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Introduction

Summary

Campylobacteriosis is the most prevalent bacterial foodborne gastroenteritis
affecting humans in the European Union, and ranks second in the United
States only behind salmonellosis. In Europe, there are about nine million cases
of campylobacteriosis every year, making the disease a major public health
issue. Human cases are mainly caused by the zoonotic pathogen Campylobacter
jejuni. The main source of contamination is handling or consumption of
poultry meat. Poultry constitutes the main reservoir of Campylobacter,
substantial quantities of which are found in the intestines following rapid,
intense colonization. Reducing Campylobacter levels in the poultry chain would
decrease the incidence of human campylobacteriosis. As primary production is
a crucial step in Campylobacter poultry contamination, controlling the
infection at this level could impact the following links along the food chain
(slaughter, retail and consumption). This review describes the control strategies
implemented during the past few decades in primary poultry production,
including the most recent studies. In fact, the implementation of biosecurity
and hygiene measures is described, as well as the immune strategy with passive
immunization and vaccination trials and the nutritional strategy with the
administration of organic and fatty acids, essential oil and plant-derived
compound, probiotics, bacteriocins and bacteriophages.

deaux2.fr/wp-content/uploads/2011/03/BilanCampylobacter
20121.pdf). After contamination (a dose of 500-800 col-

Campylobacter is a spiral-shaped Gram-negative micro-
organism which grows under microaerophilic conditions.
Since 2005, it has been the leading cause of human bacte-
rial gastroenteritis in the European Union (EFSA 2015),
affecting approximately nine million people each year
and costing around €2-4 billion per year (EFSA 2011).
Two species are mainly responsible for human diseases:
Campylobacter jejuni, causing for approx. 90% of cases,
and Camp. coli <10%. Other species, such as Camp. lari
and Camp. fetus (Camp. fetus is often isolated from septi-
caemia), rarely cause human diseases (Gillespie et al

2002; Wagenaar et al. 2014; http://www.cnrch.u-bor
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ony forming units (CFU) could be sufficient (Robinson
1981; Black et al. 1988)), Campylobacter colonizes the
lower part of the intestines, including the ileum, jejunum
and colon. The severity of the illness varies greatly
between patients according to the strain’s virulence and
the host’s receptivity. It can induce mild disease up to
cases of dehydration. The main symptoms are diarrhoea,
abdominal pain and fever. Vomiting, bloody diarrhoea
and bacteraemia are also reported (Gillespie et al. 2002;
Janssen et al. 2008; Dasti et al. 2010).

This bacterial infection can also lead to extra-intestinal
manifestations with more serious sequels (Janssen et al.
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2008) such as reactive arthritis (ReA), characterized by
sterile articular inflammation, or the autoimmune Guil-
lain—Barré syndrome (GBS), an acute auto-immune dis-
order affecting the peripheral nervous system (Nyati and
Nyati 2013). This disease could be due to molecular
mimicry between the lipo-oligosaccharides (LOS) of some
Camp. jejuni strains and human gangliosides, inducing
cross-immune reaction of anti-Campylobacter antibodies
(Perera et al. 2007; Nyati and Nyati 2013). Moreover,
Campylobacter strains have been isolated from a number
of patients with inflammatory bowel disease (IBD),
including Crohn’s disease (Janssen et al. 2008). In some
cases, Campylobacter infections can lead to death. This
mortality rate was evaluated at about 0-02% in England
and Wales (Adak et al. 2005) and at about 0-04% in
Netherland in 2009 (Havelaar et al. 2012).

Most Campylobacter infections are not severe, are
resolved in few days and do not require an antibiotic treat-
ment. However, old, young and immune-compromised
individuals can suffer from severe and prolonged infections
needing antibiotic treatment. Erythromycin is used as a
first-line treatment (Allos 2001). Fluoroquinolones are also
frequently used due to their broad spectrum of activity
against enteric pathogens. Tetracycline and gentamycin are
dispensed for systemic infections, but cases of resistance to
all these antimicrobial agents are constantly increasing,
making campylobacteriosis a major public health concern
(Luangtongkum et al. 2009).

Human infections are mainly due to handling and/or
consumption of raw or undercooked poultry meat (EFSA
2015). Seasonal incidence is observed for human campy-
lobacteriosis, with higher rates during the summer, when
a higher incidence in poultry colonization is observed.
Campylobacter jejuni and Camp. coli are zoonotic strains
that can infect farm animals such as poultry, cattle, pigs
and sheep in addition to wild birds and mammals. A
report from the European Food Safety Authority (EFSA)
states that contaminated broiler meat could account for
20-30% of human campylobacteriosis, while the chicken
reservoir as a whole could be responsible for 50-80% of
cases due to strains reaching humans by ways other than
food (EFSA 2011); confirming Wilson et al. (2008) results.
In contrast, wild animals, water or pets represent a minor
source of human contamination (approx. 3%). Although
Campylobacter infections are typically sporadic, outbreaks
mainly related to water (Jakopanec et al. 2008) or raw
milk contamination (Heuvelink et al. 2009) can occur.

In Europe, the mean prevalence of Campylobacter in
primary poultry production is very high, up to 70% of
broiler batches being contaminated (EFSA 2010). Large
differences of between 2 to 100% are observed between
countries. Moreover, the prevalence of Campylobacter on
broiler carcasses is much higher at the slaughterhouse
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due to cross contamination between infected and nonin-
fected birds, standing at about 75% in Europe. On the
whole, northern countries are less impacted than others.

Broiler chickens are commonly considered a natural
host for Campylobacter. Colonized birds can carry high
levels of Campylobacter (from 10° to 10° CFU g~') and
remain infected until slaughter. This bacterium usually
colonizes the mucus layer over the epithelial cells of the
caecum and the small intestine (Meade et al. 2009; Her-
mans et al. 2012b). Meade et al. (2009) showed that the
oesophagus was quickly colonized after an experimental
infection. Dissemination to extra-intestinal organs such as
the spleen, crop, gizzard or liver is also possible. Recent
studies have suggested Campylobacter’s involvement in
gut mucosa damage and problems with chicken feet and
legs (Williams et al. 2013; Humphrey et al. 2014). These
damages particularly affects fast-growing birds infected by
Campylobacter reaching slaughter weight in only 35 days
compared to slower-growing and/or noninfected chick-
ens, and could be associated with a higher inflammatory
response and a lower regulatory immune response com-
pared to slower-growing breeds.

Many factors influence chicken colonization, including
age, the infecting dose and the Campylobacter strain (Stas
et al. 1999). As demonstrated by Messens et al. (2009),
only one Campylobacter genotype can be found in flocks
during rearing, but multiple genotypes may be recovered
simultaneously or successively from broiler flocks. These
results are in accordance with Bull ef al. (2006) and Hue
et al. (2011), and could be due to subsequent introduc-
tion or clone mutations.

In flocks, Campylobacter colonization naturally occurs
by horizontal transmission from the environment in 2-
or 3-week-old chicks due to the availability of protective
maternal antibodies in chick sera in the first weeks
posthatching (Sahin et al. 2003; Cawthraw and Newell
2010). Sahin ef al. (2003) showed that anti-Campylobacter
maternal antibodies significantly delay the onset of colo-
nization in chicks obtained from hens already colonized
by Camp. jejuni compared with chicks from specific-
pathogen-free (SPF) laying hens. During the first weeks
of life, maternal antibody levels progressively decrease
until fully degraded at the end of the third week. In a
more recent study, authors showed that antibodies grant
chicks protection from homologous and heterologous
colonization when experimentally challenged at 8 days
old (Cawthraw and Newell 2010). After the first contami-
nation, Campylobacter infection spreads very quickly in
the flock by horizontal transmission from one bird to
another. van Gerwe et al. (2009) estimated a transmission
rate of 2-37 new infections per infected bird per day, con-
firming experimental results (Stern ef al. 2001). This rate
means that Campylobacter prevalence increases from one
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infected bird to 95% of a whole flock of 20 000 broilers
within a week. This very rapid Campylobacter transmis-
sion could be explained by high faecal shedding, the con-
tamination of drinking water and litter, and the
coprophagic behaviour of chickens.

In contrast to horizontal transmission, vertical trans-
mission from breeding hens to their offspring is consid-
ered a minor source of Campylobacter infection (Bull
et al. 2006). Its prevalence in eggs is virtually nonexistent
or even nonexistent.

Campylobacter is ubiquitous in the environment, and
broiler contamination sources are diverse (Hermans et al.
2012b). Wild and farm animals are a major risk for
Campylobacter transmission to broiler flocks. The molecu-
lar typing of Campylobacter, for example, identified simi-
lar profiles on adjacent broiler and dairy farms (Ridley
et al. 2011b). These results indicate a high risk of horizon-
tal transmission between animals, particularly on farms
with multiple species. Flies and rodents are also potential
sources of contamination for broiler flocks. Flies act as a
mechanical vector, and their abundance in summer could
explain the higher prevalence of Campylobacter during this
period, (Huneau-Salaun et al. 2007; Hue et al. 2010;
Allain et al. 2014). Contaminated water from puddles and
ditches could contribute to horizontal transmission.
Strains isolated from puddles before the introduction of
animals and those recovered later in flocks sometimes had
the same genotype (Bull et al. 2006; Messens et al. 2009).
Finally, vehicles, personal equipment and hauling crates
are frequently contaminated by Campylobacter before arri-
val on the farm (Ridley et al. 2011a), making them a
potential risk of broiler contamination, particularly during
the thinning process aimed at partial depopulation, when
equipment and workers are introduced into the flock.
Recently, a publication studying Campylobacter contami-
nation sources for farm poultry quoted all the above men-
tioned factors (Agunos efal. 2014). The authors
concluded that the highest risk of contaminating a new
flock appeared to be related to a persistently contaminated
environment due to insufficient cleaning, disinfection and
downtime between two flocks, and the second highest risk
is the presence of adjacent poultry flocks.

Recently, EFSA provided a quantitative microbiological
risk assessment of campylobacteriosis in Europe
(Romero-Barrios et al. 2013). The assessment focused on
the slaughterhouse and primary production. Controlling
Campylobacter in broiler flocks could be highly beneficial
to public health because of its impact all along the broiler
food chain (slaughter, retail sales and consumption). It
has been estimated that subjecting broiler carcasses to
chemical treatment, a long or short freezing period or
immersion in hot water could reduce human campy-
lobacteriosis cases by 37-98% (Romero-Barrios et al

Campylobacter control strategies in chickens

2013). Irradiating or cooking meat on an industrial scale
could even eliminate human campylobacteriosis. How-
ever, these processes are generally known to impact meat
quality. In primary production, hygiene and biosecurity
improvements and the restriction of the slaughter age
could reduce risks. The most feasible and long-reaching
measure is the reduction in caecal colonization between 2
and 3 log;, units, which could reduce the risk of human
campylobacteriosis by 76-100% (Rosenquist et al. 2003).
Measures could not be applied easily in all EU member
states, and the lack of effective tools, particularly those
aimed at reducing avian gut colonization, could limit the
decrease in the risk of human campylobacteriosis.
In a recent review, Robyn etal (2015)
Campylobacter risk factors for broilers and measures tri-
alled during the rearing period. However, other studies
should also be taken into consideration. This present arti-

describe

cle reviews the control strategies implemented in the past
few decades up to the present in order to reduce Campy-
lobacter prevalence in primary poultry production to
reduce the prevalence of human campylobacteriosis.
Three control strategies are described: biosecurity, nutri-
tional and immunization measures.

Control strategies

To limit human exposure to Campylobacter, the load on
broiler carcasses needs to be decreased, mainly through
the reduction in poultry colonization levels at the pri-
mary production stage. While carcass and meat treatment
at the slaughterhouse impact Campylobacter levels in
food, the public health benefits would be greater if bacte-
ria in broiler chickens were reduced earlier in the produc-
tion chain, as there are contamination pathways other
than broiler meat consumption (EFSA 2011). Reducing
intestinal colonization by Campylobacter appears to be
the best strategy for reducing human campylobacteriosis,
but also a real challenge because of the mainly commen-
sal behaviour of this bacterium in the broiler gut. This
strategy could be implemented through at least three
measures: biosecurity measures to avoid flock contamina-
tion and transmission between different batches, nutri-
tional measures through various substances, such as
essential oils, pre- and probiotics, bacteriocins and bacte-
riophages, and immunization measures by passive immu-
nization or vaccination (Fig. 1).

Several measures have already been tested with various
results and are described in the following sections.

Security and hygiene measures

In European Union countries, several biosecurity control
strategies aimed at reducing Campylobacter in broilers have
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been tested. In Denmark, the first initiatives date back to
the ‘90s. They comprised hygiene measures, checking of
broiler flocks and meat, and finally consumer information.
In 2003, active strategies were developed that included ini-
tiatives in the production chain, meat treatment and con-
sumer education (Rosenquist ef al. 2009). This 5-year
study led to a decrease from 43 to 27% of Campylobacter-
positive flocks at slaughter. In Iceland, domestic campy-
lobacteriosis cases in 2000 decreased from 116 to 33/
100 000. This reduction was correlated with the imple-
mentation of various actions within the Icelandic poultry
industry, including biological security measures, freezing
of carcasses and increased consumer education (Stern et al.
2003). In this review, we focus on biosecurity measures
applied to primary broiler production.

Biosecurity measures to reduce Campylobacter infection
on farms can be applied at different levels. In Newell
et al. (2011) reviewed Campylobacter transmission among
poultry and biosecurity measures. As Campylobacter
spreads rapidly throughout the flock mainly by horizontal
transmission, the key goal is to prevent colonization of
the first bird. There is a high risk of contamination by
staff moving in and around the poultry farm. This risk
could be reduced by biosecurity measures and hygienic
practices such as the use of overshoes, disinfection dips
for boots, boot changes between different poultry houses
and washing hands before and after visits. A field study
applying these measures reduced Campylobacter coloniza-
tion by 50% (Gibbens et al. 2001). A British study
showed that vehicle disinfection, hand washing and sani-
tization, dedicated footwear and personal equipment
reduced the prevalence of Campylobacter on farm staff
and transporters. The most marked improvement was
observed for vehicles, prevalence dropping from 53%
before disinfection measures to 18% afterwards. However,
no effects were observed on chicken colonization: all the
flocks were contaminated (Ridley et al. 2011a).

M. Meunier et al.

Figure 1 Control strategies implemented at
the primary production level to limit the
intestinal colonization of broilers by
Campylobacter and reduce human
campylobacteriosis cases.

Nonpoultry livestock, wild and domestic animals can
also act as a potential source of flock contamination, but
their role remains unclear at best and studies are contro-
versial (Newell et al. 2011). However, it has been shown
that flies and other flying insects are involved in Campy-
lobacter transmission, their impact varying according to
the season and the country in relation to temperature
and geographical location. In Denmark, the installation
of fly screens on broiler houses significantly reduced the
percentage of positive flocks from 51-4 to 15-4% (Hald
et al. 2007). Another long-term study confirmed these
initial results (Bahrndorff et al. 2013). It found a signifi-
cant reduction in Campylobacter colonization of poultry
after fly screens were added to the experimental poultry
houses and indeed, a decrease in campylobacteriosis
nationwide. Moreover, in houses fitted with fly screens,
Campylobacter prevalence did not increase in the sum-
mer, remaining at the low winter prevalence level. It was
estimated that 77% of broiler flocks could have avoided
Campylobacter colonization if fly screens had been imple-
mented nationwide throughout Denmark.

Rodents are also considered a potential vector for
Campylobacter contamination. Allain et al. (2014) showed
that rodent control around the broiler house led to a sig-
nificant reduction in contamination: 92% of flocks were
Campylobacter positive when no rodent control was
implemented, whereas this percentage dropped to 66%
on farms applying rodent control measures.

Air, litter, feed and water can be a potential source of
passive Campylobacter transmission. Feed and litter are
usually negative for Campylobacter but are likely to be
contaminated during storage and transport, particularly
in humid conditions, which are beneficial to Campylobac-
ter development. It was also shown that transport crates
are a potential source of Campylobacter infection for
chickens. Cleaning appeared ineffective since it has been
shown that broilers can be infected when exposed to
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naturally contaminated and then washed crates, even after
only three hours of contact (Ridley et al. 2011a).

Several of these measures could strongly impact
Campylobacter colonization in poultry. Even if their
implementation is feasible and could help reduce Campy-
lobacter prevalence, implementation requires staff compli-
ance and is difficult to maintain due to the cost and the
constant pressure of environmental contamination.

Nutritional strategies

These strategies are applied at the primary broiler pro-
duction level and consist in administering feed or water
supplemented with various products or micro-organisms
having an anti-Campylobacter activity. This section
describes studies dealing with nutritional strategies and
summarizes them in different tables.

Organic and fatty acids

Several studies have reported that fatty acids have antimi-
crobial activities against a large range of micro-organisms.
As shown in Table 1, many studies have evaluated effec-
tiveness of caprylic acid, a medium-chain fatty acid
(MCFA), as a feed additive to reduce Campylobacter
levels in broilers, but the findings diverge greatly. For
example, Solis de Los Santos et al. (2008) showed the
beneficial effect of several doses of caprylic acid added to
feed, leading to a reduction up to 2 log,, CFU compared
to the control group. Globally speaking, the lower
caprylic acid doses trialled were more efficient than the
three higher ones, but divergent results were observed
between trials. The same researchers also demonstrated
the beneficial effect of caprylic acid as a therapeutic treat-
ment on market-aged broilers (Solis de los Santos et al.
2010). Added to feed from the day of hatching, a mixture
of MCFA (Cg-Cy,) reduced intestinal colonization by
Campylobacter after an experimental challenge (van
Gerwe et al. 2010). Contrary to previous studies, Her-
mans et al. (2010) did not detect any effect of three med-
ium-chain fatty acids on caecal Campylobacter loads
when added to chicken feed, despite their bactericidal
activities demonstrated in vitro against two Camp. jejuni
strains. This study also suggested that mucus played a
protective role against Campylobacter elimination. Other
organic and fatty acids were tested. After promising
in vitro results, butyrate was micro-bead coated and
added to chicken feed from hatching to the end of the
experiment, but after an experimental Camp. jejuni infec-
tion, no reduction was observed in caecal colonization
(Van Deun et al. 2008). Skanseng et al. (2010) demon-
strated the beneficial impact of formic acid and sorbate
on intestinal Camp. jejuni colonization when added to

Campylobacter control strategies in chickens

feed. Although formic acid and sorbate did not individu-
ally reduce Campylobacter load after an oral challenge,
the combination of both significantly decreases Camp. je-
juni load to total inhibition, giving results similar to the
noninfected group.

Easier to apply by poultry producers, several studies
have investigated the effects of products added to broiler
drinking water (Table 1). MCFAs were tested in water as
they had been previously in feed. Metcalf et al. (2011),
for example, tested the administration of various doses of
caprylic acid to broiler chicks. Only one of the tested
doses led to a significant reduction in Campylobacter load
compared to the control group. However, this result was
not reproduced in the second trial, in which none of the
tested doses impacted birds’ intestinal colonization. Her-
mans et al. (2012a) showed that an MCFA emulsion was
not able to reduce intestinal Campylobacter colonization
and/or transmission when added to drinking water,
whether as a therapeutic or a preventive treatment. Sev-
eral commercial acidifying water additives have also been
tested in broiler drinking water. Selko DWB® was admin-
istered to 11-day-old chickens until the end of the experi-
ment.  Although the drinking water remained
Campylobacter free throughout the experiment, most
chickens were colonized after an experimental challenge.
Reductions in Campylobacter counts were observed in
treated birds but remained insignificant (Chaveerach
et al. 2004). Despite good in vitro results in water suspen-
sion, improved with higher doses and longer exposure,
PWT—a commercial water acidification product—did
not allow in vivo reduction in Campylobacter caecal loads
(Haughton et al. 2013). In a recent field study including
three similar trials, Selko® 4Health—a commercial addi-
tive based on organic acids and medium-chain fatty acids
—was used to acidify poultry drinking water. For all
three trials, caecal Campylobacter count means were sig-
nificantly lower in the treated groups. However, some
rearing cycles did not show significant results. On day 42,
for example, treatment was observed to be effective in
two out of three trials, highlighting the nonreproducible
effectiveness of the treatment (Jansen et al. 2014).

A common field practice entails withdrawing feed a
few hours before slaughter. Byrd ef al. (2001) made use
of this time to administer lactic acid to chickens via
drinking water. This acid treatment reduced Campylobac-
ter incidence both in the crops of treated birds compared
to the control group and in carcasses rinsed before chil-
ling.

The poor efficiency of acid supplements in drinking
water to reduce Campylobacter loads is unclear. It could
be due to changes in broilers’ intestinal adsorption of the
product compared to adsorption through feed, leading to
ineffective concentrations reaching the gut. What is more,
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intestinal flora or physiological parameters could interact
with or alter the active ingredient, which would then be
no longer available to impact Campylobacter colonization.
However, in spite of poor results on intestinal decrease,
several of the studies mentioned observed that treated
water remained Campylobacter free throughout the exper-
imentation, suggesting that acidifying water could prevent
Campylobacter spreading via drinking water in broiler
flocks, thereby excluding water as a potential source of
contamination. van Bunnik et al. (2012) showed that
acidifying drinking water with Forticoat®, a product
based on modified organic acids, decreased the indirect
transmission of Campylobacter between spatially separate
broilers.

The same authors investigated treatment of both drink-
ing water and feed pellets with monocaprin and polysor-
bate 40 during the same experiment. Campylobacter-free
24-day-old treated chickens were exposed to experimen-
tally infected chickens and the treatment was prolonged
throughout the experiment. All the birds were colonized
after only 2 days of contact with seeder birds, but cloacal
Campylobacter loads were significantly lower in the trea-
ted group than in the control one. However, at the end
of the experiment, no difference was observed between
the two groups. The same products also allowed signifi-
cant reductions in Campylobacter load when administered
therapeutically to colonized birds. Used as preventive and
therapeutic treatment, monocaprin is effective in reduc-
ing Campylobacter loads a few days after its application,
suggesting its usefulness 2 or 3 days before slaughter
(Hilmarsson et al. 2006).

Overall, although some promising load reduction
results have been obtained in several experimentations by
the use of fatty and organic acids, there are large discrep-
ancies between the results of different studies and results
remain by and large poor. Other acids could be tested.
Moreover, the comparison results between the studies
turn out to be very difficult since numerous parameters,
such as avian and Campylobacter strains or the growing
conditions, are different. A standardization of these ones
should be a good way for effectively compare experiments
but very difficult to implement. Lauric arginate, derived
from lauric acid, ethanol and arginate, effectively
decreased Camp. jejuni to undetectable levels during
in vitro experiments both on broth and breast fillets (Nair
et al. 2014), but no in vivo experiments have yet been
conducted. Numerous variables determine an experi-
ment’s success. Recently, Molnar et al. (2015) showed
that chickens’ diet could impact their intestinal Campy-
lobacter colonization. In their study, 14 days after an
experimental challenge, jejunum and caecum colonization
was significantly lower when chickens were fed with
enzyme-supplemented wheat-based diets rather than a

M. Meunier et al.

maize-based diet. However, colonization levels were simi-
lar 21 days postchallenge. This decrease was related to an
increase in caecal SCFA concentration and a lower pH
value.

Essential oils and plant-derived compounds

As described in Table 2, plant-derived compounds were
also tested to reduce intestinal Campylobacter coloniza-
tion. Promising in vitro results were obtained for cinna-
mon oil ingredient trans-cinnamaldehyde (CIN), leading
researchers to test its in vivo bactericidal effect. Coated
on microbeads and added to chick feed or directly
injected into the caecum, CIN was not able to reduce
caecal Campylobacter load in chickens orally challenged
at 2 weeks (Hermans et al. 2011). Allicin, a compound
extracted from garlic, has also been tested. Like cinna-
mon, although efficient when tested in vitro, and despite
a tendency to reduce Campylobacter counts, allicin was
not able to significantly reduce colonization (Robyn
et al. 2013b). Administration of thymol-f-D-glucopyra-
noside, derived from thyme, decreased Camp. jejuni
levels in chicken crops but not caecal contents (Epps
et al. 2015), indicating that the product was adsorbed
before reaching the intestines. Five other substances,
including essential oils, plant extracts and secondary
plant compounds, were recently investigated but none
demonstrated marked effectiveness against Camp. jejuni
(Kurekei et al. 2014).

However, a medicinal plant appears to be effective in
reducing Campylobacter colonization in chickens. When
added to feed from the day of hatching, Sangrovit® treat-
ment led to a reduction in Campylobacter caecal counts
after an oral challenge on day 21 without altering the
feed intake and body weight of the treated chickens com-
pared to the control group. Villi height and immune
response were also improved by this treatment (Gharib
Naseri et al. 2012).

Opverall, few studies have focused on the in vivo experi-
mentation of plant compounds, and no convincing
results have yet been provided. For oral administration,
encapsulation methods, protecting the active compound
from degradation before it reaches it place of action at
the intestinal level should improve in vivo efficiencies.
However, particular formulations of active compounds
imply increases in treatment costs.

Probiotics

The World Health Organization defines probiotics as ‘live
microorganisms which, when administered in adequate
amounts, confer a health benefit on the host’” (WHO
2001). Naturally present in the intestinal flora of chick-

1148 Journal of Applied Microbiology 120, 1139-1173 © 2015 The Society for Applied Microbiology
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ens, the use of probiotics aims to create competitive
exclusion between species.

Studies investigating probiotics have shown large dis-
crepancies in terms of intestinal Campylobacter load
reduction (Table 3). Ghareeb et al. (2012) tested the
anti-Campylobacter activity of PoultryStar sol, a mixture
of avian-specific probiotic bacteria isolated from chicken
gut (Enterococcus faecium, Pediococcus acidilactici, Bifi-
dobacterium animalis, Lactobacillus salivarius and Lacto-
reutiri). After promising in vitro results,
probiotics were administered to poultry via drinking
water and birds were challenged by Camp. jejuni on the
first day of life. After 8 and 15 days postchallenge, there
was a significant reduction in caecal Camp. jejuni load in
the probiotic-treated group (reduction of
6 log,y CFU g~ ' compared to the control group). It has
also been demonstrated that Lactobacillus gasseri SBT2055
is able to reduce Campylobacter colonization by more
than 2 log;y CFU g~ ' in daily treated 14-day-old chicks
compared to the PBS control group (Nishiyama et al.
2014). However, the treatment’s long-term efficiency has
not been evaluated. Recently, four human probiotic iso-

bacillus

lates were tested in combination to reduce Camp. jejuni
intestinal counts. By the end of the experiment, marked
reductions were observed in the experimental groups.
Results were similar regardless of the treatment’s applica-
tion (probiotic diet from the day of hatching or only
during the last week of growth) (Cean et al. 2015). Sev-
eral other studies have shown slight but significant reduc-
tions in  Campylobacter loads after  probiotic
administration. Santini et al. (2010) identified in 2010 a
Bifidobacterium strain with an anti-Campylobacter activity.
Probiotic treatment led to a significant 1 log;, reduction
in the intestinal count of Camp. jejuni in poultry. Broiler
feed supplemented with PrimaLac® administered from
the day of hatching was also able to reduce Campylobac-
ter counts in intestinal contents. Some studies have also
shown that probiotics improve villi height and immune
response (Gharib Naseri et al. 2012). However, not all
the probiotics proved effective in reducing intestinal
Campylobacter loads. Robyn et al. (2013a), for instance,
showed that Enterococcus faecalis strain MB5259 was not
able to decrease Campylobacter load even when a daily
dose of 10° CFU was administered daily.

Probiotic effectiveness varies greatly between studies,
but they could be an easy, effective way of reducing
intestinal Campylobacter load in poultry.

Bacteriocins

Several studies have used bacteriocins to control Campy-
lobacter colonization in poultry (Table 3). In the chick-
en’s digestive tract, bacteriocins are produced by lactic

M. Meunier et al.

acid bacteria such as Lactococcus, Lactobacillus and Pedio-
coccus. These are ribosomally synthesized peptides with a
varying range of antimicrobial activity. They can be active
against a broad or narrow spectrum of bacteria, so may
be selected to kill a particular pathogen without altering
the animal’s microflora. Most bacteriocins either form
pores in the outer membrane of susceptible bacteria,
allowing inorganic ions to enter, or create disorders in
the structure and synthesis of cell walls, leading in both
cases to bacterial death (Svetoch and Stern 2010). Cur-
rently, few bacteriocins with an anti-Campylobacter activ-
ity have been purified. Most producer strains have been
isolated from chicken ceca. Bacteriocin OR-7, isolated
from Lact. salivarius strain NRRL B-30514 (Stern et al.
2006) and a bacteriocin from Paenibacillus polymyxa
strain NRRL B-30509 (Stern et al. 2005) have been puri-
fied and added individually to chicken feed. In vivo trials
revealed that bacteriocin treatment significantly reduced
the caecal Campylobacter load by more than
4.5 log;y CFU g~' compared to an untreated group of
birds. However, feed supplementation with probiotics
producing these two bacteriocins did not reduce caecal
Camp. jejuni loads after a challenge (Stern et al. 2008).
Svetoch et al. (2011) isolated the L-1077 bacteriocin from
another Lact. salivarius strain and administered it as a
therapeutic treatment to chickens not via feed but via
drinking water. In the same way, the caecal load of
Camp. jejuni was significantly lower in the experimental
group than in the untreated group (Svetoch et al. 2011).
More recently, Messaoudi et al. (2012) identified the
SMXD51 bacteriocin produced by a Lact. salivarius strain.
An agar well diffusion test showed this peptide’s activity
against several strains of Camp. jejuni and Camp. coli.
Campylobacter jejuni NCTC 11168 populations were
reduced in vitro by about 2 log;, when growth was per-
formed with SMXD51. In vivo studies have not yet been
performed.

Two other bacteriocins produced by Enterococcus spe-
cies, which are not lactic acid bacteria, have also been
identified: E-760, from the NRRL B-30745 strain, and E
50-52 from the Ent. faecium NRRL B-30746 strain. Both
had antimicrobial activity against a broad spectrum of
bacteria and reduced caecal Camp. jejuni load under the
detection limit when added to chick feed after an experi-
mental infection on the day of hatching. Furthermore,
after natural infection, caecal Campylobacter counts were
not detectable or greatly reduced when bacteriocins were
added to drinking water or feed (Line ef al. 2008; Svetoch
et al. 2008).

The studies described above suggest that purified anti-
Campylobacter bacteriocins are a generally more efficient
way of decreasing chickens’ intestinal load than are
probiotic strains. This could be due by the fact that
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bacteriocins which are released by administrated probiotic
strains should be at a lower concentration compared to
directly administrated bacteriocins.

Bacteriophages

Discovered at the beginning of the 19th century, bacterio-
phages are natural bacterial killers ubiquitous in the envi-
ronment. In some countries, they are today widely used
in a health context for both veterinary and human medi-
cine (Tiwari et al. 2014). Due to their host-specific nat-
ure, based on interactions between phage tail proteins
and bacterial receptors, phage treatment could be the
answer to the emergence of antibiotic-resistant bacterial
strains.

As the avian gut represents the main reservoir of
Campylobacter, most studies have used phages isolated
from the chicken gastro-intestinal tract. Janez and Loc-
Carrillo have described the isolation and characterization
of Campylobacter phages (Janez and Loc-Carrillo 2013).
Phages replicate only in the target bacterial cell, and due
to their host specificity, bacteriophages applied to combat
Campylobacter do not alter normal gut flora.

As described in Table 4, several scientific studies using
phages to control animal diseases have given promising
results and led researchers to consider Campylobacter bac-
teriophages as a tool to combat chicken colonization.
Phages could be administered individually like in the
study by Loc Carrillo et al. (2005) in which CP8 and
CP34 phages were orally administered to broilers colo-
nized by Camp. jejuni (HPC5 or GIICS strains). Results
highlighted the high host specificity of phages since CP8
treatment substantially decreased Camp. jejuni levels in
GIIC8-colonized chickens in the first days after phage
application leading to a final significant difference of
about 2 logo in the caecum and lower intestine, whereas
no significant Campylobacter reduction was observed in
the HPC5-colonized chickens. The study also reveals that
CP34 was more effective than CP8 at reducing Camp. je-
juni loads in HPC5-colonized chickens, with significant
results at all intestinal sites. Phage strain 71 was also
tested individually on chickens as therapeutic or preven-
tive treatment. At the end of the experiments, both treat-
ments led to the same Campylobacter load decrease of
about 1 log;, but a greater reduction can be observed for
the first 48 h when the therapeutic measure was applied
(Wagenaar et al. 2005). It was also shown that HPC5-
colonized chickens showed a significant decrease in bacte-
rial load in the three parts of the intestine 24 h after an
oral treatment by phage CP22010 compared to the con-
trol group (El-Shibiny ef al. 2009). After 3 days, the
treatment is less effective. For Camp. coli OR12-infected
birds, a higher dose was needed to obtain a significant

Campylobacter control strategies in chickens

load reduction in the caecum and the lower intestine
48 h after phage administration. These studies showed
that individual phage administration could be effective in
decreasing Campylobacter counts in chickens, but phage
and bacterial strains determine the treatment’s success. It
may be more effective to administer several phages in
combination to overcome host specificity.

Several studies have been conducted to investigate the
administration of a bacteriophage cocktail. Wagenaar
et al. (2005) showed that administration of both phage
strains 69 and 71 as a therapeutic treatment first
reduced Campylobacter by 1-5 log;o but finally led to a
stabilized 1 log;o reduction. The cocktail phages includ-
ing phiCcoIlBB35, phiCcolBB37 and phiCcolBB12 have
also been tested against Camp. jejuni 2140CD1 and
Camp. coli A1l either by oral gavage or by inclusion in
the feed. The results showed a reduction in Campylobac-
ter titres from 4 days post-treatment whatever the con-
ditions of administration, a reduction maintained
through to the end of the experiment. Incorporated in
food, phage treatment was effective in reducing the
Camp. coli load earlier (Carvalho et al. 2010). More
recently, Fischer et al. (2013) demonstrated that a phage
cocktail or single phage NCTC 12673 similarly decreased
intestinal Campylobacter load in commercial broilers
experimentally infected with Camp. jejuni field strains.
Added to the drinking water of commercial broiler
flocks, the same phage cocktail decreased Campylobacter
load below the detection limit one day after application,
and the bacterial load was reduced by 3-2 log;, at
slaughter compared to the control group (Kittler et al.
2013). However, no significant reduction was observed
in two other similar field trials. Inefficacy could be
explained by the timing between Campylobacter colo-
nization and phage application. Furthermore, the phage
cocktail used may be suitable for some colonized strains
but not for others due to the host-specific nature of
phages.

Generally speaking, phage cocktails were no more
effective than single phages in terms of reducing intestinal
Campylobacter loads, but could target more Campylobac-
ter species than a single target-specific phage.

Throughout these studies, the impact of phage applica-
tion on the emergence of the resistance of Campylobacter
strains to bacteriophages was evaluated. Although resis-
tance levels increased after phage treatment, it had no
significant impact on the colonization of resistant strains
due to their loss of virulence and poor ability to compete
with susceptible strains (Connerton et al. 2011).

Phage treatment has a beneficial impact on reducing
intestinal Campylobacter loads, particularly immediately
after application, indicating that it should be used just
few days before slaughter. However, questions remain on

Journal of Applied Microbiology 120, 1139-1173 © 2015 The Society for Applied Microbiology 1153



M. Meunier et al.

Campylobacter control strategies in chickens

pua ay} [aun | _6 n4D °'6o| | Aq pue

1uswieal) abeyd e Y g 1S4l YL

oy b n4D °'bo| € Aq uondnpai [edsed

pua 8y} aun | _6 n4D °t6o| | Aq

(5000) e 12 pue abus|jeyd Jaie Y gty Isly aY3 1oy
Jeeuabepp ,—b n4D °'6o| z< Aq uondnpal [exse)

v Aep
uo ,_6 n4D 60| v-1 Aq
uonaNPal ‘8sop N4d (01 ayk
10} Y 77 4914 UOIIONP3I ON o
asop
N4d 0L 9y} 104 pusl} suWles o
9S0P N4d ,01 3y} 104
Y 72 J91e SUSDIYD paziuojod
GDdH 104 |6 N4D °'60) 6-€
Aq uononpal [p>9e) @
Juswieal} abeyd 84D
uey} dAIDRYD alow Ajleqo|n e

aunsaul
19MO| puUB WNd9ed 3y}
ury gz Jeye |6 n4d °'bo| ¢
AQg uondnpal eunssiul e
Juswieal
ay} Jae shep ¢ s}
3y} 4oy |6 n4D 6ol 9-g
|IUN ‘SUDIYD PazIuojod
8DIID 40} UOdNPal [eunsalu| e
(5002) 7€ 19 SUIYD PazIuojod
o||1iJed 207 GDdH J0j UuondNPaI ON e

95€D
N4D (0L 0l Aeq junfaf dwe>

SDdH
unfaf dwe>

82II9/5dH
N4 g0l—0L 078l Aeq unfaf -dwe>

shep 9
Ndd ,,01—0L Gl Aep wol4

shep 01
Ndd 4,010 [ Aep woui4 obeneb |10 | £ uress abeyd

sbeyd yedd

N4d
&01/,01/:01 Gz Aeq abeneb B0 abeyd 84>

JEN S)NS31 UOI1eZIUO|0d Ja1deqojAdwed

$950( awi| uens

350(] awir 31noy punodwo>

abua|jeyd Japeqojfdwed

uoleASIUILIPY

SuNIIYD Ul Jo30eqojAdwe) 1suiebe ssbeydolisideq buisn syuswiadxs [BUORLINU SY} JO MIIAISAQ T dlqeL

Journal of Applied Microbiology 120, 1139-1173 © 2015 The Society for Applied Microbiology

1154



Campylobacter control strategies in chickens

M. Meunier et al.

uonesnsiuiwpeisod

/ pue g skep

Uo Pad} Ul uoiensiuiwpe
abeyd 1oy | _6 n4D ©60o| ¢

noge Aq uoidNpal (X4 e

uonesnsiuiwpeisod

/ Pue  skep

uo abeaeb Aq uoneisiuiupe
abeyd Joy |6 n4D ©'60] G-1<

Aq uononpai [e>se{ o

,-b n4d °boj ¢

1noge Aq uononpa. |edxse

pus ay3 |un 6 n4D °'6o| | Aq pue

(0102) e 19
oyjensed

(5002) e 1
Jeeuabepp

swieany buunp |6 N4D 060 -1

S9SOP N4d ,01

pue .0 8y} Joj uondNpal
uedIubIs ou Jo |lews

950P N4d

501 9y} 1o} Juswieas} abeyd
Jaye y gy 6 nd4d 6ol /€
JO uoldNPal [eunsaUl

Jamo| pue |6 n4D °'60| 6°1
JO UoIPNPal [PI3RD

950p N4d
<0l Y1 Jo} uondnpal |jews
950p N4d

601 9Yl IO} Synsal JejiwilS e

skep ¢

19}je JU3aIdl}}o SS9 "9sOp N4d

,01 9y} 1o} Juswiealn abeyd

(6007) e 12 eye y yz 6 ndd 060l 17
Auiqiys-(3

Aqg uoidnpal [edaed [enu|

JO UOIdNPal |23 o

LLV fjo> “dwed
LddorLez
N4D 40l | Aeq junfaf -dwe>

95€D

Nn42 s0L z¢€ keq unfaf -dwe>

ZL¥0
1102 “dwe>

SOdH

N4D g0l 0z feq unfaf -dwe>

N4d 401/N4d
0L X G

Ndd 401

423 Ndd
,,01=01

n4d
«01/,01/:01

abeneb
|elo/pas4

/ Aeq@ abeneb |eiQ

skep

6€ Aep wol4 abeneb |eiQ

5z Req abeneb |eiQ

z1gg10201yd
pue zeggi0dD1yd
‘geggloadiyd
{|Ie120D abeyd

£ pue g9 ulells
|1e1D0d abeyd

abeyd 0zzdd

JEN] S)NS3J UOIeZIUO|0D Japdeqojfdwed

sas0q VI ureis

Elelg|

IR a1noy

punodwod

abua|jey Ja1deqojfdwed

UoleASIUIWPY

(panupuod) v ajqeL

1155

Journal of Applied Microbiology 120, 1139-1173 © 2015 The Society for Applied Microbiology



M. Meunier et al.

Campylobacter control strategies in chickens

"SJUSWIUOIIAUS P3]|0J}UOD Ul SUOP S49M S[el} [BIUSWILISAXS JAYI0 || “IUSWILSdXa p|aly O} SIaa Apnis oy«

‘9|qedidde jou ‘YN

abe uarybne|s
1,6 n4D 060l z-€
JO pue ‘quawieal} abeyd

9y} Ja1ye Aep | 1wl uond3Iep ‘NSNF JLON
3y} JopuUn uondNpay e ‘mBNF DIDON
! /971 D1DN
«(€107) 18 39 SIBLL PIoY € 40 1IN0 Ndd 9g/ze/LE 191eM '€£9Z1 DIDN
SENAY Z Joj uononpal uedyiubis oN e (Apn1s piaiy) spaiq perdajuisid AjjeinieN — N 9,010 Aep wou4 Buryuug :|1e1y202 abeyd
1z Aep
uo ,_6 n4d °'6o| 8-z 4o uondNPaI
[ewixew ‘Juswieas) sbeyd Jsye abeyd
SY99M 17 0} | W04 UONINPaI JuRdIUBIS €/9Z1 D1DN
/921 D1DN
‘84921 DIDN
‘abeyd ajbuis pue ‘72921 DLDON
(€107) 1e 19 [1eR20d y1og Joy | 6 n4D ©'6o) €| 90-vL¥L '€£921 DION
JERNE JO uondNPal [e39ed abelany n4d ,0l 9 Aeq unlal -dwe> N4d ,0L 6 Aep woi4 don uj {|1e1y20d abeyd
JEN] S}NSaJ UOIeZIUO|0d Ja3deqojfdwed s9s0Q dwil| ulens 3s0Q awl| a1noy punodwo)

abus|eyD so10eqoiAdwed

UoIeRASIUIWLPY

(panupuod) v ajqeL

Journal of Applied Microbiology 120, 1139-1173 © 2015 The Society for Applied Microbiology

1156



M. Meunier et al.

the effects of releasing phages in the environment and the
acceptability of phage-treated food for consumers.

Immunization strategies

These strategies are also applied at primary broiler pro-
duction level and consist in administering antibodies or
vaccines. The goal of the experiments is to develop a
specific anti-Campylobacter immune response, particularly
at a mucosal level to neutralize and eliminate colonizing,
but not invasive, Campylobacter and to limit intestinal
load before slaughter. In the following section, studies
addressing immunization strategies are described and vac-
cine experiments summarized in Table 5.

Passive immunization

Campylobacter colonization naturally occurs in 2- or
3-week-old chicks due to the availability of protective
maternal antibodies in chick sera in the first weeks
posthatching. This passive protection can be maintained
by administration of Campylobacter-specific immunoglob-
ulin type Y (IgY). When orally administered at the same
time as the challenge strain, bovine or chicken
immunoglobulins protect the chicks from colonization by
Camp. jejuni during the 5 days of the experiment, but
just 3 days later, Campylobacter was recovered from all
the treated animals. In the same study, a therapeutic
experiment showed a marked decrease in Camp. jejuni
loads after the oral administration of immunoglobulins,
but pretreatment load levels were reached once the treat-
ment was stopped (Tsubokura et al. 1997). Recently,
Hermans et al. (2014) vaccinated laying hens with a
Camp. jejuni whole-cell lysate. A hyperimmune egg yolk
was collected from these hens and added to the broiler
feed. Three chicks in each group were challenged by a
homologous strain. The results showed that 3 days
postchallenge, caecal Camp. jejuni load was reduced by
29 to more than 5 log;o CFU g~' compared to control
groups, and bacterial transmission to nonchallenged birds
in the treated group was greatly reduced or completely
stopped depending on the challenge dose (Hermans et al.
2014). There are currently no studies demonstrating the
long-term effect of passive immunization. The lack of
knowledge on the efficacy period of this strategy suggests
it could be used just a few days before slaughter to
impact the contamination level of carcasses by Campy-
lobacter.

Vaccination

Since Campylobacter is a major public health issue in
developed countries, poultry vaccination remains one of

Campylobacter control strategies in chickens

the best strategies to impact human campylobacteriosis
incidence. To date, many vaccination studies have been
conducted using various strategies, including whole-cell
or subunit vaccines and micro-organism-vectored vac-
cines. Combined strategies have also been studied. The
studies described below, and summarized in Table 5,
investigated the protective efficiency of vaccines in reduc-
ing Campylobacter load in the intestinal tract of chickens
to limit meat contamination during slaughter processing
and finally to decrease human contamination.

Whole-cell vaccines (WCV)

Whole-cell vaccines were the first to be investigated. They
consist in administering killed or attenuated bacteria
devoid of virulent and/or colonizing abilities. In the fol-
lowing paragraph, only poultry vaccination experiments
targeting Campylobacter are described.

Vaccination using formalin-inactivated Camp. jejuni
strain F1BCB reduced caecal Camp. jejuni loads from 16
to 93% in the vaccinated groups compared to the
unvaccinated control group. Furthermore, IgA titres in
serum or bile were generally higher in vaccinated birds
than in the control group, and with more immune-
responding birds. In this study, the heat labile toxin
(LT) adjuvant did not impact vaccine efficacy (Rice
et al. 1997). Contrary to these results, other teams did
not obtain consistent results. For example, Gliinder et al.
(1997) showed that although specific antibodies were
generated in chicken serum after subcutaneous immu-
nization of formol-inactivated Camp. jejuni and complete
Freund’s adjuvant, vaccination had little effect on intesti-
nal colonization after a homologous challenge and none
at all after a heterologous inoculation. In another experi-
ment, the vaccination of chicks with four viable but
noncolonizing Camp. jejuni strains did not give protec-
tive immunity despite the chicks’ immunological compe-
tence, and all the birds were colonized like the positive
control group, regardless of the tested experimental con-
ditions (Ziprin et al. 2002). Widders et al. (1998) tested
WCV but combined with purified flagellin. A significant
reduction in caecal Camp. jejuni loads was observed only
when birds were immunized twice intraperitoneally, and
not when the second vaccination was performed by the
oral route. Also, another study in which chicks were first
immunized in ovo then boosted orally after hatching
demonstrated the generation of a strong
response since IgY, IgA and IgM were detected in serum

immune

and IgA in intestinal contents and bile. The oral booster
led to a higher increase in secreted IgA levels in the bile
and intestines. These results indicate the development of
an immune response before hatching, but the protective
potential of this vaccine was not evaluated (Noor et al.
1995).
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02M6380
10° CFU

Challenge on day 28

Eimeria tenella

and multiple immunizations.

4 oral doses (100-5000)

ondays 1, 3,7, 20

100, 500, 3000
and 5000
parasites

oocyst

Significant caecal reduction

of ~ 1 logyo CFU g™’

Challenge on day 28

compared to the

control groups

IM, intra-muscular; IP, intra-peritoneal; SC, subcutaneous; ND, not defined; NA, not applicable; NE, not experimented.

All experimental trials were done in controlled environments.

Campylobacter control strategies in chickens

Subunit vaccines

In chickens, the first subunit vaccine experiments were
based on the immunodominant antigen of Campylobac-
ter, flagellin. This is the main component of bacterial
flagella, which play a crucial role in bacterial colonization.
Subunit flagellin vaccination gave inconsistent results
from one study to another. Widders et al. (1998) used
purified native flagellin for subunit vaccination. Although
this led to the development of a specific humoral
immune response at both systemic and mucosal level, no
significant reduction in Campylobacter loads was observed
after the challenge. Fused to the B subunit of the E. coli
labile toxin, and orally administered twice at the higher
dose of 1 mg, flagellin induced specific antibodies in
more than two-thirds of the vaccinated birds. The vacci-
nated birds had lower Camp. jejuni counts than the con-
trol group after an oral challenge (Khoury and
Meinersmann 1995). More recently, Neal-McKinney et al.
(2014) demonstrated that birds vaccinated with flagellin
combined with the Montanide adjuvant showed a
3 log,o CFU g~ intestinal reduction compared to the
control group, in addition to a higher specific sera reac-
tivity. Huang et al. (2010) tested flagellin vaccination
using DNA by the intranasal route with chitosan
nanoparticles in which pCAGGS-flaA, a DNA plasmid
used as the flagellin A vector, was incorporated. After the
second and third immunizations, significant higher speci-
fic antibody titres were detected for both serum IgY and
intestine mucosal IgA compared to the control groups,
along with a decrease in bacterial loads of 2-3 and
2 log;o CFU g~' in the large intestine and caecum,
respectively, after an oral challenge. Interestingly,
Camp. jejuni was absent from the small intestine at the
end of the study, confirming the immunization power of
the Campylobacter flagellin.

However, despite promising results, flagellin cannot be
used as an antigen for large-scale poultry vaccination for
several reasons. The first is because of the differences in
flagellin between Campylobacter strains and a lack of
cross protection against various strains susceptible to col-
onize broilers. Next, many anti-flagellin antibodies are
directed against nonsurface exposed epitopes, and conse-
quently do not neutralize the bacterium during infection
(Widders et al. 1998). Finally, some antibodies recognize
glycosylated patterns with variable phases, allowing
Campylobacter to evade the immune system thanks to its
ability to vary the amount and nature of these residues.

Other antigens were tested in subunit vaccine experi-
ments. The CjaA protein, known as the binding protein
component of an ABC transporter system (Muller et al.
2005), was inoculated on day one or day 15 posthatching.
In both experimental groups, significantly higher specific
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IgY titres were detected than in the control group and
were the same for both inoculation periods. Caecal
Campylobacter loads were also similar in both groups on
day 21 postchallenge, slightly higher on day 28 postchal-
lenge when birds were first vaccinated on day 15 and
always significantly lower than in the infected control
group, indicating the immunization potential of the CjaA
protein (Buckley et al. 2010). A study using nanoparticles
was conducted to decrease Camp. jejuni colonization in
chickens. Outer membrane proteins (OMP) were
extracted and encapsulated in poly (lactide-co-glycolide)
(PLGA) nanoparticles. When administered orally, there
was no significant reduction in Campylobacter load
regardless of the tested doses. However, subcutaneous
vaccination was more efficient since the intestinal colo-
nization level dropped below the detection limit, unlike
the control group, and was accompanied by development
of a strong immune response (Annamalai et al. 2013).
Another study, investigating the role of the dps gene in
biofilm formation, showed its involvement in Camp. je-
juni colonization in its host and suggested it as a poten-
tial vaccine antigen. However, recombinant Dps subunit
vaccination subcutaneously did not protect chickens from
Camp. jejuni colonization after a challenge (Theoret ef al.
2012). More recently, CadF, FlpA and CmeC proteins,
having a role in Campylobacter adherence during poultry
colonization, were tested as antigens in subunit vaccina-
tion experiments. Using the Montanide adjuvant, all of
them induced an increase in sera reactivity of vaccinated
birds. Although caecal reductions were not significant for
both CadF- and CmeC-vaccinated groups, FlpA immu-
nization significantly reduced caecal load by about
3 log;o CFU g . Also, vaccination with the fused CadF-
FlaA-FIpA protein and a mixture of the three full-length
individual proteins as a booster led to a significant
intestinal decrease of about 3 log,y CFU g~' (Neal-
McKinney et al. 2014). All these studies revealed the
potential immunization power of certain Campylobacter
antigens and need to be thoroughly investigated and
repeated to confirm their vaccine features.

Antigens vectored by micro-organisms

In recent years, a new method of vaccine delivery has
been studied. This consists in delivering antigens using
micro-organisms harbouring plasmids with the DNA of
interest. For Campylobacter antigens, attenuated Sal-
monella strains have been widely used as a vector with
the CjaA protein as the main focus of study. Large dis-
crepancies between studies have been observed despite
similar conditions for the immunization scheme based on
two vaccinations, the first on day 1 and the second
2 weeks later, followed by an oral challenge. Wyszynska
et al. (2004) showed an increase in the specific anti-

M. Meunier et al.

Campylobacter response for both IgY in serum and
intestinal IgA compared to the unvaccinated group, along
with a marked decrease in caecal Campylobacter load,
particularly on day 12 postchallenge with a reduction of
more than 6 log;, CFU g '. In contrast, Laniewski et al.
(2014) did not find any significant reduction in caecal
load, although they did demonstrate development of a
humoral immune response and an increase in B-cell pop-
ulation in the caecal tonsils of the vaccinated group.
Interim results have also been observed with the develop-
ment of a specific immune response and the decrease by
approx. 1-4 logyy CFU g~ of the intestinal Campylobac-
ter count (Buckley et al 2010). Similar results were
obtained after a single vaccination with an attenuated
Salmonella-vectored CjaA protein followed by an oral
challenge 3 weeks later (Layton ef al. 2011). In these
studies Campylobacter, Salmonella and the avian strains
differed, which could explain discrepancies in coloniza-
tion results. It was also shown that the specific immune
response development was not necessary correlated with
the decrease in intestinal level of Campylobacter. Accord-
ing to these experiments, all using the same immuniza-
tion scheme, the choice of strains seemed to be essential
in determining the vaccination’s success.

Other antigens vectored by attenuated Salmonella
strains have been trialled to decrease Campylobacter colo-
nization in poultry. Layton et al. (2011) showed that after
a single vaccination of chicks on the day of hatching,
ACE393 vectored antigen, encoding a probable periplas-
mic protein, led to significantly higher IgY levels than the
control groups, and to an approximately nonsignificant
1 log;o CFU g~! Campylobacter reduction in the ileum
after an oral challenge on day 21. With the same immu-
nization scheme, Ompl8/CjaD vectored antigen gave
more promising results with significantly higher specific
serum IgY and mucosal IgA titres, along with a signifi-
cant drop in intestinal counts below the detection limit.
The latter results were confirmed in repeated experiments
(Layton et al. 2011). Buckley et al. (2010) showed that
after two vaccinations, the PeblA antigen significantly
reduced the caecal load of Camp. jejuni by
1-6 log;o CFU g~' when fused to the tetanus toxin and
Salmonella-vectored, whereas no decreases were observed
for GInH and ChuA. The Dsp protein was also Sal-
monella-vectored and after three oral vaccinations fol-
lowed by a challenge 10 days after the last vaccination, all
the treated birds were found to be colonized, although
the caecal load was significantly reduced Dby
2-48 log;o CFU g~ ' compared to the group vaccinated
with the empty vector (Theoret et al. 2012).

Besides Salmonella, oocysts of Eimeria tenella were used
as a vector for the expression of the Camp. jejuni CjaA
protein in immunization experiments. Single and multiple
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oral vaccinations in young chickens were trialled, and after
an oral challenge, the intestinal Camp. jejuni load was sig-
nificantly lower, by approx. 1 log;y CFU g, than that of
the control groups with no difference between the single-
and multiple-vaccination groups (Clark et al. 2012).

Some promising studies aimed at reducing Campy-
lobacter colonization in broiler flocks through antigen-
vectored micro-organisms have been described. However,
as for other live vaccines and in spite of attenuated char-
acteristics, a reversion process cannot be excluded. Anti-
gen vectors used in the experiments could become
virulent again with a gene acquired from the environ-
ment and therefore become pathogenic for the vaccinated
birds, especially as Salmonella and Eimeria are species
particularly pathogenic for poultry.

Combined strategies

Few studies to date have investigated the combination of
several control strategies. For example, as in vivo experi-
ments revealed that a Bifidobacterium strain and galac-
tooligosaccharide (GOS) CUP Oligo P were individually
efficient at reducing Campylobacter load in faeces, and
that GOS was also able to increase Bifidobacterium spp.
loads, Baffoni ef al. (2012) trialled microencapsulated
Bifidobacterium longum and GOS as additives to the nor-
mal feed. Compared to the control group, the symbiotic
mixture significantly reduced the Camp. jejuni level after
14 and 21 days of administration, whereas the Campy-
lobacter spp. population remained stable.

These studies combined only different nutritional com-
pounds. It could be beneficial to trial a combined control
strategy associating immunization and nutritional mea-
sures. Due to the different mechanisms involved in elimi-
nating Campylobacter, we can expect a cumulative effect
from the combination of a vaccine and a feed additive
which could reduce by about 3 log units the caecal con-
tent as estimated by Romero-Barrios et al. (2013) to
reduce the risk of human campylobacteriosis by over
90%. However, to date, there is no study which uses both
nutritional and immunization strategies to induce synergy
aimed at reducing Campylobacter load.

Conclusion

Despite all the studies conducted over the past few dec-
ades, Campylobacter remains one of the major bacterial
causes of human intestinal diseases throughout the
world. It has been proven to be mainly related to the
handling and consumption of chicken meat. Some
experiments have shown promising results, which sug-
gest that it is possible to reduce Campylobacter loads in
the chicken gut. Effective studies need to be further

Campylobacter control strategies in chickens

investigated to obtain reproducible results, and measures
need to be applied on a larger scale, for instance, on
chicken flocks intended for retail, in order to be able to
evaluate their impact on human campylobacteriosis
prevalence.

For both nutritional and immunization strategies, large
discrepancies may be observed between studies. Several
factors could explain these observations. The specific
avian strains used during the experiments could impact
the results because such strains can be more or less sensi-
tive to Campylobacter and to treatment (Guyard et al.
2014; Humphrey et al. 2014). Campylobacter strains,
doses and virulence could also explain these varied results
as well as administration doses, routes and timings. For
the nutritional control strategy, several studies highlighted
discrepancies between in vitro and in vivo results which
could be explained by degradation of the active product
before reaching the intestinal tract of chickens, which is
the desired site of action. Furthermore, products could
act on other bacterial species in vivo yet be present in
insufficient amounts to be effective on the target micro-
organism. Indeed, differences between in vivo and in vitro
experiments have recently been highlighted for several
feed additives (Guyard et al. 2015). To counteract the
early deterioration of active products by the digestive
tract’s acidic environment, one solution could be to pro-
tect them by encapsulation. This strategy was mentioned
in an experiment using probiotic strains (Arsi et al.
2015). However, to test the strain’s efficiency against
Campylobacter in vivo and select the most promising
strains, another strategy entailed first evaluating probiotic
efficiency by intracloacal inoculations. Concerning the
vaccination strategy, despite all the experimental studies
and promising results, there is currently no vaccine avail-
able on the market to reduce the intestinal Campylobacter
load in chickens. Some experiments with promising
results have not yet been followed through. It may be
necessary to identify and characterize new antigens.
Recently, the flagellar capping protein FliD from
Camp. jejuni D1-39 was investigated, focusing on its
characterization and antigenicity. Immunoblotting tests
showed that sera from 4-week- old chickens reacted
strongly with the FliD protein, suggesting that it could be
a potential vaccine antigen. This should be further evalu-
ated through in vivo immunization experiments (Yeh
et al. 2014). Similarly, several other recombinant flagellar
proteins have been identified as potential vaccine antigens
(Yeh et al. 2015). Recent novel strategies designed to
identify new vaccine antigens based in particular on
bioinformatics genome analysis could also prove useful in
developing new, more powerful vaccines.

It should be remembered that primary poultry produc-
tion is not the only step to target in order to reduce the
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number of human campylobacteriosis cases. The follow-
ing links along the poultry meat production chain must
be taken into account. Many studies have focused on the
slaughtering level, including both chemical and physical
treatment to decontaminate carcasses. Meat retailing,
consumer education and good hygiene practices at home
have also been investigated.

However, the effectiveness of measures is not the only
criteria to evaluate. The final appearance of the meat, the
cost involved, and the consumer’s acceptance of decon-
tamination measures are all essential to the implementa-
tion of control strategies. A recent study evaluated
consumer acceptability through a printed survey
(MacRitchie et al. 2014), which revealed that irradiation
or chemical treatment of chicken meat are the least
acceptable measures, even if they could decrease human
campylobacteriosis cases by 90%. In contrast, better
hygiene practices on farms are the most acceptable to
consumers. Four other treatments—including vaccina-
tion, steaming, freezing and feed additives—give mixed
results. The study also demonstrated that prior awareness
about Campylobacter and food poisoning did not impact
acceptability, indicating the difficulty involved in increas-
ing consumer acceptability.

New efforts need to be made to test in vivo compo-
nents such as new nutritional additives, vaccine antigens
or a combination of both at experimental and farm
levels, with biosecurity measures being implemented and
maintained throughout the poultry rearing process, sup-
ported by educational initiatives among farmers. Con-
sumers also need to be informed on good hygiene
practices, in addition to how and why it is necessary to
thoroughly cook poultry meat.
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