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ABSTRACT

Clostridium difficile must form a spore to survive outside the gastrointestinal tract. The factors that trigger sporulation in C.
difficile remain poorly understood. Previous studies have suggested that a link exists between nutritional status and sporulation
initiation in C. difficile. In this study, we investigated the impact of the global nutritional regulator CodY on sporulation in C.
difficile strains from the historical 012 ribotype and the current epidemic 027 ribotype. Sporulation frequencies were increased
in both backgrounds, demonstrating that CodY represses sporulation in C. difficile. The 027 codY mutant exhibited a greater
increase in spore formation than the 012 codY mutant. To determine the role of CodY in the observed sporulation phenotypes,
we examined several factors that are known to influence sporulation in C. difficile. Using transcriptional reporter fusions and
quantitative reverse transcription-PCR (qRT-PCR) analysis, we found that two loci associated with the initiation of sporulation,
opp and sinR, are regulated by CodY. The data demonstrate that CodY is a repressor of sporulation in C. difficile and that the
impact of CodY on sporulation and expression of specific genes is significantly influenced by the strain background. These re-
sults suggest that the variability of CodY-dependent regulation is an important contributor to virulence and sporulation in cur-
rent epidemic isolates. This report provides further evidence that nutritional state, virulence, and sporulation are linked in C.
difficile.

IMPORTANCE

This study sought to examine the relationship between nutrition and sporulation in C. difficile by examining the global nutri-
tional regulator CodY. CodY is a known virulence and nutritional regulator of C. difficile, but its role in sporulation was un-
known. Here, we demonstrate that CodY is a negative regulator of sporulation in two different ribotypes of C. difficile. We also
demonstrate that CodY regulates known effectors of sporulation, Opp and SinR. These results support the idea that nutrient
limitation is a trigger for sporulation in C. difficile and that the response to nutrient limitation is coordinated by CodY. Addi-
tionally, we demonstrate that CodY has an altered role in sporulation regulation for some strains.

Clostridium difficile is a Gram-positive, spore-forming, anaero-
bic pathogen. It is found primarily within the mammalian

gastrointestinal (GI) tract, where it can cause severe, toxin-medi-
ated GI disease (1–4). C. difficile is transmitted through the fecal-
oral route, primarily in health care-associated settings, where it is
a leading cause of nosocomial infections (5–7). However, for C.
difficile to survive outside the host, it must form a spore. Spores
represent an easily transmissible form of C. difficile because they
are metabolically dormant and highly resistant to a variety of dis-
infectants and antibiotics, allowing them to persist on surfaces
outside the host (8). C. difficile spores serve both as a survival
mechanism in the environment and as the infectious vehicle for
transmission (8).

Akin to that seen with other studied spore formers, C. difficile
sporulation is controlled through the master sporulation regula-
tor Spo0A, which is active when phosphorylated and is essential
for sporulation (8, 9). The regulatory components and signals that
feed into Spo0A activation in C. difficile are not thoroughly eluci-
dated, as many factors that activate or inactivate Spo0A in other spore
formers are not present in sequenced C. difficile genomes (10–12). In
Bacillus species, Spo0A activation is controlled through a phospho-
relay. The sporulation phosphorelays of Bacillus spp. are tightly reg-
ulated, and the flow of phosphate through the relay is managed in
response to nutrient availability, stress, and other environmental sig-
nals (13–16). There is no known phosphorelay in C. difficile, and the
factors that lead to Spo0A activation in this bacterium are poorly
understood (10–12, 17, 18).

One hypothesized trigger of sporulation in C. difficile is nutri-
ent deprivation, for which CodY plays a regulatory role. In previ-
ous work, we found that the two oligopeptide transporters Opp
and App inhibit the initiation of sporulation in C. difficile (19). It
was proposed that Opp and App inhibit sporulation by importing
peptides into the cell. Imported peptides are thought to act as
indirect inhibitors of sporulation by enhancing the nutritional
state of the cell. But the mechanisms through which imported
peptides and other nutrients affect sporulation are unclear. To
further probe how the nutritional state may trigger sporulation in
C. difficile, we investigated the effects of the transcriptional regu-
lator CodY on sporulation.
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CodY is a global nutritional regulator found in many Gram-
positive organisms (20–24). CodY was first discovered in Bacillus
subtilis and has the role of maintaining active growth, in part by
regulating genes involved in nutrient acquisition and amino acid
synthesis (25–27). CodY is a transcriptional regulator and sensor
of the metabolic state of the cell. When nutrients are abundant,
such as during exponential growth, CodY is bound by branched-
chain amino acids (BCAAs) and GTP and acts primarily as a tran-
scriptional repressor of alternative metabolic pathways (28–30).
The availability of BCAAs and GTP impacts the DNA-binding
capacity of CodY, allowing it to respond to the nutritional state of
the cell. As levels of nutrients become limited in the cell, CodY is
no longer bound by these cofactors, and repression of genes in-
volved in secondary metabolic pathways and nutrient acquisition
is alleviated. CodY not only regulates alternative metabolic path-
ways but also impacts many diverse physiological processes such
as competence, sporulation, virulence, and motility (20–23, 27,
31–34). CodY is a known repressor of toxin synthesis in C. difficile
and regulates synthesis of the toxin-specific sigma factor TcdR
(35). By repressing toxin synthesis via TcdR, CodY links virulence
to the nutritional state of the bacterium. In C. perfringens, CodY
also regulates toxin expression and, in addition, regulates produc-
tion of the sporulation regulator Spo0A (36). However, the role
CodY plays in regulating sporulation in C. difficile is not known.
Prior work evaluating CodY in C. difficile was performed under
conditions that did not favor sporulation, which likely limited the
detection of sporulation factors (37).

This study was undertaken to determine the role of CodY in the
initiation of C. difficile sporulation and to examine possible strain-
dependent effects of CodY. We disrupted codY in historical and
epidemic ribotype strains and observed increased sporulation fre-
quency in both backgrounds. The sporulation frequency of the
epidemic 027 codY mutant was markedly higher than that of the
historical 012 mutant, signifying strain-dependent effects of
CodY. Through gene expression analysis, we observed increased
expression of sporulation-specific factors, such as spo0A and sigE,
at earlier time points in both strains. Additionally, we investigated
the potential regulation of the app, opp, and sinRI loci by CodY
through transcriptional analyses and reporter fusions. The codY
mutants exhibited differential expression of sporulation-associ-
ated genes, indicating possible strain-dependent effects. Overall,
these results demonstrate that CodY is a repressor of sporulation
in C. difficile and that CodY can impact sporulation frequency in a
strain-dependent manner.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains and plasmids used
in this study can be found in Table 1. Brain heart infusion-supplemented
(BHIS) broth, BHIS agar plates, and tryptose-yeast extract (TY) broth are
frequently used to culture C. difficile strains (35, 38). BHIS medium was
supplemented with 2 to 10 �g thiamphenicol ml�1 or with 5 �g erythro-
mycin ml�1 (Sigma-Aldrich) as needed. Culture media were supple-
mented with taurocholate (Sigma-Aldrich) at 0.1% as needed to induce
germination of C. difficile spores (39, 40). Fructose was added to overnight
cultures at 0.5% as needed to prevent sporulation. C. difficile was cultured
anaerobically in a vinyl chamber (Coy Laboratory Products) at 37°C with
an atmosphere of 10% H2, 5% CO2, and 85% N2 as previously described
(41, 42). Escherichia coli strains were cultured at 37°C in LB (43) or BHIS
medium supplemented with 20 �g chloramphenicol ml�1 and 100 �g
ampicillin ml�1 as needed to maintain plasmid selection. To counterselect
against E. coli following conjugation, media were supplemented with 50

�g kanamycin ml�1 (44, 45). B. subtilis strains were cultured at 37°C in LB
(43) or BHIS medium supplemented with 5 �g chloramphenicol ml�1

and 5 mM potassium nitrate as needed. To counterselect against B. subtilis
after conjugation, the media were supplemented with 50 �g kanamycin
ml�1 (46).

Strain and plasmid construction. The oligonucleotides used in this
study are listed in Table 2. Cloning and construction details of plas-
mids used in this study can be found in File S1 in the supplemental
material. Primer design was based on the strain 630 genomic sequence
(NC_009089.1), and all sequences matched the corresponding se-
quence in the 027 isolate, R20291 (NC_0133161.1). All plasmids were
confirmed by sequencing (Eurofins MWG Operon). Genomic DNA
was prepared as previously described (37, 41). To generate strain MC364
(630 codY::ermB), pBL103 was transferred into C. difficile 630�erm and
colonies were screened for Targetron insertion, as previously described
(44, 45). To generate the codY-complemented strains MC442 and MC443,
pND3 was integrated into the Tn916 region within the chromosome of B.
subtilis strain BS49 and selected for on BHIS plates containing 5 �g chlor-
amphenicol ml�1, as previously described (47–49). Promoter-phoZ fu-
sion plasmids were transferred by conjugation from E. coli into C. difficile
630�erm and MC364 as previously described (45, 46).

Motility assays. C. difficile strains were grown overnight in BHIS me-
dium supplemented with 0.1% taurocholate and 0.2% fructose and were
subsequently back-diluted to BHIS medium to obtain active, logarithmic-
growth-phase cultures. When the cultures reached an optical density at
600 nm (OD600) of 0.5, 5 �l was inoculated into the center of one-half-
concentration BHI plates containing 0.3% agar. The diameter of cell
growth was measured every 24 h thereafter for 7 days. The results repre-
sent four independent experiments. Results are presented as means and
standard errors of the means, and the two-tailed Student’s t test was per-
formed for statistical comparison of mutant outcomes to the parent strain
results.

Sporulation efficiency assays. C. difficile strains were started as low-
density cultures in BHIS medium supplemented with 0.1% taurocholate
(Sigma-Aldrich) and 0.5% fructose and were grown to mid-log phase.
Cultures were subsequently back-diluted to an optical density at 600 nm
(OD600) of 0.5 in 70:30 sporulation medium (50) or BHIS medium. The
cultures were then immediately diluted 1:10 into the main culture flask
containing 70:30 or BHIS broth to reach a starting OD600 of 0.05. All
cultures were anaerobically incubated at 37°C while being monitored for
growth and spore production. Micrographs were taken and enumerated
as previously described (19), with minor modifications. Approximately
24 h following the start of stationary phase (T24), 1-ml samples were taken
from the cultures. Samples were pelleted at a maximum of 21,130 � g for
30 s and resuspended in 0.01 ml of supernatant. A 2-�l volume of each
concentrated culture was placed on a thin layer of 0.7% agarose previously
applied to a slide and imaged with an X100 Ph3 oil immersion objective on
a Nikon Eclipse Ci-L microscope. Two to three fields of view were ac-
quired for each strain at T24 using a DS-Fi2 camera. A minimum of 1,000
cells from each strain were examined and used to calculate the percentage
of spores (number of spores divided by the total imaged population).

In addition to microscopy, cultures were tested to determine the ratio
of ethanol-resistant spores formed in the population. Cultures were di-
luted and plated onto BHIS medium with 0.1% taurocholate to determine
the maximum number of viable cells in the population, which was reached
2 and 5 h after the start of the stationary phase for 70:30 and BHIS cultures,
respectively. To assess the frequency of spore formation, 500-�l samples
were taken at T24 and mixed 1:1 with 95% ethanol for 15 min. Ethanol-
treated cultures were plated on BHIS medium containing 0.1% tauro-
cholate, and the number of ethanol-resistant CFU were determined after
incubation for 24 h. The number of ethanol-resistant CFU per milliliter
was divided by the number corresponding to the maximum viable popu-
lation, and the result was multiplied by 100 to calculate the percentage of
ethanol-resistant CFU per milliliter in the culture. A minimum of three
biological replicates were performed for each strain and condition tested.
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TABLE 1 Bacterial strains and plasmids

Plasmid or strain Relevant genotype or feature(s) Source and/or reference

Strains
E. coli HB101 F� mcrB mrr hsdS20(rB

� mB
�) recA13 leuB6 ara-14 proA2 lacY1 galK2

xyl-5 mtl-1 rpsL20
B. Dupuy

E. coli MC101 HB101/pRK24 B. Dupuy
E. coli DH5� (maximum efficiency) F� �80lacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

� mK
�)

phoA supE44 	� thi-1 gyrA96 relA1
Invitrogen

E. coli MC553 HB101/pRK24/pMC421 This study
E. coli MC558 HB101/pRK24/pMC426 This study
E. coli MC568 HB101/pRK24/pMC451 This study
E. coli MC570 HB101/pRK24/pMC453 This study
E. coli MC605 HB101/pRK24/pMC463 This study
E. coli MC639 HB101/pRK24/pMC474 This study
E. coli MC641 HB101/pRK24/pMC476 This study
E. coli MC642 HB101/pRK24/pMC477 This study
E. coli MC643 HB101/pRK24/pMC478 This study
E. coli MC645 HB101/pRK24/pMC480 This study
E. coli MC646 HB101/pRK24/pMC481 This study
E. coli MC766 HB101/pRK24/pMC535 This study
E. coli MC767 HB101/pRK24/pMC536 This study
E. coli LB-EC99 HB101/pRK24/pLB103 This study
C. difficile 630�erm Erms derivative of strain 630a N. Minton; 92
C. difficile UK1 Clinical isolate 55
C. difficile MC310 630�erm spo0A::ermB 19
C. difficile MC327 630�erm/pBL103 This study
C. difficile MC364 630�erm codY::ermB This study
C. difficile MC442 630�erm codY::ermB Tn916::codY This study
C. difficile MC443 UK1 codY::ermB Tn916::codY This study
C. difficile MC448 630�erm/pMC358 46
C. difficile MC560 630�erm/pMC421 This study
C. difficile MC565 630�erm/pMC426 This study
C. difficile MC572 630�erm/pMC451 This study
C. difficile MC574 630�erm/pMC453 This study
C. difficile MC576 630�erm codY::ermB/pMC451 This study
C. difficile MC578 630�erm codY::ermB/pMC453 This study
C. difficile MC589 630�erm codY::ermB/pMC358 This study
C. difficile MC596 630�erm codY::ermB/pMC421 This study
C. difficile MC599 630�erm codY::ermB/pMC424 This study
C. difficile MC601 630�erm/pMC426 This study
C. difficile MC608 630�erm codY::ermB/pMC463 This study
C. difficile MC610 630�erm/pMC463 This study
C. difficile MC611 630�erm codY::ermB/pMC463 This study
C. difficile MC647 630�erm/pMC477 This study
C. difficile MC649 630�erm/pMC476 This study
C. difficile MC650 630�erm/pMC474 This study
C. difficile MC651 630�erm/pMC478 This study
C. difficile MC653 630�erm/pMC480 This study
C. difficile MC654 630�erm/pMC481 This study
C. difficile MC655 630�erm codY::ermB/pMC474 This study
C. difficile MC657 630�erm codY::ermB/pMC476 This study
C. difficile MC658 630�erm codY::ermB/pMC477 This study
C. difficile MC659 630�erm codY::ermB/pMC478 This study
C. difficile MC662 630�erm codY::ermB/pMC481 This study
C. difficile MC768 630�erm/pMC535 This study
C. difficile MC769 630�erm/pMC536 This study
C. difficile LB-CD16 UK1 codY::ermB 57
C. difficile RT1075 630�erm sigD::ermB 65
B. subtilis BS49 CU2189::Tn916 P. Mullany
B. subtilis MC406 BS49 Tn916::pND3 This study

(Continued on following page)
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Sporulation efficiency results were averaged, and the standard error of the
mean was calculated. Data were analyzed by one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple-comparison test using Graph-
pad Prism 6. A P value of �0.05 was considered statistically significant.

qRT-PCR analysis. Quantitative reverse transcription-PCR (qRT-
PCR) analysis was performed as previously described (19), with minor
modifications. Cultures of C. difficile were grown in 70:30 medium as
described above. Samples for RNA isolation were collected at mid-loga-
rithmic growth (OD600 of 0.5), at the onset of the stationary phase (T0),
and at the stationary phase (T4) and diluted into acetone-ethanol (1:1).
RNA was isolated as previously described (37, 51). A Tetro cDNA synthe-
sis kit (Bioline) was used for cDNA synthesis. cDNA was generated from
four biological replicates, and qRT-PCR was performed using a Sensi-Fast
SYBR and fluorescein kit (Bioline) and 50 ng of cDNA as the template on
a Bio-Rad CFX96 real-time system. To control for genomic contamina-
tion, cDNA reaction mixtures containing no reverse transcriptase were
used. qRT-PCR experiments were performed in technical triplicates.
qRT-PCR primers were generated with the PrimerQuest tool available
through Integrated DNA Technologies. Primer efficiencies were deter-
mined for each set of qRT-PCR primers. Results were calculated with the
comparative cycle threshold method (52), with the expression of the am-
plified transcript being normalized to that of the internal-control tran-
script gene, rpoC. To evaluate the statistical significance of the results,
two-way repeated-measures ANOVA, followed by a Dunnett’s multiple-
comparison test, was used to compare the level of parent strain expression
with that of the corresponding codY mutant and complemented strain at
each time point using Graphpad Prism 6. A P value of �0.05 was consid-
ered statistically significant.

Western blot analysis. Western blot analyses were performed as pre-
viously described (53), with minor modifications. Strains were grown in
BHIS medium supplemented with 0.1% taurocholate and 0.5% fructose
until the cultures reached mid-log phase. Cultures were then back-diluted
1:50 into fresh 70:30 medium. Following incubation at 37°C for 8 h, a 6-ml
sample of each culture was pelleted and resuspended in 1 ml of 1� Laem-

mli sample buffer (Bio-Rad). Cells were mechanically disrupted using a
Mini-BeadBeater and 0.1-mm-diameter silica beads (Biospec Products). Fol-
lowing bead beating, samples were centrifuged for 15 min at 16,100 � g.
Culture supernatants were boiled for 10 min at 95 to 100°C and run on a
4% to 15% gradient precast SDS-PAGE gel (Bio-Rad). Proteins were
transferred to a 0.45-�m-pore-size nitrocellulose membrane for 1 h at 100
V with a Mini-Trans Blot module (Bio-Rad). Following transfer, mem-
branes were probed with mouse anti-TcdA (Novus Biologicals) and
mouse anti-RNA polymerase 
 subunit (Abcam). Membranes were then
probed with secondary goat anti-mouse antibody–Alexa Fluor 488 (Life
Technologies). Imaging and relative quantification of the blots were per-
formed on a ChemiDoc imager (Bio-Rad). Quantification was performed
only on full-length protein. Four biological replicates for each strain were
analyzed, and a representative image is shown.

AP assays. Alkaline phosphatase (AP) assays were performed as pre-
viously described (46, 54), with minor modifications. Cultures of C. dif-
ficile containing phoZ reporter constructs were grown overnight in BHIS
medium supplemented with 0.1% taurocholate, 0.5% fructose, and 2 �g
thiamphenicol ml�1. Active cultures were diluted to an OD600 of 0.5 in
70:30 medium. Cultures were further diluted 1:10 into a culture flask
containing 70:30 medium and 2 �g thiamphenicol ml�1 to reach a start-
ing OD600 of 0.05. At an OD600 of 0.5 (mid-log phase), duplicate 1-ml
samples were taken. Four hours after the transition to stationary phase
(T4), duplicate 250-�l samples were taken. The samples were pelleted, the
supernatants were discarded, and cell pellets were stored at �20°C over-
night. To prepare the samples for assay, pellets were thawed on ice and
washed in 0.5 ml of chilled wash buffer (10 mM Tris-HCl [pH 8.0], 10 mM
MgS04), pelleted, and resuspended in 0.8 ml assay buffer (1 M Tris-HCl
[pH 8.0], 0.1 mM ZnCl2). Samples were vortex mixed for 15 s following
the addition of 0.05 ml of 0.1% SDS and 0.05 ml chloroform. A blank
sample without cells was used as a baseline measurement of optical density
for all experiments. Samples were incubated at 37°C for 5 min and trans-
ferred to ice for an additional 5 min. Samples were then allowed to
return to room temperature. The colorimetric assay was started by the

TABLE 1 (Continued)

Plasmid or strain Relevant genotype or feature(s) Source and/or reference

Plasmids
pRK24 Tra� Mob� bla tet 93
pMC123 E. coli-C. difficile shuttle vector; bla catP 51
pMC358 pMC123 phoZ 46
pMC421 pMC123 PsinR600(630�erm)::phoZ This study
pMC426 pMC123 PoppB400(630�erm)::phoZ This study
pMC451 pMC123 PappA600(630�erm)::phoZ This study
pMC453 pMC123 PappA600(UK1)::phoZ This study
pMC463 pMC123 PoppB400(UK1)::phoZ This study
pMC474 pMC123 PoppB250(630�erm)::phoZ This study
pMC476 pMC123 PoppB170(630�erm)::phoZ This study
pMC477 pMC123 PoppB150(630�erm)::phoZ This study
pMC478 pMC123 PoppB250(UK1)::phoZ This study
pMC480 pMC123 PoppB170(UK1)::phoZ This study
pMC481 pMC123 PoppB150(UK1)::phoZ This study
pMC535 pMC123 PsinR400(C-290A)(630�erm)::phoZ This study
pMC536 pMC123 PoppB400(G-181A)(630�erm)::phoZ This study
pBL18 Tn916 integrational vector; ermB This study
pBL26 pBL18 catP This study
pBL103 Group II intron targeted to codY 57
pND3 pBL26 codY This study
pJIR1456 E. coli-C. difficile shuttle vector; catP 94
pMMOrf Marnier transposon vector 95
pMMOrf-Cat pMMOrf catP This study
pSMB47b Tn916 integrational vector; catP ermB 96

a Erms, erythromycin sensitive.
b GenBank accession number U69267.
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addition of 0.1 ml of 0.4% pNP (Sigma-Aldrich) (p-nitrophenyl phos-
phate–1 M Tris-HCl, pH 8.0) to each sample. The samples were mixed
and incubated in a 37°C water bath until the development of a light
yellow color. Upon color development, 0.1 ml of Stop solution
(1 M KH2PO4) was added and the samples were transferred to ice to
stop the phosphatase reaction. Samples were then centrifuged at 4°C
for 5 min at maximum speed in a benchtop centrifuge. The absorbance
of each sample was measured at OD420 and OD550. To calculate the
units of activity, normalized to cell volume, the following formula was

applied:
�OD420 � �1.75 � OD550�� � 1,000

t �min� � OD600 � vol.cells �ml�
. Technical duplicates were

averaged for each assay set. At least four biological replicates were per-

formed for each experiment. The data are presented as means and stan-
dard errors of the means for the experimental replicates. Data were ana-
lyzed by two-way ANOVA followed by Tukey’s multiple-comparison test
using Graphpad Prism 6. A P value of �0.05 was used.

Germination assays. Spore purification and germination assays were
performed as previously described with minor modifications (40, 55).
Strains were grown in BHIS medium with 0.2% fructose. A 200-�l volume
of active culture was spread onto a 70:30 plate as a confluent lawn, with
approximately six plates prepared per strain. Plates were left in the cham-
ber for a minimum of 48 h to allow spores to form. After 48 h, plates were
removed from the chamber and the lawns were scraped into 15 ml of
ice-cold sterile water. Spore suspensions were incubated overnight at 4°C.

TABLE 2 Oligonucleotides

Primer Sequencea Use (locationb) Source or reference

oMC44 5=-CTAGCTGCTCCTATGTCTCACATC-3= rpoC qPCR (CD0067) 45
oMC45 5=-CCAGTCTCTCCTGGATCAACTA-3= rpoC qPCR (CD0067) 45
oMC112 5=-GGCAAATGTAAGATTTCGTACTCA-3= tcdB qPCR (CD0660) 19
oMC113 5=-TCGACTACAGTATTCTCTGAC-3= tcdB qPCR (CD0660) 19
oMC152 5=-GTTATGGAAGTCAAGGACATGCAC-3= ilvC qPCR (CD1565) 37
oMC153 5=-GCTTCTGCTACACTCTTAACTTCA-3= ilvC qPCR (CD1565) 37
oMC331 5=-CTCAAAGCGCAATAAATCTAGGAGC-3= spo0A qPCR (CD1214) 19
oMC332 5=-TTGAGTCTCTTGAACTGGTCTAGG-3= spo0A qPCR (CD1214) 19
oMC339 5=-GGGCAAATATACTTCCTCCTCCAT-3= sigE qPCR (CD2643) 19
oMC340 5=-TGACTTTACACTTTCATCTGTTTCTAGC-3= sigE qPCR (CD2643) 19
oMC349 5=-CCTTTGTGCTAGCCTTATTGTTAGG-3= oppB qPCR (CD0853) 19
oMC350 5=-AAGTATGAGTACTAAGGCAACCCA-3= oppB qPCR (CD0853) 19
oMC365 5=-GGAAGTAACTGTTGCCAGAGAAGA-3= sigF qPCR (CD0772) 19
oMC366 5=-CGCTCCTAACTAGACCTAAATTGC-3= sigF qPCR (CD0772) 19
oMC425 5=-CTGTGACTTTGTAGCTTGG-3= codY PCR (CD1275) This study
oMC426 5=-CTGCTAAAGGCATTTTCTCACTC-3= codY PCR (CD1275) This study
oMC427 5=-GTGGTGTTAATACATCAGAACTTCC-3= sigG qPCR (CD2642) 19
oMC428 5=-CAAACTGTTGTCTGGCTTCTTC-3= sigG qPCR (CD2642) 19
oMC429 5=-GCCTGTGCTTCCAATGATAAAG-3= appA qPCR (CD2672) 19
oMC430 5=-ATATCTGGGTCACTTGCCATAG-3= appA qPCR (CD2672) 19
oMC527 5=-AGGCAGGTTTACATCCAACATA-3= sinR qPCR (CD2214) 19
oMC528 5=-AGTGGTATGTCTAAAGCAGTAGC-3= sinR qPCR (CD2214) 19
oMC529 5=-GCCTTGGTATATAACTCAAATCGAAAGT-3= sinI qPCR (CD2215) 19
oMC530 5=-ATCTGTGATATCAGATTTAGTTCTCTTGAAT-3= sinI qPCR (CD2215) 19
oMC547 5=-TGGATAGGTGGAGAAGTCAGT-3= tcdA qPCR (CD0663) 19
oMC548 5=-GCTGTAATGCTTCAGTGGTAGA-3= tcdA qPCR (CD0663) 19
oMC1008 5=-GCGGGATCCTTATTATCCCTCCACTTTAGATTATATTC-3= PsinR cloning (CD2214) This study
oMC1009 5=-GCGGAATTCATTAAATTATTTTATAAGATTATTACTCTACTATA-3= PsinR cloning (CD2214) This study
oMC1012 5=-GCGGGATCCACCCCAACCCCCCTTTG-3= PoppB cloning (CD0853) This study
oMC1015 5=-GCGGAATTCACTGTGTACATAGTTTTAGAATAAAG-3= PoppB cloning (CD0853) This study
oMC1025 5=-GCGGGATCCATTCTTATAAAACCTCCATAAAATAATAT-3= PappA cloning (CD2672) This study
oMC1026 5=-GCGGAATTCCTTCTTCCTTTGATAAATCTTGATG-3= PappA cloning (CD2672) This study
oMC1074 5=-GCGGAATTCAATTTTATAGAAAATAATGAAGAATAGAATATA-3= PoppB cloning (CD0853) This study
oMC1076 5=-GCGGAATTCAATTTTTAAAAAGTTTGTTTACACAG-3= PoppB cloning (CD0853) This study
oMC1077 5=-GCGGAATTCACACAGTTAATAAATGATGCTAAA-3= PoppB cloning (CD0853) This study
oMC1178 5=-GAAAATTTTTTTAATTTTAAAAATATATTCTACATATC-3= PsinR cloning (CD2214) This study
oMC1179 5=-GATATGTAGAATATATTTTTAAAATTAAAAAAATTTTC-3= PsinR cloning (CD2214) This study
oMC1180 5=-GTATAAATAAAATAATTTGATAAAATTTTAACAATTTTT-3= PoppB cloning (CD0853) This study
oMC1181 5=-AAAAATTGTTAAAATTTTATCAAATTATTTTATTTATAC-3= PoppB cloning (CD0853) This study
3= catP 5=-AAACGCGTTTAACTATTTATCAATTCCTGCAAT-3= catP cloning J. Sorg
5= catP2 5=-AAACGCGTAATTAGATGCTAAAAATTTGTAATT-3= catP cloning J. Sorg
oLB275 5=-AAGGATCCAGAGTGAAAATTGAAAAAAATC-3= codY cloning (CD1274) This study
oLB276 5=-CCCAAGCTTCTAATCTAAACCTATAAAATATAG-3= codY cloning (CD1275) This study
oLB344 5=-AAGCGCTCATGAGCCCGAAG-3= codY cloning (CD1275) This study
tcdRqF 5=-AGCAAGAAATAACTCAGTAGATGATT-3= tcdR qPCR (CD0659) 53
tcdRqR 5=-TTATTAAATCTGTTTCTCCCTCTTCA-3= tcdR qPCR (CD0659) 53
ITR 5=-CCCACATGCATGCTAACAGGTTGGCTGATAAGTCCCCGGTCT-3= catP cloning This study
a Underlined regions denote restriction enzyme cut sites.
b Locus number in reference to the 630 genome (NC_009089.1). qPCR, quantitative PCR.
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Spore suspensions were then centrifuged in a swing-bucket rotor at
1,811 � g for 10 min, and the supernatants were decanted. The pellets
were washed five times with ice-cold sterile water, and after the fifth wash,
the spore pellets were resuspended in 30 ml of ice-cold sterile water. Ali-
quots (3 ml) of the spore suspension were layered over individual 10-ml
beds of 50% sucrose. Spores were centrifuged through the sucrose for 20
min in a swing-bucket rotor at 3,200 � g to remove cellular debris. Fol-
lowing centrifugation, the sucrose was removed and spore pellets were
resuspended in 1 ml of ice-cold water and pooled. Spores were again
pelleted at 1,811 � g for 10 min. The supernatant was decanted, and
spores were washed five times with 10 ml of ice-cold sterile water to re-
moved residual sucrose. Following the last wash, spores were resuspended
in 1 ml of sterile water and checked for purity by phase-contrast micros-
copy, and the OD600 of each preparation was assessed. Spore preparations
were standardized to an approximate OD600 of 3.0. For the germination
assay, spores were first heat activated at 60°C for 30 min and then diluted
1:10 into BHIS medium with or without a 5 mM concentration of the
germinant taurocholate. The OD600 was monitored for 20 min starting
from when the spores were diluted into BHIS medium. Germination was
quantified as the ratio of the OD600 at a given time point (t) to the OD600

at the start of the assay (t0), plotted against time. Germination assays were
performed in triplicate. The data are presented as the averaged ratios for
each time point, and the standard error of the mean is shown. Two-way
repeated-measures ANOVA, followed by a Dunnett’s multiple-compari-
son test, was used to compare the parent strain with its respective codY
mutant and complemented strain at individual time points (*, P � 0.05).

RESULTS
Generation of codY mutants and assessment of growth pheno-
types and toxin production. To assess the role of CodY in the
sporulation of C. difficile, we first generated a codY mutant in the
630�erm strain (012 ribotype). In prior work, we examined a sin-
gle-crossover mutant that disrupted the codY locus in the related
JIR8094 strain (37, 56). Due to the instability of the single-cross-
over mutant and the virulence and motility defects of the JIR8094
strain (53), a codY Targetron mutant in the 630�erm mutant
background was used in this study. We utilized the same Target-
ron construct used previously to generate a codY mutant in the
UK1 background (027 ribotype) (57). The Targetron insertion
into codY of strain 630�erm was verified through PCR and se-
quencing of the locus (see Fig. S2 in the supplemental material).

We further verified the inactivation and complementation of codY
by examining expression of codY (see Fig. S3) and of the CodY-
repressed ilvC gene, which encodes a component of branched-
chain amino acid (BCAA) synthesis (see Fig. S4) (56, 58). We
observed little change in expression of codY in the Targetron-
disrupted mutants (see Fig. S3); however, disruption of codY had
clear effects on the expression of CodY-dependent genes, indicat-
ing that no functional CodY was present (see Fig. S4). In MC364
(here referred to as 630 codY) and LB-CD16 (here referred to as
UK1 codY) (see Fig. S4), we observed an increase in the expres-
sion of ilvC during logarithmic growth and at T0 compared to
the levels seen with their respective parent strains. These results
demonstrate that ilvC was derepressed in the absence of CodY,
as anticipated. We observed significantly higher codY tran-
scription in the codY-complemented MC442 (630 codY Tn916::
codY) and MC443 (UK1 codY Tn916::codY) strains than in the
parent strains (see Fig. S3). Higher expression of codY was not
expected for the complemented strains, given that a single copy
of codY was restored to the genome. Greater expression of codY
in the complemented strains suggests that native placement of
the gene is required for proper regulation of transcription. Dis-
regulation of codY expression may also explain the incomplete
restoration of some CodY-dependent transcription and phe-
notypes observed.

We evaluated the growth phenotype of both strain 630 codY
and strain UK1 codY and of their respective complements, MC442
and MC443, in TY broth and 70:30 sporulation medium (Fig. 1).
As observed with previously studied codY mutants (56), the dis-
ruption of codY led to a slight growth defect in TY medium in both
the 630�erm and UK1 strain sets (Fig. 1A and C). This growth
defect was not as pronounced as that previously described because
the antibiotic selection required for maintenance of the single in-
sertion in previous codY mutants had been eliminated (56). When
codY was complemented on the chromosome in either strain
background, the growth defect in TY medium was corrected (Fig.
1A and C). In 70:30 sporulation broth, the UK1 strains exhibited
no growth defect, unlike the 630 codY mutant, which exhibited a
short exponential-growth phase and an extended transition phase

FIG 1 Impact of codY on growth in different media and alternative strain backgrounds. (A and B) Representative growth curves of the 630�erm, MC364 (630
codY), and MC442 (630 codY Tn916::codY) strains in TY broth (A) and 70:30 sporulation medium (B). (C and D) Representative growth curves of the UK1,
LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn916::codY) strains in TY broth (C) and 70:30 sporulation medium (D).
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(Fig. 1B and D). The dissimilar growth profiles of the 630 codY and
UK1 codY mutants suggests that the levels of CodY-responsive
gene expression differ between the strains (59–61).

C. difficile encodes two large toxins, TcdA and TcdB, which are
essential for virulence (1–4, 62). Previous studies demonstrated
that toxin production is controlled by the global nutritional reg-
ulatory factors CcpA and CodY in strain JIR8094 (56, 63). When
bound to the GTP and BCAA cofactors, CodY represses toxin gene
expression by binding to the promoter region of tcdR. TcdR is a
toxin-specific sigma factor that is encoded within the pathogenic-
ity locus (PaLoc) and directs expression of both tcdA and tcdB
(64). We performed qRT-PCR and Western blot analyses of the
codY mutants grown in 70:30 sporulation medium to confirm the
loss of toxin repression and the subsequent increase in toxin pro-
tein (37, 56). As predicted, tcdR expression was increased earlier
during growth of the codY mutants in both mutant strains than in
the respective parent strains (see Fig. S5A and B in the supplemen-
tal material). We also evaluated the expression profiles of tcdA and
tcdB, whose transcription depends on the TcdR toxin sigma factor
(64). The expression of tcdA and tcdB in strains 630 codY and UK1
codY was also elevated during mid-logarithmic growth phase
compared to that seen with the parent strains (Fig. 2A and B; see
also Fig. S5C and D). To further assess the effects of CodY on toxin
regulation and production, we performed Western blot analyses
to examine the accumulation of TcdA protein. Strains 630 codY
and UK1 codY and the respective parent strains were grown to
stationary phase in 70:30 sporulation medium, and whole-cell ly-
sates were probed for TcdA and the RNA polymerase (RNAP) 

subunit (Fig. 2C). More full-length TcdA (308 kDa) was present in

both codY mutants than in the parent controls grown in 70:30
medium (an �19-fold increase in strain 630 codY and an �5-fold
increase in strain UK1 codY over the levels seen with their respec-
tive parent strains). Together, these results demonstrate that toxin
gene transcription and synthesis are higher in the absence of
CodY, consistent with previous reports (37, 56).

Toxin gene expression is also regulated by the SigD flagellum-
specific sigma factor (53). Toxin production is greatly decreased in
the related nonmotile 012 JIR8094 strain due to a significant de-
crease in sigD expression (53). Because the toxin and motility phe-
notypes share some regulatory components and because CodY
influences motility in the related organism C. perfringens (36), we
asked whether CodY controls motility in the motile 630�erm
strain (012 ribotype) and UK1 strain (027 ribotype). Motility as-
says were performed on soft agar plates, and diameters were mea-
sured every 24 h over 7 days; a motility-defective sigD mutant was
included as a negative control (65). As shown in Fig. S6 in the
supplemental material, the 630 codY mutant consistently dis-
played lower motility than the corresponding parent strain, but no
significant differences in motility between the UK1 and UK1 codY
strains were observed (mean final diameters: strain 630�erm,
51 � 1.7 mm; strain 630codY, 42.3 � 0.7 mm; strain UK1, 48.0 �
1.2 mm; strain UK1codY, 52.0 � 2.1 mm). CodY is not known to
directly regulate the SigD motility sigma factor or any other
known factors that affect motility in C. difficile (37, 53). Consid-
ering that the growth rate defect of the 630 codY mutant was more
pronounced than that of the UK1 codY mutant (Fig. 1), the slower
growth of strain 630 codY was likely contributing to the decreased
motility observed.

FIG 2 Transcript and protein levels of tcdA are increased in codY mutants. (A and B) qRT-PCR analysis of tcdA in the 630�erm, MC364 (630 codY), and MC442
(630 codY Tn916::codY) strains (A) and in the UK1, LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn916::codY) strains (B) grown in 70:30 liquid sporulation
medium. Samples for RNA were collected during logarithmic growth (Log; OD600, �0.5), during the transition to stationary phase (time zero [T0]), and at 4 h
after the transition into stationary phase (T4). The means and standard errors of the means (SEM) of results from four biological replicates are shown. Two-way
repeated-measures ANOVA, followed by Dunnett’s multiple-comparison test, was used to compare parent strains with the corresponding codY mutants or the
parent strain with the respective complemented strain at the designated time points. *, P � 0.05. (C) A representative TcdA and Rpo
 Western blot of strains
grown to stationary phase in 70:30 liquid sporulation medium. The means and SEM of relative fluorescence units (RFUs) from four biological replicates are
shown. Two-tailed Student’s t test was used to compare the parent strain with the codY mutant. Bold text indicates significance (P � 0.05).
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codY mutants demonstrate increased sporulation frequency
and expression of sporulation-specific factors. To evaluate the
impact of CodY on sporulation, we grew the codY mutants and the
respective parent strains in 70:30 sporulation broth and assessed
sporulation frequency 24 h after the onset of stationary phase
(T24). Samples were visualized by phase-contrast microscopy, and
the sporulation frequency was calculated by direct counting as
described in Materials and Methods. As shown in Fig. 3, the 630
codY mutant exhibited a 2-fold increase in sporulation frequency
compared to the parent strain, the 630�erm mutant (�1.8% ver-
sus 0.9%; P  0.15). In contrast, the UK1 codY mutant demon-
strated an �1,400-fold increase in sporulation frequency com-
pared to the UK1 mutant (�57% versus 0.04%). Similar results
were obtained when cultures were examined for the frequency of
ethanol-resistant spore formation within the viable population for
cells grown in 70:30 sporulation broth; few spores were produced
in any strain grown in BHIS medium for 24 h (Table 3). These
results indicate that CodY represses sporulation in both C. difficile
strains. However, the effects of CodY on sporulation were dramat-
ically different in the two strains, suggesting that CodY-dependent
gene regulation can vary by strain background.

Since the codY mutants demonstrate increased sporulation fre-
quency, we asked whether this increase was a consequence of ear-
lier or higher expression of sporulation regulatory factors. To an-
swer that question, we assessed the relative gene expression levels
of the key sporulation regulator, spo0A, in the parent and codY
mutant strains during growth in sporulation medium (Fig. 4).
Spo0A is the master regulator of sporulation and is essential for
initiation of sporulation in C. difficile (8, 9, 66). During exponen-
tial-phase growth, the 630 codY mutant had 2-fold-higher spo0A
expression than the parent strain, consistent with earlier initiation
of sporulation (Fig. 4A). By T0 (transition to stationary phase) and
T4 (4 h after transition to stationary phase), the levels of spo0A
expression were similar for the 630 codY mutant and the parent
strain. For the UK1 codY mutant, spo0A transcript levels were

higher than those seen with the wild-type strain during logarith-
mic growth (�1.6-fold) and at T0 (�3.6-fold), also signifying
early entry into sporulation (Fig. 4B). But by T4, the UK1 codY
strain showed lower spo0A expression than the wild type, consis-
tent with spo0A gene expression patterns in later stages of sporu-
lation (19).

To evaluate the progression of sporulation in the codY mu-
tants, we measured the expression of sporulation-specific sigma
factors sigF, sigE, and sigG (Fig. 4C to H). sigF and sigE are depen-
dent on Spo0A for transcription, and they are the early sporula-
tion sigma factors for the forespore and mother cell compart-
ments, respectively, while SigG is the late-stage sporulation factor
for the forespore (11, 17, 18, 66). sigF gene expression was signif-
icantly higher in log phase and at T0 in the 630 and UK1 codY
mutants than in the corresponding parent strains (for strain 630
codY, �5-fold higher at log phase and �3-fold higher at T0; for
strain UK1 codY, �4-fold higher at log phase and �12-fold higher
at T0) (Fig. 4C and D). Likewise, sigE gene expression was higher in
the codY mutants at log phase and at T0 (for strain 630 codY,
�24-fold higher at log phase and �15-fold higher at T0; for strain
UK1 codY, �3-fold higher at log phase and �77-fold higher at T0)
(Fig. 4E and F). The premature transcription of sigF and sigE and
the higher overall expression of these factors are consistent with
earlier entry into sporulation and a greater sporulation frequency
within the population. Likewise, the transcription level of sigG was
higher during exponential phase in both codY mutants than in the
parent strains (Fig. 4G and H). The premature and higher expres-
sion levels of both early and late-stage sporulation factors in codY
mutant cultures provide additional evidence that CodY inhibits
entry into sporulation. These data suggest that a higher percentage
of the codY mutant population was progressing through sporula-
tion and that sporulation initiated at an earlier growth stage in the
codY mutants than in the parent strains.

codY mutants differentially express the putative sporulation
regulatory genes sinR and sinI. In previous work, we investigated
the transcriptome of a codY mutant and employed in vitro DNA
affinity purification and deep sequencing (IDAP-Seq) to deter-
mine the genes regulated by CodY in C. difficile (37). Although
higher expression of some sporulation-specific genes was ob-
served in that study, the CodY-regulated sporulation genes that
were identified play a role in sporulation only after Spo0A activa-
tion. Since that study, additional genes have been found to be

TABLE 3 Ethanol-resistant spore formationa

Strain background
(growth medium)

Frequency of ethanol-resistant spore formation
(% � SEM) in:

WT strain codY mutant
codY Tn916::codY
strain

630�erm (70:30
medium)

0.03 � 0.01 0.18 � 0.02 0.14 � 0.08

630�erm (BHIS) 0.03 � 0.01 0.003 � 0.00 0.0001 � 0.00

UK1 (70:30
medium)

0.0005 � 0.00 22.02 � 5.99 0.53 � 0.19

UK1 (BHIS) 0.02 � 0.01 0.05 � 0.00 0.05 � 0.03
a Data were analyzed by one-way ANOVA, followed by Dunnett’s test for multiple
comparisons. Bold text indicates a P value of �0.05. Comparisons were made between
the parent strain and its respective codY mutant or the parent and complemented
strains.

FIG 3 Disruption of codY leads to increased sporulation frequency. Phase-
contrast microscopy images of the 630�erm, MC364 (630 codY), MC442 (630
codY Tn::codY), UK1, LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn::codY)
strains grown in 70:30 liquid sporulation medium at T24 are shown. Percent-
ages of phase-bright spores were evaluated through direct counting of phase-
contrast micrographs. Arrowheads indicate phase-bright spores. The means
and SEM of spore counts from four biological replicates are shown. Sporula-
tion frequencies of the parent strains were compared to those of the respective
codY mutants and complemented strains using one-way ANOVA (*, P � 0.05).
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associated with entry into sporulation, including sigH (67), ccpA
(63, 68), the opp and app genes encoding the corresponding per-
meases (19), rstA (69), and sinRI (19). Of these, only opp and sinRI
are recognized as being directly regulated by CodY, as demon-
strated by IDAP-seq (37). We further examined the expression of
sinRI and opp to understand how CodY impacts expression of

these genes before and during the initiation of sporulation and to
determine if there are differences in expression of these genes that
might explain the different sporulation phenotypes of the strains.

In B. subtilis, SinR functions as a repressor of sporulation (70).
In that system, SinI is an alternative binding partner for SinR and
prevents SinR from inhibiting sporulation (71). At present, there

FIG 4 Increased expression of sporulation-specific factors in codY mutants. Data represent results of qRT-PCR analysis of spo0A (A and B), sigF (C and D), sigE
(E and F), and sigG (G and H) expression in the 630�erm, MC364 (630 codY), and MC442 (630 codY Tn916::codY) strains (A, C, E, and G) and in the UK1,
LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn916::codY) strains (B, D, F, and H) grown in 70:30 sporulation medium. Samples for RNA isolation were
collected during logarithmic growth (Log; OD600, �0.5), during the transition to stationary phase (T0), and 4 h after the transition into stationary phase (T4). The
means and SEM of results from four biological replicates are shown. Two-way repeated-measures ANOVA followed by Dunnett’s multiple-comparison test was
used to compare the parent strain with the codY mutant or the parent strain with the respective complemented strain at the designated time points. *, P � 0.05.
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are no published reports that define the role of SinR or the puta-
tive SinI in C. difficile, but preliminary studies of these factors
showed that they are expressed during the initiation of sporula-
tion in C. difficile (19). Using qRT-PCR, we evaluated the expres-
sion of the putative sinR and sinI genes under sporulation condi-
tions for strains 630 codY and UK1 codY and their respective
parent strains. As a nutritional state regulator, CodY typically re-
presses transcription of genes during exponential phase, and that
repression is relieved during the transition to stationary-phase
growth (27, 37). Transcription of sinR and sinI during logarithmic
growth was 2-fold higher in the 630 codY mutant than in the
630�erm mutant, indicating that CodY represses sinRI expression
(Fig. 5A and C). However, in the strain UK1 background, the codY
mutant exhibited sinR expression that was 5-fold lower during
exponential growth and 18-fold lower at T4, suggesting that CodY
positively affects sinRI transcription in the UK1 strain (Fig. 5B and
D). The dissimilarity in the levels of CodY regulation of sinRI in
these two strains may explain the differences in sporulation fre-
quency between the UK1 codY and 630 codY mutants, but the
functions of SinR and SinI in C. difficile sporulation initiation
need to be defined to understand their impact.

Prior work demonstrated that CodY binds to the region up-
stream of the sinR coding sequence and identified a putative CodY
binding site near the promoter (see Fig. S7 in the supplemental
material) (37). Despite the differences in sinRI transcription, no
sequence changes were found within the putative sin promoters of
the UK1 and 630 genomes (see Fig. S7). To further evaluate how
sinR is regulated by CodY, we constructed a transcriptional fusion
of the promoter region of sinR to phoZ, an alkaline phosphatase

reporter (46). A plasmid containing the PsinR600::phoZ reporter
fusion was introduced by conjugation into the 630�erm and 630
codY strains. These strains were grown in 70:30 sporulation me-
dium, and cultures were sampled during exponential phase and 4
h after the transition to stationary phase to assay for alkaline phos-
phatase activity. We observed a significant increase in alkaline
phosphatase activity generated from the putative sinR promoter in
the codY mutant (Table 4). Although there was an increase in the

FIG 5 Expression of sinRI is differentially regulated by CodY. qRT-PCR expression analysis of sinR and sinI in strains 630�erm, MC364 (630 codY), and MC442
(630 codY Tn916::codY) (A and C) and in strains UK1, LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn916::codY) (B and D) grown in 70:30 sporulation
medium. Samples for RNA isolation were taken during logarithmic growth (Log; OD600 �0.5), during the transition to stationary phase (T0), and 4 h after the
transition into stationary phase (T4). The means and SEM of results from at least four biological replicates are shown. Two-way repeated-measures ANOVA
followed by Dunnett’s multiple-comparison test was used to compare the parent strain with the codY mutant strain or the parent strain with the respective
complemented strain at the designated time points. *, P � 0.05.

TABLE 4 Alkaline phosphatase activity from the sinR promotera

Promoter fusion or gene (strain
background[s])

Time
point

Alkaline phosphatase
activity (mean � SEM)
for genotype:

630�erm 630 codY

PsinR600::phoZ (MC560/MC596) Log 7.2 � 0.9 11.9 � 1.1
T4 7.0 � 0.7 10.9 � 1.5

PsinR600(C-290A)::phoZ (MC769) Log 8.6 � 1.0 NDb

T4 9.0 � 1.0 ND

phoZ (MC448/MC589) Log 0.6 � 0.1 0.8 � 0.1
T4 0.7 � 0.1 0.9 � 0.2

a Data were analyzed by two-way ANOVA followed by Tukey’s test for multiple
comparisons. Values are expressed in alkaline phosphatase activity units. Bold text
indicates a P value of �0.05 for comparisons between data from the same promoter
fusion at different time points or comparisons between data from the same promoter
fusion with and without CodY. MC560 was run as a positive control for all
experiments; n  8. Log, logarithmic growth phase; T4, stationary phase.
b ND, not determined.
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promoter activity in the 630 codY mutant compared to the parent
strain, there was no change in activity between log-phase and sta-
tionary-phase (T4) cultures of the parent strain. Therefore, allevi-
ation of CodY repression at stationary phase is not sufficient to
increase transcription from the sin promoter, most likely because
other factors, such as CcpA and SigD, are also involved in regulating
sinR transcription (68, 72). In addition, alteration of what we pre-
dicted to be the CodY binding site (31, 37) [PsinR600(C-290A)::phoZ]
did not result in increased alkaline phosphate activity compared
to that seen with the wild-type promoter (Table 4), suggesting
either that the mutated base pair is not important for CodY bind-
ing or that CodY does not bind to this region of the predicted
promoter region. Overall, these data demonstrate that there is a
functional promoter immediately upstream of sinR that is directly
or indirectly regulated by CodY.

Expression of the opp permease is regulated in part by CodY.
In prior work, we demonstrated that disruption of the oligopep-
tide permeases Opp and App results in higher sporulation fre-
quency in C. difficile (19). It was also established that CodY re-
presses expression of the opp operon during growth in rich
medium and that CodY directly binds to the opp promoter region
(37). On the basis of these data, we hypothesized that CodY re-
lieves repression of opp at the onset of stationary phase, which
would allow greater peptide uptake and potentially postpone the
initiation of sporulation. We assessed expression of oppB, the first
gene of the opp operon, in the codY mutants to determine how
CodY affects regulation of this transporter as the cells initiate spo-
rulation. oppB transcription was �3-fold higher during logarith-
mic growth in the 630 codY mutant than in the parent strain,
supporting the past finding that CodY is a repressor of oppB ex-

pression (Fig. 6A). However, no change in oppB expression was
observed in the UK1 codY mutant during exponential growth (Fig.
6B). By late stationary phase (T4), opp transcription was 2-fold to
5-fold lower in the 630 codY and UK1 codY mutants than in the
parent strains. Thus, CodY appears to modestly repress log-phase
expression of oppB in strain 630 but not in strain UK1. But as cells
advanced to late stationary phase, CodY had a positive effect on
oppB transcription in both strains, resulting in lower oppB expres-
sion in the absence of CodY (Fig. 6A and B). As CodY is unlikely to
act as both a positive regulator and a negative regulator of the same
locus at different growth stages, the increase in opp transcription
observed in late stationary phase may be facilitated by another
CodY-dependent factor, rather than by CodY directly.

The differential regulation of opp in the 630 codY and UK1 codY
strains during logarithmic growth suggests that CodY interacts
differently with the opp promoters of these strains. Sequence anal-
ysis of the putative opp promoter regions revealed two nucleotide
differences between the UK1 and 630 strains (see Fig. S7 in the
supplemental material). No sequence changes were found within
the previously identified CodY binding site at nucleotide (nt)
�175 to nt �189 upstream of the translational start site (37). To
investigate the differential regulation of opp further, we evaluated
expression during exponential phase from the putative oppB pro-
moters of strains 630 and UK1 using phoZ transcriptional fusions.
Promoter fusions were created using promoter sequences ampli-
fied from the 630�erm and UK1 genomes in order to assess the
impact of sequence differences on opp expression. The PoppB::
phoZ reporter fusions were brought into strains 630�erm and 630
codY by conjugation, allowing us to evaluate the effects of pro-
moter differences on CodY-dependent regulation in an isogenic

FIG 6 Expression of the genes encoding the peptide permeases, opp and app. Data represent results of qRT-PCR expression analysis of oppB and appA in strains
630�erm, MC364 (630 codY), and MC442 (630 codY Tn916::codY) (A and C) and strains UK1, LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn916::codY) (B
and D) grown in 70:30 sporulation medium. Samples for RNA isolation were taken at logarithmic growth (Log; OD600, �0.5), at the transition to stationary phase
(T0), and 4 h after the transition into stationary phase (T4). The means and SEM of results from four biological replicates are shown. Two-way repeated-measures
ANOVA followed by Dunnett’s multiple-comparison test was used to compare the parent strain with the codY mutant or the parent strain with the respective
complemented strain at the designated time points. *, P � 0.05.
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background. As shown in Table 5, a fusion containing the 400 bp
upstream of the oppB translational start (PoppB400::phoZ) derived
from strain 630 or strain UK1 generated similar levels of alkaline
phosphatase (AP) activity in a wild-type background and expect-
edly higher AP activity when expressed in a codY mutant. The
activity of the PoppB400::phoZ fusion derived from strain UK1 se-
quence was modestly lower than the activity for the strain 630-
derived fusion, suggesting that sequence differences in this region
can affect promoter function in the absence of CodY. Additional
constructs (PoppB250::phoZ, PoppB170::phoZ, and PoppB150::phoZ)
were created using shorter segments of the promoter region to
assess CodY-dependent activity (Table 5; see also Fig. S7). The
PoppB250::phoZ fusion, which encompasses the CodY site and an
overlapping CcpA site (68), retained CodY-dependent repression.
The AP activity from the PoppB250::phoZ fusion was lower than the
AP activity from the PoppB400::phoZ fusion in the codY mutant
background. However, this effect was observed only in the pro-
moter regions derived from the 630 background and not in the
strain UK1 sequence. There are no sequence differences present in
the region consisting of nt �400 to nt �250, which suggests that
there is a CodY-dependent, sequence-independent influence on
opp gene expression that is strain specific. A shorter segment,
PoppB170::phoZ, generated significantly lower but similar levels of
AP activity in the wild-type and codY mutant backgrounds, con-
firming that the CodY binding site lies upstream of this region.
These data suggest that there is a CodY-dependent regulatory region
present between nt �170 and nt �250. Unexpectedly, mutation of a
conserved nucleotide within the predicted CodY site (31, 37)
(PoppB400G-181A::phoZ) resulted in decreased promoter activity (Ta-
ble 5). On the basis of this result, it is possible that the promoter
mutation increased the affinity between the binding site and CodY.
However, it remains unclear if this region is important for CodY-
dependent regulation or for that shown by other regulators of opp,

such as CcpA. These data suggest that, in addition to CodY- and
CcpA-dependent repression of the opp promoter, the region between
nt �170 and �250 is also important for activating transcription. A
shorter segment, PoppB150::phoZ, had no transcriptional activity, in-
dicating that promoter elements are upstream of this segment. Thus,
the important CodY/CcpA binding sites are predicted to overlap in
the opp promoter element to repress transcription, and this arrange-
ment is conserved between the UK1 and 630 strains.

codY mutants differentially express the App permease. Pre-
viously, we demonstrated that the App oligopeptide permease is
involved in the inhibition of sporulation in C. difficile (19). An app
null mutant sporulates at a higher frequency than an opp null
mutant, indicating that app has a greater impact on the cellular
pathways that lead to sporulation initiation (19). Though app was
not identified in previous analyses of CodY-dependent genes in
strain 630 (37), we investigated if CodY influenced app expression
because of the effect App has on sporulation. To this end, we
evaluated expression of the first gene in the app operon, appA, in
the codY mutants and their parent strains. As shown in Fig. 6C,
expression of appA was slightly (�1.7-fold) higher in the 630 codY
strain during exponential phase, but no significant difference in
expression was detected as cells progressed to stationary phase.
However, expression of app was 2-fold to 5-fold lower in the UK1
codY strain throughout growth than in the parent strain (Fig. 6D),
illustrating that CodY positively impacts app transcription in
UK1. To determine if the differences in app transcription between
UK1 codY and 630 codY were due to the variations in the promoter
sequences in these strains, the UK1 and 630 putative promoter
regions were fused to the phoZ reporter and expressed in strain
630 (Table 5). No significant differences in activity for the UK1- or
630-derived app promoters were observed, suggesting that the
positive effect of CodY on app transcription in UK1 is strain spe-
cific and is not a direct CodY effect. This result is similar to the

TABLE 5 Alkaline phosphatase activity of the opp and app promoter regions during logarithmic growtha

Promoter fusion or gene Strain background(s) Promoter template

Alkaline phosphatase activity
(mean � SEM) for genotype:

630�erm 630�erm codY

PoppB400::phoZ MC565/MC601 630�erm 244.5 � 13.3 503.5 � 39.9
MC608/MC611 UK1 271.5 � 8.5 446.0 � 13.5

PoppB400(G-181A)::phoZ MC769 630�erm 142.2 � 3.1 NDb

PoppB250::phoZ MC650/MC655 630�erm 245.1 � 15.4 373.3 � 41.0*
MC651/MC659 UK1 287.6 � 24.5 422.2 � 22.4

PoppB170::phoZ MC649/MC657 630�erm 101.7 � 4.3 118.4 � 11.1
MC653 UK1 107.1 � 10.6 ND

PoppB150::phoZ MC647/MC658 630�erm 1.6 � 0.2 1.8 � 0.1
MC654/MC662 UK1 1.1 � 0.1 1.5 � 0.1

PappA600::phoZ MC572/MC576 630�erm 21.7 � 3.5 16.6 � 2.1
MC574/MC578 UK1 14.5 � 2.2 12.4 � 1.7

phoZ MC448/MC589 0.6 � 0.1 0.8 � 0.1
a Data were analyzed by two-way ANOVA followed by Tukey’s test for multiple comparisons. Values are expressed in alkaline phosphatase activity units. Bold text indicates a P
value of �0.05 for the comparison of promoter activities between strains carrying the same fusion with and without CodY. Underlined text indicates a P value of �0.05 for the
comparison of promoter activities from fusions of the same length in the same background strain. An asterisk indicates a P value of �0.05 for the comparison between PoppB400

and PoppB250 in the same strain background. MC565 was run as a positive control for all experiments; n  8.
b ND, not determined.
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differential effects of CodY on sinRI transcription that were ob-
served between UK1 and 630. Overall, these data strongly suggest
that CodY impacts the expression of additional regulators in UK1,
resulting in indirect regulatory effects of CodY and a greater im-
pact on sporulation in the UK1 strain.

CodY may have a small effect on C. difficile germination. In
C. perfringens, CodY has a positive effect on germination, as evi-
denced by the decreased germination capacity previously ob-
served for a codY mutant in that species (36). To determine if
germination is similarly affected by CodY in C. difficile, we per-
formed germination assays using purified spores, as previously
described (36, 40, 55). In contrast to C. perfringens results, the
absence of CodY resulted in slightly increased spore germination,
as measured by a decrease in optical density in the presence of the
germinant taurocholate (Fig. 7). This suggests that CodY may
have a small positive effect on the germination process. Whether
the effects of CodY on germination of these strains have an impact
on the outcome of disease remains to be elucidated.

DISCUSSION

As a strict anaerobe, C. difficile must form a spore to effectively
persist and spread in the aerobic environment outside the host.
The cellular and environmental factors that initiate and regulate
the entry into sporulation in C. difficile are not well understood
(11). While the morphological changes that occur during sporu-

lation are conserved between B. subtilis and C. difficile, the regu-
latory pathways that control the initiation of sporulation are not
(10, 73). How the master regulator of sporulation, Spo0A, and its
activity are controlled in C. difficile is an important issue, as regu-
lation of Spo0A activity is essential for triggering and appropri-
ately timing the entry into sporulation (8, 17). Previous work in-
dicated that nutrient deprivation is a trigger for sporulation in C.
difficile (19, 68). We hypothesized that the global nutritional reg-
ulator CodY would play a role in sporulation in C. difficile, as is the
case for other spore-forming bacteria (28, 36). Here, we have
shown that CodY is a negative regulator of sporulation in C. diffi-
cile and that its impacts on sporulation differ in the 012 (strain
630) and 027 (strain UK1) ribotypes. Further, we demonstrated
that CodY regulates expression of the oligopeptide permease opp
gene and of the putative sinR sporulation regulator gene.

CodY is known to suppress sporulation in B. subtilis (28, 74), in
B. thuringiensis (75), and in the more closely related bacterium C.
perfringens (36). When the C. difficile codY gene was disrupted and
sporulation efficiency was assessed in strains 630 and UK1, sporu-
lation efficiency increased in both backgrounds. But in contrast to
their respective parent strains, the degree to which CodY impacted
sporulation frequency was greater in the 027 ribotype than in the
012 ribotype (Fig. 3). Strain 630 codY demonstrated a 2-fold in-
crease in sporulation frequency over the corresponding parent
strain, in contrast to UK1 codY, which demonstrated an �1,400-

FIG 7 Germination phenotypes of codY mutants. The germination of C. difficile heat-activated spores suspended in BHIS medium with or without 5 mM
taurocholate (TA) was monitored over time. (A and B) The germination of strains 630�erm, MC364 (630 codY), and MC442 (630 codY Tn916::codY) (A) or
strains UK1, LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn916::codY) (B) is shown as a ratio of the OD600 at a given time point (t) to the OD600 at the initial
time point (t0). The means and SEM of results from three biological replicates are shown. Where error bars are not visible, they are obscured by symbols. Two-way
repeated-measures ANOVA followed by Dunnett’s multiple-comparison test was used to compare the parent strain with the codY mutant or the parent strain
with the respective complemented strain at the designated time points. *, P � 0.05.
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fold increase over the corresponding parent strain. While the data
demonstrate that CodY is a negative regulator of sporulation, the
sporulation frequency of a UK1 codY mutant was 31-fold greater
than that of a 630 codY mutant. These results indicate that condi-
tions that affect the activity of CodY have a greater impact on
sporulation regulation in the UK1 background.

We propose that the variability in codY mutant sporulation in
different strains results from inherent differences in the regulation
of nutrient acquisition. This idea is supported by the data demon-
strating differences between the two strains in peptide transporter
expression. The ability of the bacterium to acquire nutrients is
directly linked to regulation of tcdA and tcdB expression (34, 37,
56, 76, 77); as a consequence, lower nutrient acquisition would
increase toxin expression. Several studies have assessed strains for
differences in toxin production in vitro as a measure of potential
virulence, though those studies have had mixed results (78–81).
On the basis of the evidence, it is possible that some strains pro-
duce toxin earlier during infection, and possibly at higher levels,
because they import nutrients less efficiently. Lower nutrient up-
take would cause derepression of CodY- and CcpA-responsive
genes and increased SigD activity, all of which would result in
higher toxin expression (53, 56, 63, 72). A comparison of gene
expression levels for C. difficile grown in vitro and in vivo found a
substantially greater impact on metabolism and sporulation un-
der in vivo conditions than under in vitro conditions (82). This
discrepancy highlights the need for greater understanding of the
nutritional environment present during C. difficile infections,
which could be used to improve conditions for examining these
physiological processes in vitro.

Previous studies of Bacillus species revealed that CodY regu-
lates genes that are directly involved in sporulation initiation, in-
cluding spo0A, rapA, rapC, rapE, sinIR, sigH, and kinB (21, 28, 74,
83, 84). Among the initiation factors encoded by those genes, only
SinR and SinI have homologs in C. difficile and are also directly
regulated by CodY (37). Upon determining that CodY represses
sporulation in C. difficile, we investigated potential mechanisms
by which CodY could directly or indirectly affect sporulation ini-
tiation. We evaluated the transcription and promoter activity of
three known or suspected effectors of sporulation, the putative
transcriptional repressor encoded by sinR and the oligopeptide
permeases encoded by app and opp (19). In previous work evalu-
ating Opp and App in C. difficile, we hypothesized that imported
peptides used an unknown and indirect mechanism to influence
sinRI transcription (19). In B. subtilis, SinR works as a repressor of
sporulation by directly inhibiting the transcription of Spo0A (70).
In turn, the cotranscribed SinI antagonizes SinR, thereby prevent-
ing SinR-dependent repression of spo0A, which in turn allows
sporulation initiation to progress (71). We evaluated the expres-
sion of sinRI in the codY mutants to determine if CodY could
repress sporulation by influencing sinRI transcription. The level of
expression of sinRI observed during logarithmic growth in the 630
codY mutant was higher than that observed in the parent strain
(Fig. 5A and C), suggesting that CodY acts as a repressor of sinRI.
In contrast, we observed a decrease in the expression of sinRI in
the UK1 codY mutant compared to the corresponding parent
strain, which suggests that CodY positively regulates sinRI tran-
scription in the UK1 strain (Fig. 5B and D). The sequences of the
sinR promoter regions in strains UK1 and 630 are identical; there-
fore, we conclude that other differences in CodY-mediated regu-
lation affect the expression of sinR in these strains (Table 4; see

also Fig. S7 in the supplemental material). The roles of SinR and
SinI in C. difficile sporulation are still not known; this information
is necessary to determine how CodY, SinRI, and sporulation ini-
tiation are connected.

In numerous Gram-positive species, CodY directly represses
expression of peptide import mechanisms, including the opp-en-
coded oligopeptide permease (20–23, 74, 85). We examined ex-
pression of the oligopeptide permeases encoded by opp and app,
which have been indirectly linked to sporulation in C. difficile
(19). During logarithmic growth, the 630 codY strain showed
higher expression of opp (Fig. 6A), in agreement with prior studies
that demonstrated CodY-dependent repression of opp (37). How-
ever, the absence of CodY in either ribotype results in less opp
transcription during stationary phase, suggesting that CodY has a
positive influence on opp expression at later stages of growth (Fig.
6A and B). One explanation for differential levels of opp expres-
sion seen at various growth stages is that the increased sporulation
of the codY mutants may result in an earlier decline of opp expres-
sion between the time points examined, which would not be de-
tected in our experiment. To further examine the effect of CodY
on opp, we constructed PoppB::phoZ reporter fusions using the
promoters from both strains and examined their activity with
and without CodY. We observed higher promoter activity in
the absence of CodY, indicating that CodY represses opp in
both ribotypes (Table 5). Overall, we showed that CodY acts as
a repressor of the opp oligopeptide transporter operon. On the
basis of these results and previous studies of the oligopeptide
permeases, we propose that Opp and App function to import
peptides and that these peptides, in turn, can modulate CodY
activity by increasing the availability of branched-chain amino
acids (Fig. 8).

Lastly, we evaluated the transcription of appA, the first gene of
the app operon, in both ribotypes. App is an oligopeptide per-
mease that was previously shown to affect sporulation in C. diffi-
cile but does not appear to be directly regulated by CodY (19, 37).
We observed differential regulation of appA expression in the UK1
and 630 codY mutants (Fig. 6C and D). But further examination of

FIG 8 Abbreviated model of influence of nutrition on sporulation. Under
nutrient-rich conditions, CodY and CcpA act as repressors of the opp oligo-
peptide transporter operon, the putative sinRI regulatory genes, and numer-
ous genes involved in nutrient acquisition. As nutrient levels decrease, CodY
and CcpA transcriptional repression is alleviated. The oligopeptide transport-
ers Opp and App import peptides, and the branched-chain amino acids
(BCAAs) derived from imported peptides bind to CodY, increasing its DNA-
binding capacity. SinR is hypothesized to act as a transcriptional repressor of
the sporulation master regulator Spo0A. The putative SinI of C. difficile is
thought to act as a repressor of SinR. Gray hatched arrows show hypothesized
regulatory effects.
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promoter activity using PappA::phoZ reporter fusions revealed no
difference in the levels of activity associated with the app promoter
of either strain, with or without CodY (Table 5). These results
indicate that although CodY affects app expression, CodY is not a
direct regulator of app. The information available does not explain
the differences between the UK1 codY and 630 codY strains in the
observed levels of app expression. Thus far, only SigH has been
implicated as a regulator of app expression, though more regula-
tors are likely involved (67).

The control of opp, app, sinR, and sinI expression in response to
nutrient availability is not unprecedented. A null mutation in the
B. subtilis scoC gene (previously known as hpr), which encodes the
ScoC pleiotropic transcriptional regulator, relieves catabolite re-
pression of sporulation, and scoC transcription increases in the
presence of glucose (86). ScoC directly downregulates opp, app,
and sinIR expression (87, 88), suggesting that ScoC may inhibit
sporulation under high-nutrient conditions by repressing the
expression of genes involved in early sporulation events. Fur-
ther, CodY directly represses scoC transcription, and CodY and
ScoC independently coregulate several loci, including opp (89,
90). Altogether, these results imply that multiple regulators
control B. subtilis sporulation through nutrient-dependent alter-
ation of early sporulation gene expression. Although B. subtilis
and C. difficile do not share identical nutritional requirements,
similar complex regulatory mechanisms may be utilized by C.
difficile. No scoC gene has been clearly identified in the C. difficile
genome. But CodY regulates many genes indirectly (74, 91)
(Fig. 6 and Table 5). Hence, it is possible that a ScoC-like reg-
ulator could control opp, app, and sinRI expression in concert
with CodY in C. difficile.

The regulatory mechanisms through which CodY affects spo-
rulation are not fully elucidated, in part because many sporulation
initiation factors in C. difficile are unknown or understudied. We
are only beginning to understand the relationship between sporu-
lation and nutrition in C. difficile, and many questions remain
about the role CodY plays in this process, such as the following.
What are the in vivo effects of CodY on sporulation and pathogen-
esis? Does the SinRI locus function as predicted, and what role
does it play in sporulation? And do differences in CodY-depen-
dent regulation play a role in the pathogenesis of current and
emerging epidemic strains compared with historical epidemic iso-
lates? If CodY more sensitively controls the expression of factors
that affect sporulation initiation or controls different factors in the
027 strains than in other isolates, this could conceivably influence
the infectivity and pathogenesis of these strains and thereby con-
tribute to the prevalence of the 027 ribotype.

In summary, we have demonstrated that CodY is a repressor of
sporulation in C. difficile and that CodY is involved in the regula-
tion of genes associated with sporulation, including sinR and the
opp permease operon. In addition, the evidence suggests that
CodY has strain-dependent effects that result in differences in
gene regulation that impact initiation of sporulation. This is a
significant step toward understanding how the process of sporu-
lation is regulated in response to the nutritional status of the bac-
terium and toward understanding the potential differences be-
tween epidemic and historical strains.
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