
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Nov. 2007, p. 7110–7113 Vol. 73, No. 21
0099-2240/07/$08.00�0 doi:10.1128/AEM.01108-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Quantification of Cell Proliferation and Alpha-Toxin Gene Expression
of Clostridium perfringens in the Development of Necrotic Enteritis in

Broiler Chickens�

Weiduo Si,1† Joshua Gong,1* Yanming Han,2 Hai Yu,1 John Brennan,2
Huaijun Zhou,1‡ and Shu Chen3

Food Research Program, Agriculture & Agri-Food Canada, Guelph, Ontario, Canada N1G 5C91; Nutreco Canada Agresearch,
Guelph, Ontario, Canada N1G 4T22; and Laboratory Services Division, University of Guelph,

Guelph, Ontario, Canada N1H 8JT3

Received 9 May 2007/Accepted 26 August 2007

Cell proliferation and alpha-toxin gene expression of Clostridium perfringens in relation to the development
of necrotic enteritis (NE) were investigated. Unlike bacitracin-treated chickens, non-bacitracin-treated birds
exhibited typical NE symptoms and reduced growth performance. They also demonstrated increased C.
perfringens proliferation and alpha-toxin gene expression that were positively correlated and progressed
according to the regression model y � b0 � b1X � b2X2. The average C. perfringens count of 5 log10 CFU/g in
the ileal digesta appears to be a threshold for developing NE with a lesion score of 2.

Necrotic enteritis (NE) is an enteric disease in poultry
caused predominantly by Clostridium perfringens type A strains
and to a lesser extent type C strains (6, 13, 19). Type A strains
produce only alpha-toxin as the major toxin, and alpha- and
beta-toxins are the two major toxins produced by type C strains
(19). The disease is thought to occur when a pathogenic strain
of C. perfringens, which is normally part of intestinal micro-
biota, overgrows in the small intestine and produces extracel-
lular toxins that damage the intestine (9, 12, 18). NE can
appear in 2- to 5-week-old broilers (7), but outbreaks typically
happen around 17 to 18 days of age (17). Although substantial
evidence supports the role of alpha-toxin in the pathogenesis
of NE (1, 2, 8), a recent report with alpha-toxin-defective
mutants has questioned the importance of alpha-toxin (10).
Therefore, more studies are required to clarify the importance
of alpha-toxin and other factors in NE pathogenesis. The
present study was undertaken to quantify the relationship be-
tween cell proliferation and alpha-toxin gene expression of C.
perfringens in the development of NE. To this end, a specific
quantitative PCR assay, including reverse transcription (RT)
and real-time PCR (Q-RT-PCR), was developed to measure
alpha-toxin gene expression, and an experimental model for
chicken infection with C. perfringens (3, 4, 5) was used.

Bacteria. A type A strain of C. perfringens routinely used to
induce NE in broiler chickens at Nutreco Canada Agresearch
by following an established NE infection model (3) was used
for this study. The bacterium was grown in Mueller-Hinton
broth or on Mueller-Hinton agar containing 5% (vol/vol)

sheep blood at 37°C under an anaerobic atmosphere (85% N2,
10% CO2, and 5% H2). Escherichia coli DH5� harboring plas-
mid pGEM-T with an alpha-toxin gene (cpa) from type A C.
perfringens strain D32124 was from J. Prescott (University of
Guelph, Guelph, Canada).

Chicken trial. Broiler chickens (Ross � Ross) were reared
by following the guidelines of the Canadian Council on Animal
Care (15). Six-hundred-day-old chicks in 12 pens (50 birds/
pen) were assigned in equal proportions to one of two dietary
treatments: (i) a typical all-vegetable starter diet (Shur-Gain;
Nutreco Canada) with zinc bacitracin (55 mg/kg) or (ii) the
same diet without bacitracin. The first day of the trial was
designated day 0. On day 18, birds were challenged for 16 h
with C. perfringens (107 CFU/ml) through the diet after 8 h of
starvation (3). Before the challenge, 12 birds from each treat-
ment group (two birds/pen) were randomly selected and eu-
thanized with CO2. The sampling was repeated after the chal-
lenge for 4 days (days 19 to 22). Ileal digesta were collected
from each bird. Digesta (0.25 g) for RNA extraction was
mixed, immediately after dissection, with 1.75 ml RNAlater
(Ambion, Austin, TX) and stored on ice for subsequent pro-
cessing. NE lesion in the small intestine was monitored and
scored for the last 3 days (days 20 to 22) of the trial as de-
scribed elsewhere (16). Chicken growth performance, includ-
ing body weight and feed intake, was recorded weekly prior to
clostridial challenge and daily after the challenge. C. perfrin-
gens in the digesta was enumerated by plating (12).

RNA preparation. Each digesta sample in RNAlater was
aliquoted into two Eppendorf tubes (1 ml each), and the vol-
ume was brought to 2 ml with phosphate-buffered saline buffer
(pH 7.4). The digesta were recovered by centrifugation (20,000
relative centrifugal force, 20 min), quickly frozen in liquid
nitrogen, and then stored at �80°C until extraction. Total
RNA was extracted from ileal digesta with a RiboPure bacte-
rial RNA isolation kit (Ambion) according to the manufactur-
er’s instructions except for using 1 ml of lysis buffer in each
tube, the application of bead beating to lyse bacterial cells as

* Corresponding author. Mailing address: Food Research Program,
Agriculture and Agri-Food Canada, 93 Stone Road West, Guelph, On-
tario, Canada N1G 5C9. Phone: (519) 780-8027. Fax: (519) 829-2600.
E-mail: gongj@agr.gc.ca.

† Present address: Department of Molecular and Cellular Biology,
University of Guelph, Guelph, Ontario, Canada.

‡ Present address: Department of Poultry Science, Texas A&M Uni-
versity, College Station, TX.

� Published ahead of print on 7 September 2007.

7110



described previously (11), and two chloroform extractions dur-
ing RNA preparation. RNA extract was purified using a Turbo
DNA-free kit (Ambion).

Q-RT-PCR. cDNA was synthesized from 0.5 �g purified
RNA using a Retroscript reverse transcription kit (Ambion).
cDNAs were verified by PCR with cpa-specific primers (14)
and eubacterial universal primers (21).

Real-time PCR was performed on a Stratagene MX4000
thermal cycler with brilliant SYBR green Q-PCR Master Mix
(Stratagene, La Jolla, CA). Previously published C. perfringens
cpa gene-specific primers (cpaF, GCTAATGTTACTGCCGT
TGA; cpaR, CCTCTGATACATCGTGTAAG) (14) were ex-
perimentally evaluated and used for real-time PCR. cDNA
samples were diluted 10-fold, and 1 �l of each diluted sample
(containing cDNAs equivalent to 2.5 ng of total RNA) was

FIG. 1. Representative standard curve showing the relationship be-
tween real-time PCR amplification threshold cycle numbers (Ct) and
copy numbers of cpa. PCR amplification efficiencies were 0.95. Log N,
log10 copy numbers of alpha-toxin gene mRNA.
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TABLE 2. Relationships of cell proliferation and alpha-toxin gene
expression of C. perfringens in the ileal digesta of chickens on diets

with or without bacitracin during the development of NEa

Diet
Post

challenge
dayb

No. of
infected
birdsc

Log CFU/g
(avg � SD)d

No. of
birds
with

lesions

Score
(avg � SD)

Alpha-toxin
mRNA

(log N/�g;
avg � SD)e

Nonmedicated 0 2 0.8 � 2.0 ND ND 0
1 12 7.3 � 1.7 ND ND 5.1 � 3.4
2 10 6.7 � 3.2 8 1.3 � 1.0 7.4 � 3.4
3 10 6.2 � 3.1 5 0.9 � 1.2 6.2 � 3.6
4 6 4.1 � 4.4 5 0.8 � 1.0 3.7 � 4.4

Medicated 0 1 0.5 � 1.8 ND ND 0
1 0 0 ND ND 0
2 1 0.4 � 1.3 0 0 0
3 2 0.8 � 1.3 1 0.1 � 0.3 0
4 3 1.1 � 1.9 0 0 0

a Samples were collected from 12 birds for each treatment. The nonmedicated
diet contained no antibiotics; the medicated diet contained zinc bacitracin (55
mg/kg). ND, not determined; SD, standard deviation.

b Chickens were challenged with C. perfringens on day 18. On postchallenge
day 0, samples were collected just before the challenge.

c Birds were regarded as infected when C. perfringens was detected in the
digesta.

d Log10 CFU per gram of ileal digesta.
e N, copy numbers of alpha-toxin gene mRNA (regarded as 0 when the mRNA

was not detected).
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added in a 25-�l reaction mixture which contained 1� Master
Mix, 150 nM of each primer, and 30 nM ROX (6-carboxy-X-
rhodamine). The program was 10 min at 95°C, then 40 cycles of
95°C for 30 s, 56°C for 30 s, and 72°C for 30 s, and finally 2 min
at 72°C. Fluorescence was measured after each annealing. Re-
combinant cpa in a linear range from 102 to 109 copies was
included as a standard in each run. To mimic digesta samples,
the standards also included the same amount of cDNAs gen-
erated from samples with no C. perfringens colony counts. Tests
of samples and standards were repeated three times and ar-
ranged on different well positions of the plates. The standard
curves were generated by plotting threshold cycles of the stan-
dards against log10 copy numbers of cpa using GraphPad Prism
version 4 (GraphPad Software Inc., San Diego, CA). The am-
plification efficiency was calculated as �1 � 10(�1/slope) (20).

Statistical analyses. Statistical analyses, including t test,
correlation analysis, and polynomial regression modeling (y �
b0 � b1X � b2X2, where y is the colony count or the copy
number and X is days postchallenge) were performed using
statistical software (SAS version 8.00; SAS Institute Inc., Cary,
NC). Since NE score is a discrete variable, effects of the colony
counts and the copy numbers on development of NE lesions
were analyzed by a logistic proportional odds model according
to the SAS logistic procedure.

Animal growth. Two birds in the non-bacitracin-treated
group died following clostridial challenge. Significant differ-
ences (P � 0.05) were observed only in average daily gain,
average daily feed intake, and feed conversion ratio of post-
challenge birds between bacitracin-treated and untreated
groups; in these categories, untreated birds demonstrated a
reduction in performance (Table 1).

C. perfringens proliferation and NE lesions. As summarized
in Table 2, 1 and 2 out of 12 birds from bacitracin-treated and
untreated groups of chickens, respectively, had barely detect-
able counts of hemolytic C. perfringens in the ileum on day 0
(i.e., before challenge). Bacitracin in the diet effectively con-
trolled the cell proliferation of C. perfringens and development
of NE. However, non-bacitracin-treated chickens demon-
strated high incidence and lesion of NE with a high level of C.
perfringens counts.

Alpha-toxin gene expression. Figure 1 shows a representa-
tive standard curve for quantification of cpa mRNA. A linear
relationship was found between 102 and 109 copies of the
mRNA (r2 � 0.99). The average real-time PCR amplification
efficiency summarized from 108 separate runs was 0.92 � 0.14
(n � 108). The Q-RT-PCR assay demonstrated good repro-
ducibility. The standard deviations from six standard curves
ranged from 0.29 to 0.98 in six separate PCR assays (triplicates
for each sample) for calibration of cpa mRNA in the digesta
RNA samples. The detection limit of the assay with the digesta

FIG. 2. Progress curves of C. perfringens cell proliferation and al-
pha-toxin gene expression after challenge. Log CFU/g, log10 CFU per
gram of ileal digesta (f); N, copy number of alpha-toxin gene mRNA
(Œ). The solid line represents colony counts of C. perfringens, gener-
ated from a regression model: y � 1.50694 � 5.41067x � 1.21876x2

(r2 � 0.3385, n � 60). The dashed line represents mRNA copy num-
bers of the alpha-toxin gene, generated from a regression model: y �
0.10793 � 6.15743x � 1.32615x2 (r2 � 0.3709, n � 58). All slopes in the
equations are significant (P � 0.0001). Data points are observed mean
values with standard deviation bars.

FIG. 3. Correlation between the cell proliferation and alpha-toxin gene expression of C. perfringens in the ileal digesta of non-bacitracin-treated
postchallenge chickens. Panels A through D show data from days 1 through 4 postchallenge, respectively. Log CFU/g, log10 CFU per gram of ileal
digesta; N, copy numbers of alpha-toxin gene mRNA; r, Spearman’s rank correlation coefficient. Chickens were challenged with C. perfringens on
day 18.
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samples was 100 copies of cpa mRNA molecules per reaction,
which is equal to 104 copies/�g total RNA.

Like C. perfringens proliferation and NE lesion, the expres-
sion of cpa was also effectively controlled by bacitracin treat-
ment (Table 2). In non-bacitracin-treated chickens, however,
cpa expression increased significantly after the challenge,
reached a peak on day 2 postchallenge, and then declined at
the end of the trial. Some birds in the same group had no
detectable level of cpa mRNA regardless whether they had NE
lesions, which led to relatively large standard deviations for
gene expression.

Quantitative relationships. The progress of cell prolifera-
tion and cpa expression of C. perfringens in the ilea of non-
bacitracin-treated chickens during postchallenge days can be
described by a regression model: y � b0 � b1X � b2X2 (Fig. 2).
Both cell proliferation and cpa expression demonstrated a
progress trend in a parabolic curve. The expression of cpa was
behind the cell proliferation during the first 2 days postchal-
lenge but reached the same level at the last day of the trial. The
level of cpa expression was positively correlated (P � 0.0004)
with the cell proliferation of C. perfringens each day postchal-
lenge (r � 0.87 to 0.95) (Fig. 3). The same positive correlation
(P � 0.0001, r � 0.91) was also observed when the data from
total 46 birds examined in the last 4 days postchallenge were
used.

The relationship of the incidence of NE to the level of cpa
expression and C. perfringens burden in the ilea of non-baci-
tracin-treated chickens was also analyzed. While the develop-
ment of NE lesions was marginally explained by the level of cpa
expression (P � 0.10), the cell proliferation of C. perfringens
can be used to predict the incidence of NE lesion (P � 0.0175)
(Fig. 4). The estimated probability shows that the average C.
perfringens count of 5 log10 CFU/g in the digesta appears to be
a threshold for developing NE with a lesion score of 2.
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FIG. 4. Relationship between C. perfringens cell proliferation and
the incidence of NE.
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