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Abstract

Clostridium perfringens is a Gram-positive anaerobic spore-forming bacterium capable of

producing four major toxins that are responsible for disease symptoms and pathogenesis in a

variety of animals, humans, and poultry. The organism is the third leading cause of human

foodborne bacterial disease, and C. perfringens is the presumptive etiologic agent of necrotic

enteritis among chickens, which in the acute form can cause increased mortality among broiler

flocks. Countries that have complied with the ban on antimicrobial growth promoters (AGP) in

feeds have had increased incidences of C. perfringens-associated necrotic enteritis in poultry. To

address this issue, new antimicrobial agents, putative lysins from the genomes of bacteriophages,

are identified. Two putative phage lysin genes (ply) from the clostridial phages phiCP39O and

phiCP26F were cloned and expressed in Escherichia coli, and the resultant proteins were purified

to near homogeneity. Gene and protein sequencing revealed that the predicted and chemically

determined amino acid sequences of the two recombinant proteins were homologous to N-

acetylmuramoyl-L-alanine amidases. The proteins were identical in the C-terminal putative cell-

wall binding domain, but only 55% identical to each other in the presumptive N-terminal catalytic

domain. Both recombinant lysins were 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. The

observed reduction in turbidity was correlated with up to a 3 log cfu/mL reduction in viable C.

perfringens on brain–heart infusion agar plates. However, other member species of the clostridia

were resistant to the lytic activity by both assays.

*Author to whom correspondence should be addressed [phone (706) 546-3549; fax (706) 546-3771; bruce.seal@ars.usda.gov].
§Present address: USDA, FSIS, OPHS, Eastern Laboratory, 950 College Station Road, Athens, Georgia 30605.
#Present address: Danisco USA, Inc., W227 N752 Westmound Drive, Waukesha, Wisconsin 53186.

Supporting Information Available: Primary amino acid sequences of PlyCP39O and PlyCP26F and results of BLAST analysis and
PFAM identification of PlyCP39O and PlyCP26F. This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Agric Food Chem. Author manuscript; available in PMC 2014 July 30.

Published in final edited form as:
J Agric Food Chem. 2010 October 13; 58(19): 10330–10337. doi:10.1021/jf101387v.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://pubs.acs.org


Keywords

Antimicrobial; enzybiotic; peptidoglycan hydrolase; amidase; poultry

Introduction

Clostridium perfringens is a Gram-positive anaerobic spore-forming bacterium that causes a

broad spectrum of diseases in humans and animals due to the expression of four major

toxins (α, β, ε, and ι) produced by the bacterium, and spores can persist in soil, feces, or the

environment (1–3). The organism is the third leading cause of foodborne bacterial disease

among humans (4) because not only are foods contaminated with enterotoxigenic C.

perfringens at the retail level (5) but also the organism may be carried by healthy adults (6).

Economic costs of C. perfringens human food poisoning are estimated to exceed $120

million per year (2,4). Although the number of outbreaks and cases attributed to C.

perfringens declined during 2006 compared with the mean annual total during 2001–2005,

the continued large number of outbreaks indicates a need for improved attention to cooked

meat and poultry (7). Most foodborne disease isolates of C. perfringens are of the toxin type

A, possessing and expressing a chromosomal or plasmid copy of the gene for the CPE

enterotoxin (cpe gene). Human enteritis strains of C. perfringens harbor the cpe gene

chromosomally, whereas livestock-associated strains may carry this gene episomally on a

plasmid (1). The genomes of several C. perfringens isolates are now available in public

databases (8, 9).

In addition to the expense associated with severe C. perfringens human illness, there is also

a cost to the poultry industry. In chickens C. perfringens is the presumptive etiologic agent

of necrotic enteritis (10–13). Necrotic enteritis is an acute or chronic enterotoxemia typically

characterized by necrotic lesions in the small intestines of poultry. Severe acute cases can

have mortality rates as high as 50%. Annett et al. (14) reported that up to 37% of broilers

grown in North America are affected by necrotic enteritis, and necrotic enteritis is estimated

to cost the U.S. poultry industry $0.05 per broiler (15, 16). Necrotic enteritis has commonly

been controlled by antibiotics added to poultry feed (17,18). However, there is evidence that

the use of antibiotics in animal feed can potentially lead to antibiotic resistance among

human bacterial pathogens (19–22). Countries that have banned the use of antibiotics in

animal feed also experienced increases in clostridial necrotic enteritis as well as other animal

health problems (23). The increased incidence of necrotic enteritis could potentially have

negative consequences for not only animal but also human health (11). Therefore, there is a

need to develop alternative antimicrobials as substitutes or to complement currently used

antibiotics to control C. perfringens as well as other disease-causing pathogens in animals

and humans.

Bacteriophages produce lysins that specifically degrade the peptidoglycan of their host cell

wall to allow nascent progeny to be released and infect other cells (24–27). Using lysins to

inhibit or kill Gram-positive bacteria is an attractive alternative to using phage therapy due

to their species specificity among bacterial isolates and reliable reports that it is highly

unlikely that these pathogens develop resistance (28, 29). Although C. perfringens
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historically has been controlled by antibiotics, with the increasing pressure to ban growth-

promoting antimicrobials during poultry production (22, 30) there is an immediate need to

develop alternative interventions. The genome sequence of C. perfringens bacteriophages

phiCP39O (EU588980) and phiCP26F (GQ443085) revealed the presence of two potential

lysins. The purpose of this study was to clone, express, and purify the two lysins (Ply) and

determine their activity against C. perfringens isolates as well as other clostridial bacteria.

Materials and Methods

Bacterial Strains, Plasmids, and PCR Cloning of Bacteriophage Lysin Genes

C. perfringens isolates were propagated from cooked meat medium by streaking onto tryptic

soy agar plates and incubated overnight in anaerobic jars containing AnaeroGen sachets

(Oxoid, Hampshire, U.K.) at 37 °C as described previously (31). All C. perfringens isolates

assayed were toxin-typed as reported (31) utilizing methods developed by Meer and Songer

(32).

Oligonucleotide primers were designed to amplify the phiCP26F lysin and phiCP39O lysin

genes from bacteriophage DNA (accession numbers EU588980 for the phiCP39O and

GQ443085 for the phiCP26F genome) while introducing restriction enzyme sites for

subcloning into sequencing and expression vectors (33,34). For cloning the plyCP26F gene

into pET-21d, purified phiCP26F DNA was used as a template and amplified with primers

plyCP26FexpF (5′ TAC CATGGTGAT AAT TGGAAG TAG ATA T 3′) and plyCP26F-

plyCP39OexpR (5′ GTG GTG CTC GAG TAT CTT TTC GGC AAA GCA AT 3′). The

NcoI and XhoI restriction sites are underlined in the forward and reverse primers,

respectively. For cloning the plyCP39O gene into pET21a, purified phiCP39O DNA was

used as a template and amplified with primers plyCP39OexpF (5′ GCA CTA CAT ATG

AAA ATA GCT TTA AGA GGT GGA 3′) and plyCP26F-plyCP39OexpR. The NdeI

restriction site is underlined in the forward primer for use with the pET-21a plasmid vector.

PCR products were purified with spin-columns (Qiagen) and digested with NcoI and XhoI

(plyCP26F) or NdeI and XhoI (plyCP39O). The digested PCR products were spin-column

purified and cloned into similarly digested vectors pET-21a and pET-21d (Novagen, Inc.).

The resulting recombinant constructs were then transformed into Escherichia coli Top 10

cells (Invitrogen) following standard methods (35). The DNA sequences of each resultant

recombinant plasmid were verified by automated nucleotide sequencing (36,37).

Expression and Protein Purification of Bacteriophage Lysins

E. coli Rosetta 2(DE3) cells (Novagen, Inc.) cells harboring plasmid constructs were

propagated in 200 mL of Luria–Bertani (LB) broth supplemented with 100 μg/mL ampicillin

and 34 μg/mL chloramphenicol at 37 °C with shaking. Mid log phase cultures (OD600 nm of

0.4–0.6) were placed on ice for 30 min, followed by addition of 1 mM isopropyl-β-D-1-

thiogalactopyranoside (IPTG) at a final concentration to induce pET vector expression and

then incubated at 20 °C for 18 h with shaking (33,34). Cultures were centrifuged at 5000g

for 20 min at 4 °C. Cell pellets were frozen at −80 °C, then thawed on ice, and suspended in

4 mL of lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8). The

suspension was sonicated (15 × 5 s pulses with a 15 s rest on ice between pulses) and
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centrifuged for 30 min at 5000g at 4 °C. The resulting supernatant was used as clarified

lysate to which 1 mL of Ni-NTA (nickel matrix) slurry was added according to the

manufacturer's instructions (Qiagen) with gentle shaking for 1 h at 4 °C. The slurry was then

applied to a column and allowed to flow through by gravity. The column was washed twice

with 4 mL of wash buffer (50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole, pH

8.0), and the His-tagged protein (38) was eluted with 2 mL of sample buffer (50 mM

NaH2PO4, 300 mM NaCl, and 250 mM imidazole, pH 8.0). Glycerol was added to the

eluted peptide solution (to 10%) and filter sterilized through a 0.2 μm filter.

Bacteriophage Lysin Protein Biochemical Characterizations

Protein concentrations were determined using the Qubit fluorometer (Invitrogen), which

utilizes the Quant-it protein fluorescent stain assay (Molecular Probes Inc., Eugene, OR).

Eluted proteins and Kaleidoscope protein standards (Invitrogen) were analyzed with 4–20%

precise gradient protein gels (Pierce, Rockford, IL) run in Tris–Hepes–SDS buffer at 120 V

for 1 h in the Bio-Rad Mini-PROTEAN three-gel apparatus, according to the manufacturer's

instructions (39). Gels were stained with Coomassie Brilliant Blue R-250 (Bio-Rad,

Hercules, CA) for 1 h, washed overnight in distilled water, and photographed. The protein

samples were applied to PVDF by filtration through a ProSorb device (ABI), and Edman

degradation amino acid sequencing was performed using standard pulse liquid cycles on an

ABI Procise 492 HT sequencer (40). Additionally, recombinant lysin protein sequences

were determined by mass spectrometry analyses with some modifications (41,42). All mass

spectrometric data were collected using an ABI 4700 Proteomics Analyzer MALDI

TOF/TOF mass spectrometer (Applied Biosystems, Foster City, CA), using the 4000 Series

Explorer software v. 3.6. Data were extracted from the Oracle database, and a peak list was

created by GPS Explorer software v. 3.6 (Applied Biosystems) from the raw data generated

from the ABI 4700. Analyses were performed as combination MS + MS/MS. Complete

proteomics methods are provided in the Supporting Information. Nucleotide sequence

editing, analysis, prediction of amino acid sequences, and alignments (43) were conducted

using MacVector 7.2 (Accelrys, San Diego, CA) and DNASTAR (Madison, WI) software.

The predicted amino acid sequences were searched against the protein database by using

BLAST and PSI-BLAST or BLASTP (44, 45) as well as the conserved domain database

(46) algorithms.

Bacteriophage Lysin Spot and Turbidity Assays

Purified recombinant protein or the E. coli lysate expressing the proteins was used to

determine their ability to lyse C. perfringens on bacterial plates (34, 47). For plate lysis 10

μL of clarified lysate or purified peptide was spotted onto 10 mL of brain–heart infusion

(BHI) broth−0.7% agar plates that contained 500 μL of concentrated clostridial cells. Cells

were prepared by growing them to mid log phase OD600 nm =0.4–0.6 in BHI broth. Cells (50

mL) were centrifuged (5000g) for 30 min at 4 °C, and the cell pellet was washed in lysin

buffer A (LBA 50 mM ammonium acetate, 10 mM CaCl2, 1 mM DTT, pH 6.2). The washed

pellet was then suspended in 1 mL of lysin buffer A at a 50× concentration and added to the

50 °C semisolid agar. Spotted plates were allowed to incubate for 1 h at 37 °C and then

checked for lysis zones. If no lysis was present, the plates were allowed to incubate
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overnight at room temperature and checked again for lysis. As a negative control, lysate

from E. coli containing pet21a/d plasmids with no inserts was also spotted onto plates.

The reduction in turbidity as a result of target cell lysis due to the activity of phage-derived

lysin was measured by monitoring the change in optical density (OD600 nm) over time

(32,47). Target cells were grown to mid log phase (OD600 nm = 0.4–0.6) in BHI broth

(Becton Dickenson, Franklin Lakes, NJ) and concentrated in lysis buffer A (pH 6.2) to an

OD600 nm ∼ 1.0. Assays were completed in 96-well microtiter plates with 344 μL of target

cell suspension in each well and 10 μL of purified peptide (∼2.5 μg) for treated samples and

10 μL of buffer for control samples. Change in OD600 nm was recorded after 1 h of

incubation at 37 °C Turbidity reduction in the cell samples alone (control) was subtracted

from samples with lysin before the specific activity was calculated (change in OD600 nm (mg

of protein)−1 min−1).

Effect of pH on Bacteriophage Lysin Activity and Determination of Minimum Bactericidal
Concentration (MBC)

The activity of phage-derived lysins in response to pH was measured as described in the

turbidity assay method but with the pH of LBA adjusted using either glacial acetic acid or

ammonium hydroxide (48). The pH with the highest activity was arbitrarily set at 100%, and

the activities at other pH values were expressed relative to this optimal activity.

MBCs were determined using the method employed by Makobongo et al. (49) with slight

modification. Clostridial cells were grown in BHI broth to mid log phase (OD600 nm = 0.4–

0.6). Cells were then diluted into fresh BHI broth (pH 7.4) to an OD600 nm of 0.05 and

aliquoted into wells of a 96-well microtiter plate containing the phage lysin at concentrations

ranging from 0 to 66.67 μg/mL. The microtiter plate was incubated under anaerobic

conditions at 37 °C for 20 h. The MBCs were determined by enumeration of starting and

ending colony-forming units (cfu) on BHI plates. The MBC was defined as the lowest

concentration of the phage lysin that killed 99.9% of the starting cfu (0.1 % cfu survival).

All assays were performed in triplicate using independent preparations of each

bacteriophage lysin. Data were analyzed using ezANOVA (http://sph.sc.edu/comd/rorden/

ezanova/index.html), and means were compared using the TukeyHSDmethod with a

significance level of 0.05.

Results

Bacteriophage Lysin Expression

Genes encoding the bacteriophage endolysins PlyCP39O and PlyCP26F were PCR

amplified using the purified bacteriophage genomic DNAs as templates with oligonucleotide

primers that included an introduced NdeI or NcoI restriction site for PlyCP39O and

PlyCP26F, respectively, and an altered stop site to include an XhoI restriction site for

cloning. Subsequently, the amplification products were cloned into sequencing and

expression plasmids to transform E. coli. Because the bacteriophage host C. perfringens is a

Gram-positive organism, Rosetta strains (Novagen, Inc.) were utilized for gene expression

as these bacteria also contain plasmids that provide appropriate tRNA genes to alleviate
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codon bias when expressing heterologous proteins in E. coli (50). For the plyCP39O

(EU588980) the Met start site was intact, whereas an ATG was incorporated into the

plyCP26F start site primer because the N-terminal amino acid in the original plyCP26F gene

encoded a predicted Val for the bacteriophage protein (GQ443085).

Nucleotide sequencing of the cloned bacteriophage DNA confirmed the presence of both

endolysin genes in their respective expression vectors encoding proteins with predicted

amino acid sequences for each of the bacteriophage endolysins. The genes were then

expressed as C-terminal, His-tagged proteins and purified by Ni-column chromatography.

The purified proteins were analyzed by gel electrophoresis that resulted in the detection of

two proteins, each with a relative mobility corresponding to a molecular size of

approximately 25000 (Figure 1A). This agrees with the predicted sizes of approximately

25100 for both bacteriophage lysin proteins. Both the E. coli lysates containing the

expressed lysin and the purified proteins were capable of producing a clear “plaque” on a

plate of confluent C. perfringens following a spot assay (Figure 1B).

Characterization of Recombinant Bacteriophage Lysins

The expressed bacteriophage lysin proteins were extracted as single bands following SDS-

PAGE and subjected to N-terminal amino acid sequencing and analysis by mass

spectrometry. This was done to confirm the peptides were not only expressed but also in

frame and not truncated or altered from the predicted amino acid sequence. Both techniques

confirmed that the primary amino acid sequences of the proteins were as predicted from the

nucleotide sequence of each cloned gene (Supporting Information). BLAST and domain

database analyses of the bacteriophage lysin protein sequences resulted in identity to closely

related proteins encoded in a variety of other Gram-positive bacteria (data not shown). Each

of the two proteins reported herein were predicted to be homologous with N-

acetylmuramoyl-L-alanine amidases or MurNAc-LAA (also known as peptidoglycan

aminohydrolase, NAMLA amidase, NAMLAA, amidase 3, and peptidoglycan amidase; EC

3.5.1.28). These peptidoglycan hydrolases cleave the amide bond between N-

acetylmuramoyl and L-amino acids in bacterial cell wall glycopeptides (51). Amidases have

also been reported among bacteriophages wherein MurNAc-LAAs are endolysins, which

break down bacterial peptidoglycan during the terminal stage of the phage reproduction

cycle (26, 27).

The lysin genes were cloned from two bacteriophages that had host ranges restricted to

individual isolates of C. perfringens. Overall, the genomes of these two bacteriophages

shared >95% nucleotide sequence similarity (data not shown). Despite the high overall

sequence similarity between the two bacteriophage genomes, the lysins' predicted protein

amino acid sequences were identical only at the C-terminus cell-wall binding domain and

shared only 56% identity to each other at the N-terminal catalytic domain (Figure 2).

Specifically, residues 164–213 of PlyCP39O were 100% identical to residues 163–212 of

PlyCP26F. The variable (56%) N-terminal regions of the proteins to position 162 were both

predicted as homologous to N-acetylmuramoyl-L-alanine amidases. Furthermore, PlyCP39O

and PlyCP26F were more closely related to the published amidase-type lysins reported from

Clostridium difficile bacteriophages (52–55) rather than from the only other lysin reported
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for a C. perfringens bacteriophage (47). Specifically, the lysin proteins reported herein

shared 24% overall identity to CD119, 21% identity to the C2 and CD27, and only 16%

overall identity to CP3626 and were much shorter in length compared to the other

bacteriophage lytic proteins (Figure 2).

Turbidity Assays, pH Range, and Minimum Bacteriocidal Concentration of Recombinant
Lysins

Both recombinant lysins were used to measure lysis of C. perfringens by turbidity reduction

assays (Figure 3). The recombinant bacteriophage lysins were capable of lysing both

parental bacteriophage host strains of C. perfringens as well as 13 other poultry isolates of

the bacterium in turbidity reduction assays. That is, PlyCP39O was capable of lysing host

Cp39 and host Cp26, whereas PlyCP26F could reduce turbidity if utilizing isolates Cp26 or

Cp39 for the assay. This was despite the fact that the predicted N-terminal enzymatic

regions differed by 55% in their amino acid sequences. The reduction in turbidity yielded up

to a 3 log cfu/mL reduction in viable C. perfringens on BH agar plates following the 1 h

incubation. Although all C. perfringens isolates assayed were lysed by the proteins, neither

was capable of lysing other members of the genus Clostridium examined during this

investigation (Table 1). The optimal pH range varied from 5.5 to 9.9 for PlyCP26F (Figure

4A), whereas the pH maximum was 8.2 for PlyCP39O (Figure 4B).

Both phage lysins had bacteriacidal activity against all C. perfingens isolates tested. The

results of the MBC assays are consistent with other antimicrobial studies on Gram-positive

anaerobes in which the activity was observed over a range of 1–2-fold dilutions (56, 57).

The MBC ranged from 16.67 to 33.33 μg/mL against both isolates Cp26 and Cp39, whereas

the MBCs for the other isolates ranged from 33.33 to 66.67 μg/mL (Table 2). It may appear

as though the slightly lower MBC range for isolates Cp26 and Cp39 is due to the fact that

the phage lysins were derived from phages that specifically targeted these two isolates.

However, there was no significant difference (α = 0.05) between the mean MBC for each of

the isolates. Furthermore, there was no difference in MBC for a given isolate between

Ply26F and Ply39O. This suggests that despite the differences in the N-terminal domain of

the two peptides there is enough similarity to ensure activity.

Discussion

Herein we report the cloning and expression of two bacteriophage lytic proteins that were

100% identical in their C-terminal putative cell-wall binding domains but were only 55%

identical in their N-terminal amino acid sequences for the predicted amidase catalytic

domains. This is despite the fact that the genes were identified in the genomes from two

closely related C. perfringens viruses that shared >95% overall nucleotide sequence identity

between the two genomes (accession numbers EU588980 for the phiCP39O and GQ443085

for the phiCP26F). The structure of Gram-positive bacteriophage lysins is highly conserved,

with N-terminal enzymatic domains usually separated by an approximate six amino acid

linker region followed by the C-terminal cell-wall binding domain (26, 27). The putative cell

wall binding domains were identical in both proteins, which may explain why both proteins

were capable of lysing a variety of C. perfringens isolates. The lysins were predicted to be
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N-acetylmuramoyl-L-alanine amidases by BLAST or domain database analyses, and these

lytic proteins have been reported in a variety of bacteriophages (26,27). Also of interest was

that our two C. perfringens bacteriophage proteins were more closely related to lysins

reported for C. difficile bacteriophages (52–55) rather than to the other lysin PlyCP3626

previously reported for a C. perfringens bacteriophage (47).

Spot and turbidity assays were utilized to demonstrate lysis of C. perfringens isolates

relative to other clostridia. Despite the sequence differences between the two proteins in the

putative active domains, the proteins were capable of lysing a variety of poultry isolates in

our C. perfringens collection along with human strains obtained from sources such as

ATCC. However, the lysins were not active against any other clostridial species examined to

date. This species specificity of the bacteriophage lysins reported herein is consistent with

other results (47). The turbidity reduction assays did not decrease optical density to the

extent that others have reported (47);however, spot assays on plates always resulted in

complete lysis zones of C. perfringens. This species specificity of the bacteriophage lysins

argues more favorably for use as an antimicrobial to the relative broad-range effects on the

gastrointestinal bacterial flora of currently utilized antibiotics in feeds (58, 59) that can

potentially lead to antibiotic resistance issues during poultry production (60, 61).

The bacterium C. perfringens causes a wide variety of diseases in humans and animals as

well as being the third leading cause of bacterial foodborne disease in humans (2, 4). The

bacterium is the presumptive etiologic agent of necrotic enteritis in chickens, which is one of

the leading causes of losses during poultry production (11,13) and which has increased in

prevalence among countries that have withdrawn antibiotic growth promoters in animal

feeds, resulting in estimated losses of U.S. $2 billion internationally (16,23). The use of

bacteriophages to control gastrointestinal bacterial diseases has been proposed for use during

food-animal production (62). Also, a bacteriophage cocktail has recently been approved by

the U.S. FDA to control Listeria spp. on ready-to-eat meats and poultry (63, 64), which was

proven effective to potentially reduce this bacterium by up to 5 logs on solid foods (65) and

produce (66). However, the bacteriophage mixtures containing different viral isolates

recently approved by the FDA were also reported to be ineffective because the Listeria spp.

bacteriophage treatment did not infect all of the examined isolates (67) and bacteriophage

resistance among Listeria spp. could be a problem in poultry-processing plants (68).

There is an increase in bacterial mutation rates due to bacteriophages (69), and various

phage resistance mechanisms occur among bacteria (70, 71). Bacteriophages can act as

agents for horizontal gene transfer (72,73) among foodborne bacteria (74,75), and recently it

was demonstrated that the intergeneric transfer of toxin genes may also be mediated by

phages (76). These phenomena all argue for use of phage lytic mechanisms (77) rather than

intact, live-phage therapy. The bacteriophage lysins reported herein were identified among a

group of phages that exhibited extremely high sequence similarity but had host restriction

among C. perfringens isolates (data not shown). Because antibiotics can themselves induce

horizontal transfer of resistance genes (78, 79), the use of a more precise mechanism such as

bacteriophage lysins as proposed by several investigators (26–29) may be a superior method

to employ for the control of virulent or antibiotic-resistant bacteria in the future.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gel electrophoresis of purified recombinant PlyCP26F and PlyCP39O accompanied by spot

assays of C. perfringens on confluent plates. (A) SDS-PAGE is shown in a gel of 2.35 μg of

nickel column-purified phage-derived lysin proteins. Lanes: MW, molecular weight

markers; 1, Ply 26F;2, Ply 39O. Arrows indicate phage-derived lysins. (B) Spot assays were

conducted by applying either bacterial lysates or the purified protein on lawns of C.

perfringens as well as 10 μL of 10 mg/mL lysozyme and lysostaphin.
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Figure 2.
Primary amino acid sequence alignment of the recombinant PlyCP26F and PlyCP39O

compared with other clostridial bacteriophage lysins. Bacteriophage lysin proteins were

from Clostridium perfringens (CP) or C. difficile (C or CD) as reported in the text.

Alignment of amino acid sequences was completed using Clustal W in MacVector, and

boxing represents conserved residues shared among proteins.
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Figure 3.
Turbidity reduction assay results for recombinant bacteriophage lysins active against

Clostridium perfringens at pH 6.2. Specific activity (change in OD 600 nm mg −1 min −1)

utilized 2.35 μg of phage-derived lysin protein per sample; the lysins are represented by

PlyCP26F (black bars) and PlyCP39O (white bars).
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Figure 4.
Biological activity pH profiles for bacteriophage lysins active against Clostridium

perfringens. Lytic activity was measured over pH values from <4 to 9.9. The optimal

activities were 6.8 and 8.2 for PlyCP26F (A) and PlyCP39O (B), respectively. The average

activity at the optimal pH was arbitrarily set as 100%.
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Table 1
Non-perfringens Clostridial Isolates That Were Utilized as Substrates in PlyCP26F and
PlyCP39O Lytic Activity Assays

C. absonum ATCC 27555 C. noveyi ATCC 19402

C. bifermentans ATCC 638 C. paraputrificum ATCC 25780

C. difficile ATCC 43255 C. septicum ATCC 12464

C. histolyticum ATCC 19401 C. sordellii ATCC 9714

C. innocuum ATCC 14501 C. sporogenes ATCC 3584

C. limosum ATCC 25620 C. tetani ATCC 19406
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Table 2
Antimicrobial Activity of Ply26F and Ply39O against Clostridium perfringens Isolates
Expressed as the Minimum Bacteriacidal Concentration (MBC)

C. perfringensb genotype

MBCa

Ply26F Ply39O

Cp26 α, β2 16.67–33.33 (22.22 ± 5.56) 16.67–33.33 (22.22 ± 5.56)

Cp39 α, β2 16.67–33.33 (22.22 ± 5.56) 16.67–33.33 (22.22 ± 5.56)

Cp509 α, β2, netB 33.33–66.67 (50.00 ± 16.67) 33.33–66.67 (50.00 ± 16.67)

Cp1048 α, β2 33.33–66.67 (55.56 ± 11.11) 33.33–66.67 (55.56 ± 11.11)

Cp1113 α, β2, netB 33.33–66.67 (55.56 ± 11.11) 33.33–66.67 (55.56 ± 11.11)

CpA12916 α, enterotoxin 190 (190)c 190 (190)c

Cp3626 enterotoxin 190 (190)c 95 (95)c

a
The MBC in μg/mL is defined as lowest concentration to result in 99.9% killing. All assays were performed in triplicate using independent

preparations of the antimicrobial, and results are expressed as a range with the mean (the standard error in parentheses.

b
Bacterial isolates are as reported under Materials and Methods.

c
This value is omitted for samples in which the results were the same for all three reps.
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