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Lytic bacteriophage ATCC 8074-B1 produces large plaques on its host Clostridium sporogenes. Sequencing of the 47,595-bp ge-
nome allowed the identification of 82 putative open reading frames, including those encoding proteins for head and tail mor-
phogenesis and lysis. However, sequences commonly associated with lysogeny were absent. ORF 22 encodes an endolysin,
CS74L, that shows homology to N-acetylmuramoyl-L-alanine amidases, and when expressed in Escherichia coli, the protein
causes effective lysis of C. sporogenes cells when added externally. CS74L was also active on Clostridium tyrobutyricum and Clos-
tridium acetobutylicum. The catalytic domain expressed alone (CS74L1–177) exhibited a similar activity and the same host range
as the full-length endolysin. A chimeric endolysin consisting of the CS74L catalytic domain fused to the C-terminal domain of
endolysin CD27L, derived from Clostridium difficile bacteriophage �CD27, was produced. This chimera (CSCD) lysed C. sporo-
genes cells with an activity equivalent to that of the catalytic domain alone. In contrast, the CD27L C-terminal domain reduced
the efficacy of the CS74L catalytic domain when tested against C. tyrobutyricum. The addition of the CD27L C-terminal domain
did not enable the lysin to target C. difficile or other CD27L-sensitive bacteria.

Clostridium sporogenes is environmental bacterium which has
been associated with a range of food and silage spoilage prob-

lems (13, 30, 39, 46). In cheese spoilage, it can contribute to gas
formation and can also compound the damage caused by Clostrid-
ium tyrobutyricum, the major cause of cheese blowing (24, 30). It is
also physiologically comparable to a nontoxigenic form of proteo-
lytic Clostridium botulinum (29) and as such is often used as a
model organism for investigating treatments to reduce C. botuli-
num contamination. Investigations of methods of control have
focused on reducing spore numbers or outgrowth by protocols
such as centrifugation and brining (43), polyphosphates and heat
treatment (7), acid-blanching and chelation (39), administration
of lantibiotics (13, 46), a combination of heat, acidification, and
nisin (35), or pulsed pressurization (1). Nitrosyl complexes have
also been shown to inhibit the growing cells (20). Bacteriophages
and their endolysins represent an additional avenue for control
and could be used alone or in combination with current control
methods (38).

Bacteriophage endolysins effect the release of new virus parti-
cles from an infected cell by attacking the peptidoglycan wall (11,
25). Lysis of Gram-positive bacteria can also be achieved by exter-
nal application of endolysins, and recent work has demonstrated
their potential to reduce infection by a range of bacteria (reviewed
in reference 12). Endolysins exhibit a restricted range of activity
that is invariably larger than that of the parent bacteriophage but
nonetheless relatively specific. Depending on the endolysin, this
can encompass all strains within a species, a slightly wider taxo-
nomic grouping, or a broad range of targets. This targeting is
commonly thought to be associated with a C-terminal cell wall
binding domain, while the hydrolysis of peptidoglycan is achieved
by one or more N-terminal catalytic domains. This specificity
gives added value to their application as antimicrobials in mixed
communities, allowing targeted killing of pathogens or spoilage
organisms without disruption of commensal or fermentative mi-
crobes.

A number of studies have shown that endolysin domains can
be utilized separately; the cell wall binding domain can be isolated

and used in conjunction with a reporter or capture system for
detection or collection of cells (22, 26, 41), and catalytic domains
can be attached to cell wall binding domains from autolysins,
other endolysins, or bacteriophage tail-associated peptidoglycan
hydrolases to produce new chimeric enzymes with specificities
that match the new C-terminal domain (4, 10, 31, 42). In addition,
some endolysin catalytic domains retain both their activity and a
measure of specificity after removal of their C-terminal domains
(9, 28, 32).

In this study, we sequenced the genome of bacteriophage
ATCC 8074-B1 (referred to here as �8074-B1), which infects C.
sporogenes (6), and identified 82 putative open reading frames,
many of whose predicted proteins show little homology to existing
bacteriophage sequences. The predicted endolysin was expressed
in Escherichia coli and demonstrated to exhibit lytic activity
against cells of C. sporogenes. A similar level of lytic activity was
produced by the N-terminal region of the endolysin expressed
either alone or in conjunction with the C-terminal domain of an
endolysin active against Clostridium difficile (33).

MATERIALS AND METHODS
Bacterial strains and growth conditions. C. sporogenes ATCC 17786, C.
difficile NCTC 11204, and C. tyrobutyricum NCIMB 9582 were main-
tained in Robertson’s cooked-meat medium (SGL) at room temperature
and grown at 37°C under anaerobic conditions in either RCM broth (Ox-
oid) or brain heart infusion (BHI) with complements (33). Escherichia coli
strains (Invitrogen) were grown in L broth with shaking at 37°C. Other
strains were obtained from the NCTC (HPA, London, United Kingdom),
the NCIMB (Aberdeen, United Kingdom), or the DSMZ (Braunschweig,
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Germany) or were kindly donated by Clare Aldus and Sandra Stringer
(IFR, Norwich, United Kingdom) and were grown as recommended by
DSMZ or in BHI with complements. Strains used to investigate the host
range of the endolysin were Anaerococcus hydrogenalis DSMZ 7454, Bacil-
lus amyloliquefaciens 0880, Bacillus cereus NCIMB 11796, Bacillus subtilis
ATCC 6633, Clostridium acetobutylicum BL75141, Clostridium bifermen-
tans NCTC 13019, Clostridium butyricum NCIMB 7423 and 8082, Clos-
tridium cellobioparum DSMZ 1351, Clostridium coccoides NCTC 11035,
Clostridium innocuum DSMZ 1286, Clostridium leptum DSMZ 753, Clos-
tridium perfringens NCTC 3110, Clostridium ramosum DSMZ 1402, Clos-
tridium sordellii NCTC 13356, C. tyrobutyricum NCIMB 9582, Eubacte-
rium barkeri DSMZ 1223, Listeria innocua NCTC 11288, Listeria ivanovii
NCTC 11007, and C. sporogenes ATCC 17886 (also known as 213 [6]),
NCIMB 8053, 532, 10696, 9381, 9382, 9383, 12148, 12343, 700933,
701789, 701791, 701792, and 701793, NCDO 1792, and PA 3679.

Propagation and sequencing of �8074-B1. �8074-B1 (also known as
F1 [6]) was propagated on sensitive strain C. sporogenes ATCC 17786 on
RCM supplemented with 5 mM CaCl2 as described previously (34).
Genomic DNA was extracted from filtered plate lysates using a � midikit
(Qiagen). Sequencing and assembly of the �8074-B1 genome was per-
formed by the DNA Sequencing Facility (University of Cambridge) using
454 sequencing on a Genome Sequencer FLX (Roche) and assembled with
the Phred-Phrap program. Open reading frames (ORFs) were determined
by Artemis (40) with BLASTP searches (2), and domain searches were
performed by InterProScan (49). Amino acid and nucleotide alignments were
performed with Vector NTI using the Clustal W algorithm (Invitrogen). Pho-
bius was used to identify transmembrane domains (http://www.ebi.ac.uk
/Tools/phobius/), JPred3 (http://www.compbio.dundee.ac.uk/www-jpred/)
was used for prediction of secondary structure, and Grease (http://fasta.bioch
.virginia.edu/fasta_www2/) was used for Kyte-Doolittle hydropathy plots
(23). Electron microscopy to confirm bacteriophage morphology was per-
formed as described previously (33).

Subcloning and expression of �8074-B1 endolysin. The �8074-B1
putative endolysin gene, cs74l, was amplified from genomic DNA using
Phusion polymerase (Finnzymes) and primers CS74L-F (5=-GGA CTA
CAT ATG AAG ATA GGT ATT G [bold letters represent altered nucleo-
tides]; Sigma Genosys) and CS74L-R (5=-TAT TGG GAT CCC TAA ATC
CTT), giving a product of 849 bp. The PCR product was restricted, sub-
cloned into the NdeI and BamHI sites of vector pET15b (Novagen), and
transformed into E. coli as described previously (33). Positive transfor-
mants were selected with ampicillin (100 �g/ml), and after sequence con-
firmation, construct cs74l-pET15b was transformed into E. coli
BL21(DE3) (Invitrogen) for protein expression. The truncated endolysin
sequence cs74l1–177 was amplified from cs74l-pET15b using primers T7P
from the vector (5=-TAA TAC GAC TCA CTA TAG GG) and CS74L-EAD
(5=-TTG ATT CTA GTT TCC AGA TTC T) to insert a stop site after Asn
177. The 687-bp product was subcloned into pCR2.1 (Invitrogen) and
then excised with NdeI and XhoI, subcloned into pET15b, and trans-
formed for sequence confirmation and expression as before. The chimeric
lysin CSCD nucleotide sequence was produced by splice overlap PCR
from cs74l-pET15b and cd27l-pET15b (33). The sequence for the CS74L
catalytic domain was amplified using primers T7P and CS_CDC (5=-TTT
AAC TCC CTC ATT GTT TCC AGA TTC TCC A). The sequence for the
C-terminal domain of CD27L was amplified with CDC_CS (5=-GGA GAA
TCT GGA AAC AAT GAG GGA GTT AAA C) and T7T from the vector
(5=-GCT AGT TAT TGC TCA GCG G). After amplification and splicing,
final products were restricted with NdeI and BamHI and subcloned into
pET15b as before.

Measurement of cell lysis. Endolysin expression was induced in
BL21(DE3) cells by isopropyl-�-D-thiogalactopyranoside (IPTG) for 4 h
as described by the manufacturer (Invitrogen). Crude protein extracts
were prepared in either 20 mM sodium phosphate (pH 6), 100 mM
HEPES (pH 7), or 20 mM Tris HCl–50 mM NaCl (pH 8) by bead beating
as described previously (33) and stored at 4°C. Protein extracts were an-
alyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) and Western blotting using antibodies to the His tag (No-
vagen), and His-tagged endolysin was partially purified using Qiagen Fast
Start nickel-nitrilotriacetic acid (Ni-NTA) columns, all as described pre-
viously (33). Dithiothreitol (DTT; 1 mM) was added to samples before
storage. Activity of His-tagged endolysins was assessed by turbidity assays
on fresh or frozen cells using 10 �g crude protein extract in 20 mM so-
dium phosphate (pH 6) or 10 �g partially purified endolysin in elution
buffer (50 mM sodium phosphate, 300 mM NaCl, 250 mM imidazole [pH
8.0]). Chicken egg white lysozyme (Sigma) was used as a positive control.

Nucleotide sequence accession number. The genome of �8074-B1
was deposited in GenBank under accession number JQ246028.

RESULTS
�8074-B1 genomic analysis. �8074-B1 (F1) was previously de-
scribed as a lytic phage with the ability to form plaques on several
strains of C. sporogenes (6). Electron microscopy of phages prop-
agated in strain ATCC 17886 revealed a prolate capsid with icosa-
hedral caps (ca. 70 nm by 46 nm) with a cross-banded and flexible
tail (ca. 110 nm long and ca. 7 nm wide) with no visible neck.
Microscopy also revealed the presence of short tail fibers. Overall,
this indicates that the virus is a member of the family Siphoviridae
(Fig. 1) and confirms the morphology described by Betz (5). In
addition to the sensitive strains listed previously (6), �8074-B1
was able to form plaques on 8 of the 16 C. sporogenes strains tested
(Table 1).

The double-stranded DNA genome of �8074-B1 is 47,595 bp,
with a 35.4% GC content, and contains 82 putative open reading
frames (ORFs). Open reading frames were selected on the basis of
proximity to the consensus ribosome binding site, an AG-rich
region 5 to 13 nucleotides from the start codon. Most of the ribo-
some-binding site (RBS) sequences match the most favorable

FIG 1 Electron micrograph of �8074-B1. The micrograph was taken at a lens
setting of 80,000�. Bar, 20 nm.
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GGAGG sequence (47); AUG is the most common start codon,
but some ORFs also have GUG (ORFs 15, 25 and 68), UUG (ORFs
35, 47 and 78), and in one case AUA (ORF 72) as predicted start
codons. Most of the proposed ORFs have the same orientation,
and several overlap at the predicted starts and ends (Fig. 2). Puta-
tive functions were assigned on the basis of BLASTP analysis
and/or domain searches (see Table S1 in the supplemental mate-
rial). In contrast to previously published bacteriophage genomes
from members of the Clostridiales, a large number of ORFs did not
show high homologies to existing sequences. Those predicted pro-

teins which did show matches to known sequences appeared to be
of diverse evolutionary origin, showing similarities to proteins
from a wide range of mostly Gram-positive bacteria and phages.
No elements associated with lysogeny were identified, and the lack
of a prophage state would explain the low level of similar se-
quences in clostridial genomes. One of the exceptions is the endo-
lysin, ORF 22 (cs74l). A translation of this sequence showed good
homology to N-acetylmuramoyl-L-alanine amidases from a vari-
ety of sequenced C. botulinum genomes, representing either pro-
phage or autolysin genes. The N-terminal region of CS74L has

TABLE 1 Lytic activity of CS74L, CS74L1-177, and CSCD on sensitive species

Bacterium

Lytic activitya

�8074-B1 plaque
formationbCS74L CS74L1-177 CSCD CTP1L

C. sporogenes ATCC 17886 59.9 � 0.3 67.8 � 0.3 69.4 �/-1.3 � C
C. sporogenes NCIMB 10696 84.0 � 0.3 61.6 � 3.4 71.2 � 0.1 � R
C. sporogenes NCIMB 532 53.6 � 3.7 62.8 � 0.1 67.9 � 0.4 � R
C. sporogenes NCIMB 9381 77.7 � 1.8 21.5 � 6.4 9.6 � 3.4 � R
C. sporogenes NCIMB 9382 73.3 � 4.5 33.4 � 5.1 58.0 � 2.2 � C
C. sporogenes NCIMB 9383 78.9 � 0.5 44.3 � 2.0 75.7 � 1.1 � C
C. sporogenes NCIMB 12148 40.2 � 0.7 68.1 � 0.2 55.8 � 0.3 � R
C. sporogenes NCIMB 12343 75.9 � 5.6 70.4 � 1.6 80.2 � 1.1 � T
C. sporogenes NCIMB 700933 54.9 � 2.0 74.8 � 0.2 74.6 � 1.9 � R
C. sporogenes NCIMB 701789 35.9 � 0.3 72.2 � 0.8 58.6 � 3.2 � c
C. sporogenes NCIMB 701791 50.7 � 4.8 75.9 � 2.5 66.9 � 2.1 � R
C. sporogenes NCIMB 701792 65.9 � 4.7 76.3 � 1.7 68.9 � 1.2 � c
C. sporogenes NCIMB 701793 58.2 � 1.9 73.6 � 0.2 71.9 � 0.7 � R
C. sporogenes NCIMB 8053 83.4 � 0.9 52.7 � 2.5 74.9 � 0.9 � R
C. sporogenes NCDO 1792 51.0 � 0.5 67.5 � 1.2 69.0 � 0.7 � c
C. sporogenes PA 3679 44.7 � 0.4 68.5 � 1.8 64.5 � 1.4 � c
C. acetobutylicum BL75141 32.5 � 0.7 31.1 � 1.1 48.5 � 6.0 � R
C. tyrobutyricum NCIMB 9582 52.7 � 2.5 46.5 � 7.0 16.8 � 4.2 57.6 � 0.6 R
a Percent drop in OD at 600 nm in 8 min (mean � SD), measured over linear lysis of frozen cells incubated with 10 �g partially purified protein. �, not measured.
b C, large clear plaques; c, small clear plaques; T, large turbid plaques; R, no plaque formation.

FIG 2 �8074-B1 genome map showing predicted ORFs. Arrows indicate the direction of transcription. Proposed functional modules are marked based on
BLAST and domain search results (see Table S1 in the supplemental material).
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homology to an N-acetylmuramoyl-L-alanine amidase domain
(cd02696, MurNac-LAA; E value, 4e�36), while the C-terminal
region showed no homology to the identified cell wall binding
domains found in many other endolysins.

The ORF immediately upstream of the endolysin commonly
codes for the holin, forming a two-gene lysis cassette. Unusually,
the translation product from the small ORF upstream of ORF 22
does not show any predicted transmembrane domains (TMDs).
Computer analysis suggests that its structure is largely helical and
slightly hydrophobic. It does share limited homology with part of
the predicted holin from �CD27, giving amino acid matches of
15.9% (identity) and 26.1% (similarity), but the lack of TMDs
argues for either a different function or a different membrane
topology. The translation of ORF 21 does have some homology
(19.3% identity and 36.8% similarity) to the predicted protein
upstream of the sequence with the highest BLASTP homology to
the endolysin encoded by ORF 22 (YP_002862711 and
YP_002862712, respectively) and to the products of other coding
sequences upstream of endolysins with similarity to ORF 22, sug-
gesting that ORF 21 and ORF 22 have been coinherited. However,
although holins and lysins would be expected to be cotranscribed,
similarity to a consensus promoter sequence was not identified
upstream of ORF 21. There were no predicted ORFs overlapping
the endolysin sequence.

Both the ORF downstream of cs74l (ORF 23) and a shorter
ORF (ORF 25) have one predicted transmembrane domain, but
the N termini are predicted to be noncytoplasmic and the C ter-
mini cytoplasmic, unlike typical holins of type III (48). BLASTP
searches show that the translation product of ORF 23 has similar-
ity to Imm proteins from Clostridium novyi and C. botulinum.

The end of the genome sequence has a section of ORFs reading
in the opposite orientation to the majority of the genome. Many of
these are short and have limited or no homology to sequences in
databases, but most have good matches to the consensus RBS; this
section is preceded by a region of ca. 875 bp where none of the
short predicted reading frames have recognizable RBS sites. This
gap and the change in orientation might suggest some rearrange-
ment of DNA in the past.

CS74L endolysin activity. His-tagged CS74L was expressed in
E. coli, and crude protein extracts showed clear lytic activity on C.
sporogenes 17786 cells (Fig. 3). The most effective extraction buffer
in terms of yield and activity was 20 mM sodium phosphate (pH
6); SDS-PAGE and Western analysis of the extracts revealed a ca.
33-kDa band (predicted size, 31.1 kDa) in all extracts, with a sec-
ond ca. 27-kDa band hybridizing to the His tag antibody in the
extracts in 20 mM sodium phosphate (pH 6) and 100 mM HEPES
(pH 7) which was absent from extracts in 20 mM Tris HCl, 50 mM
NaCl (pH 8). Proteins extracted in HEPES buffer showed a re-
duced lytic activity. Extracts from cells harboring pET15b alone
did not produce appreciable lysis.

CD27L, which targets C. difficile, is an N-acetylmuramoyl-L-
alanine amidase endolysin whose truncated catalytic domain
(CD27L1–179) shows an increased activity compared to the full
endolysin (32). It shows some similarity to CS74L across the whole
length of the proteins (41.7% consensus, 28.4% identity) but is
not active against C. sporogenes cells. To investigate the activity
and specificity of CS74L further, constructs were produced to ex-
press either the CS74L catalytic domain alone (amino acids 1 to
177, covering the region of homology to cd02696 [amino acids 2
to 171]) or a chimera of this domain fused to the region down-
stream of the catalytic domain of CD27L (amino acids 180 to 270)
(Fig. 4). Partially purified extracts of the His-tagged proteins
CS74L, truncated CS74L1–177, and chimera CSCD all showed lytic
activity on fresh and frozen cells of C. sporogenes 17886 (Fig. 5;
Table 1). Lysis of fresh cells commonly occurred after a lag of ca.
15 min. When similar amounts of total protein were added, the
truncated catalytic domain CS74L1–177 was slightly more effective
than the whole endolysin. This may reflect the higher number of
catalytic units in the reaction due to the lower molecular weight.
However, unexpectedly CSCD, comprising the CS74L catalytic
domain fused to the CD27L C-terminal domain, gave a rate of
lysis to similar to that of CS74L1–177. Lysis from 1 �g partially
purified CS74L was less than that from 10 �g, and there was a
longer lag period before lysis was observed (ca. 30 min) (Fig. 5B).
Similar results were obtained with CS74L1–177 and CSCD, while
lysis from assays containing 0.1 �g or 0.01 �g lysins was compa-

FIG 3 Activity of CS74L in crude protein extracts. (A) SDS-PAGE analysis of crude extracts from E. coli expressing His-tagged endolysin CS74L or empty vector
controls. Lane 1, SeeBlue marker (Invitrogen); lanes 2 to 4, E. coli cs74l-pET15b total protein; lanes 5 to 7, E. coli pET15b total protein. Proteins were tested after
4 h induction with IPTG, extracted with 20 mM sodium phosphate (pH 6) (lanes 2 and 5), 100 mM HEPES (pH 7) (lanes 3 and 6), or 20 mM Tris HCl, 50 mM
NaCl (pH 8) (lanes 4 and 7). Crude protein samples were loaded at 10 �g per lane. The arrow indicates endolysin CS74L. (B) Western blot analysis of the gel in
panel A hybridized to His tag antibody. (C) Turbidity reduction assay of frozen cells of C. sporogenes 17886 incubated with 10 �g crude protein extracts from E.
coli expressing cs74l-pET15b (filled symbols) or pET15b (open symbols) extracted in 20 mM sodium phosphate (pH 6) (�), 100 mM HEPES (pH 7) (�), or 20
mM Tris HCl, 50 mM NaCl (pH 8) (Œ). Values are means from replicate assays � standard deviations.
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rable to the gradual autolysis from buffer controls (data not
shown).

The effect of pH on endolysin activity was investigated using
crude protein extracts (Fig. 6). CS74L and CSCD were barely ac-
tive at pH 4.5 but showed increasing activity to pH 8.5; CS74L1–177

also had little activity at lower pH and a maximum activity at pH
7.5 with a similar activity at pH 8.5.

All three lysins were active against 15 other strains of C. sporo-
genes. In more than half of the strains, sensitivity to CS74L1–177

and CSCD was similar and slightly greater than that to CS74L
when 10 �g of each partially purified protein was used (Table 1).
However, several strains showed a faster lysis with the CS74L, and
one strain (NCIMB 9381) showed a much greater resistance to the
engineered lysins.

All three lysins were also active on C. tyrobutyricum; CS74L and
CS74L1–177 gave rates of lysis similar to that produced by endoly-
sin CTP1L, derived from a bacteriophage of C. tyrobutyricum (34),
while CSCD was less effective (Table 1). As CS74L and the glucosyl
hydrolase CTP1L have different enzymatic targets, the enzymes
were tested both singly and in combination using frozen cells to
investigate their potential for synergy. A combination of 5 �g each
of CS74L and CTP1L together did indeed give a slightly higher rate
of lysis (57.8% � 1% drop in optical density [OD] over 8 min)
than 5 �g of each lysin alone (32.0 � 10.0% for CS74L and 40.9 �

0.5% for CTP1L, respectively) but a similar rate of lysis to that
from 10 �g CS74L (55.3% � 0%), indicating a lack of synergy.

CS74L was not effective against C. difficile, and the addition of
the C-terminal domain of the C. difficile-targeting endolysin
CD27L failed to endow CS74L1–177 with the ability to lyse C. dif-
ficile cells. A slight difference between the lysin samples and the
buffer controls was noted after an extended incubation, but the
effect of CSCD was similar to that of CS74L1–177 (Fig. 5C).

A range of other Gram-positive species were also tested for
sensitivity to the lysins. Only C. acetobutylicum showed clear sen-
sitivity to all three lysins, and this was quantitatively similar (Table
1). Other members of the Clostridiales, including C. bifermentans,
C. cellobioparum, C. coccoides, C. innocuum, C. leptum, C. perfrin-
gens, C. ramosum, C. sordellii, E. barkeri, and the less closely related
species B. amyloliquefaciens, B. cereus, B. subtilis, L. innocua, and L.
ivanovii, were insensitive to CS74L, CS74L1–177, and CSCD. All
three lysins acted on frozen A. hydrogenalis but only after pro-
longed incubation; 10 �g CS74L took only ca. 8 min to reduce the
OD of frozen cells of C. sporogenes by 30%, but the same drop in
OD required ca. 370 min with A. hydrogenalis, and although

FIG 4 Summary of endolysin truncation and chimera mutants. Portions from
endolysin CS74L are in black, and those from CD27L are in white. N-AAA,
N-acetylmuramoyl-L-alanine amidase.

FIG 5 Turbidity reduction assays. Ni-NTA-purified protein extracts were incubated with fresh cells of C. sporogenes ATCC 17886 (A and B) and C. difficile NCTC
11204 (C). (A) �, 10 �g CS74L; o, 10 �g CS74L1–177; �, 10 �g CSCD; �, 1,000 U lysozyme, �, buffer control. (B) �, 10 �g CS74L; �, 1 �g CS74L; �, buffer
control. (C) �, 10 �g CS74L; o, 10 �g CS74L1–177; �, 10 �g CSCD; �, buffer control. Values are the means for duplicate samples � standard deviations.

FIG 6 pH profile of endolysin activity. Endolysin activity was measured in a
turbidity reduction assay using 10 �g crude protein extract incubated with
frozen cells of C. sporogenes ATCC 17886. Results are the means from duplicate
assays � standard deviations and are plotted as the percent decrease in OD at
600 nm over 8 min of linear lysis. �, CS74L; o, CS74L1–177; �, CSCD.
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CS74L1–177 and CSCD were more active (ca. 250 and ca. 180 min,
respectively), there was still no observable lysis until after 3 h of
incubation.

DISCUSSION

C. sporogenes is of interest not only because of its similarity to
proteolytic C. botulinum but also in its own right as a spoilage
organism. Previous studies identified several bacteriophages capa-
ble of infecting C. sporogenes and described �8074-B1 (F1) as a
tailed bacteriophage with the ability to produce large plaques on
several host strains of C. sporogenes (6). Although Betz (5) men-
tioned preliminary evidence of its ability to lysogenize, F1 was
classed as a virulent phage (44). In the present study, no ORFs with
homology to sequences associated with lysogeny were identified in
the genome sequence of �8074-B1; however, the genome con-
tains a large number of sequences for unidentified hypothetical
proteins, so the presence of such a module cannot be ruled out
completely.

Despite a lack of homology of many of the ORFs to known
sequences in databases, the CS74L endolysin sequence was highly
conserved with N-acetylmuramoyl-L-alanine amidases from the
sequenced genomes of a number of strains of C. botulinum, in-
cluding some annotated as bacteriophage endolysins. A high con-
servation of endolysin sequence has been also noted previously in
bacteriophages of C. perfringens (36). We failed to identify a typi-
cal holin gene in the region of the endolysin gene. Holins usually
fall into one of 3 classes based on membrane topology (48). Class
I has 3 transmembrane domains (TMD) with the N terminus on
the outside and the C terminus inside, class II has two TMDs with
both termini inside the cytoplasm, and class III has only a single
TMD with the N terminus on the inside and the C terminus out-
side the membrane. Holin genes are not always located immedi-
ately upstream of the endolysin gene: holin coding sequences from
one clade of bacteriophages infecting C. perfringens were found
downstream of the lysin genes (36), and bacteriophage C2 (�C2),
which infects C. difficile has a larger lysis cassette, with an ORF
with homology to the abiF gene (ORF 37) located between the
holin and the lysin sequences (16), while in the T7 phage the holin
gene is located in a cluster other than the lysis cassette (48). There
are also other examples of bacteriophages where potential classic
holins have not been identified (8). Further work to coexpress the
lysin with potential holins may help to identify a functional holin
gene and demonstrate whether the genome contains a novel type
of holin. The abiF gene is thought to confer phage resistance,
possibly to prevent superinfection by other phages (16), and so has
a functional similarity to the Imm protein. It is possible that ORF
23 is part of the lysis cassette, playing a role similar to that of the
�C2 ORF 37. It is interesting that the length of the region covering
ORFs 21, 22, and 23 and the immediate up- and downstream
noncoding regions corresponds to a molecular weight of ca. 0.4 �
106, the same size as a late transcript of �8074-B1 identified in a
previous work (45).

Endolysin CS74L lysed cells of all 16 strains of C. sporogenes
tested but was inactive on a range of other clostridia, with the
exception of C. acetobutylicum and C. tyrobutyricum. Truncation
of the endolysin to just the proposed catalytic domain produced
an active lysin but did not affect the specificity. Other studies
reported the maintenance of endolysin activity upon removal of
C-terminal domains; in many cases, this truncation led to a nota-
ble increase in activity (9, 14, 28, 32), while in others, activity

remained similar to or was lower than that of the full-length en-
dolysin (10, 21). In several cases, endolysin catalytic domains re-
tained the same or a similar host range upon removal of the C-ter-
minal domain (9, 18, 28, 32), despite the fact that their
peptidoglycan target is usually shared with a number of other
species. The difference in lytic activities between CS74L and
CS74L1-177 varied between the target strains of C. sporogenes; in the
majority of cases, activity was broadly similar or slightly greater,
although with some strains the full-length endolysin was clearly
more effective. This may reflect strain-specific differences in cell
wall decorations that could impact binding to the endolysin, such
that in some strains the possession of the correct C-terminal do-
main is advantageous. In cases where CS74L1-177 was more effec-
tive than CS74L, a chimera containing a different C-terminal do-
main often had a lytic activity similar to that of the truncated
endolysin, which implies that the increase is not associated with
improved access to the peptidoglycan due to a reduction in size of
the protein.

CS74L did not cause significant lysis of C. difficile cells, and the
chimera CSCD, consisting of the CS74L catalytic domain cotrans-
lationally fused to the CD27L C-terminal domain, showed only a
very limited activity on C. difficile cells which was similar to the
activity of CS74L1-177, indicating that the CD27L C-terminal do-
main did not confer a significant improvement by targeting the
endolysin to the cell wall. A number of other studies have demon-
strated the ability of endolysin or autolysin C-terminal domains to
confer new host specificities on catalytic domains (4, 10, 42). It is
possible that the CD27L C-terminal domain does not contain a
cell wall binding capability; as with CS74L and CTP1L, there are
no recognized cell wall binding motifs such as those found in other
lysins (e.g., SH3b and LysM) (4, 19). Alternatively, it could be that
the CD27L cell wall binding activity is not fully effective when
added externally; since it has evolved to act from inside the cell, it
may not be able to access the peptidoglycan or its binding target
from the outside due to external structures, such as the extensive
array of surface layer proteins. It has been proposed that endolysin
C-terminal domains exhibit an inhibitory activity when not
bound to the correct target (27, 28). Although the presence of the
CD27L C-terminal domain did not reduce activity of the CS74L
catalytic domain on C. sporogenes, it did have a negative effect on
CSCD lytic activity against C. tyrobutyricum.

Bacteriophages and their endolysins are of increasing interest
as possible novel biocontrol agents to reduce usage of antibiotics
and to target antibiotic-resistant bacteria. Although bacterio-
phages infect only a few strains, the use of bacteriophage cocktails
has shown promise in the reduction of disease in animals (3) and
biocontrol of food-borne pathogens (17). With their broader host
range, bacteriophage-derived endolysins have shown potential
both as antimicrobials against a range of pathogens and as the
basis for novel detection systems (12). These characteristics are
also applicable in food protection to reduce spoilage and improve
safety. Endolysins have already been demonstrated to reduce
pathogens in milk both alone and in combination with lantibiotics
(15, 37). Although the use of a protein might be problematic for
long-term control, endolysins can be delivered by food-grade or-
ganisms such as Lactococcus lactis (14, 33). Coculture of a C. sporo-
genes strain isolated from silage with a bacteriocin-producing
Streptococcus bovis strain can reduce ammonia production, which
could be applicable in the prevention of silage spoilage (13). In a
similar way, coculture of strains which overproduce and export
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endolysins might reduce numbers of spoilage organisms or patho-
gens in such diverse processes as silage fermentation, cheese pro-
duction, and food preservation. Further analysis of their mode of
action, the nature of their specificity, and appropriate delivery
systems will aid their use as novel biocontrol agents.
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