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a  b  s  t  r  a  c  t

NetB  (necrotic  enteritis  toxin  B)  is a recently  identified  �-pore-forming  toxin  produced  by  Clostridium
perfringens.  This  toxin  has  been  shown  to play  a major  role  in  avian  necrotic  enteritis.  In recent  years,
a  dramatic  increase  in necrotic  enteritis  has  been  observed,  especially  in  countries  where  the  use  of
antimicrobial  growth  promoters  in  animal  feedstuffs  has  been  banned.  The aim of  this  work  was  to
determine  whether  immunisation  with a NetB  toxoid would  provide  protection  against  necrotic  enteritis.
The  immunisation  of poultry  with  a formaldehyde  NetB  toxoid  or with  a NetB  genetic  toxoid  (W262A)
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resulted  in  the  induction  of  antibody  responses  against  NetB  and  provided  partial  protection  against
disease.

© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
accine

. Introduction

Clostridium perfringens (C. perfringens) is a ubiquitous bacterium
hat is able to colonise a variety of different biotopes and it is not
nusual to find C. perfringens as a commensal in the normal gut
icrobiota in domesticated animals. However, under particular cir-

umstances the bacterium is responsible for severe diseases. These
iseases are largely a consequence of the actions of toxins on the
ost [1]. In addition to the four toxins used for typing C. perfrin-
ens strains (alpha-, beta-, epsilon-, and iota-toxin), the bacterium
s able to produce a number of other toxins, including enterotoxin
nd perfringolysin O [2,3].

C. perfringens has been shown to cause avian necrotic enteri-

is (NE), a severe gastro-intestinal disease of farmed poultry [4–6].
ntil recently, NE has been controlled by the addition of antimicro-
ial growth promoters to feedstuffs. However, in many countries

� This is an open-access article distributed under the terms of the Creative Com-
ons Attribution-NonCommercial-No Derivative Works License, which permits

on-commercial use, distribution, and reproduction in any medium, provided the
riginal author and source are credited.
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national and supranational regulations now limit the addition of
antimicrobials to animal feeds. Consequently, in these countries,
NE is emerging as a disease which is of significant economic con-
sequence to the poultry industry [7,8]. The disease can occur in at
least two forms. The acute form of NE typically results in mortal-
ity during the last weeks of rear of broilers (week 5–6). However,
many cases of NE are associated with relatively mild clinical signs
[9–11]. This subclinical form of NE results in decreased digestion
and absorption of feedstuffs and consequently reduced weight gain
[12,13]. At least in Europe it is now believed that the subclinical NE
is the most frequent form of the disease and causes the greatest
economic losses to the poultry production industry [14].

Although it is clear that C. perfringens is the etiologic agent of NE,
a wide range of host and pathogen factors can influence the severity
of the disease. These factors include the nature of the feedstuff, co-
infection with various Eimeria species and the molecular makeup
of C. perfringens in the gut [15]. Often these factors interact with
each other, and this has made the development of reliable infec-
tion models difficult [15]. The molecular basis of virulence of C.
perfringens associated with NE is still being investigated. However,
almost all C. perfringens isolates from cases of NE possess the netB

gene [4,16,17] which encodes necrotic enteritis toxin B (NetB), a
�-pore-forming toxin [6,18]. Pore formation by NetB can lead to
cell lysis by disruption of membrane integrity and a netB mutant of
C. perfringens is reported to be incapable of causing NE [6]. There

reserved.
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s also accumulating evidence that other virulence factors, such
s the TpeL toxin, play a role in disease [19]. The production of
hese virulence factors might explain the reported ability of some
etB-negative strains of C. perfringens to cause NE [4,6].

Immunisation with either crude toxoids [20] or culture super-
atants [21] can provide significant but incomplete protection
gainst experimental NE. Although these vaccines are simple to
repare they suffer from the limitation that it is difficult to con-
gure them for non-invasive dosing, for example by oral delivery.
ther workers have explored the possibility of a sub-unit which is
ble to protect against NE, with a view towards both improving vac-
ine efficacy and opening the possibility of oral delivery. To date, a
ange of proteins derived from C. perfringens have been evaluated
s sub-unit vaccines including alpha-toxin, glyceraldehyde-3-
hosphate dehydrogenase, pyruvate-ferredoxin oxidoreductase,
ructose 1,6-biphosphate-aldolase, or a hypothetical protein [22].
mmunisation with any of these sub-units provided partial pro-
ection against experimental NE. Partial protection against NE has
lso been reported after immunisation with C. perfringens large
ytotoxin TpeL, endo-beta-N-acetylglucosaminidase or phospho-
lyceromutase [23]. A more recent study in which alpha-toxin,
etB, pyruvate-ferredoxin oxidoreductase and elongation factor-
u were compared as protective antigens concluded that NetB
nd pyruvate-ferredoxin oxidoreductase given with ISA71 adju-
ant provided enhanced protective immunity [24]. However, it is
nlikely that a licensed vaccine for widespread use could contain
ctive toxins. Therefore, there is a need to identify non-toxic vari-
nts of these toxins.

In a previous study, mutational analysis of NetB led to the iden-
ification of several amino acids important for toxicity [18]. The

utation of tryptophan to alanine at position 262 (W262A) resulted
n a significant reduction in cytotoxicity towards LMH cells, bind-
ng to LMH  cells and haemolytic activity on red blood cells [18]. The

262A mutation is located within the rim domain of NetB, a region
ediating binding of the toxin to the cell membrane.
In this study, we investigated whether a formaldehyde NetB

oxoid or a NetB mutant (W262A) were able to induce protection
gainst experimental NE in poultry.

. Materials and methods

.1. Bacterial strains and plasmids

Plasmid pBAD (Invitrogen, Paisley, UK) was used as expression
ector and E. coli TOP10 (Invitrogen, Paisley, UK) as expression
ost. E. coli strains were grown either in Terrific Broth (TB) or
uria–Bertani (LB) agar supplemented with ampicillin (100 �g/ml)
t 37 ◦C and shaken at 300 rpm, where appropriate.

.2. Animals and housing conditions

Ross 308 broiler chickens were obtained as one-day-old chicks
rom Vervaeke-Belavi Hatchery (Tielt, Belgium, BE3031) and the
arent flock had not been vaccinated with the commercial Net-
ax or any other C. perfringens vaccine. All animals were housed
n the same room. The birds were reared in pens at a density of
7 animals per 1.5 m2 on wood shavings. All pens were separated
y solid walls to prevent contact between birds from different
reatment groups. Before the trial, the rooms were decontami-
ated with Metatectyl HQ (Clim’oMedic®, Metatecta, Belgium) and

 commercial anticoccidial disinfectant (OOCIDE, DuPont Animal

ealth Solutions, Wilmington, USA). The chickens received ad libi-

um drinking water and feed. A 23 h/1 h light/darkness programme
as applied. The animal experiments were carried out accord-

ng to the recommendations and following approval of the Ethical
ccine 31 (2013) 4003– 4008

Committee of the Faculty of Veterinary Medicine, Ghent University,
Belgium.

2.3. Expression and purification of NetB and NetB W262A

The expression of wild type NetB or NetB W262A, without their
native signal peptides and with N-terminal His-tags for purifica-
tion, was carried out in E. coli TOP10 cells and purification was
carried out as described previously [18]. In summary, the recombi-
nant E. coli carrying the pBAD-NetB expression vector was grown
in TB to an optical density (OD595nm) of 0.5 and expression of the
toxin induced for 6 h by adding arabinose at a final concentration
of 0.02% (w/v). Bacterial cells were harvested by centrifugation,
lysed enzymatically using BugBuster (Invitrogen, Paisley, UK), and
NetB purified by Ni-NTA chromatography columns (GE Healthcare
Life Sciences, Little Chalfont, UK) according to the manufacturer’s
instructions. The protein was  transferred into Tris-buffered saline
(TBS; 20 mM Tris pH 7.5, 150 mM NaCl) using PD-10 desalting
columns (GE Healthcare Life Sciences, Little Chalfont, UK) and pro-
tein concentrations measured with a UV–vis spectrophotometer
(Thermo Scientific, Cramlington, UK).

2.4. Preparation of formaldehyde NetB toxoid

Wild type NetB was  suspended at 400 �g/ml in TBS and
formaldehyde added to a final concentration of 130 mM.  After incu-
bation for 5 days at 37 ◦C, the reaction was stopped by the addition
of l-lysine (30 mM final concentration) and residual formalde-
hyde was  removed by dialysis overnight against TBS by using
10 kDa MWCO  Spectra/Por 6 dialysis tubing (Spectrumlabs, Rancho
Dominguez, USA).

2.5. SDS-PAGE analysis

Protein purity was  analysed by SDS-PAGE on precast 4–12%
acrylamide-bisacrylamide gels (Invitrogen, Paisley, UK). Therefore,
gels were run in MES  running buffer (Invitrogen, Paisley, UK) for
45 min  at 200 V and stained with SimplyBlue (Invitrogen, Paisley,
UK). The Perfect Protein Marker (Merck, Darmstadt, Germany) was
used as a protein standard.

2.6. Cytotoxic activity of NetB and NetB toxoids

Wild type NetB or NetB toxoids were evaluated for cytotoxic-
ity towards a chicken hepatocellular carcinoma epithelial cell line
(LMH; ATCC: CRL-2117; ATCC-LGC Standards, Teddington, UK) as
described previously [18]. Briefly, LMH  cells were grown on 96-
well plates to approximately 70% confluency in Waymouth’s MB
752/1 medium (Invitrogen, Paisley, UK) supplemented with 10%
foetal calf serum in a 5% CO2 incubator at 37 ◦C. Subsequently,
cells were incubated with 100 �l (0.4 mg/ml) of either wild type
NetB, formaldehyde NetB toxoid, or NetB W262A for 1 h at 37 ◦C.
Effects on cell morphology were observed with the Inverso-TC opti-
cal microscope (Medline Scientific, Chalgrove, UK) and images were
taken with the PowerShot S5 IS digital camera (Canon, Reigate, UK).

2.7. Measurement of antibody to NetB using ELISA

Antibody responses to NetB toxoids were determined using an
enzyme-linked immunosorbent assay (ELISA). Three groups 10 of
one-day-old Ross 308 broiler chickens were fed a wheat/rye-based

(43%/7.5%) diet, with soybean meal (24.6% and 25.3% soybean meal
in the starter and grower diet respectively) as a protein source [25].
On days 3, 9, and 15, animals were each immunised with 30 �g of
either formaldehyde NetB toxoid or NetB W262A. Quil-A (50 �g;
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ig. 1. Experimental design of the in vivo NE model. Animals were immunised with f
ith  C. perfringens strain 56 on days 17, 18, 19, and 20. Animals were culled, necrop

renntag Biosector, Frederikssund, Denmark) was  used as an adju-
ant. The mixture was diluted in PBS to a total volume of 200 �l,
ixed by pipetting and filter-sterilised (0.2 �m pore size). Birds
ere vaccinated subcutaneously in the neck with a 200 �l dose.
ontrols consisted of a group receiving only the Quil-A (50 �g)
djuvant. Serum samples were taken on day 15 (prior to third
mmunisation) and on day 23.

For each ELISA, assays were performed in triplicate in three inde-
endent experiments, individual sera in each group were pooled
nd used at a dilution of 1:20. First, 96-well microtitre plates
Nunc-Immuno Plates–MaxiSorp; Thermo Scientific, Cramlington,
K) were coated with 2.5 �g/well of purified NetB overnight at
◦C. Plates were washed three times with TBS-T (TBS, Tween 0.05%,
/v) and blocked with Odyssey blocking buffer (LI-COR Biosciences,
ambridge, UK) for 1 h at room temperature. Plates were washed
ith TBS-T and 100 �l/well of pooled sera was incubated for 2 h

t room temperature. Bound antibodies were detected using a
RP-conjugated rabbit anti-chicken IgY (H + L) secondary antibody

1:5000; Thermo Scientific, Cramlington, UK) and the ELISA HRP
ubstrate (680) pack (LI-COR Biosciences, Cambridge, UK). Fluores-
ent intensity was imaged using the Odyssey CLX infrared imaging
ystem (LI-COR Biosciences, Cambridge, UK). The fluorescence val-
es for each sample were normalised by subtracting the values
btained for using TBS as a sample.

.8. In vivo NE model

The NE model was based on the subclinical in vivo model
escribed previously [25,26]. Groups of 25–28 one-day-old Ross
08 broiler chickens were immunised three times with either
ormaldehyde NetB toxoid formulated with Quil-A or NetB W262A
ormulated with Quil-A as described above. Controls consisted of
n untreated group and a group receiving only the adjuvant. Nobilis
umboro D 78 vaccine (Schering-Plough Animal Health, Brussels,
elgium) was given in the drinking water on day 16. From day 17
nwards soy bean meal was replaced by fishmeal (30%) as a pro-
ein source. All groups were challenged orally, using a plastic tube
nserted in the crop, on days 17, 18, 19 and 20 with a single dose
f approximately 4 × 108 cfu of C. perfringens strain 56. On day 18,
ll animals were orally inoculated with a 10× dose of Paracox-5
Schering-Plough Animal Health, Brussels, Belgium) [26]. On days
1, 22, and 23, one-third of the birds in each group were euthanised
nd necropsied. A schematic outline of the experimental design is
hown in Fig. 1.

.9. Assessment of protection

NE severity was assessed by scoring lesions within the small

ntestine of each animal (duodenum to ileum) as described by
eyburn et al. [27] as follows: 0 = no gross lesions; 1 = congested

ntestinal mucosa; 2 = focal necrosis or ulceration (1–5 foci);
 = focal necrosis or ulceration (6–15 foci); 4 = focal necrosis
dehyde NetB toxoid or NetB W262A on days 3, 9, and 15 post-hatching and infected
and scored for lesions within the small intestines on days 21, 22, or 23.

or ulceration (≥16 foci); 5 = patches of necrosis 2–3 cm long;
6 = diffuse necrosis typical of field cases. Animals showing lesion
scores of 2 or higher were classified as NE positive.

3. Statistical analysis

For the in vivo NE model, differences within the occurrence
of NE-positive animals between the controls and the NetB toxoid
vaccinated groups were evaluated by a binary logistic regression
analysis with the SPSS Statistics software 21.0 (SPSS Inc., Chicago,
USA). A 2-way ANOVA analysis with the GraphPad Prism software
5.01 (GraphPad Software, La Jolla, USA) was used to compare the
means of ELISA data. In both analysis, a p value of less than 0.01
was considered as significant (***p < 0.001; **p < 0.01).

4. Results

4.1. SDS-PAGE analyses of NetB W262A and formaldehyde NetB
toxoid

Purified NetB W262A was  analysed by SDS-PAGE (supplemental
Fig. 1A). The predicted molecular size of monomeric NetB, without
its native signal peptide but with an N-terminal His-tag, is 37.6 kDa
and we observed a major band with an apparent molecular size of
approximately 38 kDa. A lower abundance protein migrated with a
molecular weight of greater than 200 kDa and this is likely to be the
SDS-resistant heptameric form of the toxin [18]. We  also prepared a
formaldehyde NetB toxoid. The toxoid migrated as a high molecular
complex on SDS-PAGE (supplemental Fig. 1B), consistent with the
chemical cross-linking of individual proteins.

Supplementary data related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.vaccine.2013.05.063.

4.2. Cytotoxic activity of NetB and NetB toxoids on LMH  cells

LMH  cells were incubated with 0.4 mg/ml  wild type NetB or
NetB toxoids for 1 h at 37 ◦C and any morphological changes
observed by optical microscopy (supplemental Fig. 2). Untreated
cells showed epithelial and dendritic-like growth (supplemental
Fig. 2A), whereas treatment of cells with purified wild type NetB
caused cell blebbing and cell swelling (supplemental Fig. 2B). Incu-
bation with formaldehyde NetB toxoid or NetB W262A did not
result in any morphological changes indicative of toxicity to LMH
cells (supplemental Fig. 2C and D, respectively).

Supplementary data related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.vaccine.2013.05.063.

4.3. Measurement of antibody to NetB using ELISA
We used an ELISA to measure the antibody responses to NetB
in immunised chicken (Fig. 2). Animals immunised with either
formaldehyde NetB toxoid or NetB W262A showed an increasing

http://dx.doi.org/10.1016/j.vaccine.2013.05.063
http://dx.doi.org/10.1016/j.vaccine.2013.05.063
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Fig. 2. Measurement of antibody to NetB using ELISA. Chicken were immunised
with either formaldehyde NetB toxoid, NetB W262A or the Quil-A adjuvant alone,
on  days 3, 9, and 15. Sera were taken on day 15 (prior to third immunisation) and on
day  23. The graph represents data from three replicates in three independent exper-
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ments (data are the means ± SEM; n = 3). Asterisks indicate a statistically significant
ifference (***p < 0.001; 2-way ANOVA analysis) relative to the Quil-A immunised
ontrol.

ntibody response to NetB over the course of the immunisation
chedule. By day 23 poultry immunised with the toxoids showed
ignificantly higher levels (p < 0.001) of circulating antibody than
ontrol animals immunised with Quil-A alone. In addition, on day
3 animals immunised with the NetB W262A showed significantly

ncreased (p < 0.01) NetB antibody responses than the group vacci-
ated with the formaldehyde NetB toxoid.

.4. Protection against experimental NE after immunisation with
ormaldehyde NetB toxoid or NetB W262A

Immunisation with either the formaldehyde NetB toxoid or with
etB W262A reduced lesion scores relative to the control groups in
oultry experimentally infected with C. perfringens (Fig. 3A). In the
ontrol groups of untreated chickens, or chickens dosed with adju-
ant only, the mean lesion scores were 1.04 and 1.07, respectively.
n contrast, animals immunised with the formaldehyde NetB toxoid
howed a mean lesion score of 0.33 and animals immunised with
etB W262A a mean lesion score of 0.25. There was also a reduced
ccurrence of NE-positive chicken in vaccinated groups compared
ith control groups (Fig. 3B). In the non-vaccinated and the adju-

ant only immunised groups 48% of the birds were NE-positive,
hereas in animals vaccinated with formaldehyde NetB toxoid or
etB W262A only 15% and 11% of animals were NE-positive, respec-

ively.

. Discussion

In broilers, acute NE is often evidenced as a sudden increase in
ock mortality during the last weeks of the rearing period (week
–6) and at necropsy large necrotic foci and extensive necrosis are
ound at the mucosal surface of the gut. The infection model we
ave used in our study reflects the subclinical form of disease. In
ur model approximately 50% of the control animals develop focal
esions which are typical of the lesions seen in field cases of sub-
linical NE. We  do not observe massive necrosis of the gut which
s associated with acute disease. In previous studies we  have used
his model, in some cases with minor modifications, to evaluate
he effect of feed additives, vaccines or antibiotics on disease or to
erform studies on the pathogenesis of NE [21,26,28–30].

Recently, we have solved the heptameric pore-forming struc-
ure of NetB and determined the roles of selected amino acids
ediating binding and toxicity to target cells [18]. The NetB mutant
W262A) showed the greatest reduction in binding and toxicity,
elative to wild type NetB. Cytotoxicity of wild type NetB and
etB W262A on LMH  cells was tested via the release of lactate
ccine 31 (2013) 4003– 4008

dehydrogenase (LDH) into the culture medium [18]. Wild type
NetB caused LDH release and the median cytotoxic dose (CT50) was
800 nM.  In contrast, LDH release could not be detected after incu-
bation of cells with NetB W262A, even at a concentration of 4 �M
[18].

This study was  conducted to test NetB W262A or a formalde-
hyde NetB toxoid for their potential to induce an immune response
able to protect chicken against the subclinical form of NE. Vaccina-
tion with either antigen increased the antibody response to NetB,
relative to the control groups. In addition, antibody levels to NetB
were significantly higher on day 23 for the NetB W262A immunised
group than for the formaldehyde NetB toxoid vaccinated group. As
expected, control chickens did not have high levels of antibody to
NetB on days 15 and 23 of our study. We  recorded an induced pro-
tection after immunisation with either of the NetB toxoids in our
NE disease model. However, a direct comparison with protection
studies carried out by other researchers with different antigens
is difficult, due to differences in the immunisation regimens and
disease models used.

Although our findings are encouraging, the vaccination schedule
we have reported here would not be suitable for widespread use in
poultry flocks. The lifespan of broiler poultry is typically 4–8 weeks
and using our immunisation schedule we could not detect a signifi-
cant increase in serum NetB antibody at 15 days post immunisation.
Protection of younger animals might be achieved by the vaccination
of breeder hens with the subsequent transfer of maternal antibody
to eggs [31,32], by in ovo immunisation [33,34], or using a vaccine
delivery system that results in a rapid development of immunity
[35].

We  could not demonstrate complete protection of poultry
after immunisation with either NetB W262A or the formaldehyde
NetB toxoid. It is possible that NetB variants with mutations in
other residues might lead to higher levels of protection. However,
our findings that immunisation with either NetB W262A or the
formaldehyde toxoid induced broadly similar levels of protection
suggests that it is more likely that delivery with a different adju-
vant or by a different route is required for improved protective
immunity. If NetB is directly responsible for the gut lesions seen in
diseased animals, then it is possible that immunisation by a route
that would induce a mucosal antibody response would provide
increased protection against NE. Immunisation with an attenu-
ated strain of Salmonella enterica serovar Typhimurium expressing
NetB W262A could result in the induction of mucosal antibody
which would then protect the gut mucosal surface from the toxin.
The use of a Salmonella-vectored vaccine might also allow a sin-
gle dose of vaccine to be given – an important consideration
when immunising poultry flocks. Previously, other workers have
expressed C. perfringens fructose-biphosphate-aldolase, pyruvate-
ferredoxin oxidoreductase, hypothetical protein, or alpha-toxoid
in attenuated strains of S. enterica serovar Typhimurium and have
reported the induction of protective immunity against experi-
mental NE [36,37]. These Salmonella based vaccines have been
given to poultry orally and immunisation resulted in both serum
and mucosal antibody responses to the C. perfringens antigens
[36,37].

Alternatively, we have previously reported the expression of
alpha-toxoid on the surface of Bacillus subtilis spores, and these
spores have been shown to be immunogenic in mice, inducing
mucosal antibody responses after oral dosing [38]. The immuno-
genicity of the recombinant spores in poultry has not been
investigated. However, B. subtilis spores have been shown to
be effective as competitive exclusion agents in poultry, limiting

colonisation of the gut by C. perfringens [39]. Oral dosing with B.
subtilis spores expressing NetB W262A might therefore offer short
term benefits as the spores act as competitive exclusion agents and
also induce protective antibody responses in the longer term.
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Fig. 3. In vivo NE model. (A) Lesion scores of individual broiler chickens. According to severity, lesions in the small intestine were scored from 0 (no gross lesions) to 6
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diffuse necrosis). Individual broiler chickens are marked as (+). n = number of anim
E-positive. Black bars represent the SEM. Groups not sharing the indicated letters

An alternative approach to devising an NE vaccine that pro-
ides more complete protection against disease might lie in
sing a combination of protective antigens, such as NetB toxoid
ith alpha-toxoid, glyceraldehyde-3-phosphate dehydrogenase,
yruvate-ferredoxin oxidoreductase, fructose 1,6-biphosphate-
ldolase, hypothetical protein, elongation factor-Tu, TpeL, endo-
eta-N-acetylglucosaminidase, or phosphoglyceromutase which
ave all been shown to provide partial protection against disease.

In conclusion, this study demonstrates that a formaldehyde
etB toxoid or NetB W262A could be used in subsequent work to
evise a vaccine to control NE. Compared to the production method
f formaldehyde NetB toxoid, the NetB W262A mutant is easily
roduced in E. coli. In addition, toxoiding using formaldehyde can
how batch to batch variation and reversion to toxicity has been
eported in other bacterial toxins in the past [40,41]. Furthermore,
t is important to minimise any free formaldehyde in vaccine prepa-
ations to avoid possible side effects [42]. As a NetB formaldehyde
oxoid might suffer from these problems, the use of a NetB mutant
ould allow a more reliable and simple production of a vaccine.
owever, further work is required to establish how such a toxoid
accine could be effectively delivered, suitable for use in the poultry
ndustry.

onflict of interests

The authors have no competing interests.

uthors’ contributions

SFdC carried out most of the experiments and drafted the
anuscript. DM carried out the in vivo NE model and drafted the
anuscript. CS helped to purify NetB and drafted the manuscript.
B-B helped with experiments and interpreted the data. RT devised

his project and drafted the manuscript, FVI, AB designed research
nd revised the manuscript. All authors read and approved the final
anuscript.

cknowledgements
This research was supported in part by Wellcome Trust award
T089618MA and by the European Union Marie Curie Network

rant 237942 to RT.

[

) NE-positive chickens. Animals with lesion scores of 2 or higher were classified as
gnificantly different (p < 0.01) according to the binary logistic regression analysis.

References

[1] Songer JG. Clostridial enteric diseases of domestic animals. Clin Microbiol Rev
1996;9(2):216–34.

[2] McDonel JL. Clostridium perfringens toxins (type A, B, C, D, E). Pharmacol Ther
1980;10(3):617–55.

[3] Petit L, Gibert M, Popoff MR.  Clostridium perfringens: toxinotype and genotype.
Trends Microbiol 1999;7(3):104–10.

[4] Cooper KK, Songer JG. Virulence of Clostridium perfringens in an experimental
model of poultry necrotic enteritis. Vet Microbiol 2009;142(3–4):323–8.

[5] Parish WE.  Necrotic enteritis in the fowl (Gallus gallus domesticus). I.
Histopathology of the disease and isolation of a strain of Clostridium welchii.
J  Comp Pathol 1961;71:377–93.

[6] Keyburn AL, Boyce JD, Vaz P, Bannam TL, Ford ME,  Parker D, et al. NetB, a
new toxin that is associated with avian necrotic enteritis caused by Clostridium
perfringens.  PLoS Pathog 2008;4(2):e26.

[7] Sluis W.  Clostridial enteritis is an often underestimated problem. World Poultry
2000;16:42–3.

[8] Castanon JI. History of the use of antibiotic as growth promoters in European
poultry feeds. Poult Sci 2007;86(11):2466–71.

[9] Kaldhusdal M, Hofshagen M.  Barley inclusion and avoparcin supplementation
in  broiler diets. 2. Clinical, pathological, and bacteriological findings in a mild
form of necrotic enteritis. Poult Sci 1992;71:1145–53.

10] Brennan J, Moore G, Poe SE, Zimmermann A, Vessie G,  Barnum DA, et al. Efficacy
of  in-feed tylosin phosphate for the treatment of necrotic enteritis in broiler
chickens. Poult Sci 2001;80(10):1451–4.

11] Brennan J, Bagg R, Barnum D, Wilson J, Dick P. Efficacy of narasin in the pre-
vention of necrotic enteritis in broiler chickens. Avian Dis 2001;45(1):210–4.

12] Elwinger K, Schneitz C, Berndtson E, Fossum O, Teglof B, Engstom B. Factors
affecting the incidence of necrotic enteritis, caecal carriage of Clostrid-
ium perfringens and bird performance in broiler chicks. Acta Vet Scand
1992;33(4):369–78.

13] Kaldhusdal M,  Schneitz C, Hofshagen M,  Skjerv E. Reduced incidence of
Clostridium perfringens-associated lesions and improved performance in broiler
chickens treated with normal intestinal bacteria from adult fowl. Avian Dis
2001;45(1):149–56.

14] Dahiya JP, Wilkie DC, Van Kessel AG, Drew MD.  Potential strategies for control-
ling necrotic enteritis in broiler chickens in post-antibiotic era. Anim Feed Sci
Technol 2006;129:60–88.

15] Shojadoost B, Vince AR, Prescott JF. The successful experimental induction of
necrotic enteritis in chickens by Clostridium perfringens: a critical review. Vet
Res  2012;43(1):74.

16] Chalmers G, Bruce HL, Hunter DB, Parreira VR, Kulkarni RR, Jiang YF, et al.
Multilocus sequence typing analysis of Clostridium perfringens isolates from
necrotic enteritis outbreaks in broiler chicken populations. J Clin Microbiol
2008;46(12):3957–64.

17] Martin TG, Smyth JA. Prevalence of netB among some clinical isolates of
Clostridium perfringens from animals in the United States. Vet Microbiol
2009;136(1–2):202–5.

18] Savva CG, Fernandes da Costa SP, Bokori-Brown M,  Naylor CE, Cole AR, Moss

DS,  et al. Molecular architecture and functional analysis of NetB, a pore-forming
toxin from Clostridium perfringens. J Biol Chem 2013;288(5):3512–22.

19] Coursodon CF, Glock RD, Moore KL, Cooper KK, Songer JG. TpeL-producing
strains of Clostridium perfringens type A are highly virulent for broiler chicks.
Anaerobe 2012;18(1):117–21.

http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0005
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0010
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0015
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0020
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0025
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0030
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0035
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0040
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0045
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0050
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0055
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0060
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0065
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0070
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0075
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0080
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0085
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0090
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0095


4 l. / Va

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

008 S.P. Fernandes da Costa et a

20] Saleh N, Fathalla SI, Nabil R, Mosaad AA. Clinicopathological and immunological
studies on toxoids vaccine as a successful alternative in controlling clostridial
infection in broilers. Anaerobe 2011;17(6):426–30.

21] Lanckriet A, Timbermont L, Eeckhaut V, Haesebrouck F, Ducatelle R, Van
Immerseel F. Variable protection after vaccination of broiler chickens against
necrotic enteritis using supernatants of different Clostridium perfringens strains.
Vaccine 2010;28(36):5920–3.

22] Kulkarni RR, Parreira VR, Sharif S, Prescott JF. Immunization of broiler chick-
ens  against Clostridium perfringens-induced necrotic enteritis. Clin Vaccine
Immunol 2007;14(9):1070–7.

23] Jiang Y, Kulkarni RR, Parreira VR, Prescott JF. Immunization of broiler chick-
ens  against Clostridium perfringens-induced necrotic enteritis using purified
recombinant immunogenic proteins. Avian Dis 2009;53(3):409–15.

24] Jang SI, Lillehoj HS, Lee SH, Lee KW,  Lillehoj EP, Hong YH, et al. Vaccination with
Clostridium perfringens recombinant proteins in combination with Montanide
ISA 71 VG adjuvant increases protection against experimental necrotic enteritis
in  commercial broiler chickens. Vaccine 2012;30(36):5401–6.

25] Gholamiandehkordi AR, Timbermont L, Lanckriet A, Van Den Broeck W,  Peder-
sen K, Dewulf J, et al. Quantification of gut lesions in a subclinical necrotic
enteritis model. Avian Pathol 2007;36(5):375–82.

26] Mot  D, Timbermont L, Delezie E, Haesebrouck F, Ducatelle R, Van Immerseel F.
Day-of-hatch vaccination is not protective against necrotic enteritis in broiler
chickens. Avian Pathol 2013;42(2):179–84.

27] Keyburn AL, Sheedy SA, Ford ME,  Williamson MM,  Awad MM,  Rood
JI,  et al. Alpha-toxin of Clostridium perfringens is not an essential viru-
lence factor in necrotic enteritis in chickens. Infect Immun  2006;74(11):
6496–500.

28] Lanckriet A, Timbermont L, De Gussem M,  Marien M,  Vancraeynest D,
Haesebrouck F, et al. The effect of commonly used anticoccidials and antibi-
otics in a subclinical necrotic enteritis model. Avian Pathol 2010;39(1):
63–8.

29] Timbermont L, Lanckriet A, Dewulf J, Nollet N, Schwarzer K, Haesebrouck F,

et  al. Control of Clostridium perfringens-induced necrotic enteritis in broilers
by target-released butyric acid, fatty acids and essential oils. Avian Pathol
2010;39(2):117–21.

30] Timbermont L, Lanckriet A, Gholamiandehkordi AR, Pasmans F, Martel A, Hae-
sebrouck F, et al. Origin of Clostridium perfringens isolates determines the ability

[

[

ccine 31 (2013) 4003– 4008

to induce necrotic enteritis in broilers. Comp Immunol Microbiol Infect Dis
2009;32(6):503–12.

31] Lovland A, Kaldhusdal M,  Redhead K, Skjerve E, Lillehaug A. Maternal
vaccination against subclinical necrotic enteritis in broilers. Avian Pathol
2004;33:83–92.

32] Crouch CF, Withanage GS, de Haas V, Etore F, Francis MJ.  Safety and efficacy of
a  maternal vaccine for the passive protection of broiler chicks against necrotic
enteritis. Avian Pathol 2010;39(6):489–97.

33] Ricks CA, Avakian A, Bryan T, Gildersleeve R, Haddad E, Ilich R, et al. In ovo
vaccination technology. Adv Vet Med  1999;41:495–515.

34] Josefsberg JO, Buckland B. Vaccine process technology. Biotechnol Bioeng
2012;109(6):1443–60.

35] Dey AK, Srivastava IK. Novel adjuvants and delivery systems for enhanc-
ing immune responses induced by immunogens. Expert Rev Vaccines
2011;10(2):227–51.

36] Kulkarni RR, Parreira VR, Sharif S, Prescott JF. Oral immunization of broiler
chickens against necrotic enteritis with an attenuated Salmonella vaccine
vector expressing Clostridium perfringens antigens. Vaccine 2008;26(33):
4194–203.

37] Zekarias B, Mo  H, Curtiss 3rd R. Recombinant attenuated Salmonella enterica
serovar Typhimurium expressing the carboxy-terminal domain of alpha toxin
from Clostridium perfringens induces protective responses against necrotic
enteritis in chickens. Clin Vaccine Immunol 2008;15(5):805–16.

38] Hoang TH, Hong HA, Clark GC, Titball RW,  Cutting SM.  Recombinant
Bacillus subtilis expressing the Clostridium perfringens alpha toxoid is a
candidate orally delivered vaccine against necrotic enteritis. Infect Immun
2008;76(11):5257–65.

39] La Ragione RM,  Woodward MJ. Competitive exclusion by Bacillus subtilis spores
of  Salmonella enterica serotype Enteritidis and Clostridium perfringens in young
chickens. Vet Microbiol 2003;94(3):245–56.

40] Corbel MJ.  Reasons for instability of bacterial vaccines. Dev Biol Stand
1996;87:113–24.
41] Del Giudice G, Rappuoli R. Genetically derived toxoids for use as vaccines and
adjuvants. Vaccine 1999;17(Suppl. 2):S44–52.

42] Meng D, Hui Z, Yang J, Yuan J, Ling Y, He  C. Reduced egg production in
hens associated with avian influenza vaccines and formalin levels. Avian Dis
2009;53(1):16–20.

http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0100
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0105
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0110
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0115
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0120
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0125
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0130
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0135
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0140
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0145
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0150
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0155
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0160
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0165
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0170
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0175
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0180
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0185
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0190
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0195
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0200
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0205
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210
http://refhub.elsevier.com/S0264-410X(13)00665-8/sbref0210

	Protection against avian necrotic enteritis after immunisation with NetB genetic or formaldehyde toxoids
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains and plasmids
	2.2 Animals and housing conditions
	2.3 Expression and purification of NetB and NetB W262A
	2.4 Preparation of formaldehyde NetB toxoid
	2.5 SDS-PAGE analysis
	2.6 Cytotoxic activity of NetB and NetB toxoids
	2.7 Measurement of antibody to NetB using ELISA
	2.8 In vivo NE model
	2.9 Assessment of protection

	3 Statistical analysis
	4 Results
	4.1 SDS-PAGE analyses of NetB W262A and formaldehyde NetB toxoid
	4.2 Cytotoxic activity of NetB and NetB toxoids on LMH cells
	4.3 Measurement of antibody to NetB using ELISA
	4.4 Protection against experimental NE after immunisation with formaldehyde NetB toxoid or NetB W262A

	5 Discussion
	Conflict of interests
	Authors’ contributions
	Acknowledgements
	References


