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The Phosphotransfer Protein CD1492 Represses Sporulation Initiation
in Clostridium difficile
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Department of Microbiology and Immunology, Emory Antibiotic Resistance Center, Emory University School of Medicine, Atlanta, Georgia, USA

The formation of spores is critical for the survival of Clostridium difficile outside the host gastrointestinal tract. Persistence of C.
difficile spores greatly contributes to the spread of C. difficile infection (CDI), and the resistance of spores to antimicrobials fa-
cilitates the relapse of infection. Despite the importance of sporulation to C. difficile pathogenesis, the molecular mechanisms
controlling spore formation are not well understood. The initiation of sporulation is known to be regulated through activation
of the conserved transcription factor Spo0OA. Multiple regulators influence Spo0A activation in other species; however, many of
these factors are not conserved in C. difficile and few novel factors have been identified. Here, we investigated the function of a
protein, CD1492, that is annotated as a kinase and was originally proposed to promote sporulation by directly phosphorylating

Spo0A. We found that deletion of CD1492 resulted in increased sporulation, indicating that CD1492 is a negative regulator of
sporulation. Accordingly, we observed increased transcription of Spo0A-dependent genes in the CD1492 mutant. Deletion of
CD1492 also resulted in decreased toxin production in vitro and in decreased virulence in the hamster model of CDI. Further,
the CD1492 mutant demonstrated effects on gene expression that are not associated with Spo0A activation, including lower sigD
and rstA transcription, suggesting that this protein interacts with factors other than Spo0OA. Altogether, the data indicate that
CD1492 negatively affects sporulation and positively influences motility and virulence. These results provide further evidence
that C. difficile sporulation is regulated differently from that of other endospore-forming species.

ostridium difficile causes severe diarrheal infections that are

difficult to treat and easily transmitted. C. difficile enters the
host as a dormant spore, which then germinates in the presence of
bile salts to form a vegetative cell (1, 2). The vegetative form of C.
difficile then grows and divides in the host gastrointestinal tract,
producing toxins that cause the symptoms of disease (3, 4). Dur-
ing infection, a subset of C. difficile vegetative cells initiates the
process of sporulation and morphologically transforms into
spores (5, 6). These spores are metabolically dormant and highly
resistant to oxygen, heat, and chemicals that would destroy the
vegetative form of C. difficile (7-9).

Although the signals that activate C. difficile sporulation have
not been identified, it is expected that the master regulatory factor
Spo0A must be phosphorylated for the sporulation gene expres-
sion program to begin (10-12). Once phosphorylated, active
SpoOA binds DNA, promoting the expression of early sporula-
tion-specific genes and initiating spore formation (10, 13). In the
extensively studied spore former Bacillus subtilis, activation of
Spo0A is accomplished through a phosphorelay that is composed
of sensor histidine kinases and a series of phosphotransfer pro-
teins that tightly control the phosphorylation state of Spo0OA (14,
15). The C. difficile genome does not encode an apparent phos-
phorelay but does contain three putative sensor histidine kinase
proteins that are anticipated to directly phosphorylate and acti-
vate SpoOA (11, 16). One of these histidine kinase proteins,
CD2492, was shown to positively affect C. difficile sporulation, and
another, CD1579, was shown to interact directly with and transfer
phosphate to Spo0A in vitro (11). The function of the third puta-
tive sporulation histidine kinase, CD1492, is not known.

In this study, we investigated the role of the putative sporula-
tion kinase CD1492 in C. difficile sporulation. We examined the
sporulation-specific gene expression and resulting phenotypes of
a CD1492 deletion mutant and strains overexpressing wild-type or
mutated CD1492 alleles. Our results indicate that CD1492 is in-
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volved in the initiation of sporulation, but contrary to its pro-
posed function, this protein plays a role in preventing spore for-
mation. In addition, we found that the CDI1492 null mutant
exhibited changes in gene expression that are not directly depen-
dent on SpoOA activation or sporulation, including decreased
production of TcdA and motility regulators. Furthermore, the
CD1492 mutant was significantly less virulent in a hamster model
of infection.

MATERIALS AND METHODS

Cultivation of bacteria. C. difficile cultures were grown in an anaerobic
chamber (Coy Laboratory Products) containing an atmosphere of 85%
nitrogen, 10% hydrogen, and 5% CO, at 37°C as described previously
(17). C. difficile strains were cultured in brain heart infusion (BHI) me-
dium supplemented with 2% yeast extract (BHIS medium) as broth or
1.5% agar medium (18). Escherichia coli were grown at 37°C in L broth
(19) or agar plates or in BHIS medium supplemented with 20 wg/ml
chloramphenicol or 100 pg/ml ampicillin as needed. Thiamphenicol (2 to
10 pg/ml) was used for selection of C. difficile plasmids, and kanamycin
(50 pg/ml) was utilized for counterselection against E. coli as previously
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TABLE 1 Bacterial strains and plasmids used in this study

CD1492 Inhibits Sporulation in C. difficile

Strain or plasmid Relevant genotype or features

Source, construction,
and/or reference

E. coli strains

HB101 F~ mcrB mrr hsdS20 (ry~ my™) recAl3 leuB6 ara-14 proA2 lacY1 galK2 xyl-5 mtl-1 rpsL20 B. Dupuy
MC277 HB101 containing pRK24 and pMC211 28
MC527 HB101 containing pRK24 and pMC381 This study
MC559 HB101 containing pRK24 and pMC386 This study
MC779 HB101 containing pRK24 and pMC539 This study
C. difficile strains
630 Clinical isolate 65
630Aerm Erm® derivative of strain 630 N. Minton, 66
MC282 630Aerm pMC211 28
MC587 630Aerm pMC386 This study
MC674 630Aerm ACD1492 This study
MC729 630Aerm ACDI1492 pMC211 This study
MC730 630Aerm ACD1492 pMC386 This study
MC771 630Aerm ACDI1492 pMC539 This study
Plasmids
pRK24 Tra® Mob™ bla tet 67
pUC19 Cloning vector, bla 68
pMTL-SC7315 For allelic exchange in nonepidemic C. difficile strains N. Minton, 26
pMC123 E. coli-C. difficile shuttle vector, bla catP 69
pMC211 pMC123 PcprA 28
pMC381 PMTL7315 ACD1492 cassette This study
pMC386 pMC211 with CD1492 This study
pMC538 pUC19 CD1492 H668A This study
pMC539 pMC211 with CD1492 H668A This study

detailed (20-22). Taurocholate (Sigma-Aldrich) was added to cultures at
0.1% to induce spore germination (23).

Strain and plasmid construction. The plasmids and bacterial strains
used in this study are listed in Table 1, and the details of vector construc-
tions are outlined in File S1 in the supplemental material. Primer design
was based on the C. difficile strain 630 genomic sequence (GenBank ac-
cession no. NC_009089.1), and the 630Aerm derivative was used for PCR
amplification and cloning (Table 2). Plasmid DNA isolation, PCR, and
cloning were performed by using standard protocols. Plasmid se-
quences were verified prior to use (Eurofins MWG Operon). C. difficile
genomic DNA was isolated as previously described (24, 25). C. difficile-E.
coli conjugations and gene deletions were carried out as previously de-
scribed (22, 23, 26).

Single nucleotide polymorphism (SNP) analysis. C. difficile genomic
DNA was prepared as previously described (24, 25). Genomic DNA was
quantitated with a NanoDrop (Thermo Scientific), and 1 ng of DNA was
used for library preparation. Libraries were generated with the Nextera XT
DNA Library Preparation kit (Illumina); dual barcoding and sequencing
primers were added according to the manufacturer’s protocol. Libraries
were validated by microelectrophoresis, quantified, pooled, and clustered
on an [llumina MiSeq instrument in 150-bp reads. Per-sample reads were
mapped to the C. difficile 630 reference genome (GenBank no. AM180355).
All variant analysis was performed and annotated with CLC Genomics
Workbench v9.0, with the “Fixed Ploidy Variant Detection” and “Anno-
tate with Overlap Information” tools.

Sporulation efficiency assays and phase-contrast microscopy. C. dif-
ficile cultures were started in BHIS medium supplemented with 0.1%
taurocholate to allow for germination of spores within the starting inoc-
ulum and 0.2% fructose to prevent sporulation. When cultures reached an
optical density at 600 nm (ODy,) of 0.5, 250 pl was applied evenly to
70:30 agar medium and incubated anaerobically at 37°C (27). Samples
were scraped from the plates at the time points indicated for each exper-
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iment and evaluated for sporulation frequency by both phase-contrast
counting and enumeration of ethanol-resistant spores. Samples for
phase-contrast microscopy were resuspended in BHIS broth and applied
to slides as previously described (28). Phase-contrast microscopy was per-
formed with a Nikon Eclipse Ci-L microscope with an X100 Ph3 oil im-
mersion objective, and images were acquired with a DS-Fi2 camera. Two
or more fields of view were captured for each strain, and at least 1,000 cells
were assessed and enumerated per experiment. The percentage of spores
present was calculated as the number of spores divided by the total num-
ber of cells. The mean percentage of spores and the standard error of the
mean were calculated from at least three independent experiments (24).
To determine the number of viable spores in the total viable popula-
tion, C. difficile cultures were grown on 70:30 sporulation agar as de-
scribed above and ethanol resistance assays were performed. After 24 h of
growth, cells were resuspended in BHIS medium to an ODy, of 1.0,
serially diluted in BHIS medium, and plated onto BHIS agar medium to
enumerate vegetative cells. A 0.5-ml aliquot of culture was then mixed
with 95% ethanol and water to a final concentration of 28.5%. Ethanol-
treated cells were vortexed, incubated at room temperature for 15 min,
serially diluted in 1X phosphate-buffered saline containing 0.1% tauro-
cholate, and then plated onto BHIS medium plates containing 0.1% tau-
rocholate to enumerate spore outgrowth. Plates were incubated for a min-
imum of 24 h, and the number of CFU per milliliter of starting culture was
calculated. The sporulation frequency was calculated as the number of
ethanol-resistant spores divided by the total number of cells (combined
counts of spores and vegetative cells per milliliter). A spo0A mutant
(MC310) was used as a control to ensure vegetative cell death in ethanol.
qRT-PCR. C. difficile cultures were harvested from 70:30 sporulation
agar, resuspended in a cold solution of 1.5:1.5:3 ethanol-acetone-distilled
H,0, and stored immediately at —80°C. RNA was purified from the cell
cultures, and cDNA was synthesized as described previously (28, 29). A
50- or 200-ng sample of cDNA was used per reaction mixture for standard
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TABLE 2 Oligonucleotides used in this study

Primer Sequence (5'—3") Use and/or source

oMC44 5'-CTAGCTGCTCCTATGTCTCACATC-3’ 69

oMC45 5'-CCAGTCTCTCCTGGATCAACTA-3' 69

oMC112 5'-GGCAAATGTAAGATTTCGTACTCA-3’ tedB (CD0660) qPCR, 28
oMC113 5"-TCGACTACAGTATTCTCTGAC-3’ tcdB (CD0660) qPCR, 28
oMC189 5'-TGCCTCTTGTAAAGAGTATAGCA-3' sigD (CD0266) qPCR, 24
oMC190 5'-GCATCAATCAATCCAATGACTCCAC-3' sigD (CD0266) qPCR, 24
oMC331 5'-CTCAAAGCGCAATAAATCTAGGAGC-3’ spo0A (CD1214) qPCR, 28
oMC332 5'-TTGAGTCTCTTGAACTGGTCTAGG-3' spo0A (CD1214) qPCR, 28
oMC333 5'-AGTAAGGGTATGGGCAAAGTATTACA-3' CD1579 qPCR, 24
oMC334 5'-CCACTTCATTTGAGAACAACTCTTTG-3' CD1579 qPCR, 24
oMC335 5'-ACTTGTAAGAAGTGCTGAAGGTGGTA-3’ CD1492 qPCR, 24
oMC336 5'-GTCATATCGACCAAATCACTTGAAACAC-3’ CD1492 qPCR, 24
oMC337 5'-CAGGAATTTGTGACTATCTGGGAAATGG-3’ CD2492 qPCR, 24
oMC338 5'"-TCCCATTTGCCTTTATTTGAACTTGA-3’ CD2492 qPCR, 24
oMC339 5'-GGGCAAATATACTTCCTCCTCCAT-3' sig (CD2643) qPCR, 28
oMC340 5"-TGACTTTACACTTTCATCTGTTTCTAGC-3’ sigE (CD2643) qPCR, 28
oMC355 5'-CTGTTGGAATATCTAGGCGATAAGC-3’ rstA (CD3668) qPCR, 24
oMC356 5'-TGGTCCTCAGCCTTGTTTAATTC-3’ rstA (CD3668) qPCR, 24
oMC365 5'-GGAAGTAACTGTTGCCAGAGAAGA-3’ sigF (CD0772) qPCR, 28
oMC366 5'-CGCTCCTAACTAGACCTAAATTGC-3’ sigF (CD0772) qPCR, 28
oMC547 5'-TGGATAGGTGGAGAAGTCAGT-3’ tcdA qPCR (CD0663), 28
oMC548 5'-GCTGTAATGCTTCAGTGGTAGA-3’ tcdA qPCR (CD0663), 28
oMC569/tcdRqF 5'-AGCAAGAAATAACTCAGTAGATGATT-3' tcdR qPCR (CD0659), 40
oMC570/tcdRgR 5'"-TTATTAAATCTGTTTCTCCCTCTTCA-3’ tcdR qPCR (CD0659), 40
oMC897 5'-GCCATGGATCCTTGGAAGAATTGTGGTAACATATTTATAG-3’ CD1492 cloning

oMC898 5'-GATGCCTGCAGACGCATCAAATACAACTAAAGTAATAAA-3' CD1492 cloning

oMC9I11 5'-GCGCGGCCGCGAGTAGGAAATCTGGCTTAT-3’ CD1492 deletion construct
oMC912 5'-ACAACTAAAGCACTTCTTCATTTTTATATAGTTTTACC-3’ CD1492 deletion construct
oMC913 5"-TGAAGAAGTGCTTTAGTTGTATTTGATGCGTTTTA-3’ CD1492 deletion construct
oMC914 5'-GCGCGGCCGCCAGCCTTGTCATTTTTTAGATTG-3' CD1492 deletion construct
fliCqF 5'-TACAAGTTGGAGCAAGTTATGGAAC-3’ 40

fliCqR 5'-GTTGTTATACCAGCTGAAGCCATTA-3’ 40

or cecal quantitative PCR (qPCR) analysis, respectively. Quantitative re-
verse transcription-PCR (qRT-PCR) analysis was performed with the
Bioline SensiFAST SYBR and Fluorescein kit and a Roche LightCycler 96
instrument. Reaction mixtures without reverse transcriptase were in-
cluded for each primer set to detect genomic DNA contamination. gPCR
primers were designed with the IDT PrimerQuest program (Table 2).
qPCR was performed in technical triplicate for each cDNA sample and
primer pair combination. Primer efficiencies were calculated for each
primer set prior to assays. Results were calculated by the comparative cycle
threshold method, normalized to the internal control transcript rpoC
(30). At least four biological replicates were assessed. Relative-expression
results are presented as the means and standard errors of the means. The
two-tailed Student t test was performed to assess the statistical significance
of differences between the expression ratios of the control and test groups.

Animal studies. Spores were prepared and enumerated for animal
experiments as previously described (28). Female Syrian golden hamsters
(Mesocricetus auratus) weighing 70 to 110 g were obtained from Charles
River Laboratories and maintained in an animal biosafety level 2 room
within the Division of Animal Resources at Emory University. Animals
were housed individually and provided standard rodent chow and water
ad libitum. Hamsters were administered a single dose of clindamycin (30
mg/kg of body weight) by oral gavage 7 days prior to infection (day —7).
At day 0, hamsters were administered approximately 5,000 spores of a
single C. difficile strain and monitored several times per day for display of
disease symptoms (weight loss, lethargy, diarrhea, or a wet tail). All ani-
mals were weighed at least once per day, and fecal samples were collected
daily for determination of the total number of cells throughout the exper-
iment. Experiments were performed two times with cohorts of five or six
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animals per C. difficile strain tested. Additional animals that received clin-
damycin but were not administered C. difficile served as negative controls
in each experiment. Animals were considered moribund and were eutha-
nized if (i) they lost 15% or more of their body weight or (ii) if they
exhibited diarrhea and lethargy. Hamsters were euthanized by CO, as-
phyxiation followed by a thoracotomy. Following euthanasia, animals
were necropsied and cecal contents were collected for enumeration of C.
difficile bacteria and RNA isolation. Cecal samples used for RNA isolation
were stored in 1:1 ethanol-acetone at —80°C. Strain-specific differences in
the numbers of C. difficile CFU recovered from feces and cecal contents
were determined by single-factor analysis of variance (ANOVA; Graph-
Pad Prism 6) and by two-tailed Student # test (Excel; Microsoft). Differ-
ences in hamster survival for animals infected with MC674 (CD1492) or
630Aerm were assessed with the log rank test (GraphPad Prism 6).
SDS-PAGE and Western blot analysis. C. difficile strains 630Aerm,
MC674 (CDI1492), MC282 (630Aerm Pcpr), MC729 (CD1492 Pcpr),
MC730 (CD1492 Pcpr::CD1492), and MC771 (CD1492 Pcpr::CD1492
H668A) were grown in TY medium for 24 h at 37°C as previously de-
scribed (24), except that strains were cultivated in BHIS medium over-
night. Total protein was quantitated with the Pierce Micro BCA Protein
Assay kit (Thermo Scientific), and 8 pg of total protein was loaded onto
precast TGX 4 to 15% gradient gels (Bio-Rad), separated by electropho-
resis, and subsequently transferred to 0.45-pm nitrocellulose membranes
(Bio-Rad). Western blot analysis was conducted with mouse anti-TcdA
antibodies (Novus Biologicals), followed by a goat anti-mouse Alexa
Fluor 488 secondary antibody (Life Technologies). Imaging and densi-
tometry were performed with a ChemiDoc and Image Lab Software (Bio-
Rad), and three biological replicates were analyzed for each strain. The
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B.a. Spo0B WTIIDALRHSRHDWLNRMOMVKGNLSLGK
B.s. KinA SIAGGLAAGIAHEIRNPLTAIKGFLGLMK
CD2492 KIKTEFFANMSHELKTPLNVISSSNQLVD
CD1579 KTRMEFFANLSHERLTPINLISSSLQVIE
CD1492 QMKMEFYANISHELKTPLNNIYSSVQLIE
CD1738 ISIGQLASGVAHEIRNPLGIIRNNCYLLK
CD2637 NMRSDEVANVSHELKTPLTSISGFVETLK
CD1783 KLKEEFISSVSHELRTPLTSIKGWSETLG
CD3599 QTKTDLITNVSHDLRTPLTSIMGYLGVIE

FIG 1 In silico analysis of sporulation-associated histidine kinases. (A) Tan
boxes represent predicted transmembrane domains; the H" ATPase region
includes the kinase catalytic domain (56, 57). DHpt, dimerization and histi-
dine phosphotransferase; aa, amino acids. (B) Alignment of the dimerization
and histidine phosphotransfer subdomains of C. difficile, B. subtilis, and B.
anthracis sporulation kinases and E. coli EnvZ. The known or suspected con-
served histidine is underlined. Asterisks represent the residues involved in
direct interactions with the cognate response regulators (11, 61, 62), and
shaded residues are highly conserved in C. difficile. E.c., E. coli; B.s., B. subtilis;
B.a., Bacillus anthracis.

Student two-tailed t test and a one-way ANOVA, followed by Dunnett’s
multiple-comparison test, were performed to assess statistical differences
in TcdA protein levels between the mutant and parent strains and the
complemented strains, respectively (GraphPad Prism 6). A representative
Western blot image is shown.

Motility studies. Strains were grown in BHIS medium to an OD, of
0.5,and 5 pl of culture was spotted into the center of one-half-concentra-
tion BHI plates containing 0.3% agar. Swimming diameters were mea-
sured every 24 h for a total of 168 h. Results represent the mean values and
the standard errors of the means for a minimum of three independent
experiments. A two-tailed Student # test was performed to determine sta-
tistically significant differences in outcomes between the mutant and par-
ent strains.

RESULTS

Deletion of the predicted orphan kinase gene CD1492 results in
increased spore formation. The genome of C. difficile strain 630

A. 630Aerm
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CD1492 Inhibits Sporulation in C. difficile

encodes three putative orphan histidine kinases that have been
implicated as sporulation sensor kinases: CD1492, CD1579, and
CD2492 (11). Previous investigations found that disruption of the
CD2492 kinase results in a significant decrease in spore formation,
while the CD1579 kinase was shown to affect SpoOA phosphory-
lation in vitro (11). CD1492, the third suspected sporulation sen-
sor kinase, has not been directly linked to a sporulation phenotype
or phosphorylation of SpoOA in vitro. As outlined in Fig. 1,
CD1492 and CD2492 both have multiple predicted transmem-
brane segments, while CD1579 is an apparent cytosolic protein.
All three proteins have predicted histidine kinase catalytic do-
mains of typical sensor histidine kinases.

To investigate the potential influence of CD1492 on sporula-
tion, we deleted the coding sequence by double crossover by
markerless allelic exchange (see Fig. S2 in the supplemental mate-
rial) (26). Expression of CDI1492 in the CDI1492 null mutant
MC674 was ablated, as expected, and no growth defect was ob-
served in any medium tested (data not shown). Whole-genome
SNP analysis by Illumina next-generation sequencing revealed no
additional nucleotide changes in the CD1492 mutant (see Materi-
als and Methods). The CD1492 mutant was tested for the ability to
sporulate on 70:30 sporulation agar (27). As demonstrated in Fig.
2A and Table 3, the CD1492 mutant produced significantly more
spores than the parent strain, having a sporulation frequency ap-
proximately 2.4-fold higher than that of the parent strain, as de-
termined by phase-contrast microscopy (630Aerm, 23.4% =
5.1%; MC674, 56.4% * 6.8%). Similarly, the production of etha-
nol-resistant spores was 3.4-fold higher for the CD1492 mutant
than for the parent strain (Fig. 2B; 630Aerm, 23.0% * 8.0%;
MC674,79.1% = 5.3%), demonstrating that the spores produced
by the mutant are fully formed and viable. The high-spore-form-
ing phenotype of the CD1492 mutant suggests that, unlike many
other sporulation histidine kinases, CD1492 is a negative regula-
tor of sporulation initiation. On the basis of the mutant pheno-
type, CD1492 is unlikely to function solely as a sporulation sensor
kinase that activates SpoOA by phosphorylation, as was predicted
through in silico analyses. Alternatively, CD1492 may act as a
phosphatase that inactivates Spo0OA to prevent sporulation or it
may activate a sporulation-repressing function.

The CD1492 mutant has elevated sporulation-specific gene
expression. To determine the effect of the CD1492 mutation on
sporulation initiation, the abundance of key early sporulation
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FIG 2 The ACDI1492 mutant has a hypersporulation phenotype. (A) Representative phase-contrast micrographs of the parent strain (630Aerm) and the
ACD1492 mutant (MC674) grown on 70:30 sporulation agar for 24 h. Open arrowheads indicate phase-bright spores. (B) Ethanol-resistant spore formation
frequency per total viable cells of the 630Aerm and ACD1492 mutant strains collected from 70:30 sporulation agar after 24 h. Sporulation frequencies were
calculated as described for each assay in Materials and Methods. The mean values and the standard errors of the means are shown. *, P < 0.05 by a two-tailed

Student £ test.
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TABLE 3 The C. difficile CD1492 mutant forms more ethanol-resistant spores on 70:30 sporulation agar

No. of CFU/ml

Strain Vegetative cells” Spores” Total cells* Sporulation frequency” % Sporulation
630Aerm 1.49 X 10® = 2.13 X 107¢ 3.60 X 107 + 6.18 X 10° 1.85 X 10%+ 1.61 X 107 223X 1071 +7.28 X102 223 *+7.28
ACDI1492 1.64 X 107 + 3.88 X 10° 5.33 X 107 = 5.98 X 10° 6.97 X 107 + 8.03 X 10° 7.76 X 107! + 5,18 X 1072 77.6 *5.18

@ The numbers of vegetative cells are the numbers of CFU recovered on BHIS medium plates.
Y The number of spores is the total number of CFU that survived ethanol treatment as described in Materials and Methods and were recovered on BHIS medium plates

supplemented with 0.1% taurocholate.
¢ The total cell numbers include both vegetative cells and spores.

@ The sporulation frequency was calculated as the number of ethanol-resistant spores divided by the total number of cells.

¢ Values are means and standard errors of the means.

transcripts, relative to the parent strain, was measured during
growth on sporulation medium. Transcription of the master spo-
rulation regulator spo0A was slightly higher in the CD1492 mutant
after 12 h on sporulation medium, but this difference did not
reach statistical significance (Fig. 3A). Further, the transcription
of the Spo0OA-dependent sigma factors sigF and sigE was >2-fold
higher in the CD1492 mutant strain (P = 0.05). SigF and SigE are
required for forespore and mother cell-specific sporulation gene
expression, respectively (31). The greater sporulation frequencies
and higher early sporulation gene expression of the CD1492 mu-
tant suggest that a greater proportion of these cells enters the spo-
rulation pathway.

As mentioned previously, CD1492 is one of three orphan ki-
nases that are proposed to function as sporulation sensor kinases.
We found that expression of one of the suspected sporulation
kinases, CD1579, was 2-fold lower in the CD1492 mutant, while
expression of CD2492 was similar to that in the parent strain (Fig.
3B). Thus, CD1492 has a modest effect on the expression of one of
the other suspected kinases.

In the model spore former B. subtilis, the sporulation sensor
kinases facilitate sporulation initiation through the sporulation
phosphorelay, which consists of the intermediate proteins SpoOF
and Spo0B that enable phosphotransfer to Spo0OA (32). As initia-
tors of sporulation, the B. subtilis kinases are expressed prior to the
onset of sporulation and their expression wanes in a sporulating
population as sporulation progresses (32). We investigated the
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expression of CD1492 during growth on sporulation medium to
determine how the timing of its transcription relates to sporula-
tion initiation. Samples of the parent strain were taken during
growth on 70:30 medium and assessed for CD1492 and sigE ex-
pression over time (see Fig. S3 in the supplemental material). Rel-
ative to transcription at 6 h after transfer to sporulation medium
(H,, logarithmic phase), the transcription of CD1492 increased
about 5-fold at 8 h postinoculation (Hg). CD1492 transcript levels
declined at later time points, even as levels of the early mother cell
sigma factor sigE remained elevated. The decline in CD1492 ex-
pression during early sporulation implies that CD1492 is involved
prior to the initiation of sporulation. The hypersporulation phe-
notype of the CD1492 mutant and the timing of CD1492 expres-
sion suggest that CD1492 acts as a negative regulator of sporula-
tion before initiation.

A conserved catalytic histidine residue is required for
CD1492 function. To confirm that the CD1492 deletion was re-
sponsible for the mutant phenotypes, complementation was per-
formed with a wild-type CD1492 allele under the control of the
nisin-inducible ¢prA promoter (20, 28). As illustrated in Fig. 4,
complementation of the CDI492 mutant with an inducible
CD1492 allele (CD1492 pPcprA::CD1492, MC730) resulted in re-
duced spore formation. The restoration of the parental sporula-
tion phenotype in the complemented strain demonstrates that the
CD1492 mutation is responsible for the increased sporulation fre-
quency of the mutant and suggests that the timing of CD1492
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FIG 3 Expression of key early sporulation regulators and putative sporulation kinases in the ACD1492 mutant. Transcriptional analysis of spo0A, sigF, and sigE
(A) and predicted sporulation kinase CD1579 and CD2492 expression (B) in the ACD1492 mutant (MC674) relative to that in parent strain 630Aerm. Cultures
were grown on 70:30 sporulation agar for 12 h, RNA was harvested, cDNA was prepared, and qRT-PCR was performed with gene-specific primers as outlined in
Materials and Methods. The mean values and the standard errors of the means of at least three biological replicates are shown. ¥, P < 0.05 by two-tailed Student

t test.
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expression is not critical to its function as a negative sporulation
regulator (Fig. 4; see Fig. S3 and S4 in the supplemental material).
In addition, expression of exogenous CD1492 in the parent strain
(630Aerm pPcprA::CD1492, MC587, Fig. 4) decreased the number
of ethanol-resistant spores formed, suggesting that overexpres-
sion of CD1492 can reduce sporulation in an otherwise wild-type
strain. This is similar to the sporulation sensor kinases of Bacillus
and Clostridium species that can affect sporulation when overex-
pressed (33-35). To determine if CD1492 functions as a predicted
sensor histidine kinase, we created a site-directed mutation at the
conserved histidine residue, substituting an alanine (H668A).
Histidine-to-alanine substitutions in the conserved histidine cat-
alytic residues of sensor kinases result in an inability of the protein
to transfer phosphate signals, thereby rendering them nonfunc-
tional (15, 36). When the CD1492 H668A mutated allele was used
to complement the CD1492 mutant (CD1492 pPcprA::CD1492-
H668A, MC771), the sporulation frequency did not decrease rel-
ative to that of the mutant (Fig. 4). The inability of the CD1492
H668A allele to restore the mutant phenotype strongly suggests
that the phosphotransfer capability of CD1492 is essential to its
function as an inhibitor of sporulation.

Deletion of CD1492 results in decreased virulence in an ani-
mal model of infection. Although the CD1492 mutant exhibits a
higher sporulation frequency in vitro, the function of CD1492 in
sporulation in the intestine and the effect of CD1492 on patho-
genesis are not known. To this end, we examined the CD1492
mutant in a hamster model of C. difficile infection. Female Syrian
golden hamsters were infected by oral gavage with approximately
5,000 spores of either the CDI492 mutant or parent strain
630Aerm. Following inoculation, animals were monitored for dis-
ease symptoms and fecal samples were acquired every 24 h postin-
fection for enumeration of C. difficile bacteria. As shown in Fig.
5A, hamsters infected with CD1492 mutant spores became mori-
bund much more slowly than animals infected with the parent
strain (mean times to morbidity: 630Aerm, 45.5 * 3.5 h;
ACD1492,107.9 = 52.5h; P < 0.01, log rank test). Determination
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of the total number of C. difficile bacteria shed in the feces of
infected animals revealed no significant differences between the
CFU counts of the CD1492 mutant and parent strain infections,
indicating that the mutant strain does not have an observable
growth defect in vivo (Fig. 5B). Likewise, C. difficile CFU counts
were similar in the cecal contents of CD1492 mutant and parent
strain-infected animals postmortem (Fig. 5C). These data indicate
that the decreased virulence observed in CD1492 mutant infec-
tions was not caused by in vivo defects in the outgrowth of spores
or vegetative cells.

The CD1492 mutant produces less TcdA and has lower ex-
pression of toxin-associated regulators and motility genes. On
the basis of the decreased virulence and lack of a growth defect of
the CD1492 strain in vivo, we hypothesized that this mutant may
have lower expression of the two major virulence factors toxins
TcdA and TcedB (3). To investigate the impact of CD1492 on toxin
production, we analyzed the expression of toxin in vitro and in
vivo. The expression of tcdA was 2-fold lower in CD1492 mutant
cultures grown on sporulation agar (Fig. 6A), but no change in
tcdB expression was observed. Supporting these results, a similar
decrease in TcdA production was detected in strains that did not
have a functional CD1492 gene by Western blotting of in vitro
cultures with anti-TcdA antibody (Fig. 6B). Examination of toxin
transcripts from the cecal contents of animals that succumbed to
infection revealed considerable variability in tcdB transcript pro-
duction in CDI1492 mutant-infected animals, but differences in
toxin expression did not achieve statistical significance (Fig. 6C).

Although the CD1492 mutant produces less tcdA transcript in
vitro, it is unlikely that CD1492 is a direct regulator of toxin tran-
scription. Toxin expression in C. difficile is affected by multiple
regulatory factors that integrate complex cellular nutritional sig-
nals to control nutrient acquisition and motility (37). TcdA and
TcdB are directly transcribed by the toxin-specific sigma factor
TcdR, which in turn is transcribed by the motility sigma factor
SigD (FliA) (38—40). Multiple negative regulators can also repress
tcdR transcription, thereby preventing toxin production (41, 42).
We investigated the expression of the positive regulator of toxin
transcription sigD to determine if its transcription was affected in
the CD1492 mutant. As shown in Fig. 7A, sigD expression is >6-
fold lower in the CD1492 mutant grown on sporulation agar. A
corresponding decrease in fliC transcription, which is SigD depen-
dent, was also observed in the CD1492 mutant, indicating that
SigD activity is also reduced. Decreased SigD activity is known to
dramatically lower fcdA and tcdB expression, as well as flagellum
production and motility (20, 39, 40). Accordingly, we compared
the swimming motility of the CD1492 mutant to that of the parent
strain on soft agar medium (Fig. 7B) but observed no significant
difference in motility in vitro. However, examination of C. difficile
fliC transcription from the ceca of infected animals revealed lower
fliC expression in hamsters infected with the CDI1492 mutant,
demonstrating that SigD activity is decreased in vivo (Fig. 7C). The
timing and expression of sigD and flagellar genes during infection
affect colonization by and the virulence of C. difficile and other
motile pathogens and thus probably contribute to the decreased
virulence of the CD1492 mutant in the animal model (43-47).

The specific factors that control sigD transcription and activity
have not been fully elucidated for C. difficile in vitro, and even less
is known about the regulation of SigD in vivo. A few negative
regulators of SigD have been identified, including the early sporu-
lation effector RstA, the stationary-phase sigma factor SigH, and
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served as positive infection controls that were shown in a parallel study (22).

the anti-sigma factor FIgM (24, 39, 48, 49). We examined the
transcription of rstA on sporulation medium and found that its
expression was more than 3-fold lower in the CD1492 mutant
than in the parent strain (Fig. 7A). This finding is intriguing, as an
rstA null mutant has higher sigD expression and, accordingly,
RstA negatively affects sigD transcription (24). Further investiga-
tion of the expression profiles for the CD1492 and rstA mutants
revealed that the gene expression and sporulation profiles of these
mutants are reversed (Table 4). The inverse correlation of gene
expression and phenotypes between the rstA and CD1492 mutants
strongly suggests that the activities of these factors are linked
within a regulatory pathway, likely with CD1492 functioning up-
stream of RstA. Although it is possible that CD1492 acts directly
on Spo0A as a phosphatase, the effects of CD1492 on sigD and rstA
expression suggest that CD1492 functions at least partially inde-
pendently of Spo0OA (10).

DISCUSSION

The formation of endospores is critical for the survival of C. diffi-
cile outside the host and for dissemination of the bacterium to new
hosts (50). The basic morphological programs for producing a

3440 iai.asm.org

Infection and Immunity

dormant spore are similar in C. difficile and well-characterized
spore formers such as Bacillus subtilis, but the specific factors that
regulate entry into sporulation are not well conserved (5, 10, 16,
31, 51, 52). The specific signals that activate sporulation are not
known, but it is anticipated that, like other sporulating members
of the phylum Firmicutes, the sporulation-initiating and -inhibit-
ing signals for C. difficile are transmitted through predicted spo-
rulation sensor histidine kinases, including CD1492. Our investi-
gation found that the predicted sporulation kinase CD1492
inhibits sporulation initiation. Moreover, CD1492 affects the
function of factors other than its anticipated target, Spo0A, in-
cluding the expression of the sporulation regulator RstA and the
motility and toxin regulator SigD. As a result, CD1492 impacts
both sporulation and motility during the infection of a host.

In the spore-forming members of the phylum Firmicutes, the
master regulator of sporulation Spo0A is activated by phosphor-
ylation and inactivated by dephosphorylation (16, 53). In the
sporulating anaerobes that have been studied, most of the pre-
dicted orphan kinases that affect sporulation initiation function
as Spo0A activators (34, 35). Mutation of the catalytic histidine
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residue in CD1492 resulted in a loss of activity and failure to re-  nase-like protein, Clo1313_1973, was identified in “R. thermocel-
store the mutant phenotype (CDI1492 pPcprA::CD1492-H668A,  lum” (34) (see Fig. S5). The role of these histidine kinase-like
MC771). Therefore, CD1492 may function as a kinase on a target ~ phosphatases in preventing initiation is further evidence that the
other than Spo0A but more likely acts as a phosphatase on SpoOA.  anaerobic spore formers evolved strategies that are distinct from
In addition to CD1492 of C. difficile, other predicted sensor ki-  the Bacillus model but still achieve the same goal of Spo0A inacti-
nases were found to negatively impact sporulation in two anaero-  vation.

bic species, Clostridium acetobutylicum and “Ruminiclostridium In C. acetobutylicum, three positive-acting and one negative-
(formerly Clostridium) thermocellum.” In C. acetobutylicum, the  acting sporulation kinase-like proteins have been identified, while
predicted kinase Ca_C0437 represses sporulation and can catalyze  in “R. thermocellum,” four positive regulators and one negative
ATP-dependent dephosphorylation of SpoOA~P in vitro (35) (see  regulator were found (34, 35) (see Fig. S5). Analysis of these spo-
Fig. S5 in the supplemental material). In vitro phosphotransfer rulation sensor mutants uncovered the existence of two genetic
data suggest that Ca_C0437 acts as a phosphatase, playing a role  pathways that can lead to activation of sporulation in each of these
similar to that of the SpoOE and Rap proteins that inactivate  species (34, 35). C. difficile has three putative sporulation histidine
SpoOA in B. subtilis (54, 55). A similar sporulation histidine ki-  kinase-like proteins: CD1492 and CD2492, which are predicted
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grown on 70:30 agar medium for 12 h, RNA was harvested, cONA was prepared, and gPCR was performed with gene-specific primers as outlined in Materials and
Methods. (B) Motility of 630Aerm, ACD1492 (MC674), and sigD (RT1075, negative control) mutant strains in one-half-concentration BHI medium with 0.3% agar.
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TABLE 4 Comparison of gene expression and phenotypes of rstA and
CD1492 null mutants

Fold change / vs
parent
Trait Product CD1492  rstA”
Phenotype®
Sporulation frequency® 124 | 20.1
Virulence? l24 113
Gene expression”
CD2492 Sporulation sensor kinase 1.2 124
CD1579 Sporulation sensor kinase |19 149
CD1492 Sporulation sensor kinase — 124
rstA Sporulation/sigD regulator |36 —
spo0A Sporulation master regulator 1 1.9 |14
sigF Sporulation sigma factor 129 |22
sigE Sporulation sigma factor 123 | 6.4
sigD Motility sigma factor 163 125
fliC Flagellar component |31 135
tedR Toxin sigma factor 0.0 129
tcdA Toxin A | 2.0 1 4.0
tcdB Toxin B 11 135

@ rstA values obtained under the same experimental conditions, previously reported
(24).

b All mean fold changes reported are relative to parent strain 630Aerm. Bold values are
statistically significantly different (P = 0.05 by two-tailed Student ¢ test).

¢ As determined by phase-contrast microscopy.

9 Defined here as fold change in time to morbidity in hamsters.

¢ No significant transcript levels were detected in null mutants.

fRatios of the mean relative transcript levels for mutant and wild-type strains.

membrane proteins, and CD1579, which is likely cytosolic (11)
(Fig. 1). Comparing the sporulation sensors of C. difficile, “R. ther-
mocellum,” and C. acetobutylicum (smart.embl-heidelberg.de);
(56, 57), there is tremendous variability in sensor architecture and
there are no known or apparent structural features that are pre-
dictive of the role these factors play in the initiation cascade (Fig. 1;
see Fig. S5). BLAST analysis also revealed that orthologs of
CD1492 are encoded in closely related species such as C. sordellii,
“C. dakarense,” and C. mangenotii, but these factors have not been
characterized. On the basis of the protein structures and what is
known about the initiation pathways, it appears that each species
evolved independent means of processing the signals that stimu-
late or inhibit sporulation, which is expected since these distant
relatives inhabit very different ecological niches.

The phosphatase functions of sensor kinases are known to con-
tribute to the activation state of their cognate response regulators
(58-60). The roles of Ca_C0437, Clo1313_1973, and CD1492 as
phosphatases are supported by the hypersporulation phenotypes
observed in the respective null mutants, though the mechanisms
of phosphatase activity have not been characterized. Traditionally,
the specific functions of sporulation phosphotransfer proteins
have been examined through in vitro phosphotransfer assays,
which demonstrate the ability of potential interacting partners to
give or receive phosphate (11, 14, 35, 61, 62). While in vitro phos-
photransfer assays can demonstrate interactions between individ-
ual sporulation initiation factors, phosphotransfer between these
proteins often occurs in both directions in vitro, whereas in vivo,
one direction of transfer is favored (14, 32). Consequently, the
results of these assays are often not reliable indicators of the direc-
tion of transfer or the order of pathway components. However, a
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combination of phosphotransfer assays, genetic analyses, overex-
pression phenotypes, and characterization of multiple null mu-
tants in pathway components can help unravel the roles of indi-
vidual factors, which we plan to perform in future studies (32, 34).

In addition to defining the specific role of CD1492 in Spo0A
activation, determining how CD1492 affects RstA and SigD will
help to reveal how these factors interact to control both sporula-
tion and pathogenesis. Previous studies of sporulation-defective
spo0A and rstA mutants have observed different effects on viru-
lence and have revealed indirect links between sporulation and
pathogenesis (12, 24, 63, 64). Although the spore-forming anaer-
obes are currently thought to have a simplified mechanism for
initiating sporulation, the discovery of interactions between reg-
ulators of initiation, toxin production, and motility indicates that
the initiation process in these species is far from simple. The data
suggest that there are multiple layers of transcriptional and post-
translational regulation, as well as protein-protein interactions
that control these processes. Further defining the complex genetic
pathways, the protein interactions and the signals that activate
sporulation in C. difficile could provide clues about how to ma-
nipulate this process and prevent the spread of disease.
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