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Oxalate degradation by the anaerobic bacterium Oxalobacter formigenes is important for human health,
helping to prevent hyperoxaluria and disorders such as the development of kidney stones. Oxalate-degrading
activity cannot be detected in the gut flora of some individuals, possibly because Oxalobacter is susceptible to
commonly used antimicrobials. Here, clarithromycin, doxycycline, and some other antibiotics inhibited oxalate
degradation by two human strains of O. formigenes. These strains varied in their response to gut environmental
factors, including exposure to gastric acidity and bile salts. O. formigenes strains established oxalate breakdown
in fermentors which were preinoculated with fecal bacteria from individuals lacking oxalate-degrading activity.
Reducing the concentration of oxalate in the medium reduced the numbers of O. formigenes bacteria. Oxalate
degradation was established and maintained at dilution rates comparable to colonic transit times in healthy
individuals. A single oral ingestion of O. formigenes by adult volunteers was, for the first time, shown to result
in (i) reduced urinary oxalate excretion following administration of an oxalate load, (ii) the recovery of

oxalate-degrading activity in feces, and (iii) prolonged retention of colonization.

Oxalate is formed in the liver by amino acid catabolism (18).
It is also present in a wide range of food and drinks, including
tea, coffee, chocolate, and fruit and vegetables (19). The con-
centration of oxalate voided in the urine plays an important
role in urolithiasis, the formation of calcium oxalate kidney
stones (27). The main known bacterial species involved in
oxalate degradation in the gut is the anaerobe Oxalobacter
formigenes. First isolated from ruminants (13), O. formigenes
has been found in many animal species and in humans (re-
viewed by Allison et al. [3]). Almost all 6- to 8-year-old indi-
viduals tested possess O. formigenes, but this bacterium may
later be lost and it is detected in the feces of 60 to 80% of
adults (31). The therapeutic use of antibiotics and other drugs
may contribute to the loss of O. formigenes (6; M. J. Allison, H.
Sidhu, and A. B. Peck, Abstr. 22nd Int. Cong. Microb. Ecol.
Dis., abstr. 5.002, 1997). Patients with cystic fibrosis often lack
fecal oxalate degraders, perhaps because of intensive drug
therapy (32).

Understanding the ecology of O. formigenes could aid our
knowledge of oxalate metabolism in the gut. This might lead to
the use of probiotics to combat hyperoxaluria. Here we de-
scribe experiments performed in vitro and in vivo which aimed
to measure relevant physiological properties of O. formigenes
and the consequences of its introduction in fermentors simu-
lating conditions in the human colon and in human volunteers.

MATERIALS AND METHODS

Isolations, reference strains, and culture maintenance. O. formigenes strains
OxB (ATCC 35274) and HC1 (M. J. Allison, Department of Microbiology, Iowa
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State University) were isolated from sheep rumen (13) and human feces (2),
respectively. Strain Va3 (Rowett Research Institute culture collection) was iso-
lated by enrichment of the feces from an adult volunteer. The medium used was
medium D2, which is medium D of Daniel et al. (11), modified by replacing the
trace elements listed in reference 11 with those listed in reference 23. The main
components were as follows (amounts are liter'): di-sodium oxalate, 2.68 g;
clarified rumen fluid, 200 ml; sodium acetate - 3H,O, 1.36 g; yeast extract
(Difco), 1 g; minerals; and 1 g of cysteine HCI as a reductant. The final pH was
adjusted to 6.8. Enrichment cultures (10 ml) were inoculated with approximately
0.5 g of feces provided by a healthy person who had not taken antibiotics for at
least 3 months preceding sampling, and then the cultures were incubated for up
to 48 h. After around 15 successive transfers, 0.5 ml of the serially diluted (15)
culture was inoculated into anaerobic roll tubes containing Ca oxalate agar
medium (described below). After incubation for 21 days, cultures were picked
from colonies surrounded by cleared zones in medium that was partially opaque
due to Ca oxalate. Culture medium (10 ml), diluting fluid (9 ml), and roll tubes
(4.5 ml) were prepared under O,-free CO, in glass Hungate tubes (16 by 125
mm; Bellco Glass Inc., Vineland, N.J.) (10). All incubations were at 38 * 1°C.

Biotyping of strain Va3 and molecular detection of O. formigenes. Genomic
DNA was prepared, and the oxc gene was amplified using genus-specific primers
as described by Sidhu et al. (30). The amplified DNA was run on an agarose gel,
blotted onto a nylon membrane, and hybridized with group I- and group II-
specific probes (31). Tests with feces were performed as described in reference
31, using genus-specific probes for Southern hybridizations, and fermentor sam-
ples were treated similarly.

Culture test for oxalate degradation. The sample (swabbed feces, serially
diluted fermentor contents, or batch culture as defined in the text) was incubated
with 8 ml of medium D2 (described above) for 2 to 5 days and then was tested
for residual oxalate using the Ca precipitation test (31).

Analytical methods. Concentrations of oxalate and short-chain fatty acids
(SCFA) in cultures were determined by capillary gas chromatography (GC)
following conversion to t-butyldimethylsilyl derivatives (29), allowing accurate
quantification of approximately =1 mM oxalate. When long-term survival of O.
formigenes strain HC1 was discovered in a fermentor medium without added
oxalate (see Results), retrospective tests for oxalate at low concentrations were
conducted by isotope dilution. Samples (1 ml) were mixed with 0.25 ml of
internal standard at 1.06 mM oxalic acid—'3C,-sodium salt, 0.25 ml of distilled
H,0, and 100 pl of concentrated HCI. The mixture was extracted twice with 2 ml
of ether, and the extracts were dried at 45°C under N,. Eighty microliters of 1:1
N-methyl-N-t-butyldimethylsilyltrifluoro-acetamide—acetonitrile was added, fol-
lowed by heating at 90°C for 15 min. GC-mass spectrometry analysis was essen-
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TABLE 1. Effects of antibiotics, porcine bile salts, and
deoxycholate on oxalate degradation by O. formigenes strains Va3
and HC1

Degradation by”
Antibiotic or other addition (concn®) _—
Va3 HC1

Antibiotic
None + +
Chloramphenicol (1) - +
Chloramphenicol (5) - -
Nalidixic acid (30) + +
Nalidixic acid (40) - +
Ampicillin (25) + +
Erythromycin (1) + -
Erythromycin (5) - -
Amoxicillin (50) + +
Clarithromycin (1) - -
Co-amoxiclav (25) + +
Co-amoxiclav (50) - +
Metronidazole (10) + +
Metronidazole (25) - -
Streptomycin (20) + +

Doxycycline (1)

Other additions
0.2% bile salts +
0.5% bile salts -
1.0% bile salts —
Deoxycholate (1) +
Deoxycholate (5) -
Deoxycholate (10) -

+++++

“ Concentrations are in micrograms per milliliter for antibiotics and mM for
deoxycholate.

b Symbols: +, tolerance (loss of oxalate not significantly different to that
observed for controls without antibiotics or bile salts); —, no significant loss of
oxalate and failure to grow at the given concentration. All tests were performed
in triplicate.

tially as previously described (33). The level of urinary oxalate was determined
enzymatically (diagnostic kit no. 591; Sigma, Poole, United Kingdom). Creati-
nine was determined using picrate (21).

Sensitivity to antibiotics and bile salts. Aliquots (10 ml) of medium D2 were
amended to contain the relevant compound added as a filter-sterilized (0.2-pm-
pore-size membrane filters) aqueous solution to a range of final concentrations.
Triplicate incubations (38°C) were conducted at each concentration. After inoc-
ulation with 0.5 ml of a pregrown culture of O. formigenes and incubation for 3
days, the level of residual oxalate was determined by the Ca precipitation test,
and the main findings were confirmed by GC analysis. Compounds listed in Table
1 were from Sigma, except for clarithromycin (Abbott, Queensborough, United
Kingdom) and amoxicillin-clavulanic acid (1:2 [wt/wt] clavulanic acid-amoxicillin;
Co-Amoxiclav; SmithKline Beecham, Slough, United Kingdom).

Tolerance of low pH. Anaerobic medium M2 (15) was modified by the omis-
sion of sugars and lactate, and the pH of aliquots was adjusted to 6.8, 3.0, and 2.0
with HClL. The pH-adjusted medium was sterilized by filtration (described
above). Strains Va3, HC1, and OxB were grown for 24 h on medium D2, and the
cells were deposited by centrifugation (2,000 X g, 10 min). The thick cell sus-
pensions (0.75 ml) were resuspended in triplicate 7.5-ml aliquots of modified
medium M2 for each of the different pH values. The number of viable cells
present was determined using Ca oxalate roll tubes (below) at 0 and after 2 h of
incubation (38°C).

Tolerance of air. Pregrown cells were centrifuged (described above), resus-
pended in 5 ml of phosphate-buffered saline (pH 6.8) (PBS), and recentrifuged.
The excess PBS was decanted, and the thick cell suspension, contained in a
Hungate tube (above) fitted loosely with a plastic cap, was incubated in triplicate
in air in a shaking incubator (38°C) at 200 rpm. Parallel triplicate anaerobic
incubations were performed in PBS prepared and maintained in O,-free N,.
Viable oxalate-degrading bacteria were enumerated using Ca oxalate roll tubes
(below) at 0 and 24 h.

Fermentor studies. Experiments with strains OxB and Va3 employed a single-
stage continuous flow fermentor at 38 = 1°C with a culture vessel with a 900-ml
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working volume (Gallenkamp, London, United Kingdom). The experiment with
strain HC1 employed a similar but smaller device (250-ml culture volume).
Mixing was achieved with a magnetic stirrer and by a stream of O,-free CO,. The
fermentation was maintained at pH 6.8 = 0.2 by a controller (Electrolab, Hemel
Hempsted, United Kingdom). The colon habitat-simulating (CH) medium was
based on that of Macfarlane et al. (24). It contained xylan, amylopectin, arabi-
nogalactan, pectin, starch (potato), casein, peptone water (Unipath, Basingstoke,
United Kingdom), hemin, bile salts, and minerals as listed in reference 24 with
(liter ') 3.0 g of Na,HCO3, 0.5 g of cysteine HCI, 0.6 mg of resazurin, and 0.5
ml of antifoam A (Sigma). Disodium oxalate (final concentration, 10 mM or 20
mM) was added when specified (CHOX10 and CHOX20 medium, respectively,
in the text). The medium was sterilized by autoclaving at 121°C for 15 min, stirred
while hot and filter-sterilized vitamin and trace element solutions (1) were then
added.

Inoculation with mixed human fecal bacteria employed freshly voided feces
from volunteers lacking detectable fecal oxalate-degrading activity (Ox negative).
For each milliliter of fermentor contents, approximately 10 mg of feces was
dispersed in 40 wl of 50 mM phosphate buffer, pH 6.8, with 0.5% (wt/vol)
cysteine HCl and then inoculated through a port in the fermentor. At least 4 days
was allowed with continuous flow of medium (with dilution rate [D] as defined in
the text) for establishment of fecal bacteria and confirmation of the absence of
oxalate degradation. This was judged by determining the concentration of SCFA
and oxalate by GC (above). O. formigenes was then inoculated (defined as day 0
in the text). Cultures of O. formigenes for inoculation (10 ml) were pregrown on
medium D2 for 24 h. Counts on Ca oxalate roll tubes (below) showed that the
inoculum provided approximately 10° viable cells of strain OxB and 3 X 10°
viable cells of strains Va3 and HC1 ml of fermentor contents™ .

When D was changed, the time equivalent to at least two, normally five,
turnovers elapsed before measurements began. The interval between samples
(taken on different days) was at least one turnover. Following changes in the
concentration of oxalate in the medium reservoir, at least 7 days elapsed before
sampling, and samples were then taken on different days.

Bacterial enumeration. Total counts were performed using roll tubes (10) of
medium M2 (15) (without lactate) (three tubes per dilution), and oxalate de-
graders were enumerated as colonies surrounded by clear zones using Ca oxalate
roll tubes of medium D2 containing 20 g of agar liter ! (three tubes per dilu-
tion).

Oxalate load experiments. All research involving humans complied with all
relevant institutional and federal guidelines. Adult volunteers lacking detectable
oxalate-degrading activity in feces fasted overnight and then consumed a stan-
dard meal consisting of a sandwich with two rounds of buttered bread and 60 g
of turkey meat. Sodium oxalate equivalent to 2 mmol 70 kg of body weight ' was
dissolved in H,O and taken with the meal. All urine voided during the following
6 h was collected, and 100 ml of water was taken at intervals of 1 h.

Human colonization with O. formigenes. Pregrown biomass (500 mg [wet
weight]; approximately 10® viable cells mg™") of O. formigenes strain HC1 was
spread on a sandwich (above) and taken with an oxalate load as described above.
Oxalate-degrading activity of swabbed feces was determined at the intervals
defined in the text.

RESULTS

Isolation and tolerance of antibiotics, bile salts, low pH, and
air. O. formigenes strain Va3 was isolated from human feces
which were positive in the cultural test for oxalate degradation.
The cells were gram-negative rods, approximately 3.5 by 1 pm.
Preparation of genomic DNA, PCR amplification of the oxc
gene, and Southern hybridization with group-specific probes
demonstrated that the strain belonged to group II of this spe-
cies (30) (data not shown). Antibiotic resistance testing showed
that strains Va3 and HC1 were sensitive to clarithromycin
(Klaracid) and doxycycline (Vibramycin) at 1 pg ml~* (Table
1). Higher concentrations of the other antibiotics tested were
tolerated, except for chloramphenicol for strain Va3 and eryth-
romycin for strain HC1. At 50 pg ml~ ", amoxicillin plus cla-
vulanic acid was more inhibitory to strain Va3 than was amoxi-
cillin alone (Table 1). The two strains also differed slightly in
their resistance to porcine bile salts and deoxycholate (Table

1).
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FIG. 1. Effect of incubation at pH 6.8, 3, and 2 for 2 h upon survival
of O. formigenes strains. Values are the averages of three separate
incubations + SD (bars).

When strain Va3 was incubated for up to 2 h in modified
medium M2 at pH 6.8 and at pH 3.0, no decrease in the viable
cell count was recorded. At pH 2.0, however, the viable cell
count declined by around 60% (Fig. 1). The type strain OxB
behaved similarly (data not shown). Strain HC1 showed no
decrease in cell viability upon incubation at pH 6.8, but for this
strain less than 1 and 0.1% of the cells were viable after 2 h at
pH 3.0 and pH 2.0, respectively.

Incubation of strain Va3 in anaerobic PBS for 24 h resulted
in the recovery of (2.0 = 1.5) X 10° ml~! (mean * standard
deviation [SD]; n = 3) for every 10° viable cells incubated.

124

mM oxalate
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After incubation under air, only around 0.1% of the starting
cells were recovered ([1 = 3] X 10% n = 3). In comparable
tests, the number of viable strain HC1 cells recovered after
incubation under anaerobic and aerobic conditions was (7.0 =
5.0) X 10* (n = 3) and none, respectively.

Establishment of O. formigenes strains in fermentor simu-
lations of the colonic fermentation. A (single) fermentor was
supplied with medium CHOX20 (20 mM oxalate) at a dilution
rate (D) of 0.04 h™' and inoculated with feces from an Ox-
ngative adult as described in Materials and Methods. Follow-
ing establishment of fecal bacteria, a pure culture of O. formi-
genes strain OxB was introduced (day 0). Oxalate, detected in
the fermentor at 20 mM immediately before inoculation with
strain OxB, could not be detected by day 2 and was not found
subsequently (data not shown). The experiment was termi-
nated on day 7. Parallel batch incubations (up to 10 days) of
cultures inoculated with the same Ox-negative feces showed no
oxalate degradation.

An experiment with O. formigenes strain Va3 tested the
effect of changing the dilution rate and oxalate concentration.
The (single) fermentor was continuously supplied, at a D of
0.015 h™*, with medium CHOX10 (10 mM oxalate) and inoc-
ulated with feces from a further Ox-negative adult, and this was
followed by inoculation with O. formigenes strain Va3 on day 0.
By day 1, oxalate was not detectable (Fig. 2a, vessel V). During
the following 101 days, the fermentor was operated at the
following dilution rates: 0.015 h~! (for 38 days), 0.02 h~! (for
37 days), 0.125 h™! (for 6 days), and 0.036 h™"' (for 20 days).
Except at a D of 0.125 h™' (below), oxalate was not present at
concentrations quantifiable by GC. Cultivable anaerobes were
present at (3.8 + 3.4) X 10° viable cells ml~* (mean + SD; n

0o 2 4
Time (d)

o 0
6

1 1 i t 1 1 1 1 ‘_|
6 8 10 34 36 38 40 42
Time (d)

FIG. 2. The effect of introduction of O. formigenes on oxalate concentrations in fermentor simulations of the human colon operated at different
dilution rates. (a) Vessel V inoculated on day 0 with O. formigenes strain Va3; D = 0.015 h™'. (b) Vessel H1 (O) inoculated on day 0 with O.
formigenes strain HC1; D = 0.0625 h™!. Also shown are data for vessel H2 (A), inoculated on day 35 with the mixed population from vessel H1;
D=002h"
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TABLE 2. Effects of dilution rate on concentrations of oxalate and SCFA in a fermentor containing mixed human fecal bacteria and O.
formigenes strain Va3

Mean concn (mM=* SD)

D (hfl)zz

Acetate Prop i-But But i-Val Val Form g&z‘i Oxalate
0.125 30.8 = 4.5 21.0=29 0.9 *=0.2 21*+03 0.4 =0.1 4.4 = 0.65 1.9+ 1.6 61.5 6.9 24*+42
0.036 404 =2.0 257 =13 1.5+0.1 2.6 =0.1 1.0 = 0.1 5.6 0.5 ND 782 1.9 ND
0.015 37.7*3.6 26.6 = 2.8 1.6 = 0.1 3.6 0.7 1.2+02 51+04 ND 75759 ND

“ Dilution rates 0.125, 0.036, and 0.015 h™! correspond to turnover times of approximately 8, 28, and 67 h, respectively. Abbreviations: ND, not detected; Prop,

propionate; But, butyrate; Val, valerate; Form, formate; i, iso.

= 18) throughout and were unaffected by changes in D. The
numbers of oxalate degraders detected using roll tubes aver-
aged (2.2 = 1.0) X10’ml~ ' (n = 6) ata D of 0.015h~ ' and (1.7
+0.02) X 10" ml™* (n = 4) at a D of 0.02 h™*. Pooled values
for concentrations of strain Va3 obtained with the culture test
procedure (performed in triplicate on each sample) for a D of
0.02 and 0.036 h™' ranged from 10° to 10" ml™' (n = 11).
Concentrations of total SCFA were not significantly affected by
changes in D from 0.036 to 0.015 h™* (Table 2), but the bu-
tyrate concentration tended to be higher at the lower flow rate
(Table 2). Increasing D to 0.125 h™' decreased the SCFA
concentration and increased the concentrations of formate and
oxalate (Table 2).

Decreasing the oxalate concentration in the medium de-
creased the numbers of O. formigenes cells. When, on day 102
and with a D of 0.02 h™!, the concentration of oxalate in the
medium was decreased to 1 mM, the viable cell numbers (Ca
oxalate roll tubes) of O. formigenes subsequently fell to (1.5 +
0.4) X 10° ml~" (n = 4). Further reduction of the medium
oxalate concentration to 0.1 mM on day 113 decreased the
numbers of O. formigenes detected to (7.85 = 0.5) X 10* ml~!
(n = 4). The experiment was terminated on day 126. Parallel
batch incubations (50 days) inoculated with the same Ox-neg-
ative feces showed no oxalate degradation (data not shown).

Feces from the same Ox-negative donor were also used to
inoculate two more fermentors continuously supplied with
CHOX10 medium at a D of 0.02 h™'. After establishment of
fecal bacteria and confirmation of the absence of oxalate deg-
radation, D was adjusted to 0.0625 h™*, and one vessel (vessel
H1, Fig. 2b) was inoculated with a pure culture of strain HCI1.
This increase in D was done to extend the range of D values at
which initial establishment of O. formigenes was studied, to
reproduce the variation that might be encountered in different
individuals. The concentration of oxalate fell following intro-
duction of strain HC1 (Fig. 2b, vessel H1). Vessel H1 was
operated with CHOX10 medium for 13 days at a D of 0.0625
h™!, 41 daysataD of 0.02h ', and 9 days ata D of 0.125 h™".
Oxalate was not detected at quantifiable concentrations when
D was 0.02 h™! (data not shown). At a D of 0.125 h™!, the
average concentration of oxalate detected was 2.8 = 1.7 mM (n
= 5). The number of viable cells of strain HC1 (Ca oxalate roll
tubes) at a D of 0.02 h~ ' averaged (1.25 = 0.45) X 10’ ml™ " (n
=0).

On day 35, with a D of 0.02 h™!, vessel H2 was inoculated
with 10 ml of the contents from vessel H1. Oxalate, still de-
tected at around 10 mM in vessel H2 despite prolonged incu-
bation with mixed fecal bacteria, then disappeared by day 39

(Fig. 2b, vessel H2). Finally, on day 63, the medium for vessels
H1 and H2 was replaced with CH medium, to which sodium
oxalate was not added. D was maintained at 0.02 h™'. The
numbers of viable O. formigenes cells found using Ca oxalate
roll tubes (n = 2, one sample from each vessel) then fell to 10°,
2.5 X 10°, and 2.6 X 10°> ml~ ! when measured on days 71, 79,
and 91, respectively. On day 108, no viable cells of strain HC1
were detected on Ca oxalate roll tubes inoculated with 0.05-ml
samples. However, PCR and Southern blotting (Fig. 3) dem-
onstrated the continued presence of the strain in both vessels
on day 107, some 44 days after the switch to the oxalate-free
CH medium. Following the switch back to CHOX10 medium
on day 148, oxalate disappeared by day 152 (data not shown).
O. formigenes was subsequently found using roll tubes at 107
ml~! (n = 2, one sample from each vessel). The 85 days for
which CH medium was fed should have ensured washout of O.
formigenes (28); however, retrospective isotope dilution mea-
surements revealed the presence of approximately 15 pwmol of
oxalate liter ' as a contaminant in the complex CH medium.

Experiments in humans. Tests in humans required gram
quantities of cell biomass. Strain HC1 was used because this
strain could grow in media containing up to 100 mM oxalate,
providing more biomass than strain Va3, which grew poorly at
oxalate concentrations of =60 mM. Ingesting 500 mg of O.
formigenes strain HC1 resulted in detection of oxalate-degrad-
ing activity in the feces of two individuals (consuming standard
omnivorous Western diets) who were consistently Ox negative
(based on the culture test for oxalate degradation) for a period
of 2 to 4 years prior to the experiment. Here, subject 1 showed
no fecal oxalate-degrading activity when tested 10 days and 1
day prior to ingestion of strain HC1, despite incubation of fecal
samples for more than 20 days in batch culture with medium
D2 and in continuous culture (D = 0.02 h™') with CHOX10
medium (data not shown). However, this activity was detected
both by the CaCl, test and by GC determination of residual
oxalate in batch cultures incubated with feces voided 1, 2, 4, 8,
9, 14, 21, 25, 59, 86, and 120 days after ingesting O. formigenes.
A PCR test performed on a separate stool sample taken
around 90 days after ingestion of O. formigenes was positive for
this species (data not shown). Stool samples from subject 2
tested negative by PCR for O. formigenes on two separate
occasions preceding its ingestion (data not shown). No oxalate-
degrading activity was found in these samples or in samples
taken 3 days before ingestion of strain HC1. The culture test
confirmed that stool samples taken 1, 2, 4, 6, 12, and 106 days
after ingestion of the bacterium possessed oxalate-degrading
activity, and the PCR test performed on a stool sample taken
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FIG. 3. PCR-based detection of O. formigenes in fermentor samples. A genus-specific oligonucleotide probe was used that hybridizes to the
PCR amplification product of the oxc gene. (A) Agarose gel electrophoresis of the PCR products. (B) Southern blotting performed on the same
gel. Lanes 1, 2, and 3 are replicate samples from vessel H1 and lanes 4, 5, and 6 are replicate samples from vessel H2, 44 days after the start of
perfusion with medium to which oxalate was not added. Lane +c, amplification of genomic DNA of the type strain OxB; lane —c, negative control;
lane M, molecular size marker.

9 months after ingestion of biomass was positive for O. formi-
genes (data not shown).

The ingestion of 500 mg of strain HC1 by four subjects
reduced the amount of oxalate excreted during the 6 h imme-
diately following ingestion of an oxalate load (paired ¢ test, P <
0.025). Results were similar for all four subjects tested; the
mean rate of oxalate excretion during the 6-h test period with-
out ingestion of O. formigenes was 3.0 = 0.6 mg h™! (n = 4),
and this decreased to 1.9 + 0.1 mg h™' when the oxalate load
was accompanied by O. formigenes. In the same tests, the in-
gestion of O. formigenes was accompanied by a decrease
(paired # test, P < 0.025) in the urinary oxalate/creatinine ratio
from 452 + 9.9t027.0 = 4. 2mg g~ ..

DISCUSSION

It remains questionable whether O. formigenes is the only, or
most-important, species involved in oxalate degradation in the
human gut. Other oxalate-degrading bacteria that have been iso-
lated from human stool samples include Eubacterium lentum
WYH-1 (20) and Enterococcus faecalis (17). In contrast to O.
formigenes, these species are able to use substrates other than
oxalate for growth, and whether they will degrade oxalate in the
gut where alternative substrates are provided has not been deter-
mined. We found that O. formigenes strains can maintain signifi-
cant oxalate degradation when cultivated in vitro with mixed hu-
man fecal bacteria and that they can establish resident
gastrointestinal populations, measured by oxalate-degrading ca-
pacity in feces, when ingested orally. Molecular studies show that
many human fecal bacteria have not yet been cultivated (34), so
it is possible that as-yet-uncultivated species may contribute to
oxalate degradation in the gut. It seems pertinent, however, that
we found no evidence for selection of functional oxalate-degrad-
ing bacteria in either batch culture or in continuous fermentors
prior to inoculation with O. formigenes.

A second issue relates to how oxalate-degrading activity may
be lost by a significant proportion of adults. The favored ex-
planation is that oxalate-degrading bacteria are susceptible to
antibiotics and other therapeutic drugs (5). Here, clarithromy-
cin and doxycycline were particularly inhibitory; the effective
inhibitory concentration of ca. 1 ug ml~ ' would presumably be
exceeded in the gut of individuals receiving standard therapeu-
tic doses of =300 mg. Doxycycline is used to combat respira-
tory tract and urinary infections (35). Among other applica-
tions, clarithromycin may be used, in combination with other
drugs, to treat gastroduodenal infections with Helicobacter py-
lori (6, 16). Two strains of oxalate-degrading bacteria from rats
were sensitive to chloramphenicol, colistin, and tetracycline,
and one strain was sensitive to clindamycin. The strains were
resistant to erythromycin, vancomycin, rifampin, streptomycin,
penicillin, carbenicillin, ampicillin, cephalothin, and neomycin
(11). Whether the practical use of antibiotics is responsible for
the loss of oxalate-degrading activity requires urgent investi-
gation. This could enable the selection of substances and/or
doses causing minimal disturbance of the gut microbial flora,
or posttherapy inoculation with O. formigenes to reestablish
oxalate-degrading populations.

Gastric acidity and the action of bile salts are considered to
act as barriers to the survival of ingested bacteria in the gut (8,
14). The survival rates of O. formigenes strains at low pH in this
study were comparable to those of ingested Bifidobacterium
strains in vivo (7). Others (5) found that =0.8 mM deoxy-
cholate reduced oxalate degradation by human and guinea pig
strains of O. formigenes, consistent with the present data. Up to
approximately 15 mM bile salts may be encountered in the gut,
though their antibacterial activity may be reduced by the pres-
ence of biliary phospholipids (25).

Although strain HC1 was the least robust, aerotolerant, and
acid resistant of the strains tested here, it was successfully used
to establish oxalate degradation in the gut of individuals lack-
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ing this activity. Our work showed that small populations of
strain HC1 in fermentors, detectable by PCR but not by count-
ing of viable cells, could recover to metabolize large amounts
of oxalate. Thus, only small numbers of the bacterium may
have to reach the colon in order to colonize. Complete wash-
out was not achieved here, presumably due to traces of oxalate
in the complex CH medium, which contains many plant-de-
rived components. Oxalate is so ubiquitous in plants (vegeta-
bles and fruits) that “practical” oxalate-free diets for humans
are difficult, if not impossible, to formulate (19). Colonization
of humans by strain HC1 was persistent since detectable activ-
ity was observed months after ingestion.

Aerotolerance could favor survival of a probiotic strain dur-
ing its production and distribution. The aerotolerance of strain
Va3 is high compared to that of most gut anaerobes, but not
unprecedented. Porphyromonas gingivalis was shown to survive
exposure to air for 5 h without loss of viability (26) and some
black-pigmented Bacteroides are highly aerotolerant (4).

SCFA concentrations in the fermentors were similar to
those in other colonic fermentor studies (1), and increasing D,
in accord with reference 1, reduced the butyrate concentration.
These findings suggest that the Ox-negative feces used pro-
vided an otherwise representative fermentation. Here, O. for-
migenes maintained its population size and oxalate-degrading
capacity in the presence of human fecal flora at D values from
0.036 to 0.015 h™', consistent with colonic transit times in
healthy adults (9). Even when D was 0.0625 h™!, more than
90% of the oxalate in the fermentor medium disappeared
shortly after introduction of strain HC1. When D was 0.125
h™*, larger amounts of oxalate were detected in the fermentor,
suggesting that this is approaching the D at which the bacte-
rium would wash out. Persistent diarrhea, which may accom-
pany disorders such as inflammatory bowel disease, might re-
sult in loss of Oxalobacter and thus contribute to the increase in
oxalate absorption that characterizes enteric hyperoxaluria (M.
Ghosh, H. Sidhu, R. Roses, and D. R. Cave, Abstr. 100th
Annu. Conf. Am. Gastroenterol. Assoc., Gastroenterology
116:A551, 1999).

The ability of O. formigenes to establish oxalate degradation
in fermentors suggests that colonization of the gut epithelium
surface may not be necessary in vivo. Little is known about the
location of O. formigenes in the human gut. However, it seems
pertinent that oxalate-degrading activity was not detected in
contents from the small intestine of laboratory rats that had
been inoculated with O. formigenes, while rapid rates of oxalate
degradation were measured in cecal and colonic contents from
these rats (12). This fits with the current concept that anaero-
bic conditions are needed for growth of O. formigenes.

The values for urinary oxalate and creatinine concentrations
in the four individuals tested fell within the range reported for
healthy individuals following administration of similar oxalate
loads (22). The reductions in urinary oxalate excretion and
oxalate/creatinine ratios soon after ingestion of O. formigenes
cells with the oxalate load together suggest that the ingested
cells may have degraded oxalate in the small intestine, even
though growth of this anaerobe in this relatively nonanaerobic
environment is doubtful.

In summary, the present work suggests that intestinal ox-
alate degradation provides an ecological niche which O. formi-
genes may be uniquely fitted to occupy. Studies with colonized
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and noncolonized individuals of different ages and health sta-
tus will advance our understanding of oxalate metabolism in
the human gastrointestinal tract, and may ultimately provide
practical approaches for the prevention or alleviation of hy-
peroxaluria.
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