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ABSTRACT Animals colonized with a defined microbiota represent useful experimental
systems to investigate microbiome function. The altered Schaedler flora (ASF) represents
a consortium of eight murine bacterial species that have been used for more than 4
decades where the study of mice with a reduced microbiota is desired. In contrast to
germ-free mice, or mice colonized with only one or two species, ASF mice show the nor-
mal gut structure and immune system development. To further expand the utility of the
ASF, we have developed technical and bioinformatic resources to enable a systems-
based analysis of microbiome function using this model. Here, we highlighted four dis-
tinct applications of these resources that enable and improve (i) measurements of the
abundance of each ASF member by quantitative PCR; (ii) exploration and comparative
analysis of ASF genomes and the metabolic pathways they encode that comprise the
entire gut microbiome; (iii) global transcriptional profiling to identify genes whose
expression responds to environmental changes within the gut; and (iv) discovery of
genetic changes resulting from the evolutionary adaptation of the microbiota. These
resources were designed to be accessible to a broad community of researchers that, in
combination with conventionally-reared mice (i.e., with complex microbiome), should
contribute to our understanding of microbiome structure and function.

IMPORTANCE Improved experimental systems are needed to advance our understand-
ing of how the gut microbiome influences processes of the mammalian host as well as
microbial community structure and function. An approach that is receiving considerable
attention is the use of animal models that harbor a stable microbiota of known compo-
sition, i.e., defined microbiota, which enables control over an otherwise highly complex
and variable feature of mammalian biology. The altered Schaedler flora (ASF) consortium
is a well-established defined microbiota model, where mice are stably colonized with 8
distinct murine bacterial species. To take better advantage of the ASF, we established
new experimental and bioinformatics resources for researchers to make better use of
this model as an experimental system to study microbiome function.

KEYWORDS ASF, Schaedler, gnotobiotic mice, microbiome function, qPCR, microbiota
evolution

It is well established that microorganisms colonizing the gastrointestinal (GI) tract
contribute to multiple processes essential for the overall health and well-being of the

host, including nutrient acquisition, immune system development, disease processes,
as well as neurological function through the gut-brain-axis (1–4). Despite the impor-
tance of the microbiome, including as a potential target to prevent and treat disease, a
significant barrier to overcome remains the immense complexity of the GI community
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makes it difficult to reproducibly study its structure and function across time and ex-
perimental settings. The mammalian GI microbiome is comprised of hundreds of mi-
crobial species and species variants (5–7) that encode large numbers of nonredundant
genes (8, 9). Experimental manipulation of the microbiome can also be challenging
because many microorganisms cannot be easily cultured in vitro (10, 11).

To overcome these challenges, animals colonized with simplified or defined micro-
bial communities are used. For example, the fruit fly (Drosophila melanogaster) and
zebrafish (Danio rerio), which are colonized naturally with relatively few microbial spe-
cies (10), have been developed into microbiome research models. To address questions
specific to the mammalian microbiome, mice offer advantages because the anatomy
and microbial composition at higher taxonomic classifications are shared with other
mammals, including humans (12, 13). Experimental systems include the use of germ-
free (GF) mice, which can be colonized with the microbiota from other sources (14) to
assess how the microbiome impacts the host (15, 16). GF mice can also be colonized
with specific bacterial strains (e.g., mono-associated) to reduce complexity (17, 18).
However, these mice are often deficient in many fundamental host processes, such as
immune system development and function, GI morphology and function, and coloni-
zation resistance (14, 15, 19–21).

To simulate the structure and function of a conventional (CONV) animal’s micro-
biome more closely, i.e., complex microbiota mice, animals are colonized with defined
microbial consortia (14, 19). Importantly, these gnotobiotic mouse models can display
growth and developmental phenotypes that more closely resemble that of CONV ani-
mals, such as colonization resistance and immune system development (22–24). One
of the first gnotobiotic mouse models was established by Russell Schaedler and col-
leagues, who colonized GF mice with combinations of cultivable aerobic, aerotolerant
and strict anaerobic bacterial strains isolated from the mouse GI tract (22–24). A con-
sortium of eight bacterial species known as the “altered Schaedler flora” (ASF) was
established by Orcutt et al. (25), which remains widely used today. The ASF represents
microorganisms commonly observed in CONV mice (26, 27). Each of the eight species
can be cultured in vitro and is stably transmitted from the dam to pup over multiple
generations (24, 28). The ASF members colonize the entire GI tract in relative propor-
tions, similar to CONV mice (27). Importantly, the ASF also supports the development
and function of the mouse immune system and GI tract physiology (24).

While initially used by rodent vendors under contract by the National Cancer
Institute (NCI), ASF mice have been used to study the role of the microbiota in micro-
bial pathogenesis (29–34), host immune system development and responses (35–38)
and contribution to disease processes (39–41), among others.

Despite its use to address a wide variety of questions, the model has not been
extensively leveraged as a system-based approach to interrogating the microbiome
function of individual community members (42, 43). To improve the utilization of this
model microbial consortium for systems- and functional-level study of the gut micro-
biome, we reported multiple technical and bioinformatic resources that can be used to
improve our mechanistic understanding of microbiome function. To illustrate the
application of these resources, we highlighted their use in four specific experimental
applications.

RESULTS AND DISCUSSION
ASF genome sequences. To improve on the coverage of ASF genome sequences

(44), we generated complete or nearly complete genome sequences for each member.
Features of the ASF genomes, along with updated taxonomic classifications are shown
in Table 1. The ASF chromosomes have a relatively wide size range; three chromo-
somes (ASF492, 502, 519) were greater than 6-Mb and three chromosomes (ASF360,
361, 457) were less than 2.5-Mb. Closed chromosomes are now available for five of the
ASF members (ASF356, 361, 457, 500, and 502) and the two largest chromosomes are
contained within 6 contigs (ASF492, 519), indicating the newly sequenced genomes
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represent the near-complete coding capacity of the ASF. No evidence of plasmids in
the ASF genomes was found. The genome sequences were also used to corroborate
the taxonomic assignments of each ASF member (Table 1) using the Type (Strain)
Genome Server (TYGS) and TYGS database (45, 46).

Functional predictions of the ASF community. Using the annotated genomes, we
predicted the metabolic potential of the ASF-defined microbiome by assigning KEGG
orthology (KO) identifiers. As anticipated, the metabolic potential of the ASF covers a
limited number of KO functions found in CONV animals. The ASF was predicted to
cover 48% of KEGG modules, while other defined consortia of 15 (GM15) (47) or 12
(oligo-MM12) (23) cover 72 and 54% of modules, respectively (47). From another per-
spective, on average, each ASF member contributes a higher proportion toward KEGG
module functions than more complex defined microbiota models. To identify the met-
abolic functions of the ASF, which represents the most “minimal” microbiome of the
defined communities commonly reported, we compared the genetic content of the
ASF with predicted functions encoded within the microbiota of CONV mice (Data Set
S1 and S2). This resource can be used in a reductionistic approach to interrogate the
microbiome by identifying functions that are or are not represented within the ASF
community. This approach was successfully used to identify bacterial species that con-
fer colonization resistance against Salmonella enterica serovar Typhimurium infection
(23, 48) and to engineer the microbiome to treat hyperammonemia in mice (48). ASF-
colonized mice have also been used to assess the function of microorganisms not
found in the ASF, including the immunomodulatory properties of Bacteroides ovatus
(49), fitness advantages of ADP-ribosyltransferase in Bacteroides stercoris (50), coloniza-
tion properties of Oxalobacter formigenes (51) and the role of an Escherichia coli patho-
biont in inducing inflammation (52). M. schaedleri (ASF457), a member of the poorly
characterized phylum Deferribacteres, has also been characterized on its own to reveal
insights into its interesting immunomodulatory properties (38) and ability to protect
against bacterial infection (53).

To allow broad access to tools to analyze the ASF, we have taken advantage of recent
developments on https://www.BioCyc.org (54) and the downloadable Pathway Tools
(PTools) software (55, 56). Both environments support genome informatics (e.g., genome
browser, sequence searching, multiple sequence alignment), pathway informatics (e.g.,

TABLE 1 Characteristics of the altered Schaedler flora and their genomesa

aGenbank Version: AQFV00000000, AQFT00000000, AQFU00000000, CP097573, CP097810, CP097562, CP097561, and AQFR00000000; BioCyc link : GCF_000364265,
GCF_000364225, GCF_000364245, GCF_000492175, GCF_000364165, GCF_000487995, GCF_000364205, and GCF_000364185.
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metabolic reconstruction, visualization of individual pathways and complete metabolic
networks), comparative analysis (e.g., computation of orthologs and comparison of bio-
synthetic pathways across organisms) and ‘omics data analyses. New multiorganism
search tools on https://www.BioCyc.org enable the user to define an organism set con-
taining the ASF and search across the set for a given gene, gene product, metabolite, or
pathway. To make this resource readily accessible to the scientific community, BioCyc
Pathway/Genome Databases (PGDBs) were generated for each ASF member, which can
now be found on https://www.BioCyc.org by selecting “Change Current Database” and
searching for “ASF”. An example of the output of this analysis displaying the metabolic
pathways ASF361 is shown in Fig. S1. We also made use of this tool to specifically com-
pare bile acid metabolism among ASF members. Primary bile acids produced in the liver
are metabolized by gut bacteria to generate derivatives that play important roles in lipid
and carbohydrate metabolism, intestinal motility, and immune regulation (57). As shown
in Fig. 1, ASF members are predicted to produce bile acid hydrolases (BSA) to deconju-
gate primary bile acids. Interestingly, ASF360, which primarily colonizes the GI tract prox-
imal to the colon, encodes 3 distinct BSAs. In contrast, none of the ASF appear capable
of 7a-dehydroxylation reactions, suggesting the ASF model may be useful to further
study the role of specific secondary bile acids in host inflammatory responses (58). This
easily accessed resource also represents a useful didactic tool for the microbiome using
the ASF as a model system.

Inspection of the predicted metabolic pathways revealed insights into the func-
tional capabilities of the ASF microbiome. Complete pathways for fundamental proc-
esses of microbial growth were observed, including central carbohydrate metabolism
(e.g., glycolysis, pyruvate oxidation, pentose phosphate pathway), metabolism of glu-
curonate, galactose, glycogen, and nucleotide sugars, along with pathways for the bio-
synthesis of amino acids, nucleotides, vitamins, and other cofactors (Data Set S2). In
contrast, several metabolic pathways found in the microbiota of CONV mice are com-
pletely missing in the ASF, which provides opportunities to explore their impact on the
host. For example, pathways for xenobiotic biodegradation, including benzoate,
anthranilate, catechol, and phenylacetate are either missing or incomplete in the ASF.
The ASF also lacks the ability to synthesize specific antibiotics, such as puromycin, baci-
lysin, and fosfomycin, which could be useful to study microbial interactions within the
gut. Likewise, the synthesis of neuro-active chemicals such as serotonin, melatonin,
catecholamines, and kynurenine is limited. It has been shown ASF mice appear to be
anxiolytic compared with CONV animals (59). Hence, the model offers a reductionistic
system to study the gut-brain axis (60, 61). The functional limitations of the ASF pro-
vide the opportunity for investigators to introduce additional microorganisms to ASF
mice to determine the impact of the expanded metabolic capabilities on the host and
microbial community.

Within the ASF community, analysis of individual members using PTools allowed the iden-
tification of specific pathways encoded by each species. For example, ASF361 (Ligilactobacillus
murinus), a predominant member of the ASF, encodes pathways to ferment a variety of sug-
ars, including sucrose, galactose, mannose, fructose, maltose, melibiose, chitobiose, and N-ace-
tylneuraminic acid, the latter of which is located on the terminal ends of mucins in the GI tract
and may serve as a nutritional source (62, 63).

Loy et al. (64), reported the use of whole-genome sequencing to characterize
ASF457, which included the identification of genes for flagellar biosynthesis, type six
secretion systems (T6SS), and the ability to degrade glycans from the mucus layer.
While biosynthetic pathways for homoserine, methionine, threonine, ornithine, and ly-
sine were originally thought to be missing, genomic evidence was found that those
pathways are complete or nearly complete in ASF457.

The role of horizontal gene transfer (HGT) is also highly relevant to microbiome
function. Inspection of the annotated ASF519 genome reveals the presence of several
mobile transposable elements. Given that P. goldsteinii is genetically tractable (65), it
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should be feasible to design experiments using the ASF to better understand the role
of these elements in the gut.

Quantification of the ASF members. Because identifying changes in the abun-
dance of bacterial species represents a fundamental approach to characterizing the
microbiome, improved quantitative PCR (qPCR) assays were developed to measure the
abundance of each ASF member. qPCR is an accurate method for quantitative micro-
biota profiling, including the determination of absolute abundance, as well as to
improve the accuracy of sequencing-based methods (66, 67).

Primer pairs have been reported that targeted 16S rRNA genes of each of the ASF
(27, 68). However, we sought a more robust qPCR assay for profiling the ASF commu-
nity structure. For this, primer pairs were selected for the groEL (cpn) gene specific to
each of the ASF (Table 2). groEL is a highly conserved gene found throughout
Eubacteria, and sequence differences have been exploited for taxon-specific PCR pri-
mers (69–71). In contrast to 16S rRNA genes, targeting groEL simplifies the accurate
determination of bacterial abundance as the gene is present in a single copy in the
ASF members. Although the impact of different copy numbers on the accurate deter-
mination of microbial abundance continues to be debated (72–74), previous studies
using qPCR were not able to account for differences in gene copy numbers within the

FIG 1 Identification and comparison of bile acid deconjugation pathways among ASF members by PTools software. (A) Five known pathways for
metabolism of primary bile acids by bacterial deconjugation reactions. Specific deconjugation pathways are indicated by the glyphs below each group of
conversions reactions. The numbers correspond to the specific enzymatic reactions (RXN) shown in the table. (B) The table shows the presence or absence
of bile acid deconjugation pathways within each ASF member and was modified from the output of PTools. Green lines in the glyphs indicate that the
pathway is present, while black lines indicate the pathway is not found. Orange lines indicate that reaction is unique to bile acid deconjugation compared
to all other pathways in BioCyc. Inspection of the table revealed that choloylglycine hydrolase activity was predicted in ASF356, 360, 361, and 519, which
was specific for the primary bile acids in pathways 3 and 5. No evidence of chenodeoxycholyltaurine hydrolase activity (pathways 1, 2, and 4) was found. In
addition, no evidence of bile acid deconjugation activity was found in the genomes of ASF457, 492, 500, and 502. For the remaining ASF members, the
locus tag and name of the enzymes they encode are shown. For the gene products listed as hypothetical or putative, the protein sequence was used to
identify homologous proteins using BLASTp (NCBI) and including aASF356 (locus C820_000635), identical to choloylglycine hydrolase in Clostridium sp.
Isolate MD294; bASF519 (locus C825_000821), identical to a linear amide C-N hydrolase in another Parabacteroides goldsteinii isolate; cASF519 (yxeI, locus
C825_001702), highly similar to a choloylglycine hydrolase from Bacillus mohavensis.
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ASF (27, 68, 75). While targeting the single copy groEL gene simplifies the interpreta-
tion of qPCR results, we reported that the copy numbers of 16S rRNA genes as: ASF356
(5); ASF360 (4); ASF361 (6); ASF457 (3); ASF492 (4); ASF500 (2); ASF502 (5); and ASF519
(6). These values can be used to reevaluate 16S rRNA gene qPCR or sequence data as
necessary. The groEL primers (Table 2) were tested to ensure no cross-reactivity
occurred among the ASF genomes. The primers also were designed to have nearly
identical annealing temperatures to enable multiplexing reactions and specific ampli-
cons can be generated without the need for nested PCRs (68).

To establish the relationship between gene copy number and Ct values, synthetic
DNA constructs that include the regions targeted by each of the groEL qPCR primer
pairs were designed (Table S1 and Fig. S2) and tested using DNA isolated from fecal
samples to measure the abundance of each ASF member. Consistent with previous
studies, the ASF members are not equally represented in the mouse gut (27, 68, 75),
with ASF457 and ASF519 being the most predominant species in fecal samples
(Fig. 2A). ASF356 and 361 were also found at high levels, with the remaining members
found in nearly equal proportions. A low abundance of ASF360 in the fecal samples
was also observed, which is consistent with the primary localization of the strain in the
upper GI tract (27) and whose abundance is highly influenced by diet (76, 77). The
results of groEL were also compared with ASF-specific 16S rRNA gene qPCR primers
(68) for the most abundant ASF members. Fig. 2B shows the results are similar between
the two primer sets for ASF361, 457, and 519.

It can also be desirable to qualitatively assess the presence or absence of specific
ASF members or to confirm the identity of species after culturing in vitro. Hence, we
also designed endpoint PCR primer pairs, each of which yields ;500-bp amplicon
products (Table 2).

Other sequence-based approaches have been used to measure the abundance of
ASF and comparisons of the results revealed abundance measurements, at least for
contents of the distal colon and feces, vary with the methods used. For example, while
ASF519 was the dominant member by 16S rRNA gene amplicon sequencing (51, 78)
and metagenomic sequencing (48), 16S rRNA gene qPCR revealed that ASF457 is also
highly abundant (27, 52, 75).

Because the microbiota can be influenced by diet and other rearing conditions (68,
75), we took advantage of ASF breeding colonies that included C3H/HeNTac mice,
along with 129S6/SvEv and 129S6/SvEv IL-102/2 isogenic mice to better understand

TABLE 2 Quantitative and endpoint PCR primers

ASF number Forward primer (59–39) Reverse primer (59–39) Tm
qPCR primers
356 GAT GGT GCT GGA AAC AAA GAA G TAA CAG CAA CAC CAC CAG ATA A 56°C
360 TGG TGC TGC TAC TGA AA CAC CAC CTG CAA CAT AAC 56°C
361 GCT GAA ACG ACC TCT GAA TTT G GCG TCT TCG ATC CGG TAT TT 56°C
457 GAA GGA GCA GGT AAT ACT GAC G TAG CAA GGC GTT CTT GAA GT 56°C
492 CAC GTC CTA ACT GCT CTA ATT C GTC AAA GCT CCT GGT TAT GG 56°C
500 TGT CCA CCC TGA TTG TCA AC ATC CTG AAG CAT CTC CTT GC 56°C
502 GGA TAC GGC GAC AGA AGA AA CAT GGT GGT ATC CTT CAG ATC C 56°C
519 GGC GTT ATC ACA GTG GAA GA GGT TAC GAA GTA CGG AGA GAT G 56°C

Endpoint primersa

356 GGT ACT ATT AAT TGT GTT GCA GTG CCA CCA GCA ACA ATA CCT T 62°C
360 GAT CAC TGA CAA GAA GAT TTC TAA C CAC CAC CAG TTA ACT TAG CC 62°C
361 CCG TTA AAG CTC CAG GT TAG CTA CAT CAT CGA TCA CAT C 62°C
457 AAA GCT CCT GGC TTT GG GAG CTG AAA CAG TTC TTA CTA ATG 62°C
492 GCT GGA TCT TGT AGA AGG TAT G TTC TTC GAT CTG GCT CTT AAT C 62°C
500 CCC TAT ATG GTC ACC GAC AC TTG ATC TGG CCG ATG CG 62°C
502 GCG ACA GAT ATG GAG AAG ATG CTC TTC GAT GCC CTT CTT G 62°C
519 TTA CAG CAG GTG CTA ACC CAC GCA GAC GGT TTA CAA 62°C

aEach primer pair yielded an amplification product of;500 bp in length.
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how different methods to influence abundance measurements of the defined micro-
biota. IL-10 is a well-characterized immunomodulatory cytokine, and IL-10 knockout
(IL-102/2) mice are known to exhibit an altered microbiota (79–81). Abundance was
measured using groEL qPCR, 16S rRNA gene amplicon sequencing and metagenomic
sequencing using DNA isolated from fecal samples from individual ASF mice main-
tained under gnotobiotic conditions for over 5 years.

As shown in Fig. 2, qPCR revealed differences in absolute abundance between
mouse strains, but none was statistically significant. However, while the relative abun-
dance of the ASF was highly similar in C3H/HeNTac mice and wild-type 129S6/SvEv
mice, the IL-102/2 mice showed an increased abundance of ASF356 (Fig. 2C) indicating
that the absence of the cytokine had a specific effect on the composition of the
defined microbiota. Interestingly, while CONV IL-102/2 mice develop spontaneous
inflammation with age (82), ASF mice require the introduction of bacterial “provoca-
teurs,” such as Helicobacter bilis, to trigger inflammation (32, 83).

Consistent with previous results from the ASF-colonized mice, the relative abundance
measured by the two sequencing methods showed distinct differences with results
obtained using qPCR (Fig. 2C). In particular, the levels of ASF519 were significantly higher,
while ASF457 was substantially reduced with amplicon and metagenomic sequencing.
These results reinforce previous observations that measurements of microbial abundance
by DNA sequencing vary by the method used (84–86) and indicate the need for caution
when interpreting results from different studies. Nonetheless, given the striking differences
in abundance observed with ASF457 between qPCR and sequencing methods, we tested 6
additional primer pairs to target single copy genes unique to this strain (hcpC, vasK, tssB,
hylD, figK, and a gene encoding a type I restriction-modification system component). In all
cases, the Ct values of the qPCRs, and resulting abundance measurements, matched that
obtained using groEL (and 16S rRNA gene) (unpublished data), further validating the use of
the new primers and indicating that ASF457 is one of the most abundant members of the
ASF consortium in the mice maintained in our gnotobiotic facility.

Given this, we routinely use groEL qPCR as a convenient, rapid, efficient, and cost-

FIG 2 Abundance of the ASF in three strains of gnotobiotic mice. The absolute (A and B) and relative abundance (C) of the
ASF were compared using different approaches. (A) The abundance of the ASF was compared between different mouse strains
using groEL qPCR primers. (B) The abundance of ASF361, ASF457, and ASF519 was compared using groEL and 16S rRNA gene
qPCR primers. (C) Relative abundance of the ASF using qPCR, 16S rRNA gene amplicon (16S) and metagenomic sequences
from different mouse backgrounds: C3H/HeNTac (C3H) (n = 2 [qPCR], n = 13 [16S], n = 2 [metagenomics]); 129S6/SvEv wild
type (WT) (n = 2 [qPCR], n = 7 [16S]) and 129S6/SvEv IL-102/2 (KO) (n = 2 [qPCR], n = 5 [16S]).
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effective method to characterize and monitor the ASF community. In addition to the im-
portance of measuring how the gut environment impacts bacterial abundance, there is
also an interest in understanding the significance of the spatial distribution of microorgan-
isms along the length of the gastrointestinal tract (27, 75). The ASF model, in combination
with the resources reported here, should be a useful system to answer questions of micro-
biome “biogeography”. Furthermore, the ASF can provide a simplified and controlled bac-
terial community to explore other topics of gut microbial ecology, including analysis of
community structure and host outcomes following colonization with fungi, protists, or bac-
teriophages (87).

Global transcriptional analysis of the ASF. Assessing transcriptional activity is a val-
uable approach to understanding how the microbiome responds to changes in the gut
(88). Global transcriptome sequencing of the ASF has been used to develop data analysis
pipelines (89, 90) and was recently employed to identify microbial genes that may contrib-
ute to the overall fitness and immunogenicity of the ASF (78). To further develop this
method to understand microbiome function, we conducted a global transcriptome analy-
sis to determine the extent to which treatments driving colonic inflammation and carcino-
genesis influenced the structure and function of the defined ASF microbiome.

As described in Materials and Methods, a well-established treatment regimen was used
to expose mice to azoxymethane and dextran sodium sulfate (AOM1DSS) to induce
inflammation that can lead to colonic tumors (91, 92). Although it has been reported that
CONV C3H/HeNTac mice are not highly susceptible to the development of colonic tumors
using AOM1DSS (93) and tumors were not detected following treatment of ASF C3H/
HeNTac mice (data not shown), differential gene expression within the ASF community
was observed following treatment (Data Set S3). While few genes showed differential
expression in ASF457 and ASF519, the other members revealed differentially expressed
genes. For this report, we identified genes whose expression increased greater than 20-
fold following AOM1DSS treatment (Fig. 3A). These included genes that encode proteins
that target DNA such as recombinases and restriction endonucleases (ASF356), an endonu-
clease (ASF500), transposases (ASF492 and ASF500) and genes encoding proteins of
unknown function (hypothetical proteins). Transcriptional regulators were also identified in
ASF360, ASF500, and ASF502, and the expression of the stress-induced chaperonin gene
groEL increased in ASF360. In general, genes with increased expression were associated
with DNA binding and repair suggesting a global stress response to AOM1DSS.

To facilitate analysis of the gene expression data, PTools software was used to iden-
tify metabolic pathways most affected by changes in transcriptional activity. As shown
in Fig. 3B, this analysis visually revealed gene products that may influence other mem-
bers of the gut community or the host. The global transcriptome data also revealed
the ASF members did not respond equally to treatment.

A 16S rRNA gene amplicon sequencing of colon contents of the mice was also used
to determine how the treatment influenced the relative abundance of the ASF.
Inspection of the relative abundance and beta diversity of the two groups revealed in
the AOM1DSS treated group, ASF519 and ASF492 decreased while ASF361 increased
and revealed a separation between the two groups with the controls clustering more
closely than the AOM1DSS group (Fig. S3).

Genetic adaptation of the microbiome. While the diversity of microbiome function is
driven by the variety of microbial species in the mammalian gut, the contribution of genetic
changes that lead to the emergence of species variants is much less well understood (94–96).
Environmental perturbations, such as dietary changes, xenobiotics, and antibiotics can apply
selective pressures that influence the functional composition of the microbiome on relatively
short time scales (94). Addressing fundamental questions about how mutation and selection
influence the function of the microbiome is challenging, in part due to the difficulty of distin-
guishing between species and species variants within CONV animals. Furthermore, multiple
genetic processes such as mutations, recombination, and horizontal gene transfer contribute
to genetic variation within the gut microbiome (97).

The ASF mouse model provides a unique system to study microbiome evolution
over time and under different host environments as the sequenced genomes were
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generated from the original murine isolates obtained from Taconic Biosciences (25). To
test the potential of using the ASF to address questions of microbial adaptation in the
gut, we compared the genomes of each strain with shotgun metagenomic sequences
derived from C3H/HeNTac mice that had been colonized with the ASF for over 22 years.
Given the generation time for laboratory mice is 9 to 11 weeks (98), we estimate the
C3H/HeNTac ASF mice have been maintained for 104 to 127 generations.

Sequence comparisons revealed numerous single nucleotide polymorphisms (SNPs),
but little evidence of extensive insertions or deletions (indels) or HGT among the ASF was
found (data not shown). We did observe, however, a genetic change in the T6SS machinery
encoded by ASF457. As summarized in Fig. 4, the sequence of the M. schaedleri chromo-
some revealed 3 highly homologous copies of vgrG (Fig. 4A), which encodes the valine-

FIG 3 Treatment of mice with azoxymethane (AOM) plus dextran sulfate sodium (DSS) results in gene expression changes in the ASF. (A) Genes with the
highest positive fold change were found in individual ASF members. (B) An example of the Pathway Tools ‘Omics Dashboard output used to assess the
impact of AOM1DSS exposure on cellular functions of M. schaedleri (ASF457). Insert compared pathways involved in detoxification processes at higher
resolution. Similar comparisons can be conducted on each ASF member using Pathway Tools. The ‘Omics Dashboard also allowed for more detailed
visualization using the associated toolboxes at the bottom of each section.
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glycine repeat protein and component of the T6SS spike protein complex (99). However,
the metagenomic sequence of ASF457 showed that one of the 3 copies was deleted after
becoming a member of the ASF consortium. This specific genetic change was confirmed
by DNA sequencing of PCR amplicons targeting the vgrG region (Fig. 4B) and was observed
in all C3H/HeNTac ASF mice tested. While the significance of this polymorphism is not yet
known, we propose that the deletion of one of the copies of vgrG imparts a fitness advant-
age to ASF457 in the reduced complexity ASF microbiome. Given that ASF457, like the
other members of the defined community, is commonly found in the microbiome of
CONV mice (48, 75, 100), the ASF can be used to better understand how specific genetic
adaptations determine microbiome function.

In conclusion, we have developed improved resources to facilitate the use of the
minimalistic ASF mouse model to explore microbiome function and host-microbe
interactions for systems-based approaches. The ASF is a well-established model that
has been used for nearly 5 decades. The ASF consortium is highly stable, as evidenced
by our maintenance of ASF mouse breeding colonies on different genetic backgrounds
for as long as 22 years (24). Using standard methods of gnotobiotic husbandry and
aseptic technique, GF mice of different genetic backgrounds can be colonized with the
ASF. We have demonstrated that the resources reported here can be used to address
questions of how changing the environment of the host’s gut through, for example,
diet, drugs, or genetic background, impacts the structure and function of the ASF
microbiome. The genetic content of the ASF has been incorporated into the BioCyc
website and PTools software allowing convenient access to powerful tools to analyze
the metabolic activity of the entire microbiome. In addition, a recent check indicates
that live animal donors are available from Taconic Biosciences (Rensselaer, NY) to es-
tablish the ASF consortium in GF mice.

While the ASF community does not recapitulate the full functional capacity of the
gut microbiota of CONV animals, this characteristic can be exploited by identifying spe-
cific metabolic pathways or functions missing in the ASF (Data Set S1 and S2) as a
reductionistic approach to test the importance of the differences or an opportunity to
add additional members to the community that carries the missing functions. Finally,
we show that the ASF model can be used to better understand how bacterial genetic
adaptation can influence the microbiome, which is challenging using conventional,
more complex animal systems.

MATERIALS ANDMETHODS
In vitro culturing of the ASF. Frozen stocks of each of the 8 ASF members (Table 1) were grown

under anaerobic conditions (37°C consisting of 90% nitrogen, 5% carbon dioxide, and 5% hydrogen) in
the 500-mL brain and heart infusion (BHI) broth supplemented with 5% (by volume) each of horse se-
rum, sheep serum, and newborn calf serum for a total of 15% serum supplementation until turbid
growth was achieved.

Genomic DNA isolation, whole-genome sequencing, and annotation. Total genomic DNA (gDNA)
was isolated from 50 to 100 mL of pure cultures of each ASF strain grown from frozen stocks using

FIG 4 Genetic map of the M. schaedleri (ASF457) chromosome in the region encoding components of the type VI secretion system.
(A) The location of the 3 homologous vgrG genes is shown, along with adjacent open reading frames (arrows). The location of the
deletion mutation is shown by the square bracket. (B) The same region was identified from metagenomic sequences. The DNA
sequence at the junction of the deletion is shown along with the location of PCR primers used to identify the deletion.
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Qiagen’s Genomic DNA buffer set and Qiagen QIAmp MidiPrep (100/G) columns using protocols described
in the Qiagen Genomic DNA Handbook (08/2001) for isolating gDNA from bacteria. Additional lysozyme
treatment was used before DNA extraction of ASF360 and ASF361. gDNA was suspended in 1� TE buffer
and quantified using a Qubit 3.0 Fluorometer with the dsDNA BR assay kit (Life Technologies, Carlsbad,
CA) before sequencing on the PacBio RSII platform using 1 to 2 SMRT cells per ASF and KAPA long insert
library preparation (2 to 10 kb insertion) at the Institute for Genome Sciences, University of Maryland
School of Medicine.

Sequences were assembled with HGAP (101) using reference ASF genomes from GenBank. Manual
curation and refinement of assembled genomes were performed on anvio v7. Genomes were annotated
using PROKKA (v1.14.16) (102). The predicted amino acid sequences from each annotated ASF genome
were used as input for BlastKOALA (103) to assign KEGG Orthology terms. The updated genome annota-
tions were submitted to BioCyc to create Pathway/Genome Databases (PGDBs) using the PathoLogic
computational inference module of PathwayTools to infer metabolic pathways and operons.

Animal studies and sample collection. All animal protocols were conducted following the approval
of ISU’s Institutional Animal Care and Use Committee. A colony of ASF mice on the C3H/HeNTac genetic
background was originally obtained from Taconic Laboratories and has been maintained at ISU for over
22 years. The ASF was also established in 129S6/SvEv wild-type (WT) and IL-10 knockout (IL-102/2) mice.
Protocols for colonizing the ASF into GF mice are provided in Table S2.

PCR design and analysis. The DNA sequences of the groEL gene of each ASF member were analyzed
using PrimerQuest (Integrated DNA Technologies, Coralville, IA) to identify primers that distinguish between
the ASF by both endpoint PCR and qPCR (Table 2). All qPCRs were performed in a QuantStudio 3 real-time
PCR system (Applied Biosystems) using SYBR Green technology. Each reaction was prepared in triplicate in a
20-mL reaction volume using 1� Luna Universal qPCR Master Mix (New England Biolabs Inc.). qPCR was con-
ducted using a program consisting of an initial denaturing step of 1 min at 95°C with 40 cycles at 56°C
annealing for 15 s following 30 s of extension at 60°C. Melting curve analysis was included at the end of each
program to verify the specificity of the amplification. Negative control reactions using nuclease-free water
without DNA were generated at each run to ensure the purity of reagents.

Regions within each of the groEL genes amplified by the endpoint and qPCR primers were repre-
sented in;500-bp synthetic gBlocks (IDT) (Table S1). The gBlocks were used to confirm that each primer
pair was specific for its respective ASF member by checking for cross-reactivity between each primer
pair. The 16S rRNA gene sequence qPCR primers employed in this study were published previously (27).

Standard curves for each ASF species were generated using a 10-fold serial dilution of groEL-specific
gBlocks for standard curves, which ranged from 10 to 1010 copies. All calculations for generating curves
were performed using a similar approach as described for ASF-specific primers based on the 16S rRNA
gene (68). Primers to characterize the vgrG deletion mutants from ASF457 include VgrG2.S (59-
CCACAATGTATAGTAACAGGTGT-39) and VgrG2.AS (59-CGGTTCATTAGTCATATGGTCTT-39). The resulting
450-bp PCR product was cloned in the vector pMini-T 2.0 (New England Biolabs), and the product was
sequenced using plasmid-specific primers.

AOM+DSS study. Six- to eight-week-old immunocompetent ASF C3H/HeNTac mice were housed in
germ-free conditions in HEPA-filtered cages for 10 weeks. AOM-treated mice were given a single intra-
peritoneal injection of azoxymethane (AOM, Midwest Research Institute) at a dose of 10 mg/kg body
weight in week 1, as previously described (91). Control mice were given a single intraperitoneal injection
of sterile saline at the same time. DSS (2% wt/vol) was added to the drinking water for 7 days with 2-
week restitution between treatments for a total of 3 rounds of DSS exposure. After 10 weeks, mice were
euthanized, and cecal and colon contents, as well as fecal pellets, were collected. The proximal 1 cm of
the colon was collected in 10% formalin for a histopathology examination. Fecal pellets were stored at
280°C in RNALater Stabilization Solution (Thermo Fisher Scientific) for bacterial transcriptome analysis.

RNA isolation and sequencing. Total RNA was extracted from fecal pellets from ASF C3H/HeNTac
mice after the final DSS treatment from the control and AOM1DSS treated mice using the MoBio
PowerMicrobiome RNA isolation kit. RNA was pooled by the treatment group and quantified using the
Qubit 2.0 Fluorometer with the Broad Range RNA Quantification kit. RNA was submitted to GENEWIZ
(South Plainfield, NJ) for cDNA library preparation and sequencing on the Illumina HiSeq2500 platform
using a 2 � 100-bp configuration.

Illumina Tru-Seq adaptors were trimmed using cutadapt (104) and sequences shorter than 50 bp
were removed and quality filtering steps were performed using PRINSEQ with a minimum Phred score
cutoff of 30 (105). Short reads from filtered metatranscriptomes were mapped onto each assembled ASF
genome sequence to obtain mRNA expression and functional profiles. Transcripts were annotated using
the database of Clusters of Orthologous Groups (COG) of proteins (106). Differential expression was
determined using DeSeq2 (107).

Genomic DNA Isolation from colon contents and feces. The gDNA isolation was performed using
the Qiagen DNeasy PowerSoil isolation kit on colon contents collected at necropsy using the manufac-
turer’s protocol for centrifugation. The purified gDNA was quantified, as described above, and stored at
220°C in the supplied 10 mM Tris Buffer.

16S rRNA gene amplicon sequencing. The gDNA isolated from colon contents (AOM1DSS study)
or feces (all others) was used as the template for PCR amplification of the V4 variable region of the 16S
rRNA gene sequence with specific primers (515f-816r). Amplicon sequencing was performed by the
Institute for Genomics and Systems Biology at the Argonne National Laboratory (Argonne, IL) on the
Illumina MiSeq Platform. Sequences were analyzed using QIIME 1.9 (Quantitative Insights into Microbial
Ecology) (108) as previously described (31).
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Metagenomic sequencing. The gDNA was isolated from colon contents of two six-week-old ASF-
C3H/HeNTac mice (samples C3H/HeN-Shotgun Metagenomic-A and C3H/HeN-Shotgun Metagenomic-B)
and sequenced (BGI, Cambridge, MA) on the Illumina HiSeq 4000 using 150-bp paired-end sequencing.
A total of 52,042,370 reads for C3H/HeN-Shotgun Metagenomic-A and 48,741,166 reads for C3H/HeN-
Shotgun Metagenomic-B were obtained, which were mapped to individual ASF genomes using BWA (v0.7.13)
(109). Sequences with a Phred score ,20, greater than 10% N’s, or adapter contamination were removed
before genome assembly. The genome size and degrees of duplication and heterozygosity for each sample
were estimated using k-mer analysis. GC estimation was performed after genome assembly using GC-Depth
analysis. The relative abundance of the ASF was calculated based on sequence mapping to each ASF genome.

Data availability. Genome sequences of the ASF are available at GenBank with the accession numbers
shown in Table 1. Results of 16S rRNA gene amplicon sequencing were deposited in GenBank under acces-
sion number PRJNA844334. Metatranscriptomic and 16S rRNA gene amplicon sequencing associated with
the AOM1DSS colitis model was deposited under BioProject number PRJNA772742. Metagenomic sequenc-
ing results were deposited under BioProject number PRJNA838940. Protein/Genome Data Base (PGDB) files
of each ASF strain can be found by going to https://www.biocyc.org, selecting “Change Current Database,”
and searching the ASF member in the bar under “Select a Database”. Sequences of endpoint and qPCR pri-
mers are shown in Table 2 and the sequences of groEL gBlocks are shown in Table S2.
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