Characterization of bacteriophages virulent for Clostridium perfringens
and identification of phage lytic enzymes as alternatives to antibiotics

for potential control of the bacterium
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ABSTRACT There has been a resurgent interest in the
use of bacteriophages or their gene products to control
bacterial pathogens as alternatives to currently used
antibiotics. Clostridium perfringens is a gram-positive,
spore-forming anaerobic bacterium that plays a signifi-
cant role in human foodborne disease as well as non-
foodborne human, animal, and avian diseases. Coun-
tries that have complied with the ban on antimicrobial
growth promoters in feeds have reported increased inci-
dences of C. perfringens-associated diseases in poultry.
To address these issues, new antimicrobial agents, pu-
tative lysins encoded by the genomes of bacteriophages,
are being identified in our laboratory. Poultry intestinal
material, soil, sewage, and poultry processing drainage
water were screened for virulent bacteriophages that
could lyse C. perfringens and produce clear plaques in
spot assays. Bacteriophages were isolated that had long
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INTRODUCTION

Clostridium perfringens is a gram-positive, spore-
forming, anaerobic bacterium that is commonly pres-
ent in the intestines of people and animals. Clostridium
perfringens is classified into 1 of 5 types (A, B, C, D,
or E) based on the toxin production (Smedley et al.,
2004; Sawires and Songer, 2006). Spores of the patho-
gen can persist in soil, feces, or the environment, and
the bacterium causes many severe infections of animals
and humans. The bacterium can cause food poisoning,
gas gangrene (clostridial myonecrosis), enteritis necrot-
icans, and non-foodborne gastrointestinal infections in

©2013 Poultry Science Association Inc.

Received August 22, 2012.

Accepted September 19, 2012.

IPresented as part of the Tomorrow’s Poultry: Sustainability and
Safety Symposium at the Poultry Science Association’s annual meet-
ing in Athens, Georgia, July 9, 2012.

2Corresponding author: bruce.seal@ars.usda.gov

noncontractile tails, members of the family Siphoviri-
dae, and with short noncontractile tails, members of
the family Podoviridae. Several bacteriophage genes
were identified that encoded N-acetylmuramoyl-L-al-
anine amidases, lysozyme-endopeptidases, and a zinc
carboxypeptidase domain that has not been previously
reported in viral genomes. Putative phage lysin genes
(ply) were cloned and expressed in Escherichia coli. The
recombinant lysins were amidases capable of lysing both
parental phage host strains of C. perfringens as well as
other strains of the bacterium in spot and turbidity
reduction assays, but did not lyse any clostridia beyond
the species. Consequently, bacteriophage gene products
could eventually be used to target bacterial pathogens,
such as C. perfringens via a species-specific strategy,
to control animal and human diseases without having
deleterious effects on beneficial probiotic bacteria.

bacterial virus, food safety, animal/human health
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humans, and it is a veterinary pathogen causing enteric
diseases in both domestic and wild animals (Smedley
et al., 2004; Sawires and Songer, 2006; Scallan et al.,
2011). Necrotic enteritis is a peracute disease syndrome
and the subclinical form of C. perfringens infections
in poultry is caused by C. perfringens type A produc-
ing the a toxin. Some strains of C. perfringens type A
produce an enterotoxin at the moment of sporulation
that is responsible for foodborne disease in humans.
The mechanisms for colonization of the avian small in-
testinal tract and the factors involved in toxin produc-
tion are largely unknown. Unfortunately, few tools and
strategies are available for prevention and control of C.
perfringens in poultry. Vaccination against the patho-
gen and the use of probiotic or prebiotic products has
been suggested, but these are not available for practical
use in the field at the present time (Van Immerseel et
al., 2004). Consequently, there is a need for develop-
ing on-farm interventions to reduce populations of this
bacterial pathogen that lead to peracute flock disease
and potentially greater numbers of animal-borne Clos-
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tridium perfringens enterotoxin+ C. perfringens enter-
ing the human food chain.

Bacterial viruses were first reported in 1915 by Fred-
rick William Twort when he described a transmissible
glassy transformation of micrococcus cultures that re-
sulted in lysis of the bacterium (Twort, 1915). Subse-
quently, Felix Hubert d’Hérelle reported a microscopic
organism that was capable of lysing Shigella cultures on
plates that resulted in clear spaces in the bacterial lawn
that he termed plaques (d’Hérelle, 1917). Prior to the
discovery and widespread use of antibiotics, bacterial
infections were treated by administering bacteriophag-
es and were marketed by L’Oreal in France. Although
Eli Lilly Co. sold phage products for human use up un-
til the 1940s, early clinical studies with bacteriophages
were not extensively undertaken in the United States
and Western Europe after that time. Bacteriophages
were and continue to be sold in the Russian Federation
and Eastern Europe as treatments for bacterial infec-
tions (Sulakvelidze et al., 2001). Bacteriophages have
been identified in a variety of forms and may contain
RNA or DNA genomes of varying sizes that can be sin-
gle- or double-stranded nucleic acid (Ackermann, 1974,
2003, 2006, 2007). Of all the bacteriophages examined
by electron microscopy, 95% of those reported are tailed
with only 3.7% being filamentous, polyhedral, or pleo-
morphic (Ackermann, 2007). The tailed bacteriophages
contain linear, double-stranded DNA genomes that can
vary from 11 to 500 kb in the order Caudovirales, which
is further divided into 3 families based on tail morphol-
ogy. These bacterial viruses have icosohedral heads,
and those phages with contractile tails are placed in
the Myoviridae, phages with a long noncontractile tail
are placed in the Siphoviridae, whereas phages with
short noncontractile tail structures are members of
the Podoviridae (Ackermann, 2003, 2006). There has
been a resurgent interest in bacteriophage biology and
their use or use of phage gene products as antibacterial
agents (Merril et al., 1996; Wagner and Walder, 2002;
Liu et al., 2004; Fischetti, 2010). The potential use of
lytic bacteriophages, their lytic enzymes, or both has
been of considerable interest for veterinary and human
medicine, as well as the bioindustry worldwide due to
antibiotic resistance issues. Recently, the US Food and
Drug Administration approved a mixture of anti-Liste-
ria viruses as a food additive to be used in processing
plants for spraying onto ready-to-eat meat and poultry
products to protect consumers from Listeria monocyto-
genes (Bren, 2007).

In the European Union (EU) antimicrobial growth
promoters have been banned from animal feeds because
of concerns over the spread of antibiotic resistances
among bacteria (Bedford, 2000; Moore et al., 2006) and
the EU-wide ban on the routine use of antibiotics in
animal feeds became effective on January 1, 2006 (regu-
lation 1831/2003/EC). Removal of these antimicrobials
will induce changes within the chicken gastrointestinal
microbial flora, dictating the need to further under-
stand the microbial ecology of this system (Knarreborg

et al., 2002; Wise and Siragusa, 2007) so that appropri-
ate antibiotic alternatives may be developed (Cotter et
al., 2005; Ricke et al., 2005). There has been a limited
number of new antibiotic drugs marketed recently with
only 2 developed since 2000: linezolid, which targets
bacterial protein synthesis, and daptomycin, wherein
the mechanism of action is unknown. This is discon-
certing considering that this is happening at a time
when there is an increasing emergence of antibiotic-
resistant bacteria, with a meager number of new drugs
being developed active against these agents (Projan,
2008). The view that there is no compelling reason to
pursue development of novel therapeutic agents is un-
wise (Projan and Youngman, 2002), especially consid-
ering the emergence of pan-resistant or multiple-antibi-
otic-resistant strains of gram-positive bacteria (French,
2010). Consequently, bacteriophages or perhaps more
importantly their gene products may provide us with
new antimicrobials to combat antibiotic resistant bac-
teria or that could be used synergistically with tradi-
tional antibiotics.

MATERIALS AND METHODS

Bacteriophages were isolated from chicken offal,
chicken feces, poultry production run-off, and raw sew-
age in both the Moscow region of the Russian Federa-
tion and the southeastern United States by standard
methods (Ackermann, 2007; Van Twest and Kropinski,
2009; Wommack et al., 2009). Additionally, the viruses
were purified by isopycnic centrifugation and analyzed
by SDS-PAGE followed by mass spectrometry of the
proteins. Subsequent identification of the phage genom-
ic open reading frame (ORF) descriptive bacteriophage
structure and identification of potential lytic proteins
was completed by full-genome nucleotide sequencing,
genome annotations, and BLAST analyses as described
in detail by the investigators (Seal et al., 2011; Oakley
et al., 2011; Volozhantsev et al., 2011, 2012; Morales
et al., 2012). Recombinant proteins were produced by
cloning bacteriophage genes encoding putative lysins
such as N-acetylmuramoyl-L-alanine amidases and ex-
pression in E. coli (Simmons et al., 2010, 2012).

RESULTS AND DISCUSSION

Poultry intestinal material, sewage, and poultry pro-
cessing drainage water were screened for virulent Clos-
tridium perfringens bacteriophages that produced clear
plaques on the host bacterium (Figure 1A). The first
viruses isolated from broiler chicken offal washes and
poultry feces were designated ®CP390 and ®CP26F
that produced clear plaques on host strains (Seal et
al., 2011). Both bacteriophages had isometric heads
of 57 nm in diameter with 100-nm noncontractile tails
characteristic of members of the family Siphoviridae in
the order Caudovirales (Figure 1B). The double-strand
DNA genomes of the siphoviral bacteriophages ranged
from approximately 37,000 to 40,000 bp with average
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guanine-cytosine (GC) contents of 30.3%. The viral
genomes contained 60 to 64 potential ORF predicted
to be encoded on one strand of the genome (Figure
2A). Among the ORF, 29 predicted proteins had no
known similarity, whereas others encoded putative bac-
teriophage capsid components such as a pre-neck/ap-
pendage, tail, tape measure, and portal proteins. Other
genes encoded were predicted DNA primases, single-
strand DNA-binding proteins, terminases, thymidylate
synthases, and potential transcription factors. Potential
lytic enzymes such as a fibronectin-binding autolysin,
an amidase/hydrolase, and a holin were encoded in the
viral genomes. Several ORF-encoded proteins that gave
BLASTP matches with proteins from Clostridium spp.
and other gram-positive bacterial and bacteriophage
genomes. Proteomic analysis of the purified viruses re-
sulted in the identification of the putative pre-neck/
appendage protein and a minor structural protein en-
coded by large ORF. Variants of the portal protein
were identified, and several mycobacteriophage gp6-like
protein variants were detected in large amounts relative
to other virion proteins. The predicted amino acid se-
quences of the pre-neck/appendage proteins had major
differences in the central portion of the protein between
the 2 phage gene products and are most likely the viral
attachment protein. Based on phylogenetic analysis of
the large terminase protein, these phages are predicted
to be pac-type, using a head-full DNA packaging strat-
egy. Importantly, no toxin-encoding genes were identi-
fied among the bacteriophages and the phage genomes
probably do not integrate into the host genome (Seal
et al., 2011).

Phage whole-genome tetra-nucleotide signatures and
proteomic tree topologies correlated closely with host
phylogeny. The shared or core genome was comprised
of genes with multiple sequence types belonging to
5 protein families (pfam) and genes belonging to 12
pfam families, including the holin genes, were almost
identical (Oakley et al., 2011). Comparisons of our si-
phoviral phage genomes to 26 other bacteriophage ge-
nomes revealed 3 shared clusters of orthologous groups,
2 of particular interest within this core genome was an
endolysin (PF01520, an N-acetylmuramoyl-L-alanine
amidase) potentially capable of digesting the C. per-
fringens peptidoglycan and a holin (PF04531) that dis-

rupts the bacterial cell wall. Comparative analyses of
the evolutionary history and genomic context of these
common phage proteins revealed 2 important results:
1) strongly significant host-specific sequence variation
within the endolysin, and 2) a protein domain architec-
ture apparently unique to our phage genomes in which
the endolysin is located upstream of its associated ho-
lin. This is the case relative to the only other sipho-
viral bacteriophage genome sequenced to date from a
lysogenic phage (Zimmer et al., 2002a) wherein a ly-
sin was identified and expressed for digestion of the
C. perfringens peptidoglycan (Zimmer et al., 2002b).
Endolysin sequences from our phages were 1 of 2 very
distinct genotypes distinguished by variability within
the putative enzymatically active domain. Holins and
endolysins represent conserved functions across diver-
gent phage genomes and endolysins can have significant
variability and host-specificity even among closely re-
lated genomes. Endolysins in our phage genomes may
be subject to different unknown selective pressures
than the rest of the genome, and these findings could
have important implications for potential biotechno-
logical applications of phage gene products to control
pathogenic bacteria (Oakley et al., 2011).

A virulent short-tailed bacteriophage ®CPV1 was
isolated in the Russian Federation utilizing C. perfrin-
gens as the host and was classified in the family Podo-
viridae (Volozhantsev et al., 2011). The purified virus
had an icosahedral head and collar of approximately 42
and 23 nm in diameter, respectively, with a structur-
ally complex tail of 37 nm lengthwise and a basal plate
of 30 nm (Figure 1C). The ®CPV1 double-stranded
DNA genome was 16,747 bp with a GC composition
of 30.5%. Twenty-two ORF coding for putative pep-
tides containing 30 or more amino acid residues were
identified in the genome (Figure 2B). Amino acid se-
quences of the predicted proteins from the ®CPV1 ge-
nome ORF were compared with those from the Na-
tional Center for Biotechnology Information database,
and potential functions of 12 proteins were predicted
by functional homology. Three putative proteins were
similar to hypothetical proteins with unknown func-
tions, whereas 7 proteins did not have similarity with
any known bacteriophage or bacterial proteins. Identi-
fied ORF formed at least 4 genomic clusters that ac-

Figure 1. Representative clear plaques and electron micrographs for Russian and US bacteriophages. (A) All phages were plaque-purified at
least 3x. (B) Many phages had long noncontractile tails representative of the Siphoviridae. (C) Several phages were representative of the Podo-
viridae with short noncontractile tails. Color version available in the online PDF.



TOMORROW’S POULTRY: SUSTAINABILITY AND SAFETY SYMPOSIUM

529

A
130 $
L s> P o)y  TDEmp B T e chomibeh pEED L. Jw—wl
'DZBF — e — — ‘. — — ST —— N— " e ——— SPI—
L1 T— - | = s ey BT
[ 3000 5000 3000 12000 15000 18600
@130 . il e s ——
- mppd =pd Hiadhsh b Ppehhadp = P
B26F B — = L. —
= wmppd =N Himmdiedp ) e ) b =
21600 24000 27600 30600 33000 36000 39600
Predicted ORF Number Predicted ORF Number Predicted ORF Number
pfam  annotation 130 ®26F pfam  annotation 130 26F pfam  annotation 130 ®26F
[l stamossss Terminase_3 2 2 [etamoseto phage_srzo 12 w  [llstraisao  Amidase 3 n n
[Wsfariizss ouessio 3 3 [lletsmissa P2z coatprotein 13 1 [llstamossar  Phage_taiin_1 3 e
[stamosiss nage_prot_cps 5 B [etamoses? Lipase_sosi 15 . [Dstamosass  anea 31,40 25,35
[Detambsazs pnage_wu_r 5 [l sami01s Pragentia_Tai u,24 w [llemosos  ere 45,46 40
[Wlstsmosses pursss . [[Dtamozess eron 2 1 [Cetemozsi 1 4
[dotamonsor paps_roduct 8 [ wramos709 sipho_tait 2 0 [etmaszs  sse 50 "
[Eetsmoszrz vire 1 8 Wliaro0ss Lactamase_8 2 b [CJetamonsar  acnca 51 *
-nc pfam
B
4 4 4
o A e e s et X
b b= Py
e A i dd
- e N = G —4 e
e e P
wcpaar | =)
D M o ) > P=mpp e ) I
] T i %0 o L 5600 B b Ll L] Lt (ET L F THoF T e T T ET1 Wiw
T
Putative Progect WIPT  DOPWA  SCPTR  OXPVI SCPIR. Futative Product ST SCPVE OKPTR  DOPVI  OMPMR Petathve Product: BT DCPV :ﬂ BOPYL GCPIAR
B o Poymerss L] ¥ 8 5 5 N cons w 16 ® n ” W seova M EL n E -
[ oW Encapsisation. 1 ] L] 1 & [ conmetar = 1 bl 1 5[] 2ine Carony Peptidase b
[ renecs appendage 1n L] n w 1 [l e = m 15 ® 13 [] tweothetical Protsia with GenBank Masch
B amisase 1 wn u 15 16 [H srectwral tysonymepaptisase n 1] = w 1z [l weathecl Protein
B covogen Heas mepent 1 - . - - B waater biead protein z n n B wn | irwmttes Tarmined Repeat

Figure 2. Genomic maps for bacteriophages virulent for Clostridium perfringens. (A) Genomic maps for members of the Siphoviridae, bac-
teriophages with long noncontractile tails. (B) Genomic maps for members of the Podoviridae, bacteriophages with short noncontractile tails.

counted for predicted proteins involved with replication
of the viral DNA, its folding, production of structural
components, and lytic properties. One bacteriophage
genome encoded lysin was predicted to share homol-
ogy with N-acetylmuramoyl-1-alanine amidases, and a
second structural lysin was predicted to be a lysozyme
endopeptidase. These enzymes digest peptidoglycan of
the bacterial cell wall and could be considered potential
therapeutics to control C. perfringens (Volozhantsev et
al., 2011). Another bacteriophage, ®CP24R, was isolat-
ed from raw sewage at a US waste treatment plant and
lytic activity was observed against a type A C. perfrin-
gens isolate (Morales et al., 2012). Electron microscopy
revealed a small virion (44-nm-diameter icosahedral
capsid) with a short, noncontractile tail, indicative of
a member of the family Podoviridae. The phage had a
linear, double-stranded DNA genome of 18,919 bp with
41 bp inverted terminal repeats that encoded a type B
DNA polymerase, which are characteristics of members

of the subfamily Picovirinae. Out of 22 predicted genes
in the genome, 10 had significant sequence similarity to
proteins of known functions. Three distinct genes with
lytic domains were identified, including a zinc carboxy-
peptidase domain that has not been previously report-
ed in the viral kingdom (Morales et al., 2012).

Two more short-tailed bacteriophages, designated
®CPV4 and ®ZP2, were isolated in the Moscow Re-
gion of the Russian Federation, whereas another close-
ly related virus, named ®CPT7R, was isolated in the
southeastern United States (Volozhantsev et al., 2012).
The viruses were identified as members of the order
Caudovirales in the family Podoviridae with short, non-
contractile tails of the C1 morphotype. The genomes of
the 3 bacteriophages were 17,972, 18,078, and 18,397
bp, respectively, encoding 26 to 28 ORF with inverted
terminal repeats and an average GC content of 34.6%
(Figure 2B). Structural proteins identified by mass
spectrometry in the purified ®CP7R virion included a
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pre-neck/appendage with putative lyase activity, major
head, tail, connector/upper collar, lower collar, and a
structural protein with putative lysozyme-peptidase ac-
tivity. All 3 podoviral bacteriophage genomes encoded
a predicted N-acetylmuramoyl-L-alanine amidase and
a putative stage V sporulation protein. Each putative
amidase contained a predicted bacterial SH3 domain at
the C-terminal end of the protein, presumably involved
with binding the C. perfringens cell wall. The predicted
DNA polymerase type B protein sequences were closely
related to other members of the Podoviridae including
Bacillus phage ®29. Whole-genome comparisons sup-
ported this relationship, but also indicated that the
Russian and US viruses may be unique members of the
subfamily Picovirinae (Volozhantsev et al., 2012).
Bacteriophages have been considered as potentially
important alternatives to antibiotics (Sulakvelidze et
al., 2001; Lu and Koeris, 2011; Maura and Debarbieux,
2011). However, it is important to emphasize that devel-
opment of bacterial resistances to their viruses occurs,
such as evolution of phage receptors, super-infection
exclusion, restriction enzyme-modification systems,
and abortive infection systems such as bacterial CRIS-
PR sequences (Labrie et al., 2010). These phenomena
all point to the inevitable need for constantly searching
for new bacteriophage isolates to use therapeutically.
Also, it should be noted that although bacteriophage
therapy has been used as a treatment, Smith (1959)
reported that a large proportion of C. perfringens
strains remained resistant to infection by many of the
bacteriophages isolated during his investigations. This
has been observed during our investigations, wherein
most bacteriophages virulent for C. perfringens have a
restricted host range for a specific isolate of the bac-
terium (Figure 3). Host specificity has routinely been
observed relative to the bacteriophages isolated from
various C. perfringens isolates that is most likely due
to evolution of the receptor and anti-receptor molecules
(Seal et al., 2011; Oakley et al., 2011; Volozhantsev
et al., 2011, 2012). Therefore, selection of appropriate
bacteriophage cocktails may not necessarily be effective
against many of the various bacterial isolates that exist
in the environment. This was proven to be the case for
Listeria monocytogenes where the FDA-approved phage
cocktail does not kill many isolates of the bacterium
obtained from ready-to-eat foods (Shen et al., 2006).
Several new antimicrobial agents, putative lysins
encoded by the genomes of clostridial bacteriophages
have been identified in our laboratories (Figure 4). Two
putative phage lysin genes (ply) from the clostridial
phages ®CP390 and ®CP26F were cloned and ex-
pressed in E. coli, and the resultant proteins were puri-
fied to near homogeneity. Gene and protein sequencing
revealed that the predicted and chemically determined
amino acid sequences of the 2 recombinant proteins
were homologous to N-acetylmuramoyl-L-alanine ami-
dases. The proteins from those 2 bacteriophages were
identical in the C-terminal putative cell-wall binding
domain, but had only 55% identity to each other in the

presumptive N-terminal catalytic domain. Both recom-
binant lysins were capable of lysing (Figure 5) their
parental phage host strains of C. perfringens as well
as other strains of the bacterium in spot and turbidity
reduction assays. The observed reduction in turbidity
was correlated with up to a 3 log reduction of viable C.
perfringens by culturing. Importantly, all other member
species of the clostridia were resistant to the lytic activ-
ity by both assays proving the species-specificity for C.
perfringens (Simmons et al., 2010) as was the case for
the only other reported bacteriophage murein hydro-
lase (Zimmer et al., 2002b). Although there has been
no reported detection of resistances to bacteriophage
lysins (Nelson et al., 2012), investigators are examin-
ing the ability to create multi-functional enzymes ex-
pressing more than one lytic activity to avoid potential
resistance issues as a “hurdle approach” antimicrobial
(Schmelcher et al., 2012).

Listeria monocytogenes is a gram-positive, non-spore
forming, catalase-positive rod that is a highly fatal
bacterial foodborne disease agent of humans associ-
ated with uncooked meats including poultry, uncooked
vegetables, soft cheeses, and unpasteurized milk. The
bacterium may be carried by animals without signs of
disease, can replicate at refrigeration temperatures, and
is frequently associated with biofilms. There is a need
to discover innovative pathogen intervention technolo-
gies for this bacterium due to resistances to antibiotics
and bacteriophages (Shen et al., 2006). Consequently,
using our phage lysins as query subjects, bioinformat-
ic analyses were used to identify genes encoding lytic
protein sequences in the genomes of L. monocytogenes
isolates (Simmons et al., 2012). The PCR primers were
designed that amplified nucleotide sequences of a puta-
tive N-acetylmuramoyl-L-alanine amidase gene from the
genomic DNA of a L. monocytogenes strain 4b isolate.
Gene and protein sequencing revealed that the predicted
and chemically determined amino acid sequence of the
recombinant protein, designated PlyLM, was a putative
N-acetylmuramoyl-L-alanine amidase. The recombinant
lytic protein was capable of lysing both the parental L.
monocytogenes strain as well as other strains of the bac-
terium in spot and microbial inhibition assays, but was
not active against other bacteria beyond the genus. A
common microtiter plate assay (Djordjevic et al., 2002)
was used to assay for the ability of the recombinant
lysin protein to potentially aid with digestion of a L.
monocytogenes biofilm. Protease or lysozyme digestion
alone did not significantly reduce the L. monocytogenes
biofilm. Although the recombinant lysin protein alone
reduced the biofilm by only 20%, complete digestion of
the bacterial monolayer was accomplished in conjunc-
tion with a protease (Simmons et al., 2012). Recom-
binant bacteriophage endolysins (e.g., amidases) have
also been used to hydrolyze heat-killed staphylococci as
well as digest staphylococcal biofilms (Wu et al., 2003;
Sass and Bierbaum, 2007; Son et al., 2010).

Enzymes are added to monogastric animal feed for
digesting carbohydrates and for metabolizing phytate
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Figure 3. Bacteriophage host restriction for Clostridium perfrin-
gens. Infection of the parent Clostridium perfringens strain Cpl3 only
supports replication of its individual bacteriophage and not that of
other C. perfringens bacteriophages demonstrating viral host restric-
tion.

to produce free phosphorus. These are marketed com-
mercially for poultry feed additives, many of which are
produced as recombinant proteins in yeast and sold
as a lysate (Cowieson et al., 2006; Selle et al., 2012),
which argues for the economic feasibility of developing
bacteriophage enzymes as feed additives. Production
of enzymes by Pichia pastoris can serve as a potential
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Figure 5. Lysis of Clostridium perfringens by a recombinant bacte-
riophage enzyme. Cells treated without phage lysin (A) or with lysin
(B); note that all C. perfringens cells were completely digested with
the addition of a recombinant bacteriophage-encoded lysin.

source for structural or animal feed studies (Johnson
et al., 2010) and lysozyme can be encapsulated (Zhong
and Jin, 2009), which has been used as a feed addi-
tive in the diet of chickens to significantly reduce the
concentration of C. perfringens in the ileum and reduce
intestinal lesions due to the organism (Liu et al., 2010).
Therefore, it is conceivable that bacteriophage proteins
capable of lysing C. perfringens could be expressed in
yeast and added as lysates to animal feeds for reducing
the bacterium to improve health and food safety for
monogastric animals during production.
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