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In vitro inhibitory effect of hen egg white lysozyme
on Clostridium perfringens type A associated with broiler
necrotic enteritis and its a-toxin production
G. Zhang, S. Darius, S.R. Smith and S.J. Ritchie

Inovatech Bioproducts, Abbotsford, BC V2T 6K8, Canada

Introduction

Clostridium (Cl.) perfringens is a Gram-positive, obligately

anaerobic, spore-forming rod. According to the type of

lethal toxins produced it has been classified into five dif-

ferent types (Cato et al. 1986). Clostridium perfringens

type A, which produces primarily a-toxin (phospholipase

C) is the major group associated with necrotic enteritis

(NE; Wages and Opengart 2003b), cholangiohepatitis

(Onderka et al. 1990) and gangrenous dermatitis (Wages

and Opengart 2003a) in chickens.

Clostridial necrotic enteritis was first described by Par-

ish (1961). Since then, this disease has been reported in

most areas of the world where broilers are produced

under intensive management conditions, and it has had

significant economic impact on the poultry industry (Van

der Sluis 2000). Acute clinical forms of the disease involve

increased mortality and gross lesions consisting of large

areas of necrosis of the lining of the lower small intestine

and in some cases the caeca and liver (Wages and Open-

gart 2003b). A subclinical form has been associated with

increased feed conversion ratio and retarded growth rate

in birds (Kaldhusdal and Hofshagen 1992).

A variety of antibiotic growth enhancers such as virginia-

mycin and bacitracin have been used in feed to effectively

control the incidence of NE. However, prophylactic appli-

cations of antibiotics are thought to induce antibiotic-

resistant strains of human pathogens (Emborg et al. 2004).

A number of European countries have banned the use of

antibiotic growth promotants, including virginiamycin and
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Abstract

Aims: Clostridium perfringens type A causes both clinical and subclinical forms

of necrotic enteritis in domestic avian species. In this study the inhibitory effect

of hen egg white lysozyme on the vegetative form of Cl. perfringens type A and

the production of a-toxin in vitro was investigated.

Methods and Results: A micro-broth dilution assay was used to evaluate the

minimal inhibitory concentrations (MIC) of lysozyme against three clinical iso-

lates of Cl. perfringens type A in 96-well microtitre plates. The MIC of lysozyme

against Cl. perfringens isolates was found to be 156 lg ml)1. Scanning electron

micrographs of the cells treated with 100 lg ml)1 of lysozyme revealed exten-

sive cell wall damage. A quantitative sandwich ELISA for a-toxin produced by

Cl. perfringens was developed based on a commercial ELISA kit allowing only

qualitative detection. Addition of 50 lg ml)1 of lysozyme did not inhibit the

growth of Cl. perfringens but significantly inhibited the toxin production.

Conclusions: Lysozyme inhibited the growth of Cl. perfringens type A at

156 lg ml)1. At sublethal levels, lysozyme was able to inhibit the a-toxin pro-

duction.

Significance and Impact of Study: Inhibition of Cl. perfringens type A and its

a-toxin production by hen egg white lysozyme had never previously been

reported. By inhibiting this avian pathogen and its toxin production, lysozyme

showed potential for use in the treatment and prevention of necrotic enteritis

and other Cl. perfringens type A related animal diseases.

Letters in Applied Microbiology ISSN 0266-8254

138
ª 2006 The Authors

Journal compilation ª 2006 The Society for Applied Microbiology, Letters in Applied Microbiology 42 (2006) 138–143



bacitracin. Similar actions may soon be seen in some other

parts of the world because of the increasing public aware-

ness of the possible negative impact of antibiotics on the

environment and human health. It is believed that one seri-

ous problem faced by poultry producers in the absence of

antibiotics will be an increase in NE (Newman 2000). In

recent years, alternative approaches in addition to flock

management strategies have been avidly pursued by poultry

health personnel in order to reduce or eliminate the use of

antibiotics in feed. New compounds from natural sources,

depending on their efficacy against Cl. perfringens may be

developed to replace antibiotics as growth promotants.

Hen egg white lysozyme, a natural antimicrobial protein,

could fill this need.

Lysozyme (EC 3.2.1.17, muramidase) occurs in a num-

ber of animal secretions and is considered an important

component of the innate immune system. A recent study

on the effect of Eimeria tenella and Cl. perfringens infec-

tion on the blood lysozyme levels in broiler chickens

showed clear correlation between the lysozyme concentra-

tion and the severity of infection (Sotirov and Koinarski

2003). Because of its abundance in egg white, lysozyme is

commercially extracted from hen eggs. Lysozyme is a

14Æ6 kDa single peptide that can result in cell lysis by

cleaving the b(1–4) glycosidic linkages between N-acetyl-

muramic acid and N-acetylglucosamine in the peptidogly-

can layer of the bacterial cell wall (Proctor and

Cunningham 1988). Lysozyme has an extremely high iso-

electric point (>10) and consequently is highly cationic at

neutral or acidic pH. In solution, lysozyme is stable at

low pH and is active over a temperature range from 1�C
to near boiling (Charter and Lagarde 1999).

Lysozyme has antimicrobial activity against many

Gram-positive bacteria including some Clostridium spe-

cies. It has been successfully used in the cheese industry

as a bio-protectant for >20 years to control Clostridium

tyrobutyricum that causes the ‘late blowing’ of hard and

semi-hard cheeses as a result of butyric fermentation

(Carini et al. 1985). To date, there are limited reports on

the inhibitory effect of lysozyme against Cl. perfringens

(Osa et al. 1990). To the authors’ knowledge, the antimi-

crobial activity of lysozyme against isolates of Cl. perfrin-

gens type A associated with broiler NE has never been

reported. The aim of this study was to investigate the

inhibitory efficacy of hen egg white lysozyme against NE

related Cl. perfringens and production of a-toxin.

Materials and methods

Lysozyme

Lysozyme was extracted and purified from hen egg white

(Inovatech Bioproducts, Abbotsford, BC, Canada). It is a

white powder with an enzymatic activity of

24 000 units mg)1 as defined by Shugar (1952). The lyso-

zyme used in this study was confirmed for the absence of

protease activity by azocoll assay (Calbiochem, La Jolla,

CA, USA).

Clostridium perfringens isolates

Three Cl. perfringens type A strains associated with severe

NE were tested for lysozyme MIC. Strains IM248 and

IM400 were obtained from Animal Industry Branch,

Ministry of Agriculture and Food, Province of British

Columbia. Strain IM378 was kindly provided by Dr Charles

L. Hofacre, University of Georgia, Athens, GA, USA. Only

strain IM248 was studied for the a-toxin production.

Determination of MIC

A micro-broth dilution assay was used to evaluate the anti-

microbial efficacy of lysozyme against the three Cl. perfrin-

gens strains. Sterile 96-well polystyrene microtitre plates

with well capacities of 300 ll were used (Falcon, Becton

Dickinson and Company, Franklin Lakes, NJ, USA) and

100 ll of fresh Luria broth (LB) was added to each well of

the plate except for the first column. The pH of the

medium was adjusted to 6Æ5 to simulate the intestinal envi-

ronment (Sturkie 1999). Lysozyme stock solutions at

10 000 lg ml)1 were filter-sterilized by passage through a

0Æ45 lm membrane filter (Corning Incorporated, Corning,

NY, USA). Two hundred microlitres of the lysozyme stock

solution was added to each well of the first column using a

multi-channel pipettor (Eppendorf, Hamburg, Germany).

Then 100 ll of the stock solution was removed from the

first column and mixed thoroughly with the broth in the

corresponding wells of the second column six times. Subse-

quently, a 100-ll aliquot was removed from each well in

this column and mixed with the corresponding well of the

next column. This doubling dilution was performed in

rows across the plate except for the last column that was

kept for use as controls. This dilution procedure resulted

with a gradient of lysozyme concentrations from 0

to 10 mg ml)1 across the plate. Ten microlitres of

Cl. perfringens culture after overnight incubation was

inoculated in each well of the plate to yield a final con-

centration of 105 CFU ml)1. The microtitre plate was

incubated in an anaerobic jar (BBL, Becton Dickinson

and Company, Sparks, MD, USA) at 41�C for 24 h.

Bacterial growth was measured by a change in absorb-

ance at 560 nm using an automated microplate reader

(Labsystems, Multiskan MS 3.0, Vantaa, Finland). The

MIC was determined as the lowest lysozyme concentration

that resulted in inhibition of Cl. perfringens growth (lack of

increase in absorbance reading). Five microlitres of the
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contents in those wells was also spotted on Shahidi–Fergu-

son Perfringens Agar (SFP, Oxoid, Basingstoke, UK) for

confirmation of inhibition (absence of growth). The MIC

assay was carried out in duplicate for each isolate and the

assay was also repeated three times on different occasions.

The inhibitory effect of lysozyme on IM248 was also evalu-

ated under a scanning electron microscope (SEM). For the

sample preparation, tubes of 10 ml of LB broth supple-

mented with 0 and 100 lg ml)1 of lysozyme were inocula-

ted with 106 CFU ml)1 of fresh Cl. perfringens culture. The

tubes were incubated anaerobically at 41�C over night.

After incubation, the cells were spun down at 5000 g for

20 min, washed in PBS and resuspended in PBS supple-

mented with 2Æ5% fresh glutaraldehyde (Sigma, St Louis,

MO, USA) at 41�C for 30 min. The tubes were then trans-

ferred to the BioImaging Facility, University of British

Columbia, Vancouver at ambient temperature. The

method for preparing SEM pictures was described at

http://www.emlab.ubc.ca/p_mwave2.htm#protocols

2004.11.11. (Dr E. Humphrey, personal communication).

Development of a quantitative ELISA for a-toxin

detection

The Bio-X a-toxin ELISA kit (Bio-X Diagnostics SPRLu,

Jemelle, Belgium) was used to develop a quantitative

assay for the a-toxin produced by Cl. perfringens. Appro-

priate dilutions of a-toxin standard (phospholipase C

type XIV, Product No. P4039, Sigma, St Louis, MO,

USA) or culture supernatant were added at 100 ll per

well to both the wells coated with a-toxin antibody and

the wells coated with nonspecific antibodies (blank). The

dilutions were made with buffer provided in the kit.

The sandwich ELISA procedure was followed according

to the user’s manual. The net absorbance readings were

obtained by subtracting the absorbance of the blank from

the absorbance of the samples. A standard curve was con-

structed based on doubling serial dilutions of the a-toxin
standard (0–18Æ9 lg ml)1) and their corresponding net

absorbance values.

Inhibition of a-toxin production by lysozyme

An overnight culture of Cl. perfringens IM248 was

inoculated at 105 CFU ml)1 into test tubes containing

10 ml LB supplemented with 0, 50 and 200 lg ml)1

lysozyme. After anaerobic incubation at 41�C for 18 h,

both the bacterial numbers and a-toxin concentrations

were quantified. The enumeration of Cl. perfringens was

performed by serial 10-fold dilution in 0Æ1% peptone

and pour-plating on SFP agar. The plates were incuba-

ted anaerobically for 18 h at 37�C before enumeration.

For a-toxin analysis, the supernatant of cell suspensions

(after centrifugation at 10 000 g for 15 min) from each

tube was passed through a 0Æ45-lm membrane filter

before the ELISA. All of the tests were carried out in

triplicate.

Statistical analysis

Statistical analysis was carried out using SigmaStat (SPSS

science, Version 2.0, 1997, Chicago, IL, USA). One-way

anova was used to analyse the effect of lysozyme on bac-

terial growth and a-toxin concentration. When a signifi-

cant effect was detected, Tukey’s test was used for

pairwise comparison of the means to detect differences

among treatments (P < 0Æ05).

Results

Lysozyme MIC

The MIC of lysozyme was determined as 156 lg ml)1 for

all of the three Cl. perfringens type A strains tested in LB.

The replicate tests on individual strains also gave the same

MIC value. No growth (black colonies on SFP agar) was

observed in wells supplemented with 156 lg ml)1 lyso-

zyme. However, growth was evident in the wells with

0–78 lg ml)1 lysozyme. The detrimental effect of lysozyme

on the cells of Cl. perfringens IM248 was also observed

under a scanning electron microscope (Fig. 1). Cells in the

untreated sample appeared to be healthy and intact. In con-

trast, extensive cell wall damage (large holes) was observed

in samples treated with 100 lg ml)1 lysozyme.

Quantitative detection of a-toxin

The plot of net A450 and a-toxin concentration showed a

typical polynomial/logarithmic curve with a detection end

point below 18 ng ml)1 (Fig. 2). It was found that the

data points with net A450 < 1Æ2 fitted a quadratic model

well with a coefficient of relevance equal to 0Æ9997
(Fig. 2). According to the equation generated with Micro-

soft Excel:

y ¼ �2�4289x2 þ 3�3877x þ 0�0225 ð1Þ

where y and x are the net A450 value and a-toxin concen-

tration, respectively, the a-toxin concentration (lg ml)1)

can be described in equation 2:

a-toxin concentration ¼ 0�70 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�20 � netA

2�4289

r
ð2Þ

Therefore, a quantitative ELISA method is now available

for a-toxin detection based on a given preparation of

toxin standard. For samples with net A450 readings >1Æ20,
further dilution is necessary.
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Inhibition of a-toxin production by lysozyme

The ability of lysozyme to inhibit in situ a-toxin production

by Cl. perfringens is shown in Fig. 3. Approximately

0Æ1 lg ml)1 a-toxin was produced in the control culture.

In the presence of 50 lg ml)1 of lysozyme, although bacter-

ial growth was not significantly affected the a-toxin level

was significantly lower than in the control where no lyso-

zyme was added (P < 0Æ05). An amount of 200 lg ml)1 of

lysozyme completely inhibited the growth of Cl. perfringens

and there was also no a-toxin detected in the culture supernatant.

Discussion

Although lysozyme’s ability to inhibit several other Clos-

tridium species including Cl. tyrobutyricum, Cl. thermos-

accharolyticum and Cl. botulinum is documented (Carini

et al. 1985; Hughey and Johnson 1987), there are limited

reports on the inhibitory effect of lysozyme against

Cl. perfringens. It is well-known that lysozyme does not

kill bacterial endospores because of their unique capsule

structure but it works to stimulate spores to germinate

into vegetative cells (Lewis 1969). Lysozyme at

<10 lg ml)1 has been successfully used in culture med-

ium to facilitate the recovery of injured Cl. perfringens

spores (Labbe and Chang 1995). According to the Ber-

gey’s Manual (Cato et al. 1986) as well as our own obser-

vation, Cl. perfringens, unlike most other clostridial

species does not sporulate readily in ordinary culture

media. To produce profuse sporulation, specially formula-

ted media containing quinoline are necessary (Phillips

1986). Lysozyme was found able to inhibit Cl. perfringens

growth at 156 lg ml)1 in LB and the electron photomi-

crographs also clearly demonstrated the destructive effect

of lysozyme on Cl. perfringens vegetative cells.

The conventional assays of a-toxin are based on the

measurement of phospholipase activity. However, these

Figure 1 Scanning electron micrographs of Clostridium perfringens

IM248 control and IM248 treated with 100 lg ml)1 of lysozyme in LB

broth [L1, control (a), L2, lysozyme (b)].
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assays are generally difficult to perform and the sensitivity

is inferior to ELISA (Kurioka and Matsuda 1976; Hale

and Stiles 1999). Also, samples such as gut content and

culture supernatant might be associated or contaminated

with other hydrolytic enzymes, which could be confused

with or inhibit Cl. perfringens phospholipase C activity. A

number of quantitative ELISA assays for a-toxin have

been reported in recent years (Liu and Blaschek 1996;

Hale and Stiles 1999). However, these methods were

developed at the individual laboratories with noncom-

mercial antibodies or conjugates and thus make the assay

difficult to repeat. The commercially available a-toxin
ELISA kit (Bio-X Diagnostics) can only allow qualitative

detection. This paper describes a method to quantify the

a-toxin based on the easily accessible Bio-X ELISA kit.

The value of this ELISA kit as a quantitative procedure

was demonstrated with a partially purified a-toxin stand-

ard from Sigma. Therefore the calculated a-toxin levels in

the samples are relative values to this standard. In this

study approx. 0Æ1 lg ml)1 of a-toxin was detected in

overnight cultures of Cl. perfringens IM248, which is in

agreement with the concentration range of different

strains tested by other workers (Hale and Stiles 1999).

The results in this in vitro study suggest that lysozyme

not only can kill the bacterial pathogen but can inhibit

production of a-toxin, the causative agent for gross

lesions in the disease of NE, even at sublethal levels.

However, cage and floor pen trials using an appropriate

challenge model need to be conducted to further evaluate

the efficacy of lysozyme in vivo against NE caused by Cl.

perfringens type A in comparison with antibiotic growth

promotants. As hen egg white lysozyme is a very stable

product it can be blended with feed in powder form or

dissolved in drinking water. If the results from in vivo

studies are positive, synergies between lysozyme and other

natural products may also be sought to produce cost-

competitive blends for NE prevention.
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