,
including generation of gnotobiotic mice encompassing both
germfree and definedmicrobiotamice. In addition to their overall
complexity, conventionally rearedmice have been demonstrated
to have a variable microbiota between individuals, as well as sig-
nificant cage-to-cage variation (McCafferty et al. 2013). Differenc-
es in the GI microbiota within the same strain or stock of mouse
obtained from different vendors have been shown to influence
research results; for example, the presence or absence of seg-
mented filamentous bacteria have been shown to influence the
development of Th17 cells (Ivanov et al. 2008). Additional exam-
ples demonstrating the influence of the microbiota on host re-
sponses have been reported. As reviewed recently by Schoeb
and Bullard (2012), for example, phenotypic variation in murine
inflammatory bowel disease models is a consequence of the dif-
ferences in the microbiota.

Although this diversity in the GI microbiota makes commer-
cially available mice similar to the humans who also have a var-
iable GI microbiota between individuals, microbial diversity
makes it difficult to draw conclusions between studies regarding

how changes in the microbiota affect the host when the study
subjects do not have a uniformmicrobiota as a point of reference.
Thus, definedmicrobiota models offer the advantage of a known
and consistent standard upon which to determine how manipu-
lation of GI microorganisms affect physiological processes in the
host.

Gnotobiotics and, more specifically, the generation of germ-
free mice, have provided the basis to allow investigators the
ability to study host–microbe aswell asmicrobe–microbe interac-
tions following the purposeful introduction of selected microor-
ganisms or microbial communities. Germfree animals, however,
are not representative of a normal host because they have an
underdevelopedmucosal and systemic immune systems charac-
terized by reduced serum leukocytes and antibody (Bauer et al.
1963; Horowitz et al. 1964; Thompson andTrexler 1971). Germfree
mice also display anatomical alterations (Figure 1) (i.e., an
enlarged cecum), alongwith histological, physiological, andmet-
abolic differences (Lesher et al. 1964; Thompson and Trexler
1971). Again, it should be realized that mono- or biassociated
models lack the community dynamics of a complex microbiota,
and the resultant host–microbial interactions would not be
representative of those interactions that naturally occur in the
conventional mammalian gut.

Germfreemice have also been used to develop definedmicro-
biota models by colonizing themwith a limited number of bacte-
rial species isolated from humans. These “humanized” mice,
however, have been utilized mainly for short-term biomedical
research studies. In this regard, it is unclear how bacteria from
a human source would adapt during long-term colonization
and vertical transmission in murine hosts in order to maintain
genetic and numerical stability, or organizational structure
(Faith et al. 2013; Turnbaugh et al. 2009).

Given the limitations of conventional, germfree, or highly
contrived defined-community mouse models, use of mice with
a consortiumof knownbacteria that normally inhabit themurine
GI tract offers a powerful system to understandhowexpression of
specific geneswithin themicrobiome affect the host, aswell as to
determine howmembers of the GImicrobial community interact

Figure 1. Morphological features of the ceca from gnotobiotic and conventional

mice. Left panel: Representative images of the cecum excised from a germfree

(left), a monoassociated (center), or a conventional (right) C3H/HeN mouse.

Right panel: Representative images of the cecum excised from an ASF (left) or

conventional (right) C3H/HeN mouse.
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with one another. The altered Schaedler flora (ASF) represents a
gnotobioticmousemodel thathasbeen inuse fordecades (Table 1)
and that offers significant advantages to study microbiome–host
interactions.

Development of the ASF
In 1965, Russell W. Schaedler developed a defined microbiota
mouse colony in which the mice were colonized with two Lacto-
bacillus spp., an anaerobic Streptococcus sp. (Group N), a strain of
bacteroides, an Enterococcus sp., and a coliform strain, all of
which were isolated from Nelson Collins Swiss mice (Schaedler
et al. 1965). The microbial population was maintained from
dam to offspring, and the GI tissue of the mice resembled that
of a mousewith conventional microbiota, but not that of a germ-
free mouse (Figure 1) (Schaedler et al. 1965). The bacteria com-
prising this defined microbial community (Schaedler flora) were
supplied to animal vendors for use as a basemicrobiota for newly
derived germfree rodents as a means to provide a competitive
niche to limit or prevent colonization of GI opportunistic bacterial
pathogens (Trexler andOrcutt 1999). A limitation of the Schaedler
flora, however, was the presence of facultative anaerobes (specif-
ically, Escherichia coli and Streptococcus fecalis) that typically out-
grew isolator contaminants when cultured aerobically (Baker
1966).

In 1978, at the behest of the National Cancer Institute, Roger
P. Orcutt, whose PhD mentor was Russell W. Schaedler, devel-
oped a refined microbiota based on the Schaedler flora to be
used by contract suppliers (Orcutt et al. 1987; Trexler and Orcutt
1999). He replaced four of the original bacterial species from the
Schaedler flora with microorganisms isolated from CD-1 mice
(Trexler and Orcutt 1999). The new organisms represented
major constituents of the autotchotonous microbiota of the
mouse, as opposed to the original Schaedler facultative anaer-
obes which only reach significant levels in infant mice during
their second week of life before the extremely oxygen-sensitive
(EOS) anaerobes arrive as the mice start to ingest solid food on
day 11 after birth. Three of the newly introduced bacterial species
were EOS anaerobes, selected for morphological differences and
ease of identification with direct phase microscopy of cecal con-
tents or a fecal smear (Trexler andOrcutt 1999). The final addition
was a spiral-shaped microorganism (i.e., ASF 457) that was origi-
nally isolated by Dr. Schaedler, using differential filtration
through a 0.45 μm millipore filter. This species was later named
Mucispirillum schaedleri in his honor (Robertson et al. 2005).

The newmicrobial community derived by Dr. Orcutt (Table 1)
consisted of eight anaerobic bacteria of which only the two lacto-
bacilli could grow aerobically, allowing for detection of contami-
nation under aerobic growth conditions. This was not possible in
the original Schaedler flora formulation due to the presence of
bacterial species that would replicate aerobically. The ASF mem-
bers do not have cocci or spore-forming blunt-ended rods, which
are the predominant contaminants in gnotobiotic isolators
(Baker 1966). The ASF establish stable GI colonization in the
mouse, although ASF 360 (Lactobacillus intestinalis) may disappear
depending on the mouse’s diet. The impact of the diet on the
microbiota was noted in the 1960s when Dubos and Schaedler
observed that ASF 360 was unable to be cultured when NCS
mice bearing the Schaedler flora were fed a 15% casein diet
(Dubos and Schaedler 1962; Dubos et al. 1965).

This new ASF microbiota was utilized by major vendors of
commercial mice and rats (e.g., Charles River Laboratories, Harlan
Laboratories, Simonsen Laboratories, and Taconic Biosciences) as
all had contractswith theNationalCancer Institute. Thenewset of

eight microorganisms (i.e., the ASF) eliminated the problems that
were voiced by these NCI supplies that were associated with the
original Schaedler “cocktails” (Trexler andOrcutt 1999).Many ven-
dors including Taconic Biosciences andCharles River Laboratories
continue to use the ASF in their isolator foundation breeding
colonies to provide a baseline microbiota prior to introduction
into barrier production.

The ASF community is representative of a normal murine GI
microbiota that can be stably maintained for generations under
gnotobiotic conditions (Alexander et al. 2006; Sarma-Rupavtarm
et al. 2004; Stehr et al. 2009). The ASF longitudinally distribute
through the GI tract and differentially occupy niches similar to
a complex GI microbiota; and ASF-colonized mice are healthy,
with a normal immune system and GI function (Orcutt et al.
1987; Sarma-Rupavtarm et al. 2004). Each microorganism can
be individually evaluated, as organism-specific polymerase
chain reaction (PCR) primers have now been developed and
used in research studies (Alexander et al. 2006; Sarma-Rupav-
tarm et al. 2004). Each of the ASF can be individually cultivated
in vitro, allowing the production of bacterial antigen that can
be used to evaluate organism-specific immune responses, and
offer the opportunity for genetic manipulation of the individual
ASF species (Jergens et al. 2007). Thus, this model is relevant to
investigate specific members of the bacterial community, as
well as the impact of the ASF on the host immune system.

Phylogeny of the ASF
In 1999, the 16S rRNA genes of theASFwere sequenced, providing
new phylogenetic information about each of the ASF members
(Dewhirst et al. 1999). From this, ASF 361was found to be identical
to the type strains of both L. murinus and L. animalis, while ASF 360
was determined to be a novel Lactobacillus similar to L. acidophilus
and L. lactis (Dewhirst et al. 1999). ASF 519 wasmost closely relat-
ed to Porphyromonas and aligned with an unnamed genus, while
ASF 457 was determined to be in a distinct phylum (Dewhirst
et al. 1999). The remaining four ASF members comprised a
group of gram-positive bacteria possessing a low G/C content
(Dewhirst et al. 1999). ASF 492 was identical to Eubacterium plexi-
caudatum, and ASF 500was not closely related to any othermicro-
organism known at the time (Dewhirst et al. 1999). With the
availability of additional DNA sequence-based taxonomic infor-
mation, ASF 519was recently identified as Parabacteroides goldstei-
nii, ASF 360 as Lactobacillus intestinalis, and ASF 500 has beenmore
specifically identified as a species of Pseudoflavonifractor within
the order Clostridiales (Duca et al. 2014; Momose et al. 2011; Park
and Itoh 2005). Also, ASF 457 is now classified as a novel
bacterium, Mucispirillum schaedleri, in the phylum Deferribacteres
(Robertson et al. 2005), while whole-genome sequencing enabled
further classification of ASF 502 as aClostridium sp. (Wannemuehler
et al. 2014).

Near complete genome sequences of each of the ASF mem-
bers have recently been reported (Table 1), revealing the genetic
composition of an entire gut microbiome (Wannemuehler et al.
2014). This resource will provide unprecedented opportunities
to understand how gene expression and metabolic activity
respond to changes to the mammalian host. For example, tran-
scriptome analysis of the ASF bacteria can be used to interrogate
how the GI community responds to changes in diet, genetic back-
ground, or pathogenic bacterial infection. In addition, ongoing
work in the authors’ laboratories includes resequencing the
ASF genomes in an effort to identify heritable genetic alterations
within the ASF in response to changes (e.g., diet, inflammation,
additional microbes) to the host’s GI microenvironment.
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Table 1. Metadata characterizing the eight members of the altered Schaedler flora (ASF)

ASF 356a ASF 360a ASF 361a ASF 457 ASF 492 ASF 500 ASF 502 ASF 519a

Mouse strainb Nelson Collins Swiss
(NCS)

NCS NCS NCS CD-1 CD-1 CD-1 NCS

Date of isolation Early 1960s Early 1960s Early 1960s Early 1960s Early 1970s Early 1970s Early 1970s Early 1960s
Geographic

location
Rockefeller

University
Rockefeller

University
Rockefeller
University

Rockefeller
University

Charles River
Laboratories

Charles River
Laboratories

Charles River
Laboratories

Rockefeller
University

Scientist Russell Schaedler Russell Schaedler Russell Schaedler Russell Schaedler Roger Orcutt Roger Orcutt Roger Orcutt Russell Schaedler
Source Intestine/Cecum Stomach Stomach Intestine/Cecum Intestine/cecum Intestine/cecum Intestine/Cecum Intestine/Cecum
Taxonomy Clostridium species Lactobacillus

intestinalis
Lactobacillus
murinus

Mucispirillum
schaedleri

Eubacterium
plexicaudatum

Pseudoflavonifactor
species

Clostridium species Parabacteroides
goldsteinii

Genome size
(Mb)

2.91 2.01 2.17 2.33 6.51 3.70 6.48 6.87

GenBank
Accession No.

AQFQ00000000.1 AQFR00000000.1 AQFs00000000.1 AYGZ00000000.1 AQFT00000000.1 AYJP00000000.1 AQFU00000000.1 AQFV00000000.1

Cellular
morphology

aMembers of the original Schaedler flora.
bMouse strain from which the organism was isolated.
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In Vivo Evaluation of the ASF
Quantitative, real-time PCR (qPCR) has been developed to moni-
tor the absolute abundance of each ASF member (Sarma-
Rupavtarm et al. 2004). For example, Sarma-Rupavtarm and
colleagues evaluated the distribution of the ASF in the GI tract
of 6-week-old C.B-17 SCID mice and noted that P. goldsteinii (ASF
519) was the dominant microorganism, with Clostridium sp. (ASF
502), Mucispirillum sp. (ASF 457), and Lactobacillus sp. (ASF 361) as
the next most prevalent organisms (Sarma-Rupavtarm et al.
2004). An independent study also revealed ASF 519 as the
dominant organism, and ASF 519 and 502 have previously been
reported to be the dominant organisms from fecal samples
(Geuking et al. 2011; Sarma-Rupavtarm et al. 2004). More recently,
use of 16S rRNA gene sequencing on the Illumina platform con-
firms the taxonomic distributions identified in previous studies
(Figure 2). Also, consistent with previous studies, ASF 360 is too
low in abundance to routinely be detected by 16S sequencing
but is detectable with organism-specific PCR from stomach con-
tents. This high throughput approach facilitates analysis of a
larger number of samples than is feasible using qPCR and, thus,
will be useful to study changes in the microbiota during longitu-
dinal studies in great detail.

Fluorescence in situ hybridization (FISH) can be used to mon-
itor changes in bacterial mucosal association. Using a colony of
gnotobiotic ASF-colonized C3H/HeN mice continuously main-
tained for 14 years, the Wannemuehler laboratory at Iowa State
University has utilized FISH to evaluate spatial distribution of
the ASF following the colonization of E. coli (Figure 3). Mucispiril-
lum schaedleri (ASF 457) has been demonstrated to be a mucous
colonizer in the mouse GI tract and also translocates to the
liver (Robertson et al. 2005); the fusiformASF organisms are likely
to be differentially associated with the mucous layer of the GI
tract as previously suggested (Savage et al. 1971).

Several studies have evaluated the ASF in multiple genetic
backgrounds of mice, revealing that GI colonization dynamics
are influenced by host genetic background, sex, and age of the
mice, though the community structure largely remains stable
over time (Alexander et al. 2006; Ge et al. 2006; Sarma-Rupavtarm
et al. 2004; Stehr et al. 2009). Longitudinal evaluation demon-
strates that oxygen availability affects colonization dynamics,
with aerotolerant Lactobacillus (ASF 361) dominating in the
upper GI tract, stomach, and esophagus, and obligate anaerobes

more heavily colonizing the cecum and colon (Alexander et al.
2006; Sarma-Rupavtarm et al. 2004). ASF 360 (Lactobacillus) was
detected in very low numbers (Alexander et al. 2006; Sarma-
Rupavtarm et al. 2004) in the proximal alimentary tract (i.e.,
esophagus). Also, fecal samples were not necessarily equivalent
to samples isolated from within different compartments of the
gastrointestinal tract (Alexander et al. 2006; Sarma-Rupavtarm
et al. 2004).

When gnotobiotic ASFmice are conventionalized, the ASF re-
main stable components of the complex microbial community
(Alexander et al. 2006; Stehr et al. 2009). Conversely, colonization
of gnotobiotic ASF mice with H. hepaticus has revealed quantita-
tive changes in the community structure with the introduction
of the new microorganism (Ge et al. 2006).

ASF as a Microbial Model Community
The ASF provides a well-defined, limited community of
microorganisms available for manipulation, quantification, and

Figure 2. Stability and relative abundance of the altered Schaedler flora (ASF) in gnotobiotic C3H/HeN mice bred at Iowa State University between 2005 and 2013. (a) Pie

chart representing the relative abundance of the members of the ASF in feces collected and archived in 2005. (b) Pie chart representing the relative abundance of the

members of the ASF in feces collected and archived in 2013. The relative distribution of taxonomic classes were determined by 16s ribosomal gene sequence analysis

(V4 variable region) on the Illumina MiSeq platform. While the relative abundance of ASF 360 was below limits of detection by species-specific 16s amplicon

sequencing, this species was detectable by end-point PCR analysis of contents from the upper GI tract.

Figure 3. Photomicrograph depicting the use of fluorescent in situ hybridization

(FISH) to evaluate the spatial distribution of the altered Schaedler flora (ASF)

relative to the mucosal epithelium (DAPI stain - blue) of the proximal colon in a

C3H/HeN mouse colonized with the ASF and Escherichia coli. The EUB338-FITC

probe (green) was used as a nonspecific probe to detect the ASF with a species-

specific Cy3-labeled probe for E. coli (orange).
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organism-specific immune responses. This model has been used
for microbiological, immunological, and metabolic studies. The
ASF have mostly been used in mice, but also in rats and pigs
(Laycocket al. 2012; Rath et al. 1996). However, colonization of gno-
tobiotic pigs was unreliable, as one might expect, because pigs
have their own autochthonous microbiota (Laycock et al. 2012).

Mice colonized with the ASF can be useful to study the impact
of enterobacteria colonization on a model microbial community
because the ASF is devoid of proteobacteria . The ASFwas used to
colonize germfree mice, resulting in mice harboring a low-com-
plexity microbiota (LCM) (i.e., raised under barrier conditions) in
order to study colonization resistance of Salmonella enterica
(Stecher et al. 2010). These LCM mice were easily colonized
with S. enterica and developed pathological changes intermediate
between conventional and germfree mice. When the authors
cohoused the LCM mice with a mouse harboring a conventional
microbiota, the LCM mice developed colonization resistance
toward S. enterica as evidenced by lower colony-forming units
(CFU) of S. enterica in fecal and cecal samples (Stecher et al.
2010). The most abundant ASF members identified in these
studies were ASF 519 and ASF 500 (Stecher et al. 2010).

The authors have demonstrated the ability to stably colonized
Helicobacter bilis,Campylobacter jejuni, and different E. coli strains in
gnotobiotic C3H/HeN ASF-colonized mice. Microorganisms that
typically do not stably colonize mice with a conventional micro-
biota have been shown to chronically colonize mice with an es-
tablished ASF. Four strains of C. jejuni stably colonized for at
least 7 weeks and LF82, an adherent invasive E. coli strain associ-
ated with Crohn’s disease, have been stably maintained across
six successive generations of mice (manuscripts in preparation).
Additionally, a study using Helicobacter felis demonstrated stable
colonization of ASF mice, whereas this microorganism was lost
from conventional microbiota mice (Schmitz et al. 2011).

The ASF-colonized mice have been used to evaluate the dy-
namics of the mucosal IgA response to the resident microbiota
(Hapfelmeier et al. 2010). Recently, ASF has also been used to
determine that the colonization of the GI tract with bacteria in
the postnatal period is necessary for development of the enteric
nervous system (ENS). In fact, the ENS of ASF-colonizedmicewas
similar to that found in conventionally reared, SPF animals
(Collins et al. 2014). When colonizing germfree MyD88-deficient
non-obese diabetic (NOD) mice with the ASF, a reduced type 1 di-
abetes (T1D) phenotype, similar to conventional SPFmice, was ob-
served compared with the germfree, MyD88-deficient NOD mice
(Wen et al. 2008). This demonstrates that the ASF community is
sufficient to reduce the tendency to develop T1D mellitus. The
ASF has also been used in the HLA-B27 transgenic ratmodel of co-
litis to colonize germfree rats, demonstrating that the microbiota,
especially Bacteroides species, contributed to colitis in this model
(Rath et al. 1996).

TheASF has been used as a representative subset of the GImi-
crobiota in order to evaluate the changes in the distribution of the
microbial community following GI perturbation. For example,
colonization of conventional micewithH. pyloriwas shown to in-
crease the numbers of several members of the ASF (356, 361, 457,
and 500) detected in the stomach by PCR analysis (Whary et al.
2014). In contrast, co-infection of the mice with Heligmosomoides
polygyrus prevented the H. pylori-induced detection of these
same four ASF members in the stomach (Whary et al. 2014). It
should be stated that the detection of three colonic members of
the ASF (356, 457, and 500) in the stomach by PCR may be due
to their transient presence as a result of coprophagy. Another
study with H. pylori used a subset of the ASF to augment gastric
cancer progression mouse model (Lertpiriyapong et al. 2014).

Collectively, the use of the ASF as representatives of the lower
bowelmicrobiota demonstrated that spatial changes inmicrobial
colonization along the GI tract likely contributed to ongoing
inflammation and development of precancerous dysplasia.

ASF Microbiological Functions In Vivo
The importance of the microbiota with respect to contributing to
the nutritional needs of the host is well documented. For exam-
ple, the GI microbiota produce short chain fatty acids (SCFAs)
such as butyrate by digestion of dietary fiber, and butyrate has
been described as a major energy source for colonic epithelial
cells. In addition, Garrett and colleagues have demonstrated
that SCFAs are capable of attenuating the severity of colitis
(Smith et al. 2013).With respect to using the ASF to study produc-
tion of SCFAs, ASF 356 and ASF 492 have been shown to produce
large amounts of SCFAs in vivo and in vitro (Smith et al. 2013).
Because the ASF genomes have now been sequenced, it is now
possible to evaluate the metabolic pathways responsible for pro-
duction of SCFAs and to predict metabolic changes (i.e., metabo-
lites) that would be associated with dietary changes or those
associated with disease. The ASF is a stable community, suggest-
ing that eachmember of the ASF contributesmetabolically to the
homeostasis of this model microbiota and/or to that of the host
(Figure 2). In this regard, ASF-colonized animals have been used
to evaluate the role of intestinal bacteria in the metabolic activa-
tion of nitrotoluene into a genotoxin. It was demonstrated that
ASF-colonized animals were less efficient at metabolizing the
compound (Doolittle et al. 1983). Members of the ASF have been
used to evaluate foraging of host metabolites by the microbiota,
demonstrating that a simplifiedmicrobiotawas not as efficient as
a complexmicrobiota at utilizing these host-derived compounds
(e.g., mucins) (Berry et al. 2013).

ASF and Gut Immunology Research
ASF colonization has been used in several studies to evaluate
components of mucosal immunity including CD4+ T cells, IgA,
and RegIII-γ. ASF-colonized mice have also been used to demon-
strate that microbial antigens are necessary for homeostatic de-
velopment of mucosal T cells in the colonic lamina propria;
specifically, the ASF was shown to be sufficient to induce regula-
tory T cells (iTREG cells) and to induce both spontaneous and ho-
meostatic T cell proliferation that was essential to establish GI
immune homeostasis (Feng et al. 2010). Furthermore, germfree
mice reconstituted with the ASF lacked Th17 cells and had in-
creased proportions of FoxP3+ TREG cells in the small intestinal
lamina propria (Ivanov et al. 2008). Because of the complexity of
a conventionalmicrobiota, it is difficult to evaluate the role of the
GI microbiota in the development of mutualistic immune adap-
tations. To address these limitations, Geuking and colleagues
used ASF-colonized mice to study the maintenance of mutualis-
tic CD4+ T cells response (Geuking et al. 2011). Following treat-
ment of these ASF-colonized mice with low-dose dextran
sulfate sodium (DSS), the colonic lamina proprial T cells respons-
es were characterized by the presence of iTREG cells and the ab-
sence of demonstrable Th1 or Th17 cells, which resulted in the
maintenance of mucosal homeostasis (Geuking et al. 2011).
While ASF 519 was the dominant organism in the GI microbiota
of these mice, colonization with ASF 519 alone, unlike B. fragilis,
was unable to induce an expansion of the iTREG cell population,
demonstrating the necessity for a community of organisms to es-
tablish mucosal homeostasis (Geuking et al. 2011; Round and
Mazmanian 2010). Additionally, a later study demonstrated that
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ASF colonization was sufficient to induce thymic stromal lym-
phopoietin (TSLP) expression that was critical for the prevention
of the exaggerated production of IL-17A in the colonic lamina
propria (Geuking et al. 2011; Mosconi et al. 2013).

The colonization of the GI tract with the ASF alone was suffi-
cient to stimulate the development ofmucosal immunityas dem-
onstrated by Ivanov and colleagues (2008). These authors were
able to show that reconstitution of germfreemicewith theASF in-
duces the production of natural secretory IgA in the gut at levels
equivalent to that detected in SPF mice; however, the number of
IgA+ plasmablasts in the small intestinal lamina propria were re-
duced compared with SPF mice (Cong et al. 2009; Hapfelmeier
et al. 2010; Ivanov et al. 2008). Another study investigated the dy-
namics of microbiota-specific secretory IgA and used ASF colo-
nized mice to demonstrate that IgA specificity is determined by
the immunodominant antigens of the residentmicrobiota. More-
over, the loss of transient microorganisms correlates with the at-
trition of the respective antigen-specific IgA-secreting plasma
cells in the lamina propria (Hapfelmeier et al. 2010). Cong and col-
leagues utilized ASF mice to demonstrate that IgA-mediated im-
mune exclusion of bacterial flagellin was antigen-specific and
was not polyspecific (Cong et al. 2009). While several of the ASF
express flagella, ASF-colonizedmice were useful in these studies
because they possess a limited bacterial antigen load due to the
small size of this bacterial community and, thus, lack preexisting
antibody to antigen(s) not present (i.e., anti-CBir1 flagellin anti-
body) (Cong et al. 2009). Because the ASF promotes the develop-
ment of mucosal immunity, the limited complexity of the ASF
community allows colonization with new microorganisms
(e.g., Proteobacteria) unrelated to the existing community and
can thus be used to evaluate antigen-specific mucosal IgA to
the newly introduced organism within the context of a resident
microbial community (Cong et al. 2009).

There are >170 genes now identified as susceptibility markers
for inflammatory bowel diseases (IBDs), and polymorphisms or
deficiencies in Nod1 and Nod2 have been directly linked to IBD
susceptibility (Jostins et al. 2012). In this regard, SPF and ASF-
colonized Nod1−/−; Nod2−/− mice were used to evaluate the
impact of the microbial complexity on intestinal barrier function
and susceptibility toDSS-induced colitis (Natividad et al. 2012). In
comparison to an SPFmicrobiota, Natividad and colleagues dem-
onstrated that colonization of Nod1−/−; Nod2−/− mice with the
ASF attenuated the severity of DSS-induced colitis. While the
ASF-colonized Nod1−/−; Nod2−/− mice presented with increased
epithelial permeability, there was no evidence of spontaneous
colitis. In addition, ASF colonization was sufficient to normalize
RegIII-γ expression when compared with Nod1;Nod2 sufficient
mice (Natividad et al. 2012). The same authors subsequently
demonstrated that ASF-colonized mice expressed RegIII-γ at
lower levels when compared with mice with a complex SPF mi-
crobiota (Natividad et al. 2013). Collectively, these studies indi-
cate that ASF-colonized mice can be used to interrogate the role
of the microbiota in the onset of IBD and that the ASF is a micro-
bial community lacking “colitogenic” bacteria that initiate spon-
taneous IBD as seen in other genetic models of IBD. Due to the
reduced microbial complexity, ASF-colonized mice can also be
used to evaluate the benefits of probiotic bacterial species to at-
tenuate disease in genetically susceptible colitic mice (Natividad
et al. 2013).

ASF and Colitis Research
IL-10−/− mice maintained under traditional housing conditions
develop severe enterocolitis, while SPF IL-10−/− mice (i.e., likely

colonized by Helicobacter species) develop localized colitis (Kuhn
et al. 1993). Because the ASF was designed to be free of anymem-
bers of the Proteobacteria (e.g., Helicobacter, Campylobacter, Escher-
ichia), ASF-colonized mice can be used to evaluate the impact of
specificmembers of the Proteobacteria on the development of co-
litis in genetically susceptiblemice. Unlike conventionally reared
IL-10−/− mice, ASF-colonized IL-10−/− mice fail to develop colitis
or exhibit very mild disease, emphasizing the impact of the mi-
crobiota in this colitis model (Stehr et al. 2009). The ASF commu-
nity has proven useful as a microbial GI community to evaluate
the underlying mechanisms by which introduction of microbial
provocateurs directly contributes to the onset of colitis. For ex-
ample, it has been demonstrated that SPF IL-10−/−mice colonized
with Helicobacter trogontum developed typhlocolitis shortly after
infection; in addition, the relative abundance of some of the
ASFmembers decreased during theH. trogontum-induced inflam-
matory response, consistent with the observed dysbiosis in IBD
patients (Whary et al. 2006). Using ASF-colonized SCID mice,
Cahill and colleagues demonstrated that Helicobacter hepaticus
alone was insufficient to trigger IBD-like colitis in the absence
of CD45RBHigh CD4+ T cells (Cahill et al. 1997). Because of their de-
fined nature, ASF-colonizedmice have been used to demonstrate
that there are decided interactions between the host immune
system, inflammatory triggers provided by individual bacterial
provocateurs, and onset of colitis in genetically susceptible mice.

Induction of typhlocolitis in gnotobiotic ASF mice colonized
with either H. bilis or Brachyspira hyodysenteriaewas accompanied
by the induction of ASF-specific serum antibody. In contrast, the
severity of typhlocolitis in the B. hyodysenteriae-infected ASFmice
was less severe and more variable than that observed in H. bilis-
colonized ASF mice (Jergens et al. 2006). As the previous studies
focused on the host response to the provocateur (Cahill et al.
1997; Whary et al. 2006), more recent studies have focused on
the host response to the ASF ( Jergens et al. 2007). Because each
of the ASF is cultivable in complex media including brain heart
infusion medium or Schaedler’s medium supplemented with
bovine serum, host immune responses to the “entire”microbiota
can be evaluated. In another study, gnotobiotic ASF mice colo-
nized with H. bilis demonstrated increased ASF-specific serum
antibody and CD4+ T cell responses (Jergens et al. 2007). A subse-
quent study using a similar study design used microarray
analysis to demonstrate differential mucosal gene expression as-
sociated with fatty acid metabolism and detoxification in a time
course followingH. bilis colonization (Liu et al. 2009). The addition
of low-dose DSS treatment to induce colitis demonstrated that
H. bilis increases the host’s sensitivity to a mild colitic insult by
initiating inflammation and disrupting mucosal homeostasis
(Liu et al. 2011).

Limitations of the ASF Model
With a limited, defined microbiota, ASF mice lack the functional
redundancy andmetabolic capacity of a conventional microbiota
(Norin and Midtvedt 2010). It could be argued that one limitation
of the ASF community is that it may be considered dysbiotic (i.e.,
limited diversity). Regardless, it is evident that ASF-colonized
mice are immunologically, reproductively, and metabolically
similar to conventional mice. The limited nature of the ASF
should allow investigators to evaluate the in vivo effect of other
bacterial species (e.g., segmented filamentous bacteria) on the
community dynamics as well as mucosal homeostasis (i.e., de-
velopment of Th17 cells). In contrast, additional iterations of
the ASF community to further limit the diversity and metabolic
capabilities of this consortium of microorganisms would also
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be informative. Recently, this has been successfully addressed by
colonizingmicewith threeASFmembers, ASF356Clostridium spe-
cies, ASF361 Lactobacillusmurinus, andASF519 Parabacteroides gold-
steinii, to study colonization dynamics in a mouse model of H.
pylori-induced gastric cancer (Lertpiriyapong et al. 2014). While
it can be informative to further reduce the GI microbiota, it
would be extremely laborious to construct “altered”ASF commu-
nities that lack one or more of the ASF microorganisms to evalu-
ate the factorial interactions of this model community. Lastly,
even though all members of the ASF community can be cultivat-
ed in vitro (e.g., BHI plus serum or Schaedler’s medium plus
serum), there have been no published works describing the repli-
cation of the EOS members (356, 492, 500, and 502) on a defined
medium. Therefore, there is a need to develop better in vitro
culture techniques to fully realize the potential that this model
community can provide with respect to bacterial–bacterial inter-
actions and bacterial–host interactions.

Conclusions
The usefulness of the ASF model is multidimensional. The ASF
bacteria form a stable community that is effectively transmitted
fromdam to each offspring over the long term (MJW, personal ob-
servation – stable colonization for 14 years at Iowa State Univer-
sity). In addition, as all microorganisms can be cultured in vitro,
bacterial antigen can be prepared to test immune responses to in-
dividual organisms by evaluating for antigen-specific antibody or
ex vivo cell stimulation (Jergens et al. 2006, 2007). With the avail-
ability of ASF genome sequences, every microorganism within
the community can be detected and quantified by qPCR and in-
terrogated by amplicon sequencing, and expression of individual
genes of interest can be monitored. Because the ASF community
possesses eight bacterial species, this can be viewed as both an
advantage and a limitation of thismodel community. TheASFof-
fers the advantage of studying a stable consortium of bacterial
species that can be used to understand the “operating system”

of the gut microbiome that describes and potentially predicts
community dynamics following a variety of perturbations in-
cluding diet; introduction of other bacteria, fungi, or viruses;
and induction of inflammation, as well as the influence of the
host genetic background on the gut community. The limitations
of the ASF must also be realized in as much that this consortium
is less complex than themicrobiota of conventional animals and
may be limited in its ability to fully predict the impact of amicro-
bial community on the health of the host. Although the original
Schaedler flora is celebrating its 50th anniversary, the develop-
ment of new techniques and technologies along with the avail-
ability of defined microbiota rodent models offers unique
opportunities to study host–microbiota interactions well beyond
what may have been envisioned by Schaedler in 1965.
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