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Clostridium difficile causes one of the leading nosocomial infections in developed countries, and therapeutic choices are limited.
Some strains of C. difficile produce phage tail-like particles upon induction of the SOS response. These particles have bacteri-
cidal activity against other C. difficile strains and can therefore be classified as bacteriocins, similar to the R-type pyocins of
Pseudomonas aeruginosa. These R-type bacteriocin particles, which have been purified from different strains, each have a differ-
ent C. difficile-killing spectrum, with no one bacteriocin killing all C. difficile isolates tested. We have identified the genetic locus
of these “diffocins” (open reading frames 1359 to 1376) and have found them to be common among the species. The entire diffo-
cin genetic locus of more than 20 kb was cloned and expressed in Bacillus subtilis, and this resulted in production of bactericidal
particles. One of the interesting features of these particles is a very large structural protein of �200 kDa, the product of gene
1374. This large protein determines the killing spectrum of the particles and is likely the receptor-binding protein. Diffocins may
provide an alternate bactericidal agent to prevent or treat infections and to decolonize individuals who are asymptomatic
carriers.

Clostridium difficile, a now-notorious nosocomial pathogen, is a
Gram-positive, spore-forming, obligate anaerobe. It can in-

nocuously colonize the intestinal tract of mammals. However,
upon expansion, often induced by the administration of antibiot-
ics that damage the intestinal microbiota, C. difficile can cause
Clostridium difficile infection (CDI), with symptoms ranging from
diarrhea to pseudomembraneous colitis and toxic megacolon. C.
difficile has emerged as the leading cause of nosocomial infections
in developed countries (1, 23, 34). Elderly patients and those on
sustained antibiotic treatment are particularly vulnerable. Among
the virulence factors of this pathogen are the potent exotoxins
TcdA and TcdB (39). Strains exhibiting increased toxin produc-
tion, such as North American pulse field type 1 (NAP1; also
known as BI, or ribotype 027), have emerged and can rapidly
spread in hospital settings (19, 28, 41). Therapeutic options are
currently limited to treatment with nonspecific antibiotics, such
as vancomycin, metronidazole, or fidaxomicin (20, 35, 36), as well
as transplantation of healthy feces (4); additional therapies are
needed. Furthermore, no means of prophylaxis is available except
for care facility and personal hygiene, such as thorough hand
washing by those persons exposed to the spores, especially hospi-
tal staff. Studies showing that phage tail-like R-type bacteriocins
can be used orally and parentally to treat bacterial infections (6,
12, 21, 29, 30) have prompted us to identify similar entities specific
for C. difficile for possibile use in the treatment or prevention
of CDI.

High-molecular-weight or phage tail-like bacteriocins are
found throughout the Eubacteria domain. The best-studied exam-
ples are the R-type pyocins of Pseudomonas aeruginosa (for a re-
view, see reference 22). However, similar entities have been found
in other Gram-negative (5, 33) as well as Gram-positive (7, 13, 37,
46) bacteria. Typically, these phage tail-like bacteriocins are pro-
duced in response to SOS induction and accumulate within the
cell. At some programmed time point, the cells lyse, releasing the
particles into the surrounding tissue. Two general types of phage

tail-like bacteriocins have been identified. R-type bacteriocins re-
semble the structures of the tail apparatus of Myoviridae phages
(contractile, nonflexible tails), while the F-type bacteriocins of P.
aeruginosa morphologically and genetically resemble those of
Siphoviridae phages (noncontractile, flexible tails) (26). Because
of their genetic relationship and structural similarities to temper-
ate phages, it has often been speculated that they share a common
ancestry.

R-type bacteriocins kill target cells by first using a receptor-
binding protein, such as a tail fiber, to attach to a bacterial surface
receptor. Attachment is followed by sheath contraction and inser-
tion of the core through the envelope of the target bacterium. The
core penetration results in a rapid depolarization of the cell mem-
brane potential and prompt cell death (38). Contact with a single
R-type bacteriocin particle can result in cell death, accounting for
the potent bactericidal activity. The natural targets of R-type bac-
teriocins are typically other strains of the same bacterial species
that produce the particles, although rare coincidental killing of
other species by R-type pyocins has been noted (2, 3, 8, 24, 25). As
a general rule, strains that produce these particles are resistant to
their own bacteriocin. R-type bacteriocins must provide a selec-
tive advantage to their producers by killing competing, closely
related bacteria. However, this activity is ecologically complex:
bacteria that produce R-type bacteriocins must lyse to release the
particles. But since those bacteria and their offspring, which in-
herit the R-type bacteriocin genes, are resistant to their own par-
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ticular bacteriocin, the selective advantage must be the one con-
veyed to the direct kinship, a form of bacterial altruism.

We describe here R-type phage tail-like bacteriocins, “diffo-
cins,” that are encoded in the genomes of many strains of C. diffi-
cile. Upon induction of the SOS response, some strains produce
diffocin particles, which we have shown to have bactericidal activ-
ity against other C. difficile isolates. The large genetic locus encod-
ing diffocins has been identified and cloned from C. difficile, and
when it is expressed in Bacillus subtilis, it produces active diffocins.
Furthermore, we have identified the putative receptor-recogniz-
ing, spectrum-determining protein for diffocins by showing that
switching this one protein switches the bactericidal specificity of
the diffocin.

MATERIALS AND METHODS
Growth of C. difficile. C. difficile strains were grown under anaerobic
conditions in an atmosphere of 5% hydrogen, 5% CO2, 90% nitrogen. All
culture media were reduced by anaerobic incubation for at least 24 h prior
to use. Cultures were maintained for a short term on C. difficile isolation
agar plates (BBL). Liquid cultures were grown in brucella broth (Difco).
The incubation temperature was 37°C.

Induction of diffocins. Diffocins were induced from C. difficile strains
by growing cultures anaerobically (typically, 20-ml volumes) in brucella
broth to an optical density at 600 nm (OD600) of 0.1 to 0.3/cm, followed by
addition of mitomycin C to a final concentration of 3 �g/ml. Cultures
were then incubated at 37°C overnight. Diffocins were concentrated and
purified by first centrifuging the induced/lysed culture at 5,000 � g to
remove cellular debris. The supernatant was collected as a crude lysate.
The crude lysates were then passed through a 0.45-�m cellulose acetate
filter and centrifuged in a Beckman L8-M ultracentrifuge with a Ti60 rotor
at 90,000 � g to pellet the diffocins. The pellets containing diffocins were
resuspended in a 1/100 volume of 10 mM Tris-HCl (pH 7.5), 50 mM
NaCl.

Assay of diffocin activity. Diffocin bactericidal activity was assayed by
a spot method. Log-phase target bacteria (100 �l) were added to 5 ml of
molten, tempered, reduced 0.5% brucella overlay agar and poured onto a
1.5% brucella agar plate. After the overlay agar set, 3- to 5-�l diffocin
samples were spotted onto the agar and allowed to dry. The plates were
then incubated overnight at 37°C. Killing was observed by a clearing of
bacterial growth at the spot where the diffocin was applied. Killing activity
was also assessed in a survival titration assay based on the method de-
scribed for R-type pyocins (29, 30). Bactericidal events based on the sur-
vival titration assay are expressed as killing units.

Electron microscopy. Lysates containing phage tail-like particles were
deposited onto 400-mesh Formvar/carbon-coated copper grids (Cedar-
lane Laboratories, Burlington, ON, Canada) and negatively stained with
2% uranyl acetate (Cedarlane Laboratories) as described before (9). The
grids were observed at 60 kV with a Hitachi H-7500 transmission electron
microscope equipped with a 16-megapixel AMT TR160 digital camera
controlled by using the AMT software (Advanced Microscopy Tech-
niques).

Identification of diffocin proteins. To identify diffocin proteins, pu-
rified samples were analyzed on 10% SDS-PAGE (Invitrogen) followed by
silver staining (IBI Scientific Silver Bullit). Bands were excised, digested
in-gel with trypsin, and subjected to tandem mass spectrometry analysis,
which was conducted at the University of California Davis Proteomics
Core.

Sequencing the genomes of C. difficile strains CD4 and CD16.
Genomic DNA was extracted from C. difficile strains CD4 and CD16
(E.Z.N.A., Omega Biotech) and then subjected to whole-genome draft
sequencing using 454 pyrosequencing technology according to the man-
ufacturer’s Titanium protocol (Roche, Branford, CT). Briefly, genomic
DNA was nebulized into 300- to 800-nucleotide fragments by using ni-
trogen gas, and then specialized 454 adaptors were ligated to either end of

the DNA fragments for use in downstream purification, clonal amplifica-
tion, and sequencing steps. Roughly 273,000 and 672,000 reads were gen-
erated for strain CD16 and strain CD4, respectively. Reads were assembled
de novo using Newbler software (454; Roche). Signal processing and as-
sembly were carried out off-rig on a Linux cluster of 10 nodes connected
via a gigabit ethernet; each node contained eight 64-bit processing cores
running at 2.3 GHz with 8 GB of RAM.

Cloning and expression of the diffocin gene clusters in Bacillus sub-
tilis. A detailed description of the cloning strategy for the diffocin gene
fragments as well as the genetic modifications to B. subtilis are provided in
the supplemental material. Also included in the supplemental material are
the primer/oligonucleotide sequences (see Table S2) used in making these
constructs.

Transformation into B. subtilis. Transformation was accomplished
by the single-step method using MC medium (16).

RESULTS
C. difficile strains produce R-type bacteriocins. After exposure
to mitomycin C, many strains of C. difficile have been found by
electron microscopy to produce particles with phage tail-like mor-
phology (9, 27, 32) (Fig. 1). However, even in the best producer
strains, the particles were released in low quantities in lysates,
quantities too low for antibacterial activity to be detected using
typical assays developed for this class of bacteriocins (30). To
overcome this limitation and test for bactericidal activity, we
made lysates of two producer strains, CD4 and CD16, by growing
cells to early log phase and inducing them with mitomycin C.
Lysates were then concentrated, and the diffocin particles were
purified by high-speed centrifugation (see Materials and Meth-
ods). These samples were shown by electron microscopy to con-
tain concentrated diffocin particles; Fig. 1A shows diffocins iso-
lated from CD4. Bactericidal activity in the purified, concentrated

FIG 1 Electron micrograph of negatively stained purified diffocin particles.
(A) Diffocins isolated from CD4. (B) Diffocins isolated from strain ATCC
43593. Note the large flower-like appendages, which are likely the receptor-
binding protein.
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material was assayed by a spot test method whereby samples were
applied to an overlay lawn of the target bacteria. Since most R-type
bacteriocins target nonself strains of the same producer species,
the tested target strains consisted of a panel of C. difficile isolates
(Table 1). After overnight incubation, sharp-bordered clear zones
on the lawn where the material was spotted indicated bactericidal
activity. Figure 2A shows a typical spot assay of diffocin 4 spotted
onto a lawn of a susceptible C. difficile isolate (19137). Figure 2B is
an image of a plate that shows the results of a liquid culture sur-
vival titration assay. Typical yields, based on the survival assay,
were �1 � 109 killing units/ml of culture volume. Diffocin 4 and
diffocin 16 demonstrated different bactericidal spectra on clinical
isolates of C. difficile (Table 1), with some isolates being insensitive
to both.

C. difficile ATCC strain 43593 was also shown to produce dif-
focins upon mitomycin exposure (Fig. 1B). This diffocin dis-
played yet another killing spectrum (Table 1). Of note is that its
targets include a ribotype 027 strain, which is among the most
prevalent strains in North America (19). This diffocin was further
tested against a panel of 12 other 027 strains, all of which were
sensitive (data not shown).

No bactericidal activity was detected by spot assay of diffocins
4, 16, or 43593 against a panel of various other species, including
Clostridium acetobutylicum, Clostridium sordelli, Clostridium
sporogenes, Clostridium biofermentens, Bifidobacterium breve, Bac-
teroides fragilis, Listeria ivanovii, Listeria monocytogenes, Listeria
innocua, Bacillus subtilis, or Escherichia coli (see Table S1 in the
supplemental material).

Identification of the diffocin genetic locus. Purified diffocin
particles isolated from strain CD4 were analyzed by SDS-PAGE
and silver staining (Fig. 3). Two individual bands, of �200 kDa
and �40 kDa, were each excised and analyzed by mass spectrom-
etry. Peptides from the 40-kDa band were found to match the
predicted products from two separate C. difficile open reading
frames encoded in several of the C. difficile strains for which the
genomes have been sequenced, including reference strain 630.
The first of these was ORF 1363, which encodes a 39,192-Da
phage-like sheath protein. The second predominant polypeptide
in this band corresponded to ORF 1371, a 39,565-Da phage-like
baseplate protein. Since these proteins were coincidentally very
close in molecular mass, they migrated as the same SDS-PAGE
band. The 200-kDa band yielded a dominant polypeptide that
corresponded to ORF 1374 of strain 630, a gene that is down-
stream (3=) of the two other identified phage-like ORFs. A third
band of �60 kDa was also analyzed and matched a GroEL-like
protein (ORF 0194); it was likely a particulate impurity.

Since these ORFs mapped in very close proximity within the C.
difficile genomes, we analyzed the surrounding genomic region. A
prophage-like element was found between bases 1574593 and
1596384 of strain 630, which includes ORFs 1359 to 1379 (Fig. 4;
Table 2). Several genes encoded in this region are homologues of
the components of the tail structure of a typical Myoviridae phage,
including sheath, baseplate, tail fiber, and tail length determina-
tion proteins. No genes encoding capsid, capsid assembly pro-
teins, or portal proteins were found. Also absent from the locus
were any ORFs that encoded putative DNA replication or DNA
packaging machinery; this locus is consistent with that of a phage
tail-like bacteriocin, for example, the R2 pyocin locus of P. aerugi-
nosa (26). Flanking the structural genes were several ORFs that
encoded putative phage-like regulatory elements. Since several
ORFs from this locus encode polypeptides identified in diffocin
particles, and due to the fact that the gene cluster resembles what
one might predict for an R-type bacteriocin, we assigned the dif-
focin locus to this region. The putative structural genes (ORFs
1363 to 1374) are all encoded on the same DNA strand. Several of

TABLE 1 Bactericidal activities of diffocins against clinical isolates of C.
difficile

Strain (ribotype)

Activity against the strain

Diffocin 4 Diffocin 16 Diffocin 43593

19099 (002) � � �
19103 (001) � � �
19104 (027) � � �
19135 (001) � � �
19137 (015) � � �
19142 (NA) � � �
19145 (153) � � �
19155 (NA) � � �

FIG 2 Bactericidal activity of diffocin 4 on strain 19137. (A) Lawn spot assay,
showing zones of clearing due to the bactericidal activity of diffocin. (B) Liquid
survival titration assay. A fixed number of target cells were incubated with
dilutions of the diffocin preparation. The cells were then diluted and spotted
onto an agar plate.

FIG 3 Silver stained SDS-PAGE gel of purified diffocin particles from CD4
(left lane). The arrows indicate bands that were excised for mass spectrometric
analysis. The molecular mass markers (right lane) were pasted from a different
lane of the same gel.
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these structural proteins display sequence similarities to known C.
difficile bacteriophages, including phages �119 and �C2 (10, 11)
(Table 2), suggesting a common ancestry.

Of particular note was ORF 1374. This gene encodes a large
polypeptide that is located just downstream of a small ORF with
similarity to phage tail fibers (ORF 1373). Electron micrographs of
diffocins have revealed a large flower-like structure at one pole of
the tubular particle; we hypothesize that this large polypeptide

1374, along with the putative product of ORF 1373, constitutes
this flower-like structure (see below).

Notable was the absence of holin or endolysin genes (for a
review, see reference 40). These genes are typically carried by
phages and are present in some phage tail-like bacteriocin gene
clusters, including the R-type pyocin cluster of P. aeruginosa. The
products of these genes are involved in the timed lysis of bacterial
cells to release the bacteriocin (or phage) particles.

FIG 4 Map of the genetic locus of the diffocin cluster. ORFs encoding putative structural components are shown in blue, while putative regulatory proteins are
shown in red. Those ORFs for which no function can be predicted based on sequence similarity are shown in gold. The intergenic sequence shown between ORFs
1360 and 1360a represents a potential operator region with two strong DinR consensus-binding sites (sequence portions indicated in red). Further annotations
of the ORFs are in Table 2.

TABLE 2 Open reading frames within the diffocin locia

ORF
No. of aa
residues

Predicted
mass (kDa)

Strand
sense Putative function Comment

CD1359 168 19.5 � Regulatory Putative toxin component of toxin/antitoxin system
CD1360 106 12.6 � Repressor Helix-turn-helix XRE family-like proteins
CD1360A 65 7.6 � Regulatory Helix-turn-helix XRE family-like proteins
CD1361 146 17.6 � Sigma-like factor DNA-binding domain motif
CD1362 147 17.2 � Unknown
CD1363 354 39.2 � Sheath Similar to many Myoviridae sheath proteins, including C. difficile phages and PBSX
CD1364 142 16 � Unknown
CD1365 447 16.8 � Unknown
CD1365A 55 6.4 � Unknown
CD1366 817 89 � Tape measure Determines length of sheath structure
CD1367 140 16.2 � Unknown
CD1368 509 57 � Baseplate Phage cell well hydrolase homology
CD1369 108 12.6 � Unknown
CD1370 143 16.5 � Unknown
CD1371 350 39.6 � Baseplate J Common component of Myoviridae tail structures
CD1372 232 26.4 � Unknown Homology to PBSX XkdT and XkdU
CD1373 327 36.9 � Tail fiber N terminus is similar to Myoviridae phages, including C. difficile phages
CD1374 1,773 197.8 � Receptor binding The most divergent protein among diffocins; spectrum determinant
CD1375 98 11 � Unknown Shortened to C-terminal 39 residues in strain 630
CD1376 86 9.8 � Unknown
CD1377 151 16.8 � Unknown Not required in B. subtilis
CD1378 139 16.2 � Regulatory Not required for diffocin production in B. subtilis; helix-turn-helix XRE family-like

proteins
CD1378A 69 8 � Regulatory Not required for diffocin production in B. subtilis; helix-turn-helix XRE family-like

proteins
CD1378B 73 8.1 � Unknown Not required for diffocin production in B. subtilis
CD1379 132 15.5 � Regulatory Not required for diffocin production in B. subtilis; helix-turn-helix XRE family-like

proteins
a ORF numbering is based on the annotation of C. difficile strain 630. Homologues of each ORF are present in strains CD4 and CD16.
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The region between ORFs 1360 and 1360a, which are tran-
scribed in opposite directions, represents a potential operator
(Fig. 4). A strong promoter consensus sequence upstream of
1360a is present. Also noted were two consensus Cheo (DinR)
boxes, which are likely binding sites for DinR, the Gram-positive
equivalent of the SOS transcriptional regulator LexA (43, 44).

Sequence analysis of CD4 and CD16. Our assignment of the
diffocin cluster was based on the published sequence of strain 630.
We wished to confirm this by identifying the analogous diffocin
gene cluster(s) in strains CD4 and CD16 and expressing the clus-
ters in another species that was not anaerobic (see below). To
identify the CD4 and CD16 diffocin loci, we obtained draft ge-
nome sequences of CD4 and CD16 (see Materials and Methods).
Diffocin loci analogous to that of 630 were found in both strains.
All of the ORFs shared a high degree of sequence similarity (�98%
amino acid sequence identity), with the exception of ORF 1374.
Annotations of the diffocin gene cluster(s) are shown in Table 2.

The ORF 1374 is by far the most divergent ORF among the
diffocin gene clusters. The ORF 1374 (1,725 amino acids [aa]) of
CD16 and that of strain 630 (1,743 aa) are very similar, with 88%
identity; however, much of the divergence is in one central region
of the protein. The CD4 ORF 1374 (1,773 aa) is 38% identical to
both those of CD16 and 630, with only the N-terminal and C-ter-
minal portions being highly similar. A clustal analysis and a den-
drogram of the ORF 1374 amino acid sequences are shown in Fig.
S1 of the supplemental material. We also amplified and sequenced
ORF 1374 from ATCC 43593; it was found to be very similar to
that of 630, with 99% amino acid sequence identity (see Fig. S1).

Cloning and expression of diffocin 16 and diffocin 4 in Bacil-
lus subtilis. The entire diffocin gene cluster from CD16 was
cloned and inserted into a pETcoco-based bacterial artificial chro-
mosome (BAC) (see the materials description in the supplemental
material). Briefly, the 5= and 3= regions of the Bacillus subtilis amyE
gene were introduced to flank the entire predicted diffocin gene
cluster, ORFs 1359 to 1379, which along with the spectinomycin
resistance marker (aad9) was inserted into pETcoco-1 to create
pDG488. This plasmid was then transformed into B. subtilis strain
BDR123, which has the chloramphenicol resistance marker (cat)
inserted into amyE. Recombinants that were chloramphenicol
sensitive but spectinomycin resistant were selected, picked, and
verified by PCR to contain the entire diffocin 16 locus flanked by
amyE sites in the B. subtilis chromosome. This strain was named
BDR123-488.

Diffocins were expressed in BDR123-488 by induction with
mitomycin C, as for C. difficile. B. subtilis is known to have a
functional SOS system, and we suspected that the B. subtilis DinR
would bind to the diffocin operator and be cleaved by activated B.
subtilis RecA upon induction, resulting in expression of diffocins.
Note that B. subtilis encodes a defective prophage, PBSX (14, 45),
which is induced by the SOS response and results in lysis of cells
and release of defective phage-like PBSX particles into the culture
supernatant. We anticipated that because PBSX carries the holin
and lysin genes, these would serve to release the recombinant dif-
focin particles along with PBSX particles (15). Particles collected
from these lysates were tested for bactericidal activity against tar-
get C. difficile strains. Bactericidal activity was detected with the
predicted bactericidal spectrum of diffocin 16 on target strains
19099 and 19145. No activity was seen for strains 19137 and
19135, which are insensitive to diffocin 16. No bactericidal activity

against any tested C. difficile isolate was detected from lysates of B.
subtilis BDR123, which contains no diffocin cluster.

The three downstream putative regulatory genes, ORFs 1377 to
1379, were deleted from pDG488, creating pDG491. This plasmid
was transformed into BDR123 as described above, and appropri-
ate recombinant bacteria were selected. When induced with mi-
tomycin C, this construct (BDR123-491) also produced func-
tional diffocin 16, indicating that these deleted genes are not
required for diffocin expression in B. subtilis.

Similarly, we cloned ORFs 1359 to 1376 from strain CD4, cre-
ating plasmid pDG580. This BAC was introduced into BDR123,
and recombinants were selected. This strain (BDG12) also pro-
duced diffocins that exhibited the predicted target specificity of
diffocin 4, killing strains 19137 and 19135 but not 19099 or 19145.
Thus, diffocin 4 and diffocin 16 can each be expressed in B. subtilis
and retain the distinct killing spectra.

While the above expression system produced viable diffocin
particles based on spot plate assays, expression levels appeared to
be low compared with the natural material produced from C.
difficile. To remedy this we pursued two approaches. The first was
to delete the PBSX gene cluster from B. subtilis strain BDR11 (see
the supplemental material). We suspected that production of
these phage-like particles might limit diffocin production. This
deletion was accomplished by the marker-free deletion method of
Liu et al. (18), by which we created strain BDG9. The second
modification was to switch the integrant selective marker from
spectinomycin to chloramphenicol, which often results in better
protein expression (E. Ferrara, personal communication). A con-
struct was designed to integrate the diffocin 4 cluster with specti-
nomycin selection into the amyE as a single crossover (pDG589).
This construct was transformed into BDG9, and an integrant was
isolated and termed BDG21. BDG21 was further modified to
switch the spectinomycin resistance marker to chloramphenicol.
This was accomplished by creating a simple recombination plas-
mid, pDG621, which had the chloramphenicol gene flanked by
homologous portions of the diffocin cluster and the front portion
of amyE. Upon successful transformation and recombination, this
process generated BDG45.

BDG45 was grown to an OD600 of 1.0 and induced with mito-
mycin as described above. After overnight induction, some lysis
was observed despite the lack of PBSX and its lysis cassette, al-
though the amount of lysis was considerably less than with the
wild type: a 30 to 35% reduction in the OD600 compared to a
�90% reduction for PBSX-containing strains. The culture was
centrifuged, and the bacterial pellet was treated with Bugbuster to
release the cellular contents. The cellular contents were then
added to the supernatant, and the total diffocin activity was exam-
ined by spot assay. Based on serial 5-fold dilutions, we observed an
approximately 125-fold increase in diffocin production above that
of the previous construct (BDG21). With these changes in the
production strain and purification modifications, we were within
the range to measure total killing units (KU) using the survival
assay (30). The yield was comparable to, or slightly higher than,
that produced from C. difficile, �1 � 109 KU/per ml of culture
volume.

The product of ORF 1374 is the bactericidal spectrum deter-
minant. ORF 1374 encodes a large polypeptide (�200 kDa) that
was shown by mass spectrometry to be part of the purified diffocin
structure. When comparing the gene clusters of diffocins 4 and
diffocin 16, most of the gene products, particularly those that were
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predicted to be structural components, were nearly identical at the
amino acid level. The major difference between the two clusters
was ORF 1374. For this and other reasons discussed below, we
speculated that this gene product confers the target specificity of
the diffocins. To test this, we completely replaced ORF 1374 of
diffocin 4 with that of diffocin 16 in the integration vector (see the
supplemental material) to create pDG603. pDG603 was then used
to make a B. subtilis recombinant (BDG55), from which the dif-
focins were expressed as described above. The resulting hybrid
diffocin particles, termed diffocin 4-16, had bactericidal activities
against strains 19099 and 19145, both of which are sensitive to
natural diffocin 16. Diffocin 4-16 did not kill 19135 or 19137; both
are sensitive to diffocin 4 (Fig. 5 shows spot plate assays of diffo-
cins 4 and 4-16 on these strains). The observed bactericidal spec-
ificities of these chimeric diffocin particles after replacement of
just this one ORF demonstrated that target specificity is deter-
mined by the product of ORF 1374, the putative receptor-binding
protein.

DISCUSSION

We have shown that some strains of Clostridium difficile produce
R-type bacteriocins, termed diffocins, which have bactericidal ac-
tivity against other strains of the same species. The genetic locus
that encodes these structures has been identified, cloned, and ex-
pressed in B. subtilis, an aerobic organism that is used to produce
food and pharmaceutical products. This is apparently the first
such entity to have been genetically and functionally identified
and described for this species. Phage tail-like bacteriocins have
been identified in C. botulinum; however, no functional or genetic
characterizations have been published (7, 13).

Like the R-type pyocins of Pseudomonas aeruginosa, the bacte-
ricidal activities of diffocins appear to be specific to subsets of
strains within the species. The spectrum determinant, presumably
the receptor-binding protein of the particle, is the product of ORF
1374.

The diffocin locus has been located between ORFs 1359 and
1376, based on identification of structural genes, examination of
the surrounding region for similarities to other phage tail-like
ORFs, including regulatory genes, and the fact that this locus can
be transferred to a different organism and produce bactericidal
particles. We originally annotated ORFs 1377 to 1379 as part of the
locus; however, production of active diffocins in B. subtilis does

not require these ORFs. These small ORFs, which show some sim-
ilarities to phage-like regulatory proteins, could be evolutionary
remnants; however, they may play some regulatory role in C. dif-
ficile. Several other small ORFs that also have sequence similarities
to regulatory proteins have been noted upstream; it is also unclear
what role they play. A potential operator region was identified
between the transcriptionally divergent ORFs 1360 and 1360a.
This region contains two potential DinR-binding (functionally
equivalent to LexA of E. coli) sequences flanking a strong pro-
moter consensus that would likely initiate transcription of ORFs
1360a, 1361, 1362, and 1363 (the latter being the first identifiable
structural gene), and also structural genes further downstream.
The most likely regulatory scenario is that DinR binds these Cheo
boxes between the ORF 1360 and 1360a sites and represses tran-
scription, possibly in both directions; upon cleavage of DinR by
activated RecA, the operator is derepressed. However, the pres-
ence of two potential lambda Cro-like repressors (ORFs 1360 and
1360a) and a putative sigma factor (ORF 1361) suggests that tran-
scription is fine-tuned by diffocin-specific regulatory proteins. A
considerable amount of work will be needed to elucidate the reg-
ulatory switch. In any event, when introduced into B. subtilis, this
operon appears to be regulated in a similar manner, suggesting
that the DinR proteins are functionally interchangeable between
C. difficile and B. subtilis.

Noticeably absent from the diffocin loci are ORFs encoding cell
lysis functions (i.e., a lysis cassette). This is somewhat surprising,
since lysis is required to release particles from the cells. It appears
that most, if not all, C. difficile strains do carry prophages that
carry lysis genes that could be induced to release diffocins. Upon
induction of the SOS response, there may be a genetic switch that
in some instances enables production of phages and under other
conditions, diffocins.

A unique feature of diffocins is the large protein encoded by
ORF 1374, which we have shown to be the spectrum determinant
that likely binds to a target cell surface receptor. Typically, Myo-
viridae phage tails and related bacteriocins possess tail fibers that
act as receptor-binding proteins. These homotrimeric tail fiber
structures are attached to the baseplate and are likely to be present
at 6 copies per particle (17). This is the case for the Myoviridae
phages of C. difficile, including �119 and �C2 (10, 11), which
likely share a common ancestry with diffocins. However, diffocins
do not encode a full-length tail fiber. Instead, ORF 1373 encodes a
truncated homologue of just the N terminus of the phage �CD119
and �CD2 tail fibers. In fact, there is even significant sequence
similarity between ORF 1373 and the N terminus of the tail fiber
protein of the P. aeruginosa R2 pyocin (Prf15), the region shown
to be involved in baseplate binding (31, 42). We believe that the N
terminus of the product of ORF 1373 retains its baseplate-binding
function, but rather than acting as a receptor-binding protein, it
interacts with the product of ORF 1374, which fulfills the latter
role. The large flower-like appendages seen in the diffocin electron
micrographs could be explained by such a structure. Also notable
is the fact that the gene products of ORFs 1374 of various C. diffi-
cile isolates have diverged considerably more than the other ORFs
in the diffocin clusters. This would be expected, considering that
receptor-binding proteins would have diverged to target diverse
receptors in order to kill diverse strains. Future work is needed to
identify the molecular targets or receptors for diffocin binding on
the surfaces of target bacteria.

Strain 630 encodes a locus that we used to first identify the

FIG 5 Spot plate assays of diffocin 4 and the hybrid diffocin 4-16 on target
strains 19145, 19099, 19137, and 19135. Diffocin 4 was produced in B. subtilis
BDG45, and the hybrid diffocin 4-16 was produced in BDG55. The diffocins
were purified, and serial 5-fold dilutions of diffocins were spotted onto lawns
of target bacteria, with diffocin 4 on the left and diffocin 4-16 on the right of
each lawn. The plates were incubated overnight at 37°C before imaging.
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diffocin genes. Given that its ORF 1374 is nearly identical to that
of ATCC strain 43593, we might predict it to have a similar bac-
tericidal spectrum. However, we have not been able to induce
active diffocin particles from strain 630 by using mitomycin C. It is
possible that the diffocin gene cluster is defective in this strain.
Induction of the SOS response in 630 does induce prophages (10);
perhaps there is a subtle regulatory balance between diffocin in-
duction versus phage induction. During preparation of the man-
uscript, several whole-genome and draft genome sequences of C.
difficile have been released, most of which contained a diffocin or
diffocin-like gene cluster. It appears that these particles are wide-
spread among the species. In addition, a recent study involving a
collection of ribotype 027 C. difficile isolates found that they pro-
duced phage tail-like particles that morphologically resembled
diffocins similar to our 027 diffocin producer, CD16 (27). Further
work is needed to determine if diffocins from all 027 strains have
identical killing spectra.

CDI has become a leading nosocomial infectious disease.
Treatment of full-blown infection requires extensive use of anti-
biotics, such as metronidazole, vancomycin, or fidaxomycin, all of
which are often successful therapies. However, the relapse rates
are high and increase with each recurrence. Alternative therapies
and management are needed. Particularly attractive is the poten-
tial prophylactic use of these specifically targeted bactericidal dif-
focins for prevention of colonization or for decolonization of
asymptomatic human carriers, particularly individuals scheduled
for antibiotic-mediated insults to their intestinal microbiota. Oral
and parenteral R-type bacteriocins have been demonstrated to be
effective prophylactics and therapeutics in animal models (6, 12,
21, 29, 30). We expect that orally administered diffocins could
similarly be used to treat or prevent CDI. These agents might also
be used to suppress the C. difficile bloom and consequential colitis
in high-risk carrier patients and perhaps to prevent relapse, all
without causing unintended collateral damage to the intestinal
microbiota. At least one diffocin, the one produced by 43593, kills
027 isolates and could be used itself in locations where this ri-
botype is dominant. However, other ribotypes are becoming more
prevalent, and a broader-spectrum diffocin will be needed; our
work in identifying the receptor-binding protein is the first step in
potentially being able to broaden the spectrum of diffocins pro-
duced by C. difficile by using genetic manipulation.
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