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Homeostasis of oxalic acid appears to be regulated, in part, by the gut-associated bacterium Oxalobacter
formigenes. The loss of this bacterium from the gut flora is associated with an increased susceptibility to
hyperoxaluria, a condition which can lead to the formation of calcium oxalate crystalluria and kidney stones.
In order to identify and quantify the presence of O. formigenes in clinical specimens, a quantitative-PCR-based
assay system utilizing a competitive DNA template as an internal standard was developed. This quantitative
competitive-template PCR test allows for the rapid, highly specific, and reproducible quantification of O.
formigenes in fecal samples and provides a prototype for development of DNA-based quantitative assays for
enteric bacteria.

Recent studies are providing compelling evidence that the
gut-associated, oxalate-degrading bacterium Oxalobacter for-
migenes is an important component in regulating oxalate ab-
sorption across the intestinal wall and, therefore, oxalate levels
in the plasma (2, 14). Thus, it is not surprising that the aberrant
homeostasis of oxalate present in several clinical conditions,
such as recurrent calcium oxalate urolithiasis (13, 16), inflam-
matory bowel disease (12), Crohn’s disease and steatorrhea
(11), cystic fibrosis (26), and sequelae to jejunoileal bypass
surgery (1), is associated with the loss or decreased activity of
O. formigenes in the human intestinal tract. Although the ab-
sence of O. formigenes within the human gut flora is clinically
important in the pathogenesis of oxalate-related diseases,
screening for and/or enumerating O. formigenes is not per-
formed as a routine diagnostic test. This is due, in part, to the
requirement for special anaerobic culture techniques (6). Re-
cently, we reported the development of a rapid, sensitive, and
genus-specific PCR-based assay system capable of detecting O.
formigenes in fecal samples (25, 27). Using this system, we have
been able to confirm the pathogenic link between the absence
of O. formigenes and hyperoxaluria (24, 26).

The testing of fecal samples from healthy males and females
has shown that O. formigenes normally is present at between
5 3 106 and 5 3 108 CFU/g (wet weight) of feces (1, 21). In
contrast, O. formigenes is not detectable in the feces of cystic
fibrosis patients with hyperoxaluria (25) or in most patients
with recurrent calcium oxalate kidney stone formation (i.e.,
patients with more than five recurrent episodes) (16). How-
ever, a subpopulation of urolithiasis patients appears to harbor
reduced numbers of O. formigenes (102 to 103 CFU/g [wet
weight] of feces), and these patients report having fewer kidney
stone episodes (fewer than four recurrent episodes) over a
5-year period (13, 16). These findings point to the need for a

simple and reliable quantitative assay capable of enumerating
O. formigenes in clinical specimens. In this report, we describe
a rapid, simple, quantitative-PCR assay that utilizes an internal
competitive DNA template for estimating populations of O.
formigenes in fecal samples.

MATERIALS AND METHODS

Bacterial strains. O. formigenes OxB was used as the standard throughout this
study. This strain was grown in medium B containing 30 mM oxalate, as de-
scribed elsewhere (2). Other bacterial strains used in this study were obtained
from the American Type Culture Collection (ATCC), Manassas, Va., and are as
follows: Alcaligenes sp. ATCC 11883, Bacteroides ovatus ATCC 8483, Citrobacter
brakii ATCC 43162, Clostridium perfringens ATCC 13124, Clostridium sordellii
ATCC 9714, Enterobacter aerogenes ATCC 13048, Enterobacter cloacae ATCC
13047, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, Kleb-
siella oxytoca ATCC 43165, Lactobacillus acidophilus ATCC 314, Moorella ther-
moacetica ATCC 35608, Moorella thermoautotrophica ATCC 33924, Moraxella
osloensis ATCC 10973, Proteus mirabilis ATCC 29245, Proteus vulgaris ATCC
8427, Pseudomonas aeruginosa ATCC 27853, Salmonella typhimurium ATCC
6994, Shigella boydii ATCC 29928, Staphylococcus aureus ATCC 29213, Staphy-
lococcus epidermidis ATCC 49134, Streptococcus bovis ATCC 49147, Streptococ-
cus pneumoniae ATCC 49136, and Veillonella parvula ATCC 10790.

Isolation of genomic DNA from bacterial strains. Cultures (10 to 15 ml) of O.
formigenes were centrifuged at 10,000 3 g, the supernatants were discarded, and
the bacterial pellets were stored at 280°C. Bacteria from either the frozen O.
formigenes samples or the lyophilized ATCC samples were resuspended in 567 ml
TE buffer (10 mM Tris-Cl [pH 7.5] and 1 mM EDTA [pH 8.0]), 30 ml of 10%
sodium dodecyl sulfate, and 3 ml of proteinase K (20 mg/ml), and each mixture
was incubated for 5 h at 37°C to ensure bacterial cell lysis. Nucleic acids were
extracted from the lysates with phenol-chloroform-isoamylalcohol (25:24:1).
Chromosomal DNA was precipitated from the aqueous phase by adding 1/2
volume of 7.5 M ammonium acetate and 2 volumes of 100% ethanol. DNA was
recovered by centrifugation (12,000 3 g) and washed once with 70% ethanol.
The pellet was resuspended in 15 to 20 ml of H2O.

Isolation of genomic DNA from human fecal specimens. Bacterial DNA was
isolated directly from fresh stool samples obtained from individuals known to be
positive or negative for O. formigenes by using the procedures of Stacey-Phipps
et al. (28). Approximately 25 mg of feces was suspended in 1.5 ml of phosphate-
buffered saline and centrifuged at low speed to remove debris, and the super-
natant was centrifuged at 16,000 3 g for 5 min to obtain a bacterial pellet. The
pellet was resuspended in 0.6 ml of binding lysis buffer (5.3 M guanidine thio-
cyanate, 10 mM dithiothreitol, 1% Tween 20, 0.3 M sodium acetate, and 50 mM
sodium citrate) and incubated at 65°C for 10 min. Glass matrix (50 ml) (Glass
Plac; National Scientific Supply Co., San Rafael, Calif.) was added to absorb
DNA. The DNA was eluted from the glass beads with 10 mM TE buffer.
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PCR and QC-PCR. All PCRs and quantitative competitive-template PCR.
(QC-PCRs) were performed as described elsewhere (17, 30). In brief, 50-ml
reaction mixtures contained 1.5 mM MgCl2, 200 mM deoxynucleoside triphos-
phate, 1.25 U of Taq (GIBCO-BRL, Bethesda, Md.), 1 mg of genomic DNA, and
1 mM concentrations (each) of a 59 and 39 primer. The optimal reaction profile
proved to be 94°C for 5 min followed by 35 cycles of 94°C for 1 min for
denaturation, 60°C for 1 s with a gradual decrease of 0.1°C/S to 55°C for an-
nealing, and 72°C for 1 min for primer extension. For QC-PCR, 1 ml of an
appropriate dilution of competitive templates was added to the standard PCR
mixture. PCR and QC-PCR products were size separated by gel electrophoresis
in 1.2% agarose containing ethidium bromide, illuminated with UV light, and
photographed for documentation. Gels were then scanned with an Alpha Ino-
tech Imager ISO1000 (Alpha Inotech Corp., San Leandro, Calif.) to determine
the relative band intensities of the PCR products for quantification.

Southern blots. PCR products were transferred from the agarose gels to
positively charged nylon membranes (Boehringer-Mannheim GmBH, Indianap-
olis, Ind.) by positive-pressure blotting and UV cross-linking. Hybridizations
were carried out as described elsewhere (25) by using an internal sequence
oligonucleotide probe and the Genius system of Boehringer-Mannheim, follow-
ing company instructions. The oligonucleotide used as the probe was 59-GACA
ATGTAGAGTTGACTGATGGCTTTCATG-39, synthesized in the University
of Florida ICBR Oligonucleotide Synthesis Laboratory (Gainesville, Fla.). This
oligonucleotide was end labeled with digoxigenin in a reaction catalyzed by
terminal transferase. The digoxigenin-labeled oligonucleotide probe was hybrid-
ized to the immobilized DNA fragments, and hybridization was detected colo-
rimetrically by enzyme-linked immunosorbent assay with a digoxigenin-specific

antibody linked to alkaline phosphatase according to the protocol provided with
the Genius kit.

RESULTS

Specificity of DNA-based detection of O. formigenes. The
specificity of this DNA-based assay system was determined by
testing its ability to distinguish O. formigenes from other bac-
terial species. PCRs were carried out with the primer pair
OXFfp-OXFrp and with genomic DNA from O. formigenes as
well as from each of the 24 bacterial strains listed above. As
shown in Fig. 1, only O. formigenes DNA (lanes 19 and 26) gave
rise to an amplicon of the correct molecular size (top panel)
that hybridized with the genus-specific probe (middle panel).
Some PCR-Southern blots of the O. formigenes oxc gene am-
plicon reveal the presence of a shadow band of approximately
300 bp. This band has been sequenced and found to be ho-
mologous to the 337 bp of the 39 end of the expected 416-bp
PCR product. Why a small portion of the 59 end is absent from
these amplicons is unknown.

A problem inherent in all DNA-based detection systems,

FIG. 1. Specificity of the PCR-based identification of O. formigenes. PCRs were carried out with 1 ng of genomic DNA isolated from each of the following:
Bacteroides ovatus, Proteus vulgaris, Enterobacter cloacae, Escherichia coli, Enterobacter aerogenes, Clostridium perfringens, Clostridium sordellii, Veillonella parvula,
Streptococcus pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus bovis, Enterococcus faecalis, Staphylococcus epidermidis, Moorella thermoau-
totrophica, Shigella boydii, Proteus mirabilis, Salmonella typhimurium, Oxalobacter formigenes, Citrobacter brakii, Lactobacillus acidophilus, Moraxella osloensis, Moorella
thermoacetica, Alcaligenes sp., Klebsiella oxytoca, and Oxalobacter formigenes (top panel, lanes 1 to 26, respectively). Southern blots of the gels were carried out with an
Oxalobacter genus-specific DNA oligonucleotide probe (middle panel). To test the ability of each genomic-DNA preparation to support a PCR, PCRs were carried out
with 1 ng of genomic DNA isolated from O. formigenes or from one of the 24 other bacterial strains and a set of universal primers for bacterial 16S rRNA (bottom
panel). Arrows indicate lanes containing O. formigenes DNA.
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especially those using PCR, is the possibility of false-negative
reactions resulting from inadequate DNA preparations. To
determine if this may have played a role in the specificity
experiment, each DNA preparation was simultaneously tested
for suitability for PCR amplification by using the universal
primer pair, 59 primer (59-AACTGGAGGAAGGTGGGGA
T-39) and 39 primer (59-AGGAGGTGATCCAACCGCA-39),
to amplify the bacterial gene encoding 16S rRNA (15). As
shown in Fig. 1 (bottom panel), all DNA preparations permit-
ted the amplification of a proper 16S rRNA PCR product,
indicating that each DNA preparation contained appropriate
DNA and that the specificity obtained for O. formigenes detec-
tion was not due to false-negative reactions.

QC-PCR. O. formigenes expresses a unique gene required for
the catabolism of oxalate: oxc (encoding oxalyl-coenzyme A
decarboxylase). This gene has been cloned and sequenced (17).
Sequencing of the 59 ends of the oxc genes from numerous
isolates of O. formigenes identified unique, highly conserved
regions which permitted the synthesis of a genus-specific PCR
primer pair (forward primer, 59-AATGTAGAGTTGACTG
A-39 [OXFfp]; reverse primer, 59-TTGATGCTGTTGATAC
G-39 [OXFrp]) (25, 27). This PCR primer pair amplifies a
416-bp product (in group II strains) or a 413-bp product (in
group I strains) of the 59 end of the oxc gene which is unique
to O. formigenes.

QC-PCR is based on the assumptions that a genomic DNA
template and a competitive DNA template containing homol-
ogous primer sites will compete equally for PCR primers and
that both experimental- and competitive-template PCR prod-
ucts will subsequently be amplified colinearly. To construct a
suitable competitive-DNA template for use as the internal
control, a 227-bp fragment of the oxc gene flanked by se-
quences homologous for the OXFfp-OXFrp primer pair and
containing a genus-specific probe was generated (Fig. 2). To
accomplish this, a PCR was performed with the OXFfp 59
primer plus a modified OXFrp 39 primer. The modified 39
primer (59-TTGATGCTGTTGATACGGTCAAGCAAACG
CC-39) consisted of two portions: a 59 end which contained the
39 primer sequence (underlined) within the oxc gene and a 39
end which annealed at a site located approximately 200 bp
downstream of the 59 primer site. The PCR that used the
primer pair OXFfp-modified OXFrp amplified the 210-bp seg-

ment and synthesized the 17-bp OXFrp primer site at the 39
end. This PCR fragment was purified and ligated into pCR-2.1
(Invitrogen, Inc., San Diego, Calif.). A recombinant pCR-2.1
plasmid with the proper insert (confirmed by sequencing) was
selected for use as the internal competitive template.

Quantification CFU with QC-PCR. To determine the accu-
racy of the QC-PCR in quantifying the number of CFU in of O.
formigenes samples, QC-PCRs were established with two dilu-
tions of an O. formigenes DNA preparation which had a start-
ing spectrophotometric reading of 1.126 mg of DNA/ml. As-
suming that the genome of O. formigenes is similar in size to
that of E. coli (4.7 3 103 kb), 1 mg of O. formigenes genomic
DNA contains 1.8 3 108 molecules (or gene copies). Thus, the
original genomic DNA preparation of O. formigenes OxB con-
tained approximately 2 3 108 molecules/ml. Two dilutions,
fourfold (20,000 genomes) and sixfold (200 genomes), of this
DNA were used as templates in the QC-PCR with dilutions of
competitive templates ranging from 50 to 250,000 molecules.
The PCR products were size separated by electrophoresis
through 1.5% agarose gels and visualized with UV light (Fig. 3,
top panels). PCR bands were scanned for intensities and nor-
malized for differences in molecular mass, and the log ratios of
O. formigenes to template band intensities were plotted against
the log of the copy number of synthetic template added per
reaction to determine log equivalence. Quantitation of oxc
genes, and thereby bacteria, revealed the accuracy of this QC-
PCR detection system: the log equivalence revealed that the
number of molecules of O. formigenes OxB in the reaction was
estimated to be 19,900 to 25,100 and 126 to 158, respectively
(Fig. 3, bottom panels).

Correlation between CFU detected by culture versus by QC-
PCR. To correlate the number of CFU of O. formigenes de-
tected via culture plating versus QC-PCR, an overnight culture
of O. formigenes was prepared and determined to have a titer
of approximately 0.7 3 108 CFU/ml. This culture was serially
diluted 10-fold to 0.7 3 101 CFU/ml. DNA isolated from 1 ml
of each dilution was mixed with competitive template diluted
from 1010 to 102 copies/reaction. The PCR products were size
separated, visualized with UV light, and photographed. Pho-
tographs were scanned for relative band intensities and nor-
malized for differences in molecular weight, and the log ratios
of O. formigenes to template band intensities were plotted

FIG. 2. Synthesis pathway of a competitive DNA template for quantifying the PCR. A truncated form of the 416-bp fragment of the oxc gene containing both the
59 and 39 primer sites was synthesized by PCR by using a modified 39 primer. This truncated and modified sequence was ligated into the pCR2.1 vector system in order
to produce high copy numbers.
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against the log of the copy number of synthetic template added
per reaction. As shown in Fig. 4, the number of CFU for each
dilution, as estimated by optical density and determined by
QC-PCR, were nearly identical. This experiment was per-

formed in triplicate, and the coefficients of variation proved to
be less than 6% at all dilutions of the O. formigenes cultures.

Similar results were obtained when the numbers of CFU in
clinical fecal specimens were obtained by culture and com-
pared to the results of QC-PCR (Table 1). Fecal samples were
collected from individuals known to be positive or negative for
O. formigenes. The number of CFU was determined for each
sample either by standard culture methods or by the QC-PCR
detection system. Again, whether the sample was analyzed by
culture or by QC-PCR, the number of CFU detected proved to
be quite similar for all specimens.

FIG. 3. Quantification of the number of O. formigenes genomes in a sample by using the QC-PCR. Dilutions, ranging from 50 to 250,000 molecules of purified
plasmid containing the competitive template, were used either as DNA templates in PCR to establish standard curves (top, center panel) or as competitive DNA by
mixing with 2 3 104 (left panel) or 2 3 102 (right panel) copies of purified O. formigenes OxB genomes. PCR band intensities were scanned and normalized for molecular
mass, and the log ratios of O. formigenes to template band intensities were graphed to determine log equivalence (bottom panels). QCT, quantitative competitive
template.

FIG. 4. Comparison of the numbers of O. formigenes CFU in a bacterial
culture detected by culture and QC-PCR. An overnight culture of O. formigenes
OxB containing approximately 0.7 3 108 CFU/ml, as determined by optical
density at 600 nm, was serially diluted 10-fold. DNA isolated from each dilution
was used in QC-PCR. Log equivalences of O. formigenes to template band
intensities were determined and compared to the estimated number of CFU for
each dilution.

TABLE 1. Correlation of CFU quantification by standard
culturing and QC-PCR

Clinical
sample no.a

CFU/g of feces (wet weight) quantified by:

Culture method QC-PCR

1 0 0
2 0 0
3 0 0
4 2.3 3 106 2.5 3 106

5 5.5 3 106 3.0 3 106

6 2.1 3 107 3.5 3 107

7 3.1 3 107 3.1 3 107

8 1.0 3 107 1.6 3 107

a Specimens were collected in North Carolina, where CFU were quantified by
culture; samples were mailed to Florida, where CFU were quantified by QC-
PCR.
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Clinical sample stability and reproduction. By using the
Cary-Blair culture swab transport system (Difco Laboratories,
Detroit, Mich.), four fecal swabs (ca. 20 mg of stool sample/
swab) were obtained from an individual living in North Caro-
lina who was known to be positive for O. formigenes, and these
swabs were shipped through the mail to Florida. The swabs
were transported and maintained at room temperature. Upon
arrival in Florida (day 2 postcollection), one swab was vortexed
in 500 ml of sterile H2O, and the genomic DNA was extracted.
The extract was tested for the presence of O. formigenes DNA
with QC-PCR, which detected a robust colonization of 8.0 3
108 bacteria/g (wet weight) (Fig. 5). The remaining three swabs
were treated identically, except that DNA was extracted on
days 3, 4, and 6 postcollection. Results consistent with the day
2 determinations were obtained with specimens prepared on
days 3 and 4 postcollection; however, by day 6, the number of
detectable bacteria began to decline, probably due to the death
of the microorganisms. Quantification of bacteria in the clini-
cal samples tested on days 2, 3, and 4 showed a coefficient of
variation of less than 10%.

Detecting temporal changes in O. formigenes colonization.
Changes in the amount of dietary oxalate consumed by humans

is known to affect the robustness of O. formigenes colonization;
that is, increases in oxalate consumption increase colonization,
whereas decreases in oxalate consumption result in a decrease
of colonization (10). As presented in Fig. 6, by using the QC-
PCR detection system, it was possible to quantitate temporal
changes in numbers of bacteria induced in a human through
changes in diet.

DISCUSSION
Application of modern biotechnology to microbiological

testing has resulted in the development of “rapid methods”
that no longer rely solely on culturing (18). These assays in-
clude direct detection of cell components (e.g., use of biolu-
minescence or fluorescence), antibody-based detection of cel-
lular antigens (e.g., use of enzyme-linked immunosorbent
assay), biochemical tests which identify endogenous enzyme
activities (e.g., trypsin-like protease activity of Porphyromonas
gingivalis, Bacteroides forsythus, and Treponema denticola), and
DNA-based detection (e.g., DNA probe or PCR-based tests).
DNA-based tests identify specific sequences of genomic nu-
cleic acid unique to individual microorganisms. PCR-based
assays have already been developed for viral pathogens (5),

FIG. 5. Testing clinical samples for stability and reproducibility in detecting O. formigenes. Four fecal swabs collected and transported in the Cary-Blair culture
transport system were processed on days 2, 3, 4, and 6 following collection to analyze the sample stability and the reproducibility of the QC-PCR assay system. DNA
was isolated from approximately 20 mg of fecal specimen eluted from each swab, and the presence of O. formigenes genomes was determined by QC-PCR (insert). Log
equivalences of O. formigenes to template band intensities were graphed to quantify the number of genomes present in each sample. The number of CFU detected on
days 2, 3, and 4 was 8 3 108/g (wet weight), while the number of CFU detected on day 6 was 2.8 3 108/g (wet weight). QCT, quantitative competitive template.

FIG. 6. Quantifying temporal changes in O. formigenes colonization induced by changes in diet. Detection of O. formigenes in fecal samples obtained from a subject
on a normal diet who was then placed on a diet low in oxalate-containing foods followed by a diet high in oxalate-containing foods. Amplifications were carried out
with 1 ml of sample DNA alone (lanes 6) and in the presence of 42 (lanes 1), 83 (lanes 2), 415 (lanes 3), 830 (lanes 4), or 8,300 (lanes 5) copies of the competitive
template.
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sexually transmitted pathogens like Chlamydia trachomatis
(20), air-borne pathogens like Mycobacterium tuberculosis (22),
and a variety of food-borne pathogens like Listeria monocyto-
genes, E. coli, Salmonella spp., Campylobacter spp., Yersinia
enterocolitica, and Vibrio vulnificus (3, 15, 19, 29, 31). Interest-
ingly, many of these techniques remain deficient in sensitivity
because they require a preenrichment step. Selective enrich-
ment prior to PCR amplification has been used as a way to
concentrate the bacteria and/or dilute potential inhibitory fac-
tors. Unfortunately, these steps tend to negate the sensitivity
and speed of PCR-based tests. Obviously, any procedure
needed to either concentrate or enrich the bacteria sacrifices
both time and the ability to accurately enumerate the contam-
inating bacteria (18, 29).

Quantitative PCR has been used primarily for the measure-
ment of viral loads within cell populations (7, 9). Currently,
there are three general strategies for the quantification of
amplified target DNA. One approach involves coamplification
of an internal standard and the target of interest followed by
the size separation of the specific amplicons by electrophoresis
(30). Electrophoretic size separation schemes have several po-
tential problems, including the dependency of amplification
ratios for amplicons on DNA quality and length. A second
approach uses hybridization with capture probes based on hy-
bridization of the entire amplified sequence (8). Capture probe
methods are inappropriate for the quantification of amplicons
that contain homologous regions (i.e., competitive templates),
but this technique can be suitably modified for automation (8,
23). The latest approach is real-time detection using quantita-
tive-PCR thermocyclers, like the ABI PRISM 7700 (4). Real-
time detection, while rapid and accurate, cannot be easily
adapted to large multiplex assays due to the limited availability
of fluorochromes with nonoverlapping spectra.

In this report, we have described a simple method for the
direct quantification of O. formigenes in clinically derived spec-
imens by using QC-PCR. This method utilizes a known quan-
tity of a synthesized DNA template as an internal control that
competes for PCR primers with the experimental DNA, in this
case the bacterial genome. Theoretically, at log template
equivalence, the internal controls and the bacterial genomes
should amplify colinearly.

Our results indicate that the QC-PCR test is considerably
faster than, and as sensitive as, current culture techniques, is
highly reproducible in quantifying the number of O. formigenes
genomes present in culture or clinical samples, and is uniquely
specific for the target bacterium. This assay can quantify as few
as 10 CFU of O. formigenes/ml, and this quantitation is linear
up to 108 CFU/ml (Fig. 4). Furthermore, the specificity of the
QC-PCR is not affected by the presence of other microorgan-
isms or factors in either culture or fecal matter, and the num-
ber of O. formigenes identified by QC-PCR has proven to be
consistent with the levels of oxalate degradation observed in
media containing dilutions of this oxalate-degrading bacte-
rium. In the present study, the potential clinical utility of QC-
PCR was illustrated by quantifying O. formigenes in swabs of
fecal specimens transported through routine mail service. Us-
ing common, inexpensive, and user-friendly transport systems
for enteric bacteria (e.g., the Cary-Blair or Stuart’s culture
swab), we have shown that detection of O. formigenes was
consistent for up to 4 days before the number of detectable
genomes began to decline. Lastly, but perhaps just as impor-
tantly, the entire QC-PCR procedure, as described here, can
be accomplished within an 8-h work shift, and automation
could reduce this time even further. Thus, QC-PCR appears to
have broad application in the clinical setting for the quantifi-
cation of bacteria in clinical samples.
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