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ABSTRACT

Colonization with Oxalobacter formigenes may reduce the risk of calcium oxalate kidney stone disease. To improve our limited
understanding of host-O. formigenes and microbe-O. formigenes interactions, germfree mice and mice with altered Schaedler
flora (ASF) were colonized with O. formigenes. Germfree mice were stably colonized with O. formigenes, which suggests that O.
formigenes does not require other organisms to sustain its survival. Examination of intestinal material indicated no viable O.
formigenes in the small intestine and �4 � 106 CFU O. formigenes per 100 mg contents in the cecum and proximal colon, with
�0.02% of total cecal O. formigenes cells being tightly associated with the mucosa. O. formigenes did not alter the overall micro-
bial composition of ASF, and ASF did not affect the capacity of O. formigenes to degrade dietary oxalate in the cecum. Twenty-
four-hour collections of urine and feces in metabolic cages in semirigid isolators demonstrated that the introduction of ASF into
germfree mice significantly reduced urinary oxalate excretion. These experiments also showed that O. formigenes-monocolo-
nized mice excreted significantly more urinary calcium than did germfree mice, which may be due to degradation of calcium ox-
alate crystals by O. formigenes and subsequent intestinal absorption of free calcium. In conclusion, the successful establishment
of mouse models with defined flora and O. formigenes should improve our understanding of O. formigenes-host and O. formi-
genes-microbe interactions. These data support the use of O. formigenes as a probiotic that has limited impact on the composi-
tion of the resident microbiota but provides an efficient oxalate-degrading function.

IMPORTANCE

Despite evidence suggesting that a lack of Oxalobacter formigenes colonization is a risk factor for calcium oxalate stone forma-
tion, little is known about O. formigenes biology. This study is the first to utilize germfree mice to examine the response to
monocolonization with O. formigenes, as well as the impact of a defined bacterial cocktail (i.e., ASF) on O. formigenes coloniza-
tion. This study demonstrated that germfree mice receiving their regular diet remained monocolonized with O. formigenes, and
it suggests that further studies with O. formigenes gnotobiotic mouse models could improve our understanding of O. formigenes
biology and host-O. formigenes and microbe-O. formigenes interactions.

Oxalobacter formigenes is part of the bacterial flora in the large
intestine of many humans and other mammalian species and

is unique in that it is the only bacterium yet identified in the
intestines of mammals that requires oxalate as both an energy
source and a carbon source. Recent evidence suggests that a lack of
colonization with this oxalate-degrading specialist is a risk factor
for idiopathic recurrent calcium oxalate stone disease (1, 2). A
review of worldwide data indicated that 38% to 77% of a normal
population and only 17% of stone formers were colonized with O.
formigenes (1). The ability to recolonize individuals lacking O.
formigenes was previously addressed in a study in which two
healthy adults not colonized with O. formigenes became colonized
following the ingestion of cultured O. formigenes (3) and re-
mained colonized for 9 months. However, studies in which O.
formigenes was provided in either a lyophilized form in enteric
coated capsules or as a frozen paste to patients suffering from
primary hyperoxaluria resulted in only a minority of the patients
remaining colonized posttreatment (4, 5). Therefore, although it
seems quite possible that O. formigenes colonization of noncolo-
nized stone formers may be an effective way to minimize the risk
of recurrent calcium oxalate stone disease, a better understanding
of the factors that influence colonization is required.

Little is known about how and when individuals become col-
onized or how colonization persists over time. To date, studies

suggest that colonization occurs early in childhood (6) and, if
animal experiments provide insight, it is obtained from the envi-
ronment and not directly from the mother (7); however, survival
of bacteria outside the intestine has not been documented in any
detail. Successful colonization of the gut presumably requires O.
formigenes to occupy both mucosal and luminal niches. The intes-
tinal sites of O. formigenes colonization have been examined only
in the study by Weaver and colleagues (8). Their study, in which
subjects underwent preparation for colonoscopy, showed that ox-
alate degradation was detected in cecal (�90 cm from the anus)
and/or sigmoid (�40 cm from the anus) brush samples from 22 of
24 subjects, with concentrations of oxalate-degrading bacteria be-
ing estimated to be 10-fold greater in cecal brush samples than in
sigmoid brush samples.

Received 15 August 2016 Accepted 14 September 2016

Accepted manuscript posted online 23 September 2016

Citation Li X, Ellis ML, Dowell AE, Kumar R, Morrow CD, Schoeb TR, Knight J. 2016.
Response of germfree mice to colonization by Oxalobacter formigenes and altered
Schaedler flora. Appl Environ Microbiol 82:6952– 6960. doi:10.1128/AEM.02381-16.

Editor: M. Kivisaar, University of Tartu

Address correspondence to John Knight, knight74@uab.edu.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

6952 aem.asm.org December 2016 Volume 82 Number 23Applied and Environmental Microbiology

http://dx.doi.org/10.1128/AEM.02381-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02381-16&domain=pdf&date_stamp=2016-9-23
http://aem.asm.org


Rodent models colonized with O. formigenes have been used to
answer a number of biological questions (9–12). Colonization has
been demonstrated to induce gastrointestinal oxalate secretion,
which may be an important mechanism by which this organism
decreases oxalate levels within the body (10, 13, 14). Our recent
studies with conventional mice artificially colonized with O. for-
migenes indicated that nondietary sources of oxalate, such as en-
teric oxalate secretion, may play an important role in the survival
of O. formigenes during periods of dietary oxalate deprivation
(11). Monocolonization and defined-flora models have become
useful tools for the study of both microbe-microbe and host-bac-
terium interactions (15). A specific example of selective coloniza-
tion of germfree (GF) animals involves the altered Schaedler flora
(ASF), consisting of eight normal murine bacterial species. ASF
mice have been in use for decades and offer significant advantages
for the investigation of mechanisms governing host-microbiota
relationships and how members of the gastrointestinal microbiota
interact with one another (16). Of note, the genome of one of the
ASF bacterial species, Lactobacillus intestinalis, contains oxalyl-
coenzyme A (oxalyl-CoA) decarboxylase and therefore may have
the capacity to degrade oxalate. The primary objectives of this
study were to utilize defined mouse models to examine (i) re-
sponses to monocolonization with O. formigenes, (ii) the influence
of O. formigenes on ASF microbial composition, (iii) the distribu-
tion of O. formigenes throughout the gastrointestinal tract, (iv) the
impact of ASF on O. formigenes numbers, and (v) changes in var-
ious urinary and intestinal chemical levels following colonization
of germfree animals with O. formigenes and ASF.

MATERIALS AND METHODS
Animals. All animal studies were approved by the Institutional Animal
Use and Care Committee of the University of Alabama at Birmingham
(UAB). Germfree Swiss-Webster (SW) outbred mice (Taconic Biosci-
ences Inc., Hudson, NY) were maintained in semirigid or flexible film
isolators that had been previously sterilized with Exspor (Alcide, Red-
mond, WA). Isolators were housed within the UAB Gnotobiotic Facility,
with a 12-hour light/dark cycle and an ambient temperature of 23 � 1°C.
Animals had free access to food (LM-485 autoclavable rodent diet; Teklad,
Madison, WI) and water. Diet LM-485 contains 10 mg calcium/g diet and
1 mg oxalate/g diet and is considered a high-calcium/normal-oxalate ro-
dent chow diet, similar to that used in our previous study (11). Homog-
enization of the diet in water versus 2 M hydrochloric acid was used to
determine how much of the oxalate was incorporated in crystals; homog-
enization in acid ensures complete dissolution of all crystalline oxalate.

Oxalate was quantified by ion chromatography (IC), as described previ-
ously (17), which indicated that 86% of the total oxalate in the diet was
incorporated in crystals. Previous studies with ASF mice suggested that
the age and gender of mice played important roles in the colonization
levels of some ASF strains in the intestinal tracts of SW mice (18). In this
study, however, cecal O. formigenes densities were not significantly differ-
ent between 3-month-old male and female animals monocolonized with
O. formigenes or between 3-month-old and 9-month-old female animals
monocolonized with O. formigenes (Fig. 1). All further experiments were
performed with 3-month-old male animals. Group sizes for experiments
varied from 4 to 7 animals.

Colonization with O. formigenes and altered Schaedler flora. Pure
cultures of O. formigenes (strain OxCC13) were grown in Schaedler broth
containing 100 mM oxalate (SBO), as described previously (19). ASF mice
were kindly provided by the UAB Gnotobiotic Facility. GF or ASF mice
were colonized with O. formigenes through the oral administration of a
few drops of an early-stationary-phase SBO culture (�107 CFU). Cohous-
ing of four GF mice for 4 weeks in a regular cage with either one animal
colonized with ASF, one GF animal monocolonized with O. formigenes
(GF/OxF), or one animal colonized with ASF plus O. formigenes (ASF/
OxF) led to the successful colonization of all four GF mice. After 4 weeks,
the animals were housed singly in Nalgene metabolic cages (Teciplast
USA, West Chester, PA) for 2 weeks, for the collection of 24-hour samples
of feces and urine. At the end of the metabolic cage collections, the mice
were euthanized for collection of intestinal contents and tissue. O. formi-
genes and ASF colonization were confirmed by PCR using DNA isolated
from fecal material and cecal contents, as described previously (19, 20).
CFU in the GF/OxF group were determined in contents from the stom-
ach, small intestine, cecum, proximal colon, and distal colon. Preformed
pellets were removed from the distal colon prior to CFU determination.
O. formigenes CFU tightly associated with the cecal mucosa were deter-
mined after vortex-mixing of an opened cecum three times (10 s each
time) with 25 ml of cold sterile phosphate-buffered saline (PBS) (pH 7.4).
To determine O. formigenes CFU, 80 to 100 mg of intestinal material was
added to a tube containing approximately 0.5 ml of zirconia beads (0.7
mm in diameter; BioSpec Products Inc., Bartlesville, OK). Sterile PBS (pH
7.4) supplemented with 0.05% cysteine-HCl (0.8 ml) was added to the
tube, and the tube was chilled on ice for 5 min. A Mini-BeadBeater-16
(BioSpec Products Inc.) was used to bead beat the samples for 30 s. Serial
dilutions of the homogenized intestinal samples were used to determine
CFU on solid agar plates, as described previously (19). Plates were incu-
bated at 37°C in anaerobic containers using a GasPak EZ anaerobe con-
tainer system with indicator sachets (BD Biosciences, San Jose, CA).
Quantitative PCR was used to compare cecal O. formigenes numbers be-
tween GF/OxF and ASF/OxF mice, as reported previously (21).

FIG 1 O. formigenes CFU density in cecal contents from O. formigenes-monocolonized 3-month-old and 9-month-old female mice and 3-month-old male mice
(A) and in intestinal contents from O. formigenes-monocolonized 3-month-old male mice (B). Solid lines, means. There were no differences in CFU between
3-month-old female animals, 3-month-old male animals, and 9-month-old female animals in panel A (P � 0.07; using the log-transformed CFU data and
one-way ANOVA). There were significant differences in O. formigenes CFU between intestinal regions in panel B (P � 0.008; using the log-transformed CFU data
and one-way ANOVA). In panel B, different letters indicate the significance (P � 0.05) of Tukey’s honestly significant difference (HSD) multiple-comparison
tests (after one-way ANOVA). Animals were housed singly in Nalgene metabolic cages for 2 weeks prior to determinations of CFU density.
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Collection of urine and feces. Mice were housed singly in Nalgene
metabolic cages within semirigid isolators, for collection of 24-hour sam-
ples of fecal material and urine and determination of dietary oxalate in-
take. Mice were acclimated for 1 week prior to 1 week of sample collection
and had free access to food and water in the metabolic cages. Twenty-four-
hour urine samples were collected on 1 ml of mineral oil (to prevent
evaporation) and 50 �l of 2% sodium azide (to prevent bacterial growth).
Three or four collections of urine and feces were performed for each
mouse.

O. formigenes survival in fecal pellets. Fecal pellets from GF/OxF
animals were collected in metabolic cages, over a 3-h period. O. formigenes
CFU in whole fecal pellets were determined immediately after the 3-h
collection period and after an additional 24-hour incubation in isolators.

Preparation of urine, feces, and intestinal material. For oxalate mea-
surements, part of the 24-hour urine samples was acidified to a final level
of 100 mM HCl, to prevent oxalate crystallization with cold storage and
the degradation of ascorbic acid to oxalate. Urine and feces were stored at
�80°C. Intestinal material was harvested immediately following meta-
bolic cage collections, to determine O. formigenes CFU. The concentra-
tions of free oxalate and other anions in the cecum were determined by
centrifuging fresh cecal contents (�50 mg) and recovering the cecal water.
The remaining cecal contents were lyophilized overnight using a Free-
Zone 1-liter benchtop freeze-dry system (Labconco Inc., Kansas City,
MO), and lyophilized material was used for measurement of total oxalate
levels and the isolation of DNA. Fecal material was also lyophilized prior
to total oxalate measurements. Total cecal and fecal oxalate levels were
determined following homogenization with 2 M HCl at a ratio of 1 part
lyophilized sample/9 parts acid (wt/vol).

Analytical assays. Creatinine levels were measured in nonacidified
urine samples with a Medica EasyRA clinical chemistry analyzer. Twenty-
four-hour urinary creatinine values were used to identify incomplete col-
lections or overcollections (22). Three to four 24-hour urine samples were
collected from each mouse; any urine sample with a creatinine value less
than 3.5 �mol or greater than 5.5 �mol was considered to represent an
inaccurate collection and was discarded. Oxalate levels were determined
in samples by IC, as described previously (21). Urinary calcium levels were
determined in acidified urine samples with a Medica EasyRA clinical
chemical analyzer, according to the manufacturer’s protocol. Ion chro-
matography-mass spectroscopy (IC-MS) (Thermo Fisher Scientific Inc.,
Waltham, MA) was used to examine anion concentrations in cecal water
and urine. The IC portion involved a Dionex ICS-5000 system fitted with
a Dionex ERS 500 anion electrolytically regenerated suppressor and an
AS11-HC-4 �m anion exchange column (2 by 150 mm) operated at a
controlled temperature of 30°C. A KOH gradient from 0.5 to 80 mM over
60 min, at a flow rate of 0.38 ml/min, was used to separate anions in the
samples. A MSQ-PLUS mass detector was operated in negative ion mode
with electrospray ionization (ESI), with a needle voltage of 1.5 V, a cone
voltage of 30 V, and a temperature of 500°C. The column eluent was
mixed with 50% acetonitrile at 0.38 ml/min, using a zero-dead-volume
mixing tee, prior to entry into the mass spectrometer. Selected ion mon-
itoring (anion mass � 1) was used to measure anion concentrations in the
samples.

DNA isolation. Cecal contents were harvested from animals after
metabolic cage collections, for microbial inventories. Samples were im-
mediately frozen in liquid nitrogen and were stored at �80°C until DNA
extraction. DNA was extracted from lyophilized cecal contents using a ZR
fecal DNA minikit (Zymo, Irvine, CA), with bead beating.

Sequencing of 16S rRNA. PCR with unique bar-coded primers was
used to amplify the V4 region of the 16S rRNA gene from individual
samples, to create an amplicon library (23). The oligonucleotide primers
(Eurofins Genomics, Inc., Huntsville, AL) used for PCR amplification of
the V4 region of the 16S rRNA gene were as follows: forward V4, 5=-AAT
GAT ACG GCG ACC ACC GAG ATC TAC ACT ATG GTA ATT GTG
TGC CAG CMG CCG CGG TAA-3=; and reverse V4, 5=-CAA GAG AAG
ACG GCA TAC GAG ATN NNN NNA GTC AGT CAG CCG GAC TAC

HVG GGT WTC TAA T-3=. Individual PCRs were set up as described by
Kumar et al. (23). Cycling conditions for the PCRs were as follows: initial
denature at 94°C for 1 min, 32 cycles of 94°C for 30 s, 50°C for 1 min, and
65°C for 1 min, and a final extension at 65°C for 3 min. The entire PCR
mixture was electrophoresed on a 1.0% agarose-Tris-borate-EDTA gel.
The PCR product (approximately 380 bp) was visualized by UV illumi-
nation. The band was excised and purified from the agarose gel using a
Qiagen QIAquick gel extraction kit, according to the manufacturer’s in-
structions.

The PCR products were sequenced using the Illumina MiSeq platform
(23). Paired-end reads of approximately 250 bp from the V4 region of the
16S rRNA gene were analyzed. The samples were quantitated using Pico
Green, adjusted to a concentration of 4 nM, and then used for sequencing
with the Illumina MiSeq system (23). FASTQ conversion of the raw data
files was performed following demultiplexing. Quality control of the
FASTQ files was performed, with quality assessment and filtering using
the FASTX toolkit. The rest of the steps were performed using the QIIME
suite (version 1.8) (23–25).

The sequence data covered the V4 region of the 16S rRNA gene with a
PCR product length of �255 bases and 250-bp end reads. Since the over-
lap between fragments was approximately 245 bases, information from
both ends of the paired reads was merged to generate a single high-quality
read, using the fastq_mergepairs module of USEARCH (26). Read pairs
with an overlap of less than 50 bases or with too many mismatches (�20
mismatches) in the overlap region were discarded. Chimeric sequences
were filtered using the identify_chimeric_seqs.py module of USEARCH
(26). Overall read quality was assessed before and after filtering using
FASTQC. The QIIME data analysis package was used for subsequent 16S
rRNA data analysis (27). Sequences were grouped into operational taxo-
nomic units (OTUs) using the clustering program UCLUST, at a similar-
ity threshold of 0.97 (26). The Ribosomal Database Program (RDP) clas-
sifier was used to make taxonomic assignments (to the genus and/or
species level) for all OTUs, at a confidence threshold of 80% (i.e., 0.8)
(28). The RDP classifier was trained using the Greengenes (version 13.8)
16S rRNA database (29). The resulting OTU table included all OTUs, their
taxonomic identification, and abundance information. In order to detect
ASF in the study, the OTU sequences were matched against the ASF ge-
nomes using BLAST. OTUs were assigned ASF identity when 100% full-
length identical matches with the ASF genomes were found. OTUs whose
average abundance was less than 0.0005% were filtered out. OTUs were
then grouped together to summarize taxon abundance at different hier-
archical levels of classification (e.g., phylum, class, order, family, genus,
and species). Multiple-sequence alignment of OTUs was performed with
PyNAST (30). Alpha diversity (diversity within the samples) was calcu-
lated using Shannon’s diversity matrix, which measures both richness
(number of OTUs per species present in a sample) and evenness (relative
abundance of different OTUs per species and their even distribution in a
sample) (31), as implemented in QIIME (27). Beta diversity (diversity
between the samples) was measured using weighted UniFrac analysis (32).
Principal-coordinate analysis (PCoA) was performed by QIIME to visu-
alize the dissimilarity matrix for all samples, such that samples that were
more similar were closer in space than samples that were more divergent.
A three-dimensional PCoA plot was generated using EMPEROR (33).

Statistical analyses. All graphing and statistical analyses were con-
ducted with GraphPad Prism (version 6) and SAS (version 9.4; SAS Insti-
tute, Cary, NC), respectively. Data were not transformed beyond the levels
indicated in the figures and the text. Figures report the significance of
Tukey’s post hoc test after one-way analysis of variance (ANOVA) or sim-
ple ANOVA, as described in the figure legends. Data are expressed as
means � standard deviations (SDs) unless otherwise indicated. The cri-
terion for statistical significance was a P value of �0.05.

RESULTS
Colonization with O. formigenes and altered Schaedler flora.
The successful colonization of four GF animals after placement of
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one artificially colonized ASF, GF/OxF, or ASF/OxF animal in the
same cage indicates that colonization likely occurred through fe-
cal-oral transmission. This is consistent with a previous report
demonstrating that colonization of rats with O. formigenes occurs
primarily through horizontal transmission (7). Analysis of fecal
and cecal DNA indicated that all ASF and ASF/OxF animals were
colonized with seven of the eight ASF bacterial species. ASF360
(Lactobacillus intestinalis) was not detectable by PCR in any of the
animals. The loss of this species with certain diets has been re-
ported previously (34, 35).

Viable O. formigenes numbers in contents harvested from the
cecum and proximal colon of GF/OxF mice were �4 	 106 CFU
per 100 mg of contents (Fig. 1B). Following single housing of
GF/OxF mice in metabolic cages, O. formigenes CFU were not
present in the small intestine. In contrast, group-housed GF/OxF
animals had small numbers of viable O. formigenes both in the
stomach and throughout the small intestine (�6 	 103 CFU per
100 mg of contents). The levels of viable O. formigenes tightly
associated with cecal mucosa from GF/OxF mice were 1.2 	 103 �
0.51 	 103 CFU per 100 mg tissue.

Sequencing of 16S rRNA was used to determine the relative
abundance of ASF species in ASF and ASF/OxF mice (Fig. 2).
Consistent with previous reports, Parabacteroides goldsteinii
(ASF519) was the dominant microorganism in the cecum, with
Lactobacillus murinus (ASF361) and Clostridium sp. (ASF502) be-
ing the next most prevalent organisms (20). The relative abun-
dance of O. formigenes in ASF/OxF animals was �0.1%. Principal-
coordinate analysis showed that the introduction of O. formigenes
resulted in no significant changes in the ASF microbial composi-
tion (Fig. 3). O. formigenes cecal cell density was 18% lower in
ASF/OxF mice (6.64 � 0.03 log10 CFU per 100 mg cecal contents)
than in GF/OxF animals (6.55 � 0.07 log10 CFU per 100 mg cecal
contents) (P � 0.03); however, a limitation of these experiments
was that the ASF/OxF animals ingested 30% less food and thus less
dietary oxalate than did the GF/OxF group. Although the findings
were not significant, this lower dietary oxalate intake in the ASF/
OxF group (Table 1) likely decreased O. formigenes numbers.

Fecal O. formigenes CFU from GF/OxF animals were used to
determine the aerotolerance of O. formigenes. CFU density in fecal
pellets declined 4-fold after 24 hours of incubation at room tem-

perature (6.25 � 0.34 log10 CFU per 100 mg versus 5.55 � 0.42
log10 CFU per 100 mg) (P � 0.0008).

Oxalate degradation. Total cecal oxalate levels (Fig. 4) and the
recovery of ingested dietary oxalate in fecal matter (Fig. 5) were
not significantly different between GF and ASF animals, which is
consistent with the seven bacterial ASF species that colonized GF
mice in this study lacking known oxalate-degrading genes. Total
cecal oxalate levels (Fig. 4) and the recovery of ingested dietary
oxalate in fecal matter (Fig. 5) were significantly lower in GF/OxF
and ASF/OxF animals than in GF and ASF animals, which suggests
efficient degradation of oxalate in the intestine by O. formigenes.

Urinary excretion. Urinary parameters measured as part of
the metabolic evaluation of kidney stone formers include phos-
phate, citrate, sulfate, glycolate, oxalate, and calcium levels (36–
38). Urinary oxalate, calcium, and phosphate excretion differed
significantly between the animal groups (P � 0.001) (Table 1).
Colonization of GF or ASF mice with O. formigenes did not result
in significant reductions in urinary oxalate excretion. This finding
is consistent with our previous study, which showed that urinary
oxalate excretion did not decrease with O. formigenes colonization
when conventional mice were fed a diet similar to that used in this
study (i.e., high calcium and normal oxalate levels) (11). In com-
parison, ASF or ASF/OxF colonization of GF mice resulted in
�40% reductions in urinary oxalate excretion. Hippurate is a
known bacterial metabolite excreted in urine (39). This study
showed that colonization of GF mice with ASF resulted in in-
creased urinary hippurate excretion.

Cecal analyses. There were significant differences in cecal wet
weights between the groups (Table 2). Post hoc analysis showed
that the wet weights of ceca from ASF or ASF/OxF animals were
significantly lower than those from the GF and GF/OxF groups.
These data are consistent with previous studies that showed that
GF and monocolonized mice displayed enlarged ceca, whereas
colonization of GF mice with ASF resulted in smaller ceca of sim-
ilar morphology, compared with ceca from conventional mice
(16, 40). In keeping with total cecal oxalate levels (Fig. 4), free

FIG 3 Weighted UniFrac PCoA plot of microbiome samples. The plot shows
very similar microbiome profiles for the ASF and ASF/OxF groups. As ex-
pected, the GF/OxF and GF groups showed very different microbiome profiles,
compared with the ASF group. ASF, altered Schaedler flora; OxF, monocolo-
nized with O. formigenes; GF, germfree.

FIG 2 Relative abundances of ASF bacterial species within cecal contents. The
relative abundances of ASF bacterial species differed significantly (P � 0.0001;
after one-way ANOVA). Different letters indicate the significance (P � 0.05)
of Tukey’s HSD multiple-comparison tests (after one-way ANOVA). Relative
numbers of each ASF bacterial strain can be estimated from our finding that O.
formigenes cell densities were approximately �4 	 106 CFU per 100 mg cecal
contents and O. formigenes represented at most 0.1% of the bacteria in animals
with ASF plus O. formigenes. ASF519, Parabacteroides goldsteinii; ASF361, Lac-
tobacillus murinus; ASF502, Clostridium sp.; ASF492, Eubacterium plexicauda-
tum; ASF500, Pseudoflavonifractor sp.; ASF457, Mucispirillum schaedleri;
ASF356, Clostridium sp.
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oxalate levels in the cecum were significantly higher in GF and ASF
animals than in GF/OxF and ASF/OxF animals (Table 2). IC-MS
was used to identify anions that O. formigenes and ASF might
produce in vivo. Formate is an end product of O. formigenes ox-
alate catabolism (41), and levels were significantly increased in
cecal water from GF/OxF animals, compared to all other groups
(Table 2). In contrast, cecal formate concentrations were signifi-
cantly lower in the ASF/OxF group than in the GF/OxF group,
which suggests that ASF may degrade the formate produced by O.
formigenes. Levels of the short-chain fatty acids propionate, n-bu-
tyrate, and valerate were elevated in the ASF and ASF/OxF groups,
which is in keeping with a previous report showing that ASF356
and ASF492 produced large amounts of short-chain fatty acids
(42). A previous report showed that gluconate levels were lower in
intestinal samples from conventional mice versus GF mice (43). In
keeping with that previous study, cecal gluconate levels were sig-
nificantly lower in ASF and ASF/OxF animals than in GF mice
(Table 2). However, cecal gluconate levels were higher in GF/OxF
mice than in GF animals (P � 0.0004) (Table 2). In vitro culture
experiments with SBO were performed with [13C2]oxalate, to in-
vestigate whether O. formigenes secreted 13C-labeled gluconate
isoptomers into the medium. However, these in vitro experiments
did not detect gluconate isoptomers from [13C2]oxalate (data not
shown).

DISCUSSION

Recent evidence suggests that a lack of colonization with the spe-
cialist oxalate-degrading bacterium O. formigenes increases the
risk of recurrent calcium oxalate stone disease (1, 2). Protection
from calcium oxalate stone disease appears to be due to the oxalate
degradation that occurs in the gut with low-calcium diets, with a
possible additional contribution from intestinal oxalate secretion
(13, 21, 44). Despite its potential clinical significance, little is
known about the factors that influence O. formigenes colonization
and host-O. formigenes interactions. We showed previously, with
conventional mice, that the ratio of calcium to oxalate in the diet
was important in determining colonization densities and condi-
tions under which urinary oxalate excretion and fecal oxalate ex-
cretion were modified (11), and findings were consistent with
studies we performed with naturally colonized and noncolonized
human subjects (21). In the present study, we utilized GF mice to
examine O. formigenes-altered Schaedler flora interactions and the
response to monocolonization with O. formigenes.

Colonization of germfree mice with O. formigenes. It has
been demonstrated that stable monocolonization with at least
some strictly anaerobic bacteria in germfree mice appears to re-
quire the presence of other bacteria to reduce the oxidation-re-
duction potential of the intestinal contents (45), which is relatively
high in germfree animals (15). However, GF mice remained
monocolonized with O. formigenes, which suggests that O. formi-

TABLE 1 Parameters for GF, GF/OxF, ASF, and ASF/OxF micea

Parameter GF (n � 7) GF/OxF (n � 5) ASF (n � 7) ASF/OxF (n � 5) P

Body weight (g) 43.9 � 1.9 39.2 � 1.7 38.2 � 4.0 38.7 � 4.7 0.055
24-h dietary oxalate intake (�mol) 32 � 9 37 � 10 30 � 0.6 26 � 6 0.261
24-h urine volume (ml) 4.4 � 1.7 3.9 � 1.7 5.3 � 1.8 4.0 � 2.3 0.598
24-h urinary creatinine level (�mol) 4.2 � 0.4 4.3 � 0.6 4.0 � 0.2 4.7 � 0.7 0.090
24-h urinary oxalate level (�mol) 2.3 � 0.5 Ab 2.3 � 0.3 A 1.3 � 1.1 B 1.0 � 0.3 B 0.001
24-h urinary calcium level (�mol) 7.8 � 2.3 A 19.0 � 10.0 B 7.0 � 2.5 A 9.5 � 3.5 A 0.003
24-h urinary glycolate level (�mol) 1.7 � 0.4 2.2 � 0.3 1.9 � 0.2 1.8 � 0.5 0.198
24-h urinary hippurate level (�mol) 0.11 � 0.02 A 0.14 � 0.03 A 0.30 � 0.06 B 0.41 � 0.10 C 0.001
24-h urinary gluconate level (�mol) 4.3 � 0.8 5.6 � 1.0 4.2 � 0.3 4.3 � 1.0 0.100
24-h urinary sulfate level (�mol) 68 � 31 102 � 23 80 � 19 81 � 9 0.220
24-h urinary phosphate level (�mol) 351 � 38 A 472 � 69 B 386 � 58 AB 373 � 15 A 0.005
24-h urinary citrate level (�mol) 0.18 � 0.13 0.22 � 0.06 0.21 � 0.05 0.21 � 0.08 0.917
a Data are expressed as means � SDs. GF, germfree; OxF, monocolonized with O. formigenes; ASF, altered Schaedler flora. One-way ANOVA was used to determine whether mean
values for each parameter differed between the animal groups (P values indicated above), followed by Tukey’s HSD test for P values of �0.05.
b Different letters (A, B, C) indicate the significance (P � 0.05) of Tukey’s HSD multiple-comparison tests among the groups (after one-way ANOVA).

FIG 4 Total oxalate levels in the cecum of mice. GF, germfree; OxF, mono-
colonized with O. formigenes; ASF, altered Schaedler flora. Absolute cecal ox-
alate levels between the animal groups differed significantly (P � 0.0001; after
one-way ANOVA). Different letters indicate the significance (P � 0.05) of
Tukey’s HSD multiple-comparison tests (after one-way ANOVA). Total ox-
alate levels were determined following homogenization of lyophilized material
with acid.

FIG 5 Levels of dietary oxalate recovered in feces over 24 hours. GF, germfree;
OxF, monocolonized with O. formigenes; ASF, altered Schaedler flora. The
percentages of dietary oxalate ingested that was recovered in feces were signif-
icantly different between the animal groups (P � 0.0001; after one-way
ANOVA). Different letters indicate the significance (P � 0.05) of Tukey’s HSD
multiple-comparison tests (after one-way ANOVA).
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genes does not require other organisms to reduce its environment.
It is known that several anaerobic bacteria show oxygen tolerance
and possess systems to respond to oxygen (46–48). In this study,
we demonstrated that O. formigenes survives in fecal pellets ex-
creted from animals monocolonized with O. formigenes, which is
consistent with our recent finding that O. formigenes survives in
static broth cultures exposed to the air (49). Of note, the genomes
of two O. formigenes strains (50) and the proteome of O. formi-
genes OxCC13 (51) contain superoxide dismutase, which may
play a key role in the survival of O. formigenes during periods of
oxygen exposure. The ability of O. formigenes to tolerate exposure
to air is likely an important biological property through which this
organism colonizes mammals via horizontal transmission, and it
also may play an important role in the successful manufacture of
O. formigenes as a probiotic.

Intestinal microbiota occupy both mucosal and luminal niches
during normal colonization (52–56). To limit the impact of
coprophagy on the intestinal distribution of O. formigenes, ani-
mals in this study were housed singly in metabolic cages for 2
weeks prior to determination of viable O. formigenes cell numbers.
O. formigenes colonized the cecum and colon of GF/OxF mice but
not the small intestine. O. formigenes may be lacking in the small
intestine of mice because O. formigenes cannot adhere to the small
intestinal mucosa and the oxygen tension in the small intestine is
too high for O. formigenes to survive. Interestingly, group-housed
GF/OxF animals had small numbers of viable O. formigenes organ-
isms throughout the gastrointestinal tract. This finding not only
highlights the coprophagic behavior of group-housed mice in reg-
ular cages but also supports previous in vitro reports showing that
O. formigenes tolerates exposure to acid and bile (3, 49).

Examination of intestinal tissue from GF/OxF mice suggested
that �0.02% of total viable O. formigenes cells in the cecum were
tightly associated with the mucosa. Consistent with this finding, a
previous report showed that the number of Bacteroides fragilis
cells closely associated with the intestinal mucosa represented only
a tiny fraction (�0.001%) of the total CFU (55). The same study,
using immunofluorescence confocal microscopy, revealed micro-
colonies of B. fragilis residing within colonic crypts (55). The au-
thors suggested that such a mucosal niche may represent an
important population of cells that maintain host-bacterium sym-
biosis at the epithelial surface of the gut. Further studies to exam-
ine the association of O. formigenes with the intestinal mucosa are
needed; however, given the limitations of germfree animal models
(57, 58), future experiments should use conventional animals

with normal intestinal physiology and microbiota. Furthermore,
developing antibodies to O. formigenes or engineering O. formi-
genes to express fluorescent proteins should allow a closer exami-
nation of O. formigenes-mucosa interactions. A better under-
standing of O. formigenes-mucosa interactions may shed light on
the mechanisms by which O. formigenes influences the secretion of
oxalate into the intestinal lumen.

ASF-O. formigenes interactions. To date, no studies have ex-
amined the impact of O. formigenes on resident microbiota. This is
of particular importance because there is an interest in manufac-
turing O. formigenes as a probiotic that can decrease oxalate levels
in the body while not disrupting the composition of the healthy
resident microbiota. For example, whether the ingestion of high
oral doses of O. formigenes is safe and promotes sufficient intesti-
nal oxalate secretion to diminish the oxalate burden on the kidney
in individuals with primary hyperoxaluria is currently being tested
in a clinical trial financed by the biopharmaceutical company
OxThera AB. In this study, we used ion chromatography coupled
with mass spectroscopy and 16S rRNA profiling of ASF mouse
models to show that O. formigenes did not disrupt the overall
microbial composition of ASF but significantly reduced oxalate
levels in the cecum. Although ASF gnotobiotic mice provide a
well-defined model, with normalized intestinal physiology, for the
study of host-microbe and microbe-microbe interactions (16),
they contain a limited set of bacterial species and, in this study,
also lacked the ability to degrade oxalate. Thus, further work ex-
amining the interactions between O. formigenes and non-oxalate-
degrading and oxalate-degrading microbes in animal models with
greater microbial diversity is warranted.

Effects of ASF and O. formigenes on cecal and urinary oxalate
levels. Germfree animals have very altered gut physiology, includ-
ing an enlarged cecum and altered absorptive function (59).
Germfree rats, for example, show increased absorption of miner-
als, including calcium (60), and are susceptible to forming cal-
cium oxalate-containing stones in the bladder (61). In contrast,
ASF mice have normal-size ceca and normalized intestinal func-
tions (16). It is possible that improved intestinal epithelial integ-
rity in ASF and ASF/OxF mice, compared to GF and GF/OxF
animals, resulted in lower net gastrointestinal oxalate absorption,
which in turn could explain the lower levels of urinary oxalate
excretion in ASF and ASF/OxF animals than in GF and GF/OxF
animals.

Studies in rats (10, 12) and mice (11, 14), performed by differ-
ent investigators, showed that O. formigenes colonization reduces

TABLE 2 Cecal water parameters for GF, GF/OxF, ASF, and ASF/OxF micea

Parameter GF (n � 7) GF/OxF (n � 5) ASF (n � 7) ASF/OxF (n � 5) P

Cecal contents (g) 2.8 � 0.4 Ab 3.0 � 0.4 A 1.4 � 0.4 B 1.6 � 0.2 B �0.0001
Oxalate level (�mol) 0.74 � 0.22 A 0.06 � 0.02 B 0.29 � 0.06 C 0.04 � 0.01 B �0.0001
Gluconate level (�mol) 1.7 � 0.2 A 2.6 � 0.6 B 0.16 � 0.11 C 0.30 � 0.06 C �0.0001
Phosphate level (�mol) 15.9 � 9.1 12.6 � 3.1 13.7 � 5. 4 17.2 � 6.2 0.69
Formate level (�mol) 1.3 � 0.15 A 2.0 � 0.5 B 0.27 � 0.12 C 0.58 � 0.17 C �0.0001
Acetate level (�mol) 21.1 � 6.2 A 23.3 � 5.2 A 11.1 � 5.1 B 23.5 � 2.7 A 0.001
Propionate level (�mol) �0.03 A �0.03 A 2.7 � 1.8 AB 4.1 � 1.1 BC �0.0001
n-Butyrate level (�mol) �0.07 A �0.07 A 1.1 � 1.3 AB 2.2 � 0.7 BC 0.001
Valerate level (�mol) �0.03 A �0.03 A 0.09 � 0.07 A 0.22 � 0.05 B �0.0001
a Data are expressed as means � SDs. GF, germfree; OxF, monocolonized with O. formigenes; ASF, altered Schaedler flora. One-way ANOVA was used to determine whether mean
values for each parameter differed between the animal groups (P values indicated above), followed by Tukey’s HSD test for P values of �0.05. The level of each cecal anion was
determined following centrifugation of freshly harvested cecal contents and recovery of the cecal water. Anions were measured by IC-MS.
b Different letters (A, B, C) indicate the significance (P � 0.05) of Tukey’s HSD multiple-comparison tests among the groups (after one-way ANOVA).
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urinary oxalate excretion. This effect appears to occur only with
diets rich in soluble oxalate, although differences in intestinal
physiology and microbial populations among the various rodent
models studied to date might have influenced the findings. In the
present study, which used normal rodent chow, O. formigenes col-
onization of GF or ASF mice did not result in a reduction in uri-
nary oxalate excretion; this was expected, however, because our
previous mouse study showed that urinary oxalate excretion did
not decrease following artificial O. formigenes colonization of con-
ventional mice fed normal rodent chow containing a high level of
calcium and a low level of soluble oxalate (11). In light of the
abnormal gastrointestinal physiology of GF mice and the exten-
sive dietary studies we have already performed in a conventional
mouse model of O. formigenes colonization, we did not define the
dietary conditions that result in reductions in urinary oxalate ex-
cretion following O. formigenes colonization of GF and ASF mice.

IC-MS was used to identify anions that O. formigenes and ASF
may produce in vivo. As described in more detail in Results, these
studies show that ASF degrades formate and gluconate and pro-
duces short-chain fatty acids and benzoic acid (with the appear-
ance of hippurate in the urine). Gluconic acid levels were signifi-
cantly elevated in the GF/OxF group, compared to GF animals;
however, further work is needed to determine whether the in-
creased gluconic acid levels in the cecum of GF/OxF mice are
derived from the host or brought about by O. formigenes meta-
bolic processes. Of interest, gluconic acid is thought to play a
predominant role in the phosphate crystal solubilization activity
of Pseudomonas fluorescens (62). Does O. formigenes use a similar
approach to facilitate the solubilization of oxalate-containing
crystals in vivo? Our determinations of both total and free oxalate
levels indicated that 86% of the oxalate in the chow diet is crystal-
line. Under such conditions, it would be advantageous for O. for-
migenes to have the ability to facilitate solubilization of dietary
crystalline oxalate. Previous rodent studies suggested that oxalate-
degrading organisms degrade calcium oxalate crystals (63, 64);
however, the mechanism by which this occurs is not known. In
this study, O. formigenes-monocolonized mice excreted signifi-
cantly more urinary calcium and phosphate than did germfree
mice, which might be due to degradation of calcium oxalate and
calcium phosphate crystals by O. formigenes and subsequent in-
testinal absorption of free calcium and phosphate. Further work
to explore the dynamics of crystal formation and degradation in
the intestines of germfree mice and to determine how O. formi-
genes influences this process is of interest in light of these findings.

In conclusion, these studies with mice with defined flora dem-
onstrate several significant new findings, as follows. (i) O. formi-
genes human strain OxCC13 can colonize germfree mice receiving
their regular diets; therefore, future studies with models using
mice with defined flora may be useful for further characterizing
host-O. formigenes and microbe-O. formigenes interactions. (ii) O.
formigenes does not disrupt ASF colonization and ASF coloniza-
tion does not disrupt the oxalate-degrading capacity of O. formi-
genes in the intestine, which supports the use of O. formigenes as
a probiotic. (iii) O. formigenes may degrade oxalate crystals (the
predominant form of oxalate in the gut), and a small number of O.
formigenes organisms associate tightly with the gut epithelium,
which may be important mechanisms by which these organisms
persist in the host.
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