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Background: Clostridium difficile infection (CDI) is mediated by potent extracellular toxins and is spread largely via
bacterial spores. We and others have shown that some antibiotics stimulate C. difficile toxin production in a
strain-specific manner; however, the effects of newer anti-C. difficile antibiotics on this process remain to be
investigated.

Methods: The effects of the protein synthesis inhibitor tigecycline on sporulation and toxin A and toxin B produc-
tion were compared in historical (strain 9689) and hypervirulent BI/NAP1/027 (strain 5325) isolates of C. difficile
in vitro.

Results: Tigecycline at 1/4×MIC stimulated an increased and earlier toxin A and/or B gene expression in both the
historical and the hypervirulent strains, although a commensurate increase in toxin protein production was
observed only in the 9689 strain. In fact, in the hypervirulent 5325 strain, toxin production was dramatically sup-
pressed. By comparison, subinhibitory concentrations of vancomycin and metronidazole also stimulated
increased protein toxin production by the historical, but not the hypervirulent, strain. In addition, tigecycline
dose-dependently reduced viable spore production by both the 9689 and 5325 strains. Vancomycin treatment
also suppressed spore formation in both C. difficile strains; however, metronidazole, while reducing spore forma-
tion in the 9689 strain, stimulated a near 2 log increase in spore production by the 5325 isolate.

Conclusions: In summary, these findings suggest that the treatment of CDI patients with tigecycline could effect-
ively both control disease progression and limit its spread by disrupting sporulation.
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Introduction
Clostridium difficile is the most common cause of infective noso-
comial diarrhoea in adults worldwide. In the USA, .500000 new
cases of C. difficile emerge each year, resulting in longer hospital
stays and billions of dollars of additional healthcare costs.1,2

Recently, the frequency and severity of C. difficile infections
(CDIs) have dramatically increased due to the emergence of the
hypervirulent BI/NAP1/027 (NAP1) strain. NAP1 strains are charac-
terized by increases in cytotoxin [toxin A (TcdA) and toxin B (TcdB)]
production, sporulation and antimicrobial resistance.1 – 4

Current antibiotic treatment guidelines for severe CDIs recom-
mend the oral administration of vancomycin or metronidazole.
However, the therapeutic options for recurrent or refractory CDIs
are limited. Recently, several new anti-C. difficile antibiotics such
as rifaximin, fidaxomicin, nitazoxanide, ramoplanin and tigecyc-
line have emerged to manage severe and reoccurring cases of

CDI.5 Tigecycline (Tygacilw), a broad-spectrum protein synthesis
inhibitor antibiotic of the glycylcycline class, has strong antimicro-
bial activity against C. difficile. Clinically, tigecycline has been used
as a successful alternative for treating severe cases of CDI,6,7

including recurrent infections that are refractory to current
therapy.8

Previous in vitro studies by our laboratory and others have
shown that antimicrobials that target the bacterial cell wall or
DNA replication mechanisms increase TcdA and TcdB production
by both historical9,10 and hypervirulent (BI/NAP1/027) strains of
C. difficile.11 The present study investigated whether, at subinhibi-
tory concentrations, tigecycline has similar effects, and whether
this response was similar to that of other antibiotics used to
treat CDI. Our findings demonstrate that, overall, tigecycline
stimulates increased cytotoxin- and sporulation-related gene
expression but blocks their production, thereby lowering TcdA/B
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levels and preventing sporulation in two distinct strains of
C. difficile. These studies suggest that tigecycline may limit both
toxin-mediated tissue damage and the transmission of C. difficile
in healthcare institutions. Since bacterial spores contribute to CDI
recurrence,12 this activity may also account for tigecycline’s ability
to interfere with the reinfection cycle.

Materials and methods

C. difficile strains
Two strains of C. difficile were studied. ATCC strain 9689 is a historical
non-NAP1 clinical CDI isolate determined as toxinotype 0 by PFGE. Strain
5325 is a hypervirulent NAP1 clinical isolate collected in 1993 (a kind gift
from Dr Stuart Johnson, VA Chicago Health Care System, Chicago, IL, USA)
and identified as group BI by restriction endonuclease analysis.

MICs
Analytical grade tigecycline was provided by Pfizer. Vancomycin and
metronidazole were purchased from Sigma–Aldrich (St Louis, MO, USA).
The MICs of all antibiotics were determined for the C. difficile ATCC 5325
and 9689 strains by microbroth dilution assay according to CLSI guidelines
for such testing in anaerobes13 and as we have previously described.11 In
brief, 200 mL of an overnight culture was inoculated into fresh pre-reduced
brain heart infusion (BHI) broth (20 mL). Cultures were grown anaerobic-
ally to an OD630 of 0.08–0.1 (�1×106 cfu/mL) and added to triplicate
wells of a 96-well plate containing serially diluted (2–0.5 mg/L) tigecyc-
line. The plates were incubated anaerobically at 378C for 48 h and growth
(turbidity) was assessed by a microplate reader (OD630). MICs were defined
as the lowest antibiotic concentrations that inhibited measurable bacterial
growth (i.e. OD630 equal to wells containing no bacteria).

Growth curves and RNA isolation
C. difficile isolates were cultured anaerobically to log phase (OD630 0.08–
0.1) in BHI broth and then split into four flasks each containing 199 mL.
Antibiotic was prepared and diluted in sterile water as 200× stocks. After
3 h of bacterial culture, 1 mL of prepared tigecycline was added to each
flask to give final concentrations of 1/4×, 1/8×and 1/16×MIC, respectively.
Sterile water (1 mL) served as a negative treatment control. At times 23 h
(stock culture split), 0 h (antibiotics added) and 6, 12, 24 and 48 h after
antibiotic addition, 10 mL samples were removed from each C. difficile
culture and a small aliquot (20 mL) was used to determine viable cfu.
The remaining organisms were collected by centrifugation (13 000 g)
and used to prepare total RNA as described below for a PCR analysis of
gene expression. The resultant supernatants were filter sterilized and
frozen at 2708C to assess soluble TcdA/B production by ELISA.

Analysis of gene expression
RNA was isolated from collected bacterial pellets using the RiboPure-
Bacteria kit (Ambion, Austin, TX, USA) according to the manufacturer’s
recommendations. Contaminating genomic DNA was removed by two
rounds of DNase treatment (DNA-free kit; Ambion), and the final RNA
yield and quality were assessed by ultraviolet absorbance and agarose
gel electrophoresis, respectively. Changes in tcdA, tcdB and spo0A gene
expression were assessed by real-time RT–PCR using methods we have
previously described11 and the primers given in Table 1. cDNA was gener-
ated from 1 mg of total RNA and diluted 1:40 in sterile water. C. difficile 16S
rRNA served as the internal control. Real-time RT–PCR was performed on a
7500 Fast Real-time PCR system (Applied Biosystems, Carlsbad, CA, USA)
using the RT2 Real-Time SYBR Green/Rox PCR Master Mix (SuperArray,
Frederick, MD, USA) and the following cycles: 10 min at 958C and then

40 cycles each at 958C for 15 s and 558C for 60 s. Relative gene expression
was determined using the 22DDCt method. The sample mean Ct of 16S
rRNA (internal control gene) was subtracted from the sample mean Ct
of the tcdA, tcdB and spo0A genes (DCt). DCt of the no treatment control
taken at 6 h was subtracted from the mean DCt of each experimental
sample (DDCt). This 22DDCt method yields the fold change in gene expres-
sion of the gene of interest normalized to the expression of the 16S rRNA
internal control and relative to the no treatment control taken at 6 h.

Toxin production
Soluble TcdA and TcdB protein levels were measured in combination (i.e.
toxin AB) in collected culture supernatant samples using the Wampole
Tox A/B II kit (TechLab, Blacksburg, VA, USA) according to the manufac-
turer’s recommendations. TcdB purified from an NAP1 isolate (a kind gift
from Dr Jimmy Ballard, University of Oklahoma Health Sciences Center;
stock concentration 300 mg/L) was used to construct a standard
curve.11,14 Samples were diluted when necessary to obtain readings within
the linear range of the standard (7–500 ng/mL). All samples were tested in
triplicate.

Sporulation
To determine the number of spores produced by C. difficile strains over the
growth cycle, 0.5 mL aliquots were collected from antibiotic-treated and
control cultures at 6, 12, 24 and 48 h post-treatment. The collected sam-
ples were mixed with 0.5 mL of 100% ethanol for 1 h with rotation at room
temperature to kill the vegetative organisms.15 Samples were then pel-
leted by centrifugation (13000 g for 5 min) and washed twice in PBS.
Following the last wash, the pellets were resuspended in 0.5 mL of PBS.
Spores were enumerated by serially diluting the samples in PBS and plating
onto BHI agar plates. Plates were incubated anaerobically at 378C for 72 h
and the resultant cfu/mL were deemed to represent the relative numbers
of viable spores produced.

Results

MICs

The MIC of tigecycline was determined for both the historical 9689
and the hypervirulent 5325 C. difficile strains by microbroth dilu-
tion. Both strains were susceptible to tigecycline, with MIC values
of 0.024 and 0.048 mg/L, respectively. These values agree with
the MIC90 values reported by Noren et al.16 The MIC values of
metronidazole for the 9689 and 5325 strains were 2 mg/L and

Table 1. Primer sequences for amplification of C. difficile tcdA, tcdB, spo0A
and 16S rRNA gene sequences

Gene Primer Sequence (5′ –3′) Accession number

tcdA tcdA-F CAACACCTTAACCCAGCCATA AM180355
tcdA-R AGAGTTTTCTGCGGTAGCTGA AM180355

tcdB tcdB-F ATCTGGAGAATGGAAGGTGGT AM180355
tcdB-R TGATGGTGCTGAAAAGAAGTG AM180355

spo0A spo0A-F AGCGCAATAAATCTAGGAGCA AM180355
spo0A-R AGGTTTTGGCTCAACTTGTGT AM180355

16S rRNA 16S-F AGCGGTGAAATGCGTAGATAT AM180355
16S-R CAG CGTCAGTTACAGTCCAGA AM180355
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8 mg/L, respectively. Both strains displayed an MIC of vancomycin
of 4 mg/L.

Effects of tigecycline on the growth of C. difficile strains

There was little difference in the growth dynamics between the
two untreated C. difficile strains as both peaked at �109 cfu/mL
by 6 h and were in the stationary phase by 12 h (Figures 1a and
2a, filled circles). From 12 to 48 h, the viability of strain 9869
remained constant (Figure 1a), whereas that of strain 5325 grad-
ually declined by �1 log (Figure 2a).

Tigecycline at 1/16× and 1/8× MIC had little effect on these
dynamics (Figure 1b and c and Figure 2b and c). At 1/4×MIC, tige-
cycline reduced the viability of both the historical 9689 and NAP1
5325 strains by nearly 1 log at 6 h (Figures 1d and 2d), although

the numbers of viable C. difficile 9689 ultimately recovered by 48 h
were comparable to the levels observed in the untreated control
culture.

Effects of tigecycline on cytotoxin gene expression and
protein production

In non-antibiotic-treated cultures of the historical 9689 C. difficile
strain, measureable toxin gene expression began at �12 h,
peaked in the stationary phase at 24 h and gradually returned
to baseline over the next 24 h period (Figure 1a; continuous and
broken lines). TcdA/B protein production was detectable by 12 h
and peaked at �800 ng/mL by 48 h (Figure 1a; open circles).

In this strain, tigecycline induced a biphasic toxin gene expres-
sion response (Figure 1b–d) in which the first peaks of tcdA and
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Figure 1. Effects of tigecycline on the growth, toxin gene expression and soluble toxin production of the historical C. difficile 9689 strain.
(a) Antibiotic-free cultures; (b) 1/16× MIC (1.5 mg/L); (c) 1/8× MIC (3 mg/L); and (d) 1/4× MIC (6 mg/L). Tigecycline at the final concentrations
indicated was added during early log phase growth (designated Time 0). Samples were collected in duplicate over 48 h for quantification of viable
C. difficile, and for measurement of toxin gene expression by real-time RT–PCR and TcdA/B (Toxin AB) production by ELISA.The fold change in mRNA
expression for each strain was calculated relative to that of its respective ‘no treatment’ control at 6 h (which was virtually zero).
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tcdB expression occurred during the log phase of growth (6 h). The
resultant mRNA species were short lived, having waned by 12 h,
and were followed by a second peak of gene expression at 24 h.
Although this latter peak occurred as expected during the station-
ary phase, the magnitude of the response was decidedly different
than in untreated control cultures. Specifically, the 1/4× MIC
increased peak tcdA expression 2.3-fold, whereas lower tigecyc-
line doses suppressed toxin gene expression below control values.
Despite the varied tigecycline-induced changes in the dynamics
and magnitude of the responses, toxin protein production
remained largely unchanged (Figure 1a–d).

The effects of tigecycline on the NAP1 5325 strain were in part
comparable to those of the historical 9689 strain. Similar to the
9689 strain, tigecycline at 1/4× MIC induced pronounced early
peaks of tcdA and tcdB gene expression during the log phase of
growth (Figure 2d). However, unlike the 9689 strain, all antibiotic

doses halted virtually all toxin gene expression in the stationary
phase (Figure 2b–d) and little to no toxin production was observed
in any of the tigecycline-treated 5325 cultures (Figure 2b–d).

Similarly, increased TcdA/B production was also observed by
the 9689 strain following exposure to subinhibitory concentra-
tions of both vancomycin and metronidazole. In contrast, only
vancomycin at 1/4×MIC induced protein toxin production by the
hypervirulent 5325 strain (Figure 3).

Tigecycline decreases sporulation by C. difficile

Little to no expression of the sporulation-related transcription fac-
tor spo0A or formation of viable spores was observed prior to 24 h
of growth under any culture condition with either strain (data not
shown); however, both spo0A gene transcription and sporulation
were prominent by 48 h in both non-antibiotic-treated cultures,
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Figure 2. Effects of tigecycline on the growth, toxin gene expression and soluble toxin production of the hypervirulent C. difficile 5325 strain.
(a) Antibiotic-free cultures; (b) 1/16× MIC (3 mg/L); (c) 1/8× MIC (6 mg/L); and (d) 1/4× MIC (12 mg/L). Tigecycline at the final concentrations
indicated was added during early log phase growth (designated Time 0). Samples were collected in duplicate over 48 h for quantification of viable
C. difficile, and for measurement of toxin gene expression by real-time RT–PCR and TcdA/B (Toxin AB) production by ELISA. The fold change in mRNA
expression for each strain was calculated relative to that of its respective ‘no treatment’ control at 6 h (which was virtually zero).
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albeit at decidedly different levels (data not shown). The produc-
tion of a markedly greater number of spores by the 5325 strain
was expected since NAP1 strains are commonly high spore
producers.17

The effects of tigecycline on sporulation were strain-specific
and paralleled those observed for exotoxin production. Like exo-
toxin gene expression, tigecycline at 1/4× MIC significantly
increased spo0A transcription in the historical 9689 strain (data
not shown), but this tigecycline-induced increase in spo0A
mRNA did not result in a commensurate increase in spore produc-
tion in this strain (Figure 4a). In fact, viable spore formation was
significantly reduced by tigecycline at all concentrations tested
(Figure 4a). In the hypervirulent NAP1 5325 strain, tigecycline at
1/4× MIC did not significantly alter the high level of spo0A tran-
scription at 48 h, but it markedly suppressed spore formation
(Figure 4b). Compared with the number of spores estimated by
visual inspection using light microscopic analysis (data not
shown), �0.1% of spores germinated and grew as cfu on BHI
agar plates. These values are in agreement with germination
rates and outgrowth efficiencies reported by Lawley et al.15

Similar responses were also observed for the 9689 and 5325
strains following exposure to vancomycin. As shown in
Figure 4(a and b), the addition of vancomycin at 1/4× MIC
(1 mg/L) and 1/8× MIC (0.5 mg/L) reduced spore production by
both strains at 48 h (by between 10% and 50%), despite slight
increases in spo0A expression (data not shown). Vancomycin at
1/16× MIC (0.25 mg/L) also inhibited spore production by the
5325 strain (�15%) but not the 9689 strain as viable spore counts
were comparable to those of the antibiotic-free control (Figure 4a
and b). In addition, all subinhibitory concentrations of metronida-
zole suppressed spore formation by the historical 9689 strain at

48 h, and this was concentration dependent (Figure 4a). This is
in contrast to the hypervirulent 5325 strain, for which nearly
2 log increases in spore production were measured for all doses
of metronidazole tested (Figure 4b).

Discussion
Tigecycline is a glycylcycline antibiotic that has in vitro activity
against numerous Gram-positive and Gram-negative bacteria,
including C. difficile.6 Tigecycline was originally approved by
the US FDA to treat complicated skin and soft tissue infections,
intra-abdominal infections and cases of community-acquired
pneumonia.6 However, case studies describing the use of intra-
venous tigecycline to treat severe cases of CDI have recently
been reported. Herpers et al.8 showed that intravenous tigecycline
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was successfully used to treat four patients with severe CDI, all of
whom had no evidence of recurrent infection during a 3 month
follow-up period. Similar studies by Lu et al.18 and Cheong
et al.19 also described the improvement of two patients with
severe CDI following the administration of tigecycline after all
other antibiotic treatments had failed. As with the results form
Herpers et al.,8 no recurrent CDIs were reported in these patients.
However, one case report by Kopterides et al.20 described the fail-
ure of tigecycline to treat a fatal case of CDI in a 70-year-old
patient. These largely positive findings have been attributed
to the in vivo stability of tigecycline, as unmetabolized drug
(3–14 mg/kg) is recovered in the stool of patients21,22 at concen-
trations well above the in vitro susceptibility range for multiple
isolates of C. difficile.6

We hypothesize that the mechanism of action of tigecycline
may be responsible for its efficacy in treating severe or recurrent
CDI. Specifically, data presented here suggest that tigecycline’s
ability to block protein synthesis is largely responsible for reducing
both toxin production and sporulation. Interestingly, a growing
body of evidence suggests that some pathogens sense and
respond to low-dose antibiotic challenge with a putative SOS
response that includes the up-regulation of virulence-associated
genes,9 – 11,23 and our data show that the exposure of C. difficile to
tigecycline is no exception. In this study, tigecycline-induced toxin
synthesis was observed in the 1/4× MIC culture of the historical
9689 strain, resulting in a �1.4-fold increase in TcdA/B production.
Interestingly, subinhibitory concentrations of both vancomycin
(a cell wall synthesis inhibitor) and metronidazole (a nucleic acid
synthesis inhibitor) also stimulated increased TcdA/B production
by the 9689 strain. This is in contrast to the hypervirulent 5325
strain, for which only vancomycin at 1/4×MIC induced increased
toxin production. These results suggest that fluctuations in the
timing, magnitude and onset of antibiotic-induced stress
responses vary between C. difficile isolates and antimicrobial
stress. However, given that only three antibiotics and two strains
of C. difficile were examined in this study, these effects may only
reflect strain-dependent responses to these antibiotics and not
global SOS reactions by C. difficile. The mechanisms governing
this phenomenon of strain and antibiotic variability on inducing
toxin production by C. difficile are currently being explored in our
laboratory.

The ability of C. difficile to shed highly resistant spores in hos-
pital environments perpetuates the development of new and
recurrent CDIs. Our analysis demonstrates that tigecycline
reduces sporulation in both the historical 9689 and hypervirulent
5325 strains. These findings agree with those of Garneau et al.24

who also demonstrated that subinhibitory concentrations of tige-
cycline reduced spore formation in multiple isolates of C. difficile.
Our findings suggest that this decreased sporulation is attribut-
able to an inhibition of translation of sporulation-related mRNA
species by tigecycline. These data may explain, at least in part,
the extremely low recurrence rate of CDI in patients receiving tige-
cycline therapy.6,8 Interestingly, as both strains displayed similar
decreases in sporulation following a challenge with tigecycline
and vancomycin, only metronidazole stimulated sporulation (a
nearly 2 log increase) by the high-spore-forming hypervirulent
5325 strain. Collectively, these data imply that the impact of anti-
biotics on C. difficile sporulation can also vary depending on both
the strain of C. difficile being studied and the antibiotic (and its
specific mode of action) being tested.

In conclusion, there is a pressing need for the development of
new treatments for severe and recurrent cases of CDI. Based on
the current study demonstrating tigecycline’s ability to inhibit
both toxin production and sporulation better than other accepted
CDI antimicrobial therapies, and on publications of largely positive
case studies, tigecycline may offer physicians an alternative treat-
ment for severe or refractory CDI.
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