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Nontoxigenic Clostridium difficile (NTCD) has been shown to prevent fatal C. difficile infection in the hamster model when
hamsters are challenged with standard toxigenic C. difficile strains. The purpose of this study was to determine if NTCD can pre-
vent C. difficile infection in the hamster model when hamsters are challenged with restriction endonuclease analysis group BI C.
difficile strains. Groups of 10 hamsters were given oral clindamycin, followed on day 2 by 106 CFU of spores of NTCD strain M3
or T7, and were challenged on day 5 with 100 CFU of spores of BI1 or BI6. To conserve animals, results for control hamsters
challenged with BI1 or BI6 from the present study and controls from previous identical experiments were combined for statisti-
cal comparisons. NTCD strains M3 and T7 achieved 100% colonization and were 100% protective against challenge with BI1
(P < 0.001). M3 colonized 9/10 hamsters and protected against BI6 challenge in the colonized hamsters (P � 0.0003). T7 colo-
nized 10/10 hamsters, but following BI6 challenge, cocolonization occurred in 5 hamsters, 4 of which died, for protection of 6/10
animals (P � 0.02). NTCD colonization provides protection against challenge with toxigenic BI group strains. M3 is more effec-
tive than T7 in preventing C. difficile infection caused by the BI6 epidemic strain. Prevention of C. difficile infection caused by
the epidemic BI6 strain may be more challenging than that of infections caused by historic BI1 and non-BI C. difficile strains.

Clostridium difficile is a Gram-positive, spore-forming anaero-
bic bacterium known to be the leading infectious cause of

nosocomial diarrhea and pseudomembranous colitis. Since the
year 2000, the incidence of C. difficile infection (CDI) in many
North American hospitals has shown a marked increase. The se-
verity of CDI also appears to have increased and has been charac-
terized by an increase in patient mortality and morbidity, an in-
crease in the frequencies of admissions to the intensive care unit,
and the need for a greater number of emergent interventions, such
as colectomy (1–3). An outbreak strain of C. difficile identified as
restriction endonuclease analysis (REA) group BI, PCR ribotype
027, and pulse-field gel electrophoresis type NAP1 (BI/NAP1/
027) is in part responsible for the increased CDI incidence and
severity (1, 2). It has been implicated in multiple hospital out-
breaks, is more difficult to treat, and has higher recurrence rates
than those for other C. difficile strains (4).

Previous studies have shown that asymptomatic C. difficile col-
onization by either toxigenic or nontoxigenic strains has been
associated with a decreased risk of CDI in humans (5). An uncolo-
nized patient who receives antibiotics is rendered susceptible to C.
difficile colonization and infection if C. difficile spores are ingested.
If the patient is colonized with nontoxigenic C. difficile (NTCD),
there is a reduced incidence of CDI, presumably because the or-
ganism is unable to produce toxins and is able to prevent coloni-
zation by toxigenic C. difficile. Thus, it is hypothesized that after
NTCD colonization, a patient exposed to toxigenic C. difficile will
be protected. NTCD has been used to colonize and prevent CDI in
two patients who were experiencing multiple relapses of CDI (6)
and has been shown to be safe in phase 1 volunteer trials of healthy
adults, and enrollment in a phase 2 dose-ranging and safety trial
using strain M3, designated VP20621, for prevention of CDI re-
currence in patients has recently been completed (7).

We have previously shown that colonization of hamsters with
specific nontoxigenic strains of C. difficile, M3, M23, and T7, pre-

vented fatal disease in hamsters when challenged with three epi-
demic toxigenic strains (J9, K14, and B1) of C. difficile typed by
REA (8). We have also shown that the epidemic BI/NAP1/027
strains of C. difficile are highly virulent in the hamster model,
causing fatal disease within approximately 48 h of inoculation (9).
The aim of the current experiments was to determine whether
colonization with nontoxigenic C. difficile would prevent infec-
tion due to BI/NAP1/027 in the hamster model. Two nontoxi-
genic strains, M3 and T7, were chosen for protective colonization,
and both M3 and T7 have successfully been used in previous pro-
tection assays (8). Strain type BI6 was chosen as a representative of
current BI epidemic strains in the United States. BI1 is a historic,
nonepidemic BI strain and was used for comparison. Both have
previously been shown to be 100% fatal in the hamster model
following successful colonization (9).

(This study was presented in part at the Fifth International
Meeting on the Molecular Biology and Pathogenesis of the Clos-
tridia, 2006 [ClostPath 2006], Nottingham, United Kingdom
[10].)

MATERIALS AND METHODS
Spore preparation. Confluent cultures of C. difficile were grown on
blood-agar plates (Columbia base; BBL) for 4 to 6 days in a 36°C anaerobic
incubator to encourage sporulation. They were harvested and washed in
sterile phosphate-buffered saline (PBS) with no added calcium or magne-
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sium and then heat shocked at 56°C for 10 min to kill surviving vegetative
cells. Spores were centrifuged, resuspended in Dulbecco’s modified Eagle
medium, aliquoted, and frozen at �80°C. Tenfold serial dilutions of the
frozen spores were grown on trifluoroacetic acid plates to determine the
concentration of spores in the freezer culture.

Hamsters. Male Syrian Golden hamsters (age, 6 to 8 weeks; weight,
approximately 90 to 100 g) were purchased from Charles River Laborato-
ries, Wilmington, MA. Hamsters were housed in individual polycarbon-
ate cages with filter tops and disposable air filters to prevent cross-con-
tamination. Food, bedding, water and water bottles, cages, wire tops,
filters, and filter tops were autoclaved before usage. The hamsters were
allowed to rest for a week in an isolation room before beginning the
experiment. During the course of the experiment, bedding was changed
once a day; the cage and water were changed once a week. The experimen-
tal protocol was approved by the Hines VA Institutional Animal Care and
Use Committee.

Clindamycin treatment. Hamsters received clindamycin (30 mg/kg
of body weight) by oral gavage on day 0.

Colonization with nontoxigenic C. difficile. On day 2, groups of 10
hamsters were orally inoculated with 106 CFU of spores of strain T7 or
M3. Two control hamsters received sham inoculation as unprotected con-
trols for each challenge toxigenic strain. The hamsters were inoculated
using an oral gavage needle as previously described (8).

Challenge with toxigenic C. difficile. On day 5, study hamsters were
challenged with 100 CFU of toxigenic spores of either strain BI6 or BI1
using an oral gavage needle as previously described (8). Control hamsters
were given the same inoculum of BI6 or BI1 spores to ensure that the
inoculum was effective, but to conserve animals, data for historic controls
from the study of Razaq et al. (9) were included for statistical compari-
sons. These strains caused 100% mortality in colonized hamsters (90%
overall mortality).

Culturing and colonization. Hamster fecal pellets were cultured once
daily from days 5 to 9 and then twice weekly until the end of the study. For
each hamster, three fecal pellets were collected into a 4-ml tube with 750
�l of sterile PBS solution. The collections were then plated onto a
prereduced selective taurocholate-cycloserine-cefoxitin-fructose agar
(TCCFA) plate using a sterile cotton swab and 4-quadrant streaking. Se-
lective agar plates were made following the method of Wilson et al. (11).
After 48 h of incubation, plates were assessed for the presence of charac-
teristic C. difficile colonies. Hamsters that showed any positive C. difficile
growth were noted as being colonized. The distinction between the toxi-
genic and nontoxigenic strains was made via culture on selective TCCFA
medium containing erythromycin at 5 mg/ml for BI6 (which is resistant to
erythromycin) and confirmed by REA typing. For strain BI1, which is not
resistant to erythromycin, isolates from at least 3 colonized hamster
groups were typed by REA to confirm their identities.

REA typing of C. difficile strains. C. difficile isolates from hamsters
were inoculated into 20 ml of Trypticase soy broth from a 48-h blood agar
plate culture and grown at 36°C in an anaerobic chamber. DNA was iso-
lated as previously described and digested using restriction endonuclease
HindIII (12). The agarose gel patterns were then compared to those of
previously identified isolates defined by letter groups (in which there is a
�6-band difference) and numerical subtypes (identical banding pat-
terns). In all four studies, at least three colonized hamsters were chosen for
REA typing of the isolates to confirm the identity of the infecting or pro-
tecting organism.

Statistical methods. The mean time interval between challenge with
toxigenic C. difficile and colonization, the mean time interval between
colonization and death, and the mean time interval between challenge
with C. difficile and death were compared using Student’s t test. For ham-
sters found dead before daily colonization was confirmed, colonization
was presumed to have occurred on the same day as the death and the time
between colonization detection and death was defined to be 0 days. The
numbers of animals protected was compared using the two-tailed Fisher’s
exact test. The results for the 2 BI1-infected animals and the 2 BI6-infected
control animals from this experiment were each combined with those for
the 10 BI1-infected and 10 BI6-infected animals (90% mortality each)
from a previous study that were given the same 100-CFU spore dose on
the same schedule of clindamycin to create the control group (9).

RESULTS

Protection against challenge with historic toxigenic strain BI1 was
similar in hamsters colonized with NTCD M3 or T7 (Fig. 1). By
day 3, 9 of 10 M3 hamsters were colonized and 10 of 10 T7 ham-
sters were colonized. The two controls remained uncolonized to
this point, but all the hamsters given NTCD were colonized with
their specific strain, either M3 or T7, by day 5. On day 5, all ham-
sters were challenged with 100 CFU of BI1. On day 6, only the two
controls were positive for colonization with BI1. By day 8, both
controls died of BI1 toxicity, and all the nontoxigenic colonized
hamsters survived until the end of the study at day 36.

The results of challenge of hamsters colonized with M3 with
toxigenic epidemic strain BI6 are shown in Fig. 2. By day 5, 9 of 10
hamsters demonstrated colonization with M3. On day 6, 1 day
following challenge with BI6, the two controls and single uncolo-
nized hamster were shown to be colonized with the epidemic BI6
strain. On day 7, all the hamsters colonized with BI6 died. The
remaining 9 NTCD M3-colonized hamsters survived until the end
of the study on day 36.

The results of BI6 challenge of hamsters given nontoxigenic

FIG 1 Hamsters (n � 10/group) challenged with nonepidemic historic toxigenic BI1 Clostridium difficile. Day 2, 2 days after clindamycin treatment; white ovals,
uncolonized hamster; gray ovals, toxigenic colonized hamster; striped ovals, nontoxigenic colonized hamsters; black ovals, dead hamsters.
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strain T7 are also shown in Fig. 2. Ten hamsters were inoculated
with T7 on day 2, and by day 4, 9 of 10 were culture positive for T7.
On day 5, these hamsters were challenged with BI6. All 10 were
culture positive for T7 by day 6, but 3 hamsters showed cocoloni-
zation with BI6 on that day. By day 7, a total of 5 hamsters were
cocolonized with T7 and BI6. Two of the cocolonized hamsters
died on day 7, one died on day 13, and one died on day 15. The last
cocolonized hamster survived, losing BI6 colonization on day 21,
and was euthanized with the remaining five of the T7-colonized
hamsters at the end of the experiment (Fig. 2).

The administration of T7 followed by BI6 challenge resulted in
the death of 4/10 hamsters. There was a statistically significant
difference in both the time from challenge with BI6 to death (8.8
days versus 1.9 days, T7-colonized/BI6-challenged hamsters ver-
sus controls, P � 0.006) and the time from colonization with BI6
to death (7.3 days versus 0.8 days, T7-colonized/BI6-challenged
hamsters versus controls, P � 0.002) in hamsters that were given
T7 (Fig. 3).

Overall, the administration of M3 reduced the incidence of
fatal CDI from 92% to 10% in hamsters challenged with BI6 (P �
0.0003) and from 92% to 0% in hamsters challenged with BI1
(P � 0.00003). The administration of T7 reduced the incidence of
fatal disease from 92% to 40% in hamsters challenged with BI6
(P � 0.02) and 92% to 0% in hamsters challenged with BI1 (P �
0.00003) (Fig. 4).

DISCUSSION

Epidemic BI organisms have been found to produce 16 times
more toxin A and 23 times more toxin B than nonepidemic C.
difficile isolates from the same institutions (13). They contain a
deletion and frameshift in the tcdC gene, a putative downregulator
of toxin production, and carry a third toxin known as binary
toxin. Of clinical importance is the fact that epidemic BI strains
are highly resistant to newer fluoroquinolones, such as gatifloxa-
cin and moxifloxacin (2, 14). There are 29 subtypes of BI strains
recognized by REA typing. Most have been found in Canada and
the United States but have also been cultured from multiple inter-
national sites in the United Kingdom, the European Union, and,
more recently, Asia and Australia (15–18).

Historic strains of the BI group are BI1 through BI5; they are
nonepidemic and were found only in individual patients from
1984 to 1994. The strains from only 8 patients in Minnesota (19),
1 in New York, and 4 in Arizona were typed as being of one of the
five historic BI types (2). These CDI cases were sporadic and did
not exhibit unique clinical severity. However, the historic BI iso-
lates are toxinotype III and binary toxin positive and have the tcdC

FIG 2 Hamsters (n � 10/group) challenged with epidemic toxigenic BI6 Clostridium difficile. Day 2, 2 days after clindamycin treatment; white ovals, uncolonized
hamster; gray ovals, toxigenic colonized hamster; striped ovals, nontoxigenic colonized hamsters; gray striped ovals, cocolonized hamsters; black ovals, dead
hamsters.

FIG 3 Effect of nontoxigenic strain T7 on time to death of hamsters chal-
lenged with epidemic toxigenic strain BI6. *, P � 0.002, time from coloniza-
tion to death; **, P � 0.006, time from BI6 challenge to death.

FIG 4 Protection of hamsters from death by nontoxigenic strains M3 and
T7 when challenged with toxigenic historic strain BI1 and toxigenic epi-
demic strain BI6. For each toxigenic strain, a total of 12 control (Ctrl)
animals were compared to 10 animals receiving M3 or T7. *, P � 0.00003,
T7 versus BI1; **, P � 0.00003, M3 versus BI1; #, P � 0.02, T7 versus BI6;
##, P � 0.0003, M3 versus BI6.
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frameshift and deletion. They differ from the epidemic strains in
that they are not resistant to the newer fluoroquinolones (2).

Given the above-described major similarities between historic
and epidemic BI group isolates, it is somewhat surprising to note
the difference in protection afforded by nontoxigenic strain T7
against challenge with the historic type BI1 strain and the epi-
demic type BI6 strain. However, genetic comparisons of historic
and epidemic BI/NAP1/027 strains have demonstrated five
unique genetic regions in the epidemic BI/NAP1/027 strain not
present in historic BI/NAP1/027 strains or in non-027 strain 630
(20, 21). Nontoxigenic strain M3 was fully protective in colonized
animals when they were challenged with toxigenic types BI1 and
BI6 (92% protective against BI6 overall), but type T7 was fully
protective only against challenge with the historic BI1 strain and
was only 60% protective against challenge with the epidemic BI6
strain. The 60% protection afforded a statistically significant re-
duction in mortality compared with that for the controls (P �
0.02). It was not statistically significantly inferior to the 100%
protection afforded by M3 against BI6 in colonized hamsters (P �
0.087). This trend toward a difference in protection between
NTCD strains is the first that we have seen to date and suggests
that all NTCD strains may not be equally protective or durable, as
suggested by earlier studies by Wilson and Sheagren (22) and Bor-
riello and Barclay (23).

Of note, 5 of 10 animals were cocolonized with T7 and BI6, and
4 of these went on to succumb to BI6 infection. This indicates that
despite the benefit of a much higher inoculum (106 versus 102)
and a 3-day lead time, BI6 was able to overcome the protection
offered by T7 in some of the hamsters. This is the highest fre-
quency of cocolonization and dominance of a toxigenic strain
over an NTCD strain that we have seen in hamster studies to date
and suggests the possibility of enhanced virulence by epidemic BI
strains compared to conventional strains. T7 offered some protec-
tion to these cocolonized animals, as evidenced by the marked
increase in the time from colonization to death and challenge to
death and the survival of one of the hamsters.

Both M3 and T7 have undergone extensive PCR testing for
toxins A and B and binary toxin, and no PCR products have been
obtained. They are also phenotypically toxin negative by cell cy-
totoxin testing, enzyme immunoassay, and ileal loop assay. Thus,
their ability to cause clinical illness in hamsters or humans appears
to be absent; however, the mechanism by which colonization is
protective has not been determined.

Preliminary in vitro assays for adherence to Caco-2 human
intestinal epithelial cells indicate that M3 and T7 have greater
adherence to this cell line than many toxigenic strains of C. diffi-
cile, including BI1 and BI6, suggesting one possible mechanism of
protection (24). However, it has also been shown that epidemic
strains of C. difficile associated with increased human mortality,
such as REA group BI (including BI6) and PCR ribotype 078 (REA
group BK), possess a third toxin, binary toxin CDT, which has
been shown in vitro on Caco-2 cells and in vivo in mice to increase
C. difficile adherence through the formation of microtubule-based
protrusions on the cell surface (25). This enhanced cellular adher-
ence could be one possible explanation for how these binary tox-
in-positive strains are able to compete favorably with NTCD
strains; however, it does not explain the differences found in this
study between BI1 and BI6, both of which are binary toxin posi-
tive.

Colonization with nontoxigenic C. difficile, particularly REA

type M3, is highly effective in preventing CDI in hamsters caused
by historic and epidemic strains of BI/NAP1/027 C. difficile. Pre-
vious hamster studies have also shown it to be effective against
epidemic C. difficile strains J9, B1, and K14, which lack binary
toxin but which have been responsible for hospital outbreaks of
CDI (8, 26). As with previous hamster studies using NTCD, this
study utilized a high inoculum of 106 spores and a low inoculum of
102 spores of toxigenic C. difficile, the minimum found to consis-
tently infect hamsters (8, 9, 26). Human trials to date have also
used high doses of up to 108 spores twice a day. (7) This is a novel
approach with the potential to prevent the development of CDI
caused by both the newer epidemic C. difficile BI group strains and
other C. difficile strains in humans. NTCD strain M3 has under-
gone phase 1 human safety testing and has completed successful
phase 2 clinical evaluation for prevention of recurrence in patients
treated for CDI, and preliminary results have been reported in a
press release (7, 27). Efficacy in preventing primary and recurrent
CDI in patients warrants continued clinical evaluation.
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