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Food poisoning caused by Campylobacter (campylobacteriosis) is the most
prevalent bacterial disease associated with the consumption of poultry,
beef, lamb and porkmeat and unpasteurized dairy products. Avariety of live-
stock industry, food chain and public health interventions have been
implemented or proposed to reduce disease prevalence, some of which
entail costs for producers and retailers. This paper describes a project
that set out to summarize the natural science evidence base relevant to
campylobacteriosis control in as policy-neutral terms as possible. A series
of evidence statements are listed and categorized according to the nature
of the underlying information. The evidence summary forms the appendix
to this paper and an annotated bibliography is provided in the electronic
supplementary material.
1. Introduction
The consumption of food and drink contaminatedwith Campylobacter bacteria can
cause campylobacteriosis in humans.While foodmay bemade safewith adequate
cooking, and by avoiding cross-contamination during food preparation, Campylo-
bacter is the most common cause of acute bacterial gastroenteritis both in the UK
and globally [1]. Campylobacteriosis is chiefly a sporadic disease with many iso-
lated cases that usually peak in early summer in the UK, though there are
occasional larger outbreaks [2]. Most people who become infected with Campylo-
bacter suffer from illness and discomfort and require time to convalesce, but severe
disease and death can occur. The use of antibiotics is only recommended for those
at greatest risk of severe disease or death from campylobacteriosis (chiefly the
young, old and immune compromised). In other patients, antibiotics only shorten
the disease by a few days and their prescription may accelerate the evolution of
antibiotic resistance, which has already been observed in Campylobacter. The
total cost to society of foodborne campylobacteriosis is estimated at over £700
million per annum in the UK alone [3].
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A suite of producer, food-chain and public health
measures have been implemented to attempt to reduce the
levels of campylobacteriosis in the UK, particularly targeting
poultry, which has been identified as the main source of
human infection. Surveys indicate that levels of Campylobacter
in fresh poultry at retail outlets in the UK have decreased in
recent years, but reported human Campylobacter infections
have remained relatively constant [4]. Further interventions
are needed to limit the individual and economic impacts of
campylobacteriosis, though each imposes different levels of
costs on livestock production, processing and retail sectors.
Designing better control measures without unnecessary costs
requires a better understanding of the origin and transmission
dynamics of the Campylobacter species causing human disease.

The aim of this ‘Restatement’ is to present a clear and suc-
cinct summary of the evidence for the source and spread of
Campylobacter in the food chain and how it might be con-
trolled. We focus on the UK although the evidence base is
relevant to many other countries, particularly those in tem-
perate regions. The Restatement is written for an informed
but not expert audience, for example, senior policy-makers
with food safety in their brief. We also highlight areas
where the evidence base is poorly developed to assist
policy makers. In a policy area that can be contentious, we
aim to be as policy-neutral as possible in the compilation
and presentation of evidence.
2. Material and methods
The relevant literature on Campylobacter was reviewed with par-
ticular focus on studies in the UK and a first draft evidence
summary was produced by a subset of the authors. At a work-
shop, all authors met to discuss the different evidence
statements and to assign a description of the nature of the evi-
dence to each statement using a restricted set of terms. The
statements and their assessments were subsequently debated
via correspondence until a consensus was achieved. We use the
following restricted terms to describe the evidence, indicated
by abbreviated codes, which are similar to those used in previous
Restatements.

[Strong]: A strong evidence base likely involving multiple
experimental studies or field data collections, with appropriate
detailed statistical or other quantitative analysis.

[Limited]: Limited evidence from perhaps only one or
few studies, with further studies needed to strengthen the
evidence base.

[ExpOp]: A consensus of expert opinion extrapolating results
from related systems and well-established epidemiological and
pathological principles.

[Proj]: Projections based on the available evidence for which
substantial uncertainty often exists.
3. Results
The summary of the natural science evidence base relevant
to Campylobacter control policy-making in the UK is given
in the appendix, with an extensive annotated bibliography
provided as electronic supplementary material.
4. Discussion
The most important source of Campylobacter that cause
human disease is meat from farmed animals such as cattle,
pigs and particularly broiler chickens. Campylobacter infect
the intestines of most farmed animals and are regularly
found on fresh carcasses, particularly the carcasses of broiler
chickens, and it is likely that bacteria in digestive tracts are
spread to carcasses during slaughter and factory processing.
Live bacteria on meat and carcasses may be ingested by
humans via cross-contamination to other foods and items if
food preparation hygiene is poor prior to cooking, or if
meat is not cooked sufficiently.

Poultry is the most consumed meat in the UK and a major
source of Campylobacter. Campylobacter from non-poultry
livestock, particularly ruminants, are also a significant
cause of human disease, as is increasingly shown by genetic
source-attribution studies including recent studies using
whole-genome sequencing [5]. The evidence base for Campy-
lobacter levels on retail beef, lamb and pork, and the effect of
food-chain interventions designed to reduce these, is less
well developed than for poultry. The Restatement highlights
gaps in our knowledge on the efficacy of on-farm and factory
processing food-chain interventions aimed at reducing rates
of contamination on cattle, pigs and particularly broiler
chickens, where further research would be helpful. There
has been a decrease in Campylobacter levels on poultry over
the last 5 years in the UK but levels of human campylobacter-
iosis cases have remained static. It is not yet known whether
this is due to Campylobacter levels on poultry being a poor
measure of risk from consuming poultry meat, an increase
in the consumption of chicken, an increase in the number
of people over 60 years of age who are more susceptible to
Campylobacter, or whether the risks from consuming other
meats or becoming infected from non-food sources has
increased [4,6].

The Advisory Committee on the Microbiological Safety
of Food recommends a multi-prong approach to tackling
disease from Campylobacter combining interventions across
the entire food system including non-poultry livestock [1].
Our survey of the evidence supports this recommendation
as there is no evidence that any single intervention has a
major effect, whereas concerted multiple-intervention cam-
paigns in Iceland and New Zealand have had some effect.
Nevertheless, to implement more effectively such a ‘mul-
tiple-hurdle’ strategy, it would be helpful to conduct more
whole food-chain studies that robustly quantify the likely
main environmental sources of Campylobacter and then go
on to analyse the effect of specific on-farm and in-factory
interventions on changing the numbers and types of Campy-
lobacter on final food products. Experimental and modelling
work that evaluates how different interventions interact and
combine across the food-chain to reduce levels on retail pro-
ducts would be particularly valuable [7]. The increasing
availability of whole-genome DNA sequencing approaches
combined with epidemiological and classic microbiological
methods offers new tools to understand Campylobacter ori-
gins, transmission and disease (e.g. [7]). Lastly, we need to
better understand the behavioural science of how people
assess and understand the risks of food poisoning from
Campylobacter (and of course other agents), and how they
can be empowered to protect themselves and other people.
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material [8].
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Appendix
(a) Aims and scope
1. Campylobacter bacteria are a major cause of acute gastroen-

teritis, affecting around 600 000 people a year in the UK
and over 150 million people a year globally. The economic
burden of identified Campylobacter cases in the UK, in
terms of costs to the healthcare system and the patient,
is estimated to be £50 million per annum. The total UK
societal cost from just foodborne Campylobacter, based on
299 000 cases, is estimated at over £700 million per annum.

2. The aim of this Restatement is to summarize succinctly the
natural science evidence base concerning the origin and
transmission dynamics of Campylobacter species causing
human disease to assist policy making. The Restatement
also summarizes evidence for the efficacy of different
interventions intended to control Campylobacter. The
focus is on evidence of greatest applicability to the UK.
It also provides a consensus judgement by the authors
on the nature of the different evidence components, and
a consensus was arrived at using the studies listed in
the annotated bibliography. We use the following descrip-
tions, which explicitly are not a ranking, indicated by
abbreviated codes. Statements are considered to be sup-
ported by [Strong], [Limited], [ExpOp] and [Proj] codes,
which are defined in the Materials and methods section.
Codes at the end of sections and sub-sections after full-
stops indicate they apply to the whole previous section;
codes preceding full-stops or within sentences apply to
that sentence or clause only. Throughout the restatement,
we use the terms ‘infection’ and ‘infected’ to mean the
presence of Campylobacter bacteria in animals (humans
and farmed animals) regardless of whether they cause
disease. World Bank country classifications are used
throughout. The abbreviation ‘95% UI’ denotes the 95%
uncertainty interval.

(b) Campylobacter disease in humans
3. Campylobacter can cause acute diarrhoea and gastroenteri-

tis in humans when ingested. Campylobacter may derive
from food or non-food sources (such as lakes when swim-
ming). Symptoms of campylobacteriosis range from mild
to severe, and usually resolve by themselves in around a
week. Frail and immunocompromised individuals have
greater susceptibility to campylobacteriosis [Strong]. Only
a few studies exist that monitor the effects of deliberate
exposure of humans to Campylobacter, for understandable
ethical reasons, and one shows illness can be caused by
the ingestion of as little as a few hundred bacterial cells,
but not all humans infected with Campylobacter showed
signs of disease [Limited].

4. The species Campylobacter jejuni and Campylobacter coli are
the major causes of campylobacteriosis globally. In the
UK, C. jejuni is responsible for approximately 10 times
more cases of human disease than C. coli [Strong].

5. In high income countries, analyses conducted under the
assumption that all ages are equally as likely to present
to GPs show cases of laboratory confirmed campylobac-
teriosis are most frequent in children under 5, young
adults (aged 20–30), and in those aged over 60 [Strong].
In low and lower- and upper-middle income countries, ill-
ness from Campylobacter infection occurs most frequently
in children under 2, with severity of symptoms inversely
related to age in older individuals [Limited].

6. Comparing the incidence of campylobacteriosis across
continents and analysing global trends is hard due to dif-
fering sampling and reporting conventions, frequent
under-reporting (particularly in countries where many
uninsured people have to pay for healthcare), and very
low surveillance levels in low income and lower- and
upper-middle income countries. The WHO estimates 166
million cases of campylobacteriosis occurred worldwide
in 2010 (95% UI: 92–301 million) causing 37 600 deaths
(95% UI: 27 700–55 100). In 2018, the Centres for Disease
Control and Prevention in the USA reported that 20 cam-
pylobacteriosis cases were diagnosed for every 100 000
people but that many more cases went undiagnosed or
unreported, and they estimated Campylobacter infection
affects 1.5 million US residents every year. In low
income countries, high burdens of Campylobacter in chil-
dren under two are correlated with stunting [Limited].

7. There is greater consistency of reporting methods among
European countries making these more comparable but
difference in access to and costs of healthcare across
Europe may skew this. Campylobacter was the most com-
monly reported gastrointestinal bacterial pathogen in
humans in the EU in 2019 with over 220 000 confirmed
cases, and an average reported incidence of 60 per 100
000 population. European campylobacteriosis rates have
remained stable between 2015 and 2019, and are more
than twice that of salmonellosis which is caused by the
next most prevalent gastrointestinal bacterial pathogen
(Salmonella). A decrease of 100 000 campylobacteriosis
cases was reported in Europe in 2020 (120 000 cases) com-
pared to 2019: it is likely this drop was due to various
effects of the COVID-19 pandemic and corresponding
social lock-downs making it hard to compare to preceding
years. UK campylobacteriosis rates have fluctuated
between 86 and 114 reported cases per 100 000 between
2006 and 2017 with no overall trend. In 2019, the UK
reported a campylobacteriosis rate of 88 cases per 100
000 population. Rates in the UK have thus consistently
exceeded the EU average since 2015. Studies in England
and Wales between 1989 and 2011 show campylobacterio-
sis cases are increasing in those aged over 50 [Strong].
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a. For every case recorded by UK national surveillance
centres, around 8–9 are estimated to occur in the com-
munity without being reported, so calculations of the
economic costs of campylobacteriosis based solely on
reported cases are an underestimate. Extrapolations
from reported data estimated Campylobacter to be the
largest cause of bacterial food poisoning cases in the
UK underlying 299 392 (95% CI 127 128–571 332)
or 33% (95% CI 18%-47%) of food-related infections
resulting in the greatest number of GP consultations
(42 506; 95% CI 18 683–75 857) for foodborne illness
in 2018. After correcting for under-reporting, the rate
of campylobacteriosis in the England and Wales
population is estimated to have remained roughly
stable at approximately 1000 cases per 100 000 since
2009 [Proj].

b. Modelling of clinical data indicate Campylobacter
caused the greatest number of hospitalizations of food-
borne diseases in 2018, and approximately 1% of UK
all foodborne campylobacteriosis cases led to hospital-
ization (median 3505 per year, 95% CI 1352–7641).
Estimates of deaths due to campylobacteriosis are
around 45 people per year in the UK (95% UI: 24–84)
[Proj], and foodborne Campylobacter was involved in
21 UK deaths in 2019 [Proj]. For comparison, influenza
was involved in 1213 deaths in England and Wales in
2019 [Strong]. Estimating rates of death due to Campylo-
bacter is difficult because the impact of
campylobacteriosis may be masked or exacerbated by
other health problems or by not being properly
recorded [ExpOp].

c. Modelling analysis indicates that 70 000 quality-
adjusted life years (QALYs) are lost per year in the
UK due to just foodborne Campylobacter, but with con-
siderable uncertainty (95% UI: 40 000–108 000).
Norovirus imposes the largest burden among food-
borne diseases and is responsible for 3.5 times more
lost QALYs than Campylobacter, which imposes the
next greatest burden. For comparison, influenza is esti-
mated to be responsible for a loss of around 30 000
QALYs with standard vaccination rates [Proj].

8. The majority (99%) of campylobacteriosis cases represent
isolated infections of individuals, although single-source
outbreaks can occur. The number of reported outbreaks
in the UK ranged from 5 to 22 per year between 2006
and 2016, with the numbers of people affected per out-
break between 2 and 167. The largest recorded outbreak
of campylobacteriosis globally occurred in Havelock
North, New Zealand in 2016 when over 5000 people
were infected by C. jejuni from contaminated untreated
drinking-water boreholes [Strong].

9. Campylobacteriosis incidence in some high income
countries shows marked seasonality. In the UK, the total
number of campylobacteriosis cases is greatest in early
summer, peaking during May and June [Strong]. There is
some evidence that the seasonal variation is more
marked in rural than in urban areas and in infants
under five [Limited]. No factor has been proven to drive
these seasonal patterns although a number of hypotheses,
for example higher temperatures, increased barbeques,
prevalence of flies attracted to food, have been suggested
[ExpOp].
10. A fraction of campylobacteriosis cases leads to longer-
term health conditions such as Guillain–Barré syndrome
(between 1 per 1000 and 1 per 5000 cases), reactive arthri-
tis (9 per 1000 cases) and post-infectious irritable bowel
syndrome (up to 33 per 1000 cases) [Strong]. The role of
Campylobacter in the development of these clinical con-
ditions is imperfectly understood and these conditions
may also be caused by other infections.

11. Summary: Campylobacter is the major cause of bacterial
gastroenteritis in the UK and around the world. Campy-
lobacter infections usually cause short illness but
because Campylobacter prevalence is relatively high this
translates into a significant socioeconomic burden. Infre-
quently, Campylobacter infections lead to more serious
outcomes, including death, with the young, elderly and
infirm at greatest risk. In low income and lower- and
upper-middle income countries, Campylobacter is ende-
mic and a major cause of childhood diarrhoeal illness.

(c) How humans become infected with Campylobacter
12. Campylobacter jejuni and C. coli are bacteria commonly

found in the intestines of domesticated and wild animals,
especially birds. Campylobacter jejuni tends to be the
dominant species in cattle, sheep, broiler chickens and
turkeys, and C. coli tends to be the dominant species in
pigs [Strong].

13. Campylobacter has also been isolated from several differ-
ent environmental sources, including soil, water and
sewage. The most likely explanation for the presence of
Campylobacter in water and soils is shedding by animals
[ExpOp]. Survival of Campylobacter outside the gut is
poor relative to many other species of pathogenic bac-
teria, with the bacteria demonstrating relatively high
sensitivity to oxygen, drying, freezing and low pH
[Strong].

14. Campylobacter can persist outside of animal guts in the
environment for short periods; for instance, for several
weeks in groundwater [Strong]. Animal guts have stable
temperatures and very low levels of oxygen and so it is
of note that some strains display greater tolerance to
elevated oxygen levels or extremes in temperature
[Strong], which may aid survival outside of animal guts
[ExpOp]. Persistence in the environment has also some-
times been associated with the presence of certain
protozoa (some bacteria persist in the environment in
the bodies of other organisms) [Limited]. Some but not
all Campylobacter variants may form their own biofilms
(a community of cells adhering to each other and to a
surface). It is possible that survival in the environment
may be enhanced by attachment to existing biofilms of
other species [ExpOp].

15. Under laboratory exposure to adverse environmental
conditions such as prolonged immersion in water or suc-
cessive freezing-and-thawing, some C. jejuni may form
viable but non-culturable cells (VBNC) which have low
metabolic activity, do not divide, and cannot be resusci-
tated by conventional culturing techniques. The
conditions that promote recovery from a VBNC state,
and whether VBNC Campylobacter can cause campylo-
bacteriosis, are not understood, and so the biological
and epidemiological importance of VBNC Campylobacter
is uncertain [Limited].



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20220400

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 J

ul
y 

20
22

 

16. Campylobacter species are genetically diverse, with new
genotypes continually being identified. Genetic variation
among Campylobacter is not continuous but tends to clus-
ter into various distinct groups (clonal complexes) which
can be identified using DNA sequencing. These clonal
complexes appear stable over time and space, and
some, but not all, are tightly associated with particular
types of host animal [Strong].
a. Several Campylobacter clonal complexes are predomi-

nantly (but not exclusively) associated with a
particular host species, such as ST-257 (ST stands for
sequence-type) in chickens or ST-61 in cows, but
some, known as ‘multi-host complexes’ or ‘generalist
lineages’, such as the ST-21 complex, are found across
multiple animal host species [Strong]. There is a sug-
gestion that the intensification of beef production
may have provided opportunities for the specializ-
ation of some C. jejuni sequence types [Limited].

b. In general, wild bird species have their own Campylo-
bacter types, and these are distinct from those found in
domestic birds such as chickens and farmed ducks;
however, some multi-host sequence-types are found
in both poultry and wild birds [Strong].

17. Genetic attribution studies use knowledge of Campylo-
bacter sequence-types that are closely associated with
particular types of animals to identify the likely
source of Campylobacter isolated from human disease
cases (see box 1 in the annotated appendix). In the
UK, as in other high income countries, host-associated
genotyping using genetic markers has shown that the
large majority (greater than 95%) of campylobacteriosis
cases match Campylobacter genotypes that are associated
with agricultural livestock. Recent attribution studies in
the Netherlands and France using whole genome
sequences from hundreds of isolates concluded the
main sources of campylobacteriosis were from livestock
(78% of cases) but that non-food sources (such as pets
and water) were also a significant cause of campylobac-
teriosis (22% of cases). Two in three livestock cases
derived from poultry and the rest from ruminants in
studies from France and the Netherlands. Attribution
studies using C. jejuni isolated from human disease
cases in the UK show these predominantly involve gen-
otypes associated with commercial poultry (average
47%, range 19–68%) and then sheep and cattle (average
38%, range 28–54%). Campylobacter coli causes one-tenth
of human campylobacteriosis cases, but genetic attribu-
tion studies indicate these are more likely to derive
from ruminants (54%), than poultry (40%) or pigs
(6%) [Strong].
a. Some chicken-related clonal complexes (such as ST-

661) appear relatively abundant but cause dispropor-
tionately fewer cases of human disease than would be
predicted given their prevalence. Other types (ST-21)
have been reported to increase in relative abundance
from farm to clinical cases [Limited]. It is not yet
clear if different Campylobacter genotypes differ in
their ability to cause human disease [ExpOp].

18. Genetic attribution studies have shown that non-agricul-
tural animal-associated Campylobacter types, for example
types found in wild birds, can cause human disease but
at substantially lower levels (under 5% of cases) than
those associated with livestock [Strong].
19. Epidemiological studies correlating disease incidence
with risk factors in Europe, Australasia and the USA
show both sporadic infections and outbreaks of campy-
lobacteriosis are correlated with the consumption of
poultry products such as chicken meat and chicken
liver (see box 1 in the annotated appendix). Other
risk factors that have frequently been identified include:
contact with poultry; handling and eating raw or under-
cooked meat and seafood; consumption of raw milk;
contact with farm animals; contact with companion ani-
mals, especially dogs; exposure to environmental water
bodies (e.g. lakes); and the consumption of untreated
water. The reservoir of Campylobacter in poultry is esti-
mated to be responsible for between 50 and 80% of
human campylobacteriosis cases [Strong].

20. International travel has also been identified as a risk
factor for campylobacteriosis [Strong]. One study
suggested that 17–18% of recorded cases in the UK are
associated with travel outside the country of residence
[Limited].

21. Risk factors identified in epidemiological studies can
change in importance over time and new risk factors
can emerge, for instance, contact with garden soil has
only recently been identified as a risk factor. There is
an increasing incidence of sporadic cases of campylobac-
teriosis related to the consumption of unpasteurized milk
in the UK and USA [Strong].

22. Epidemiological and genetic analyses of campylobacter-
iosis outbreaks demonstrate these mostly derive from
single point sources that directly contaminate many
people; human to human transmission is rare (around
3%) in outbreaks. The major risk factors associated
with outbreaks are contaminated drinking water and
the consumption of raw milk and chicken-liver pâté
[Strong].

23. Some outbreaks of campylobacteriosis are diffuse,
having a common source but not necessarily clustered
geographically [Strong].

24. In surveys of fresh UK-produced whole chicken at
retail outlets by the UK’s Food Standards Agency
(FSA), the proportion that tested positive for Campylobac-
ter using standard microbiological methods dropped
from 73 to 40% between 2014 and 2018 [Strong]. A
recent Scottish study reported an incidence of 0.1%
(95% UI: 0–0.7%) on retail fresh beef mince sampled in
2019. There are no comparable recent surveys for other
food products in the UK. Limited sampling of beef,
pork and sheep between 2003 and 2007 in the UK
found mean Campylobacter prevalence in the range of
0.3–16% [Limited].

25. Campylobacter prevalence derived from surveys of UK
poultry in shops in 2017 and 2018 by the FSA (see para-
graph 24) allows the prediction that exposure to as little
as 10 g of even the lowest contaminated UK retail poultry
samples may be sufficient to cause campylobacteriosis,
if food is not cooked sufficiently or if food preparation
hygiene is poor, as this represents a few hundred
Campylobacter cells (see paragraph 3) [Limited].

26. Retail surveys in the USA indicate that around 20% of
poultry breast meat was positive for Campylobacter in
2018, but differences in sampling methods mean this
cannot be meaningfully compared the UK retail survey
data.
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27. Summary: attribution studies, together with risk
exposure information based on food surveys, consist-
ently identify meat products as substantial risks for
campylobacteriosis. The majority of human Campylobac-
ter infections are C. jejuni and result from contact with
livestock or consumption of meat, with poultry being
the most important source followed by ruminant meat.
Cases of campylobacteriosis in the UK remain constant
despite a decreasing prevalence of Campylobacter on
poultry in retail outlets.
rnal/rspb
Proc.R.Soc.B

289:20220400
(d) How Campylobacter is transmitted between animals
in agriculture

Commercial poultry
28. In domesticated poultry, Campylobacter is commonly

considered a commensal (i.e. it causes no harm to the
host), but in some circumstances, it may act as an
opportunistic pathogen [Limited].
a. In commercial rearing facilities, most infections with

Campylobacter result in no obvious signs of disease
in chickens. Statistically significant relationships
between Campylobacter infection of broiler flocks and
broiler health and welfare markers such as the pres-
ence of digital dermatitis and body weight have
been recorded in a limited number of commercial
operations in the UK [Limited]. The direction of causal-
ity these limited studies is unclear: birds with poor
health and welfare may be more susceptible to Cam-
pylobacter infections, but generally, flocks with
both poor and good welfare are infected with Campy-
lobacter [ExpOp].

b. Stress and immunosuppression in chickens may
increase the capacity of Campylobacter to move
beyond the gut and invade tissues such as muscle
and liver [Limited].

29. Once introduced into a population of chickens in a broi-
ler unit, Campylobacter spreads rapidly via the faecal–oral
route and virtually all animals become infected within a
week [Strong].

30. Broiler poultry do not have contact with their parents
after hatching. Vertical transmission from breeder to
broiler chickens via eggs both internally and from exter-
nal contamination has been excluded as a major
transmission route because live Campylobacter has not
been detected in eggs or in chicks under 1 week old.
However, the increasing sensitivity of sampling and
detection methods, including genetic approaches,
suggests vertical transmission may occur rarely (at less
than 1 in 60 000 chicks) [Limited].

31. Epidemiological investigations have attempted to ident-
ify risk factors correlated with the infection of flocks in
poultry units. This is difficult due to problems with iden-
tifying causality, correlation of risk factors, and
considerable farm to farm variability [ExpOp]. The most
implicated risk factors are:
a. Poor biosecurity (procedures designed to prevent the

introduction and spread of disease-causing organ-
isms), including close proximity of other animals
(livestock, pets and rodents), partial depopulation
(thinning), and poor poultry welfare correlate with
Campylobacter infections. However, the presence of
Campylobacter per se is not an indicator of poor welfare
[Strong].

b. There is some evidence that the use of untreated
drinking water for poultry is a risk factor [Limited].

c. Flies and other insects are able to vector Campylobacter
[Strong]. The presence of insects is identified as a risk
factor in some, but not all, surveys [Limited].

32. Campylobacter can be found in the environment around
poultry houses, both before and after a cohort of birds
is introduced. The genetic types of Campylobacter isolated
from the environment surrounding houses are often
identical to those found in infected flocks. Similarly, Cam-
pylobacter types in feed distribution and storage systems,
litter, transport crates and external or internal drinking
water sources are often the same as those in infected
chickens [Strong]. The epidemiological interpretation of
these observations is difficult as the direction of transfer
(flock to environment or environment to flock) is typi-
cally not known [ExpOp].

33. Several studies have shown that inadequate cleaning and
disinfection between successive flocks in a poultry house
is correlated with subsequent Campylobacter infection.
These studies are unable to show directly if previous
flocks or the house/farm generally were the original
source of infection [Limited].

34. There is evidence that employees entering and moving
between different poultry sheds (for example to remove
particular birds) is correlated with higher levels of Cam-
pylobacter infection [Strong].

35. The preparation and transport of flocks to slaughter-
houses increases the risk of Campylobacter transmission
from catching crews, and between farms via transpor-
tation equipment such as crates, in some but not all
studies [Limited].

36. Organic and free-range systems where birds have out-
door access are at a greater risk of Campylobacter
infection than intensively reared flocks (permanently in
sheds), and molecular typing studies suggest contami-
nation was from wild birds and other livestock [Strong].
However, there is no clear evidence as to whether this
translates to differences in contamination levels on
retail poultry products [Limited]. Slower growing free-
range or organic flocks are usually slaughtered when
63–81 days old versus 35–42 days for conventionally
reared flocks. Age of birds at slaughter in short-lived
broilers is a frequently identified risk factor for flock con-
tamination [Strong], presumably because living longer
increases the chances of infection.

Commercial pigs and cattle
37. Evidence for the origin and transmission of Campylobac-

ter in pigs and cattle is limited.
38. Pigs are infected with Campylobacter, especially C. coli,

from other herd members less than a week after birth,
and prevalence increases through the production cycle
from 0% at birth, 33 to 48% 1-week post-birth and
67–96% in finishing pigs around six months old [Strong].

39. Pigs are typically asymptomatic Campylobacter carriers
but there is some evidence of an association of infection
with post-weaning diarrhoea and lower back-fat and
weight gain [Limited].

40. Campylobacter, especially C. jejuni, are found in healthy
ruminants, and are easily passed between herd members
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via the faecal–oral route. The Campylobacter prevalence in
sheep and cattle in the UK is poorly characterized
[Limited].

41. Campylobacter infection in ruminants is associated with
higher incidence of abortions [Strong].

42. Summary: Campylobacter is found in a range of livestock
species and their associated habitats. Pigs and ruminants
are likely infected with bacteria from herd members.
Broiler poultry chicks are unlikely infected by bacteria
from their parents and there is very limited evidence to
understand the sources of poultry infection. In broiler
poultry, poor flock health and poor house biosecurity
are correlated with increased Campylobacter infection
making it hard to disentangle the cause of infections.
Records of Campylobacter prevalence in livestock other
than poultry are poor.

(e) Food chain interventions to control levels of
Campylobacter on retail produce

On-farm interventions
43. In a typical broiler chicken operation, some birds are har-

vested at around 35 days (partial depopulation) and then
the majority of birds harvested at 42 days. In a large field
trial in the UK, flocks with enhanced biosecurity inter-
ventions were 25 and 50% less likely to be infected
with Campylobacter at partial and final depopulation,
respectively [Strong].
a. Chlorination and/or the acidification of drinking

water may reduce Campylobacter levels in poultry
digestive tracts on farms, but the effect is inconsistent
across studies [Limited]. No consistently positive
effects have been found on Campylobacter levels from
the provision of chicken feed additives, including
microbial probiotics, organic and fatty acids, and
essential oils. How Campylobacter behaves in the gut
and its interaction with the rest of the gut microbiome
is not well understood [Limited].

44. No commercial vaccine currently exists for the preven-
tion of enteric Campylobacter infection in animals. There
is not a good understanding of the antigens that confer
immunity to Campylobacter in chickens but these appear
strain-specific [Limited] which makes the production of a
general vaccine challenging though this is an area of
active research.

45. There are no studies that have systematically evaluated
the effect of interventions relating to transport and hold-
ing practices of livestock, including poultry, on the public
health risk of Campylobacter [ExpOp].

46. There are no studies that have systematically evaluated
the effect of on-farm interventions on Campylobacter
prevalence in ruminants or pigs [ExpOp].

Processing interventions
47. Campylobacter resides in the intestines of live animals and

can be spread to carcasses during post-slaughter evis-
ceration. The majority of available data on the effects of
processing on Campylobacter contamination are derived
from poultry, and there is little information for other live-
stock species.
48. A number of analyses show a positive flock-level associ-
ation between the prevalence of Campylobacter in broiler
chicken intestines (particularly caeca) and the frequency
of Campylobacter-contaminated carcasses post-slaughter
[Strong].

49. For poultry, carcass contamination is primarily found on
the neck skin as evisceration occurs through the neck and
carcasses are subsequently hung upside down. Campylo-
bacter is found at the same rates in chicken livers as on
neck skins. Where Campylobacter is present in a flock,
contamination may be found in breast meat in around
5–10% of Campylobacter positive carcasses. There is less
evidence about the distribution of Campylobacter preva-
lence on other animal carcasses, but meat from larger
ruminants is usually sold pre-portioned or processed
and infrequently includes skin tissue [Limited].

50. The nature of poultry carcass processing procedures can
affect the extent of Campylobacter spread over carcasses.
For example, there is some evidence that visceral rupture
can increase Campylobacter contamination across the
whole carcasses by up to 10-fold [Limited]. Attention to
processing details, such as ensuring the correct settings
on machines for the size of the bird, has the potential
to reduce the spread of contamination [ExpOp].

51. Methods where the carcass outer surface is frozen with-
out freezing muscle may reduce Campylobacter levels
with reductions by forced air chilling of one-half and
crust freezing up to 30-fold [Limited].

52. Heat treatment of poultry carcasses by steam or water-
dipping can reduce Campylobacter loads by 10- to
100-fold; but hot water baths may serve as a reservoir
for contamination if the temperature is not maintained
or hygiene is otherwise poor. Combined steam and ultra-
sound treatments can reduce Campylobacter carcass loads
by 300-fold [Limited]. Heat treatments need to be very
carefully monitored to avoid part-cooking [ExpOp].

53. The application of chlorine and other chemical rinses
such as peracetic acid can achieve 10- to 100-fold
reductions in levels of Campylobacter on poultry carcasses
[Strong]. However, there is no clear evidence that exten-
sive and long-term use of chlorine rinses in other
countries (such as the USA) has resulted in lower levels
of Campylobacter prevalence on raw poultry or rates of
campylobacteriosis compared to European countries
where the use of chlorine is banned [Proj]. Concerns
have been raised about the introduction of chemicals to
the food-chain, and that the use of rinses may lead to a
false sense of security and the relaxation of biosecurity
on farms [ExpOp].

54. Irradiation and UV-light exposure can reduce poultry
Campylobacter loads by 5- to 10-fold [Strong]. These treat-
ments are demanding of space, time and energy and
require workers to be protected from accidental exposure
[ExpOp].

55. Processing interventions focusing on the external surface
of carcasses (chemical rinses, crust freezing or chilling,
heat treatment and irradiation) address risks associated
with carcass surface contamination, but not internal con-
tamination such as of viscera. Such treatments may also
affect customers’ perception of the freshness of the pro-
duct and hence sales [ExpOp].

56. Freezing the entire carcass can reduce Campylobacter
levels on poultry by approximately 30-fold and the
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freezing of livers can lead to a 100-fold drop [Limited].
Implementation of a carcass freezing policy together
with a national surveillance programme was considered
a critical part of the control of epidemic campylobacter-
iosis in Iceland [ExpOp].

57. Levels of Campylobacter on chicken products decrease
after packing and during chilled shelf life [Strong].
a. Experimental studies show packaging chicken under

controlled atmospheres (particularly high levels of
O2 with mixes of N2 and CO2), especially in conjunc-
tion with reduced temperatures, can reduce
Campylobacter loads by 100- to 10 000-fold [Limited].

b. Roast-in-the bag packaging was introduced in the
UK to reduce the risk of cross-contamination in
the household. Packing interventions were part
of the combination of interventions which contri-
buted to the reduction of epidemic disease in
Iceland [Proj].

58. Some evidence shows Campylobacter may be reduced to
undetectable levels on the surfaces of pork carcasses
with the use of blast-chilling [Limited]. Specific inter-
ventions to control Campylobacter on beef are not
implemented due to the assumption that measures tar-
geted at other microbiological hazards will also control
Campylobacter, though this has not been tested [ExpOp].

59. Milk pasteurization is effective at controllingCampylobacter,
which can be inferred by the association of campylobacter-
iosis onlywith the consumption of unpasteurized rawmilk
(or when pasteurization fails) [Proj].
Interventions aimed at consumers
60. Surveys indicate that consumers believe risks in domestic

environments are small and awareness of Campylobacter
risks is low relative to other foodborne diseases [Limited];
however, the majority of sporadic cases of campylobac-
teriosis are associated with food prepared and
consumed at home [Limited]. Cross-contamination from
fresh chicken meat to other foods via hands and food
preparation equipment is the main route of human
exposure [Limited]. Washing raw chicken, a common
practice among older consumers, is thought to be a risk
factor for cross-contamination [ExpOp]. The consumption
of raw milk and undercooked chicken livers is also a
known risk factor for illness and is implicated in out-
breaks [Strong] but it is not clear the degree to which
this is understood by the general public in the UK
[ExpOp].

61. Research into human vaccines, particularly for overseas
travellers and the military, is underway. Several candi-
dates have been tested on humans but none have to
date conferred sufficient protection [Limited].
Coordinated interventions
62. Coordinated national campaigns in the UK, Iceland and

New Zealand, implementing a range of voluntary and
regulatory interventions across the production chain
from farm to consumer education, have resulted in
reductions in rates of Campylobacter on poultry and/or
campylobacteriosis. The precise drivers for decreases
are not easy to disentangle as many changes were
applied together.
63. Following a spike in campylobacteriosis in the late 1990s,
peaking at 118.2 laboratory reported incidences per
100 000 in 1999, Iceland implemented a series of control
measures including enhanced surveillance, increased
biosecurity, changes in poultry processing and consumer
education. Rates of campylobacteriosis fell to an average
of 20.5 incidences per 100 000 in the period 2002–2007
[Strong]. While it is not possible precisely to identify the
most effective intervention, freezing meat from Campylo-
bacter-positive flocks prior to sale was thought to be the
most important [ExpOp].

64. Before 2006, New Zealand had high rates of campylo-
bacteriosis compared with other high income countries,
peaking at 396 reported cases per 100 000 population in
2003. In 2006, a range of voluntary and regulatory inter-
ventions targeted at all levels from the farm to consumer
education were implemented and levels of campylobac-
teriosis dropped 54% by 2008 [Strong]. Monitoring and
reporting of Campylobacter levels on chicken carcasses,
and the setting of mandatory performance targets,
were considered to be the most important interventions
[ExpOp].

65. Summary: On-farm enhanced biosecurity interventions
can correlate with lower levels of Campylobacter on
poultry. There is no single poultry processing interven-
tion that provides perfect control of Campylobacter, but
a combination of the use of cold or heat carcass treat-
ments, and better packaging may reduce overall
Campylobacter levels on retail poultry, although the evi-
dence base on the efficacy of particular treatments is
limited. There is a lack of evidence for how multiple
on-farm and processing interventions may interact in
terms of Campylobacter control. There is a lack of evidence
for the value of on-farm and processing interventions for
non-poultry livestock.

( f ) Antimicrobial resistance
66. Campylobacter can acquire antimicrobial resistance

through a number of mechanisms, including novel
mutations and the acquisition of resistance genes via
horizontal gene transfer from other bacteria [Strong].

67. Antimicrobial drugs are used in poultry production to
prevent and treat a wide range of bacterial diseases.
Poultry are not treated for Campylobacter directly, but
Campylobacter in the poultry caeca and gut will be
exposed to any antimicrobials administered. Poultry
medications, including antimicrobials, are usually given
at the flock level via feed or drinking water [Strong].

68. The most commonly used antimicrobials to treat disease
in UK poultry production are fluoroquinolones, followed
by penicillin. As a response to concerns over antimicro-
bial resistance, and a halt in the use of antibiotics as
growth promoters in 2006, overall antimicrobial use in
the UK poultry industry declined 80% from 2013 to
2017 [Strong].

69. Globally, antimicrobial resistance in C. jejuni and C. coli
has increased in recent years in both human and
animal isolates, with high levels of resistance to fluoro-
quinolones and macrolides and emerging resistance to
aminoglycosides. There is increasing evidence for resist-
ance to other antimicrobials and the emergence of multi-
drug resistant strains [Strong].
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70. Over time, antimicrobial use in the poultry industry is
correlated with antimicrobial-resistant Campylobacter in
humans. There has been a steep and sustained rise in
the incidence of disease caused by fluoroquinolone-
resistant Campylobacter in the UK from 1997 onwards
[Strong]. The proportion of Campylobacter resistant to anti-
microbials is greater on farms which use antimicrobials
than those which do not [Strong].

71. Campylobacter readily acquires resistance to fluoroquino-
lones via simple genetic mutations, and resistance is
not lost even if fluoroquinolones are withdrawn as resist-
ant types have an advantage over non-resistance types
[Strong].

72. Resistant infections are disproportionally associated with
international travel [Strong], presumably to areas where
antibiotics are more commonly used in livestock and
humans [ExpOp].

73. Routine antimicrobial treatment of individualswith campy-
lobacteriosis is not usually recommended, as antibiotics
only shorten the duration of disease by an average of 1.3
days [Strong]. Antimicrobials are recommended in severe
cases, typically immunocompromised patients or young
children.
a. People infected with resistant Campylobacter may
experience illness that is prolonged and more severe
than those infected with sensitive strains [Limited]. It
is not clear whether resistant strains tend to possess
additional virulence factors.

b. Fluoroquinolone-resistant Campylobacter is designated
by the WHO as a ‘high priority’ pathogen for new
antibiotic research and development.

c. In the USA, one quarter (23%) of Campylobacter isolates
were reported to be resistant to fluoroquinolones,
and these were associated with approximately half
of the65deathsper year involvingCampylobacter in2013.

74. There is no current evidence that antimicrobial-resistant
strains of Campylobacter behave differently in the food
chain relative to non-resistant strains in terms of their
sensitivity to control interventions [ExpOp].

75. Summary: the use of fluoroquinolones in poultry pro-
duction has been consistently associated with the level
of resistance in Campylobacter isolates from poultry and
human cases, and the prevalence of fluoroquinolone
resistance in poultry and human derived isolates are
both increasing despite the reduction in use of antibiotics
for livestock in the UK.
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Annotated	Bibliography	

(A)	Aims	and	scope	

AB1. WHO	(2013),	Kirk	 et	al.	 (2015).	The	 incidence	 figure	 is	 from	Tam	 et	al.	 (2012a),	Tam	 et	al.	
(2012b).	The	estimate	for	financial	burden	on	the	UK	economy	is	from	Tam	and	O'Brien	(2016),	
who	 calculate	annual	median	 costs	 to	patients	 and	 the	health	 service	of	 £50	millions	 (95%	CI:	
£33	to	£75	millions),	with	costs	per	case	of	approximately	£85.	Also	see	O'Brien	(2017).	The	UK	
Food	Standards	Agency	 (FSA)	estimate	of	 the	 full	 social	 cost	of	Campylobacter,	which	 includes	
both	financial	(medical	and	personal	costs)	and	monetary	estimates	of	its	non-financial	impacts	
(pain,	grief	and	suffering)	at	£712.6	millions	(median;	95%	CI	£298.5	to	£1,355.8	millions)	in	2018	
(Daniel	et	al.	2020).	

AB2. Codes	used	in	previous	Restatements	provided	in	McLean	et	al.	(2017),	Dadson	et	al.	(2017),	
Godfray	et	al.	(2015),	Godfray	et	al.	(2014),	Godfray	et	al.	(2013),	Godfray	et	al.	(2019).	We	use	
the	World	 Bank	 countries	 classification	 categories	which	 are	 based	 on	 quantitative	measures:	
low	 income;	 lower-middle	 income;	 upper-middle	 income	 and	 high	 income	
(https://blogs.worldbank.org/opendata/new-world-bank-country-classifications-income-level-
2021-2022).	
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(B)	Campylobacter	disease	in	humans	

AB3. See	 Man	 (2011).	 There	 is	 abundant	 correlational	 data	 showing	 the	 presence	 of	
Campylobacter	 jejuni	 and	Campylobacter	 coli	 in	 faeces	 of	 patients	 presenting	with	 diarrhoea	
and	 gastroenteritis	 globally,	 e.g.	 Oberhelman	 et	 al.	 (2003),	 Tam	 et	 al.	 (2012b),	 Lajhar	 et	 al.	
(2015),	 Friedrich	 et	al.	 (2016),	Kovanen	 et	al.	 (2016),	Ohishi	 et	al.	 (2017)	with	 the	absence	of	
other	known	pathogens.	The	deliberate	ingestion	of	between	102	and	109	C.	jejuni	cells	by	111	
young	 adults	 shows	 a	 relationship	 between	 intestinal	 infection	 and	 diarrhoea,	 abdominal	
cramps,	anorexia	and	fever	(Black	et	al.	1988).	Also	see	Robinson	(1981).	
Dose	 response	 models	 and	 self-feeding	 trials	 have	 suggested	 that	 the	 infective	 dose	 for	
Campylobacter	is	very	low,	with	the	ID50	(the	dose	at	which	50%	of	exposed	individuals	become	
infected)	 estimated	 at	 900	 cells	 (Medema	 et	 al.	 1996;	 Teunis	 et	 al.	 2005).	 An	 association	
between	 dose	 and	 occurrence	 of	 disease	 has	 been	 observed	 by	 Tribble	 et	 al.	 (2010).	 Dose-
response	 relationships	 between	 risk	 of	 disease	 and	 quantity	 of	 food	 product	 consumed	may	
exist	(Edwards	et	al.	2014).	
Individuals	 with	 pre-existing	 conditions	 or	 who	 are	 immunocompromised	 have	 greater	
susceptibility	to	disease	and	also	tend	to	suffer	prolonged	and	more	severe	clinical	symptoms,	
which	 may	 be	 recurrent	 (van	 der	 Meer	 et	 al.	 1986;	 Helms	 et	 al.	 2003;	 Janssen	 et	 al.	 2008;	
Bloomfield	et	al.	2017).		

AB4.	 The	 genus	 Campylobacter	 is	 estimated	 to	 comprise	 up	 to	 56	 species	 and	 16	 subspecies	
according	 to	 The	 List	 of	 Prokaryotic	 names	 with	 Standing	 in	 Nomenclature	
(https://lpsn.dsmz.de),	 with	 this	 number	 likely	 to	 grow	 with	 increasing	 amounts	 of	 genomic	
data,	but	unless	otherwise	stated,	we	use	‘Campylobacter’	to	refer	to	C.	jejuni	and	C.	coli	only	as	
these	 are	 the	 major	 causes	 of	 human	 campylobacteriosis	 (gastroenteritis	 caused	 by	
Campylobacter;	 Sheppard	 et	 al.	 2009b;	 Gillespie	 et	 al.	 2002;	Mossong	 et	 al.	 2016).	 A	 2005	 –	
2006	study	in	Scotland	reported	that	approximately	10%	of	Campylobacter	isolates	from	human	
stool	 samples	 were	 C.	 coli,	 with	 the	 remaining	 90%	 being	 C.	 jejuni	 (Sheppard	 et	 al.	 2009b);	
surveillance	 in	 England	 and	 Wales	 reported	 that	 C.	 jejuni	 was	 associated	 with	 93%	
campylobacteriosis	 cases	 compared	 to	 7%	 for	 C.	 coli	 (Gillespie	 et	 al.	 2002);	 and	 a	 similar	
proportion	was	reported	from	Luxembourg	(Mossong	et	al.	2016).	

AB5. Nichols	et	al.	 (2012)	analysed	over	a	million	Campylobacter	cases	 from	England	and	Wales	
between	1989	 and	2011,	which	 showed	 spikes	 in	 incidence	 in	 sub-five	 year	 olds	 and	 in	 those	
aged	20-30,	and	that	cases	in	over	50	year	olds	were	rising,	and	there	were	elevated	death	rates	
in	those	over	60.	Also	see	Gillespie	et	al.	(2009),	Gillespie	et	al.	(2008),	Ang	et	al.	(2011),	Moffatt	
et	 al.	 (2017).	 Epidemiological	 data	 from	 low	 income	 and	 lower-	 and	 upper-middle	 income	
countries	(LMIC)	are	relatively	scarce,	but	Campylobacter	 is	considered	to	be	endemic	 in	these	
countries.	 Campylobacter	 is	 one	 of	 the	 most	 common	 pathogens	 found	 in	 children	 with	
diarrhoea	 in	 low	 income	and	 LMIC	 (Coker	 et	 al.	 2002).	A	 large	 longitudinal	 birth	 cohort	 study	
covering	eight	low-resource	settings	demonstrated	that	85%	of	children	(n=1606)	tested	positive	
for	Campylobacter	by	age	1	(Amour	et	al.	2016).	Symptoms	of	campylobacteriosis	are	inversely	
related	 to	 age	 in	 LMIC	 (Rao	 et	 al.	 2001;	 Coker	 et	 al.	 2002),	 and	 other	 studies	 provide	 some	
evidence	 of	 acquired	 immunity	 against	 Campylobacter	 in	 older	 age-groups	 from	 regions	 with	
LMIC	(Havelaar	et	al.	2009).	
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AB6. Kaakoush	et	al.	 (2015).	See	Wagenaar	et	al.	 (2013)	on	global	under-reporting	issues.	Trend	
analyses	for	Campylobacter	are	problematic	due	to	low	volumes	of	food	and	animal	monitoring	
data,	 costs	 of	 seeking	 medical	 advice	 in	 countries	 with	 no	 state	 funded	 medical	 care,	 and	
unharmonised	 sampling	 and	 reporting	 rules	 between	 countries	 (EFSA	 and	 ECDC	 (2018)).	 The	
incidence	of	 campylobacteriosis	 in	 low	 income	countries	 is	particularly	hard	 to	ascertain	WHO	
(2013).	 Based	 on	 WHO	 2010	 figures,	 worldwide	 there	 were	 approximately	 166	 million	 (95%	
uncertainty	 interval	 (UI)	 95-300	 million)	 cases	 of	 Campylobacter	 infections	 causing	 37,600	
(27,700-55,000)	deaths,	with	58%	of	these	(96	million	cases	and	21,374	deaths)	allocated	(via	a	
process	 of	 structured	 expert	 elicitation)	 to	 foodborne	 transmission	 routes	 (Hald	 et	 al.	 2016;	
Havelaar	 et	 al.	 2015;	 Kirk	 et	 al.	 2015).	 2018	 USA	 data	 from	 Tack	 et	 al.	 (2019).	 In	 a	 large	
longitudinal	study	of	Campylobacter	infection	in	the	first	two	years	of	life	in	eight	low-resource	
settings,	a	high	Campylobacter	burden	was	associated	with	a	lower	length-for-age	Z	score	at	24	
months	(-1.82;	95%	confidence	interval,	-1.94	to	-1.70)	compared	with	a	low	burden	(-1.49;	-1.60	
to	-1.38)	(Amour	et	al.	2016).		

AB7. For	 European	data	 see	 The	 European	Union	One	Health	 2019	 and	 2020	 Zoonoses	Report.	
The	UK	has	among	the	greatest	rates	of	campylobacteriosis,	ranked	4th	or	5th	highest,	in	Europe	
between	2015-2019	(Figure	1).	UK	rates	of	campylobacteriosis	show	no	clear	 trend	for	change	
from	2006	 to	 2017	 (FSA	Project	 FS102121	4th	 year	 report)	 and	have	 a	mean	of	 101	 (standard	
deviation	±	9.4)	cases	per	100,000.	No	range	was	given	for	these	data.	

	

Figure	1	Box	and	whisker	plots	showing	the	rates	of	reported	campylobacteriosis	per	100,000	people	
across	29	countries	in	Europe	from	2015	to	2019.	A	data	point	is	shown	for	each	country	with	the	UK	
shown	as	a	red	data	point.	Crosses	show	the	mean	of	rates	for	each	year,	solid	lines	the	median,	box	
limits	 indicate	 the	 25th	 and	 75th	 percentiles,	 and	whiskers	 extend	 1.5	 times	 the	 interquartile	 range	
from	the	25th	and	75th	percentiles.	 	Data	are	from	Table	4	 in	The	European	Union	One	Health	2019	
Zoonoses	 Report	and	 can	 be	 obtained	 from	https://zenodo.org/record/4298993#.YZTE6S-l1qs.	One	
2018	estimate	from	the	USA	is	a	campylobacteriosis	incidence	of	20	per	100,000,	but	this	is	likely	an	
underestimate	due	to	people	not	presenting	to	healthcare	professional	due	to	cost	implications	Tack	
et	al.	(2019).	
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a. A	population-based	prospective	cohort	study	and	a	prospective	study	of	presentations	
to	primary	care	estimated	the	amount	of	un-reported	cases	in	the	UK	to	be	around	9	
times	those	of	 reported	 (Tam	et	al.	2012a;	Tam	et	al.	2012b)	 (9.3,	95%	CI,	6	–	14.3).	
There	 are	 various	 estimates	 that	 extrapolate	 from	 reported	 cases	 for	 the	 extent	 of	
disease	 burden	 caused	 by	Campylobacter	 in	 the	 UK.	 O'Brien	 et	 al.	 (2016)	 estimated	
Campylobacter	 to	be	 the	 largest	cause	of	 food	poisoning	cases	 in	 the	UK,	underlying	
36%-85%	of	cases,	resulting	 in	38,860	(95%	CI	27,160	–	55,610)	GP	consultations	and	
562	(189-1330)	hospital	admissions	in	2009.	The	figures	quoted	in	the	main	appendix	
are	from	updated	estimates	from	the	UK	in	2018	(Holland	and	Mahmoudzadeh,	2020).	
Another	study,	based	on	reported	cases	of	returning	Swedish	travellers,	estimated	the	
UK	underreporting	 factor	 for	 campylobacteriosis	 to	be	4.4	 (95%	CI	1.3	 to	11),	with	a	
EU-wide	underreporting	factor	of	46.7	(95%	14.1	to	117)	(Havelaar	et	al.	2013).	

b. Estimates	of	hospitalisation	are	from	the	IID2	updated	reported	estimates	from	the	UK	
in	2018	(Holland	and	Mahmoudzadeh,	2020)	and	death	rates	are	from	an	FSA	and	FSS	
report	by	Rigby	et	al.	(2017),	and	Nichols	et	al.	(2012)	estimated	that	82	deaths	were	
attributed	 to	 Campylobacter	 between	 1989	 and	 2009	 in	 the	 UK,	 and	 Holland	 et	 al.	
(2020)	estimate	that	foodborne	Campylobacter	was	involved	in	21	UK	deaths	in	2019	
(95%	confidence	limits	of	8	to	47).	Deaths	due	to	Influenza	estimates	are	from	the	UK	
Office	 for	 National	 Statistics	
(https://www.ons.gov.uk/aboutus/transparencyandgovernance/freedomofinformatio
nfoi/influenzadeathsin20182019and2020).	 The	 precise	 number	 of	 UK	 deaths	 due	 to	
Campylobacter	is	uncertain	due	to	under-reporting	and	misdiagnosis.	

c. The	QALY	 estimate	 comes	 from	 an	 FSA	 and	 FSS	 report	 by	 Rigby	 et	 al.	 and	 the	 95%	
confidence	 limits	 around	 the	 mean	 probabilistic	 burden	 of	 69,108	 QALYs	 are	 from	
39,284	 to	 108,238.	 Influenza	 QALYs	 losses	 are	 from	 https://yhec.co.uk/wp-
content/uploads/2020/12/economic-modelling-report-pdf-6532084909.pdf.	 Norovirus	
estimate	are	from	a	FSA	Report	by	Daniel	et	al.	(2020).	

	

AB8. The	majority	of	clinical	Campylobacter	cases	are	thought	to	be	sporadic,	and	outbreaks	from	
a	single	source	are	considered	rare	(Wilson	et	al.	2008;	Tam	et	al.	2012b;	EFSA	and	ECDC	2018;	
Rotariu	 et	 al.	 2010).	 Household	 outbreaks	where	 infection	 is	 caused	 by	 a	 single	 genotype	 do	
occur,	accounting	for	between	3-5%	of	infections	in	Denmark,	Wales	and	Scotland	(Ribeiro	and	
Frost	 2000;	 Ethelberg	 et	 al.	 2004;	 Rotariu	 et	 al.	 2010).	 Since	 co-infection	with	more	 than	one	
Campylobacter	 strain	 has	 been	 identified	 in	 5-10%	 of	 apparently	 sporadic	 cases,	 estimates	 of	
household	 outbreaks	 may	 be	 conservative	 (Richardson	 et	 al.	 2001;	 Frost	 et	 al.	 2002).	 The	
number	of	reported	outbreaks	in	the	UK	between	2006	and	2016	has	ranged	between	5	and	22	
per	 year	 (Advisory	 Committee	 on	 the	 Microbiological	 Safety	 of	 Food,	 2019).	 Over	 4%	 of	 all	
foodborne	outbreaks	between	1992	and	1998	were	due	to	Campylobacter	(Gormley	et	al.	2011).	
Under	the	national	food	distribution	system,	some	outbreaks	may	be	recorded	erroneously	as	a	
series	 of	 single	 source	 cases	 (Colles	 and	Maiden	 2012).	 On	 the	 Havelock	 North	 outbreak	 see	
Gilpin	(2016).		
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AB9. In	temperate	or	high	income	countries,	there	is	a	strong	seasonal	signal	for	Campylobacter	
incidence	(Nylen	et	al.	2002;	Kovats	et	al.	2005;	Lal	et	al.	2012).	In	the	UK,	there	is	an	increased	
rate	 of	 human	 disease	 between	May	 and	 June	 (Nichols	 et	 al.	 2012)	 and	 a	 linear	 relationship	
between	ambient	temperature	and	the	number	of	reported	Campylobacter	infections,	with	a	1	°C	
rise	corresponding	to	a	5%	increase	in	reports,	up	to	a	threshold	of	14	°C	(Tam	et	al.	2006b).	 In	
the	UK,	seasonal	variation	appears	to	be	more	marked	in	rural	than	urban	areas	(particularly	 in	
London),	and	more	marked	 in	children	 less	 than	 five	years	old	 than	adults	 (Nichols	et	al.	2012;	
Louis	 et	 al.	 2005).	 Kovats	 et	 al.	 (2005)	 reported	 a	 correlation	 between	 both	mean	winter	 and	
mean	 spring	 temperature	 with	 peak	 Campylobacter	 cases	 across	 15	 countries.	 However,	 an	
Australian	 study	 (Bi	 et	 al.	 2008)	 investigating	 seasonality	 of	 Campylobacter	 infections	 found	
temperature	(and	humidity)	was	differentially	correlated	between	two	cities	and	thus	showed	no	
trend.	 Comparisons	 of	 genotypes	 in	 the	 United	 Kingdom	 (McCarthy	 et	 al.	 2012)	 and	 in	 New	
Zealand	(Hudson	et	al.	199;,	Friedrich	et	al.	2016)	 found	that	ST-45	complex	 isolates	 from	both	
geographical	regions	increased	as	a	cause	of	human	disease	during	summer	months.	Other	clonal	
complexes	also	appear	to	be	prevalent	at	different	times	of	year	(Colles	and	Maiden	2012).	

No	 one	 factor	 has	 been	 identified	 as	 driving	 this	 seasonal	 pattern	 but	 multiple,	 often	
confounding,	 hypotheses	 have	 been	 put	 forward,	 including:	 changes	 in	 human	 behaviour	
(Studahl	and	Andersson	2000);	outdoor	activity	and	barbequing	(Kovats	et	al.	2005);	presence	of	
disease	vectors	(e.g.	flies	(Nichols	2005);	changes	in	animal	behaviour	(e.g.	foraging	(Kovats	et	al.	
2005);	livestock	pathogen	loads	(Campylobacter	infections	in	chicken	flocks	are	more	common	in	
summer	 (Jorgensen	 et	 al.	 2011);	 and,	 warmer	 summer	 temperatures	 facilitating	 bacterial	
population	growth.	All	such	hypotheses	will	have	varying	relevance	for	different	countries.	

AB10. Long-term	 sequelae	 of	 Campylobacter	 infection	 (e.g.	 Guillain-Barré	 syndrome	 (GBS)	
http://www.nhs.uk/conditions/Guillain-Barre-syndrome/Pages/Introduction.aspx,	 reactive	
arthritis	 (RA)	 http://www.nhs.uk/conditions/Reactive-arthritis/Pages/Introduction.aspx,	 and	
post-infectious	 irritable	 bowel	 syndrome	 (IBS)	 https://aboutibs.org/what-is-ibs-sidenav/post-
infectious-ibs.html)	contribute	considerably	to	disease	burden,	reviewed	by	O'Brien	(2017).	The	
incidence	of	GBS	 in	a	 large	cohort	of	patients	with	Campylobacter	has	been	estimated	at	1.17	
per	1000	person-years,	a	rate	77	times	greater	than	that	 in	the	general	population	(Tam	et	al.	
2006a).	A	meta-analysis	of	studies	published	before	July	2011	(Keithlin	et	al.	2014)	reported	that	
0.07%	(95%	CI	0.03-0.15%)	of	Campylobacter	cases	develop	GBS	compared	with	2.86%	(95%	CI	
1.40-5.61%)	 and	 4.01%	 (95%	 CI	 1.41-10.88%)	 for	 RA	 and	 IBS.	 There	 was	 a	 high	 degree	 of	
heterogeneity	 among	 studies	 meaning	 that	 caution	 with	 interpretation	 is	 needed.	 A	 similar	
meta-analysis	stated	that	the	level	of	heterogeneity	across	studies	was	too	high	to	determine	a	
pooled	 figure	 (Esan	 et	 al.	 2017).	 A	 high	 proportion	 of	 patients	with	 the	 above	 conditions	 are	
seropositive	for	Campylobacter	(Zautner	et	al.	2014)	(IBS	23-40%;	RA	44-62%	and	GBS	34-49%).	
In	data	derived	from	Swedish	reporting	systems	from	1987-1995	the	incidence	of	GBS	following	
C.	jejuni	infection	was	30.4	cases	per	100,000	cases	of	infection	(McCarthy	and	Giesecke	2001).	A	
systematic	 review	 on	 Campylobacter-associated	 RA	 suggested	 that	 the	 incidence	 of	 RA	 after	
Campylobacter	 is	 4.3	 per	 100,000	 population	 (Pope	 et	 al.	 2007).	 A	 US	matched	 cohort	 study	
(2010-2014)	found	an	incidence	rate	of	IBS	in	people	diagnosed	with	a	Campylobacter	infection	
of	33.1	per	1,000	versus	5.9	per	1,000	for	non-cases,	with	an	unadjusted	risk	ratio	of	5.6	(95%	CI:	
4.3-7.3)	 (Scallan	 Walter	 et	 al.	 2019).	 A	 meta-analysis	 of	 IBS	 pooled	 prevalence	 following	
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Campylobacter	 infection	calculated	an	incidence	of	12%	(CI	10-15%).	Peters	et	al.	(2021)	shows	
particular	C.	jejuni	genotypes	are	associated	with	IBS.	

AB11. Author’s	summary.	

(C)	How	humans	become	infected	with	Campylobacter		
	

AB12. Campylobacter	have	been	 isolated	widely	 from	the	 intestines	and	 faeces	of	wild	birds	and	
animals	across	the	globe	(Benskin	et	al.	2009),	livestock	(cattle,	sheep,	poultry,	and	pigs)	(Milnes	
et	al.	2008;	Wilson	et	al.	2008)	and	pets	 (Ramonaite	et	al.	2014).	 In	chickens,	C	 jejuni	primarily	
colonises	 the	 caeca	 at	 the	 distal	 end	 of	 the	 gastro-intestinal	 tract	 (Sakaridis	 et	 al.	 2018).	 The	
optimal	limited	oxygen	and	temperature	conditions	for	Campylobacter	growth	in	the	laboratory	
are	similar	to	the	avian	intestine	(Young	et	al.	2007).	Various	studies	examining	livestock	species	
in	different	places	with	varying	culture	methods	report	that	between	20	and	90%	of	pigs,	cattle,	
sheep	and	poultry	harbour	Campylobacter	(Stanley	and	Jones	2003;	Milnes	et	al.	2008;	Baer	et	al.	
2013;	Ellis-Iversen	et	al.	2009;	Rushton	et	al.	2009;	Georgiev	et	al.	2017).	Similarly,	the	prevalence	
of	 Campylobacter	 in	 wild	 birds	 varies	 greatly	 according	 to	 species	 and	 geographic	 regions	
(Hughes	 et	 al.	 2009).	 Up	 to	 50%	 of	 European	 and	 US	 wild	 birds	 harbour	 Campylobacter,	
predominantly	C.	jejuni	(Ramonaite	et	al.	2014;	Taff	et	al.	2016).	The	pubmlst.org/campylobacter	
database	(accessed	September	2021)	had	combined	2,543	wild	bird	isolate	records	of	which	only	
126	belonged	to	C.	coli.	

AB13. A	majority	of	isolates	from	environmental	sources	are	attributable	to	animal	sources	(Ogden	
et	al.	2009),	and	environmental	isolates	of	Campylobacter	(from	water,	soil,	etc.)	may	represent	
bacteria	shed	from	animals	that	survive	for	some	unknown	period	of	time.		

AB14. Survival	outside	the	host	has	been	reported	(Park	2002),	with	survival	supported	by	lower	
temperatures	(4-10	°C),	darkness,	and	a	moist	atmosphere	(Smith	et	al.	2016a;	Smith	et	al.	
2016b).	C.	jejuni	strains	can	survive	in	chicken	faeces	for	up	to	6	days	after	excretion	(Ahmed	et	
al.	2013).	Campylobacter	can	survive	for	several	weeks	in	groundwater	(Buswell	et	al.	1998)	and	
for	several	months	in	slurries	and	dirty	water	(Nicholson	et	al.	2005).	Recent	data	show	some	
Campylobacter	appear	to	have	greater	tolerance	to	higher	levels	of	oxygen	than	others.	Oxygen	
tolerant	strains	of	C.	jejuni	are	reported	as	highly	prevalent	in	retail	poultry	meat,	and	survive	
longer	than	24	hours	(Oh	et	al.	2015;	Oh	et	al.	2017).	Oh	et	al.	(2017)	reported	hyper-
aerotolerant	C.	jejuni	strains	showing	five-fold	reduction	times	in	raw	poultry	of	over	two	weeks	
compared	to	3	days	for	aero-sensitive	strains.	There	is	a	potential	association	between	hyper-
aerotolerance	and	other	characteristics	such	as	invasion	capability	(Mihaljevic	et	al.	2007)	or	
association	with	human	disease	(Oh	et	al.	2017).	C.	jejuni	may	survive	for	up	to	three	days	
outside	an	animal	digestive	tract	housed	within	larger	microbes	such	as	protozoa	(Hilbert	et	al.	
2010;	Vieira	et	al.	2015)	or	for	over	a	week	in	biofilms	(Trachoo	et	al.	2002;	Hanning	et	al.	2009;	
Teh	et	al.	2014).	Biofilm	formation	has	been	observed	for	some	C.	jejuni	sequence	types,	but	not	
all	(Garcia-Sanchez	et	al.	2019).	

AB15. For	a	discussion	of	the	current	understanding	of	VNC	conditions	see	section	1.27	of	Advisory	
Committee	on	the	Microbiological	Safety	of	Food	3rd	report	on	Campylobacter	(2019).	
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AB16. Genetic	 sequencing	 studies	 have	 shown	 that	 Campylobacter	 are	 very	 diverse	 throughout	
their	 genomes,	 with	 an	 ever-increasing	 number	 of	 genotypes	 described,	 but	 that	 variation	 of	
Campylobacter	 genotypes	 is	 not	 continuous	 and	 clusters	 can	be	 identified	 as	 clonal	 complexes	
with	 distinct	 genetic	 characteristics.	 Techniques	 such	 as	 multi-locus	 sequence-typing	 (MLST)	
(Dingle	et	al.	2001;	Dingle	et	al.	2002)	and,	latterly,	whole	genome	sequencing	(WGS)	(Cody	et	al.	
2013)	allow	for	the	characterisation	of	populations	of	Campylobacter	based	on	genetic	sequence	
data.	 These	 data	 show	 that	 the	 genetic	 diversity	 of	 both	 C.	 jejuni	 and	 C.	 coli	 is	 large	 (e.g.	
Sheppard	et	al.	2009a)	and	that	clusters	of	genetic	types	are	found	among	both	C.	jejuni	and	C.	
coli	 isolates,	 although	 this	 clustering	 differs	 in	 the	 two	 species	 	 (Sheppard	 et	 al.	 2010).	 The	
stability	over	time	is	on	the	order	of	decades	(Calland	et	al.	2021).	C.	 jejuni	has	a	weakly	clonal	
population	structure	with	the	majority	of	currently	known	isolates	belonging	to	one	of	forty-two	
clonal	 complexes	 (Dingle	 et	 al.	 2002;	 Maiden	 and	 Dingle	 2008).	 The	 relative	 abundance	 of	 C.	
jejuni	clonal	complexes	causing	human	disease	in	hight	income	countries	is	similar,	but	they	differ	
from	the	predominant	genotypes	of	isolates	from	LMIC	such	as	the	Caribbean	island	of	Curacao	
(Dingle	et	al.	2008).	C.	coli	either	belong	to	one	of	two	clonal	complexes	or	are	unassigned	to	a	
clonal	 complex	with	 the	 population	 forming	 three	 clonal	 groups	or	 clades.	Most	C.	 coli	 human	
disease	and	agricultural	isolates	belong	to	clade	1,	whereas	environmental	isolates	usually	belong	
to	clade	2	or	3,	and	are	rarely	associated	with	human	disease	(Sheppard	et	al.	2009a).	

		

a. The	clonal	complex	 identified	by	ST-257	 is	over-represented	 in	 isolates	 from	chicken	
sources,	as	are	clonal	complexes	identified	by	ST-353,	ST-354,	ST-443,	ST-574,	ST-464,	
and	ST-607	(Sheppard	et	al.	2014).	ST-61	 is	over-represented	 in	 isolates	from	bovine	
sources.	 The	 strength	 of	 host	 association	 is	 illustrated	 by	 the	 fact	 that	 C.	 jejuni	
genotypes	 from	 starlings	 and	 blackbirds	 in	 Europe	 are	 more	 similar	 to	 those	 in	
Australia,	 than	 they	 are	 to	 chicken	 genotypes	 from	 the	 same	 geographical	 region	
(Griekspoor	et	al.	2013;	Griekspoor	et	al.	2015).	The	ST-21	clonal	complex	is	a	‘multi-
host’	 complex	 regularly	 isolated	 from	 a	 range	 of	 hosts	 (Colles	 and	 Maiden	 2012).	
Generalist	host	lineages	are	discussed	by	(Sheppard	et	al.	2014).	Rapid	host-switching	
mechanisms	 were	 identified	 by	 Dearlove	 et	 al.	 (2015).	 Recent	 work	 infers	 the	
intensification	 of	 beef	 production	 provided	 an	 opportunity	 for	 the	 emergence	 of	 a	
cattle	specialist	lineage	of	C.	jejuni	(Mourkas	et	al.	2020).	

b. Griekspoor	et	al.	(2013).	
	
	
	
	
	
	
	
	
	
	
	
	



	 Supplementary	material:		Annotated	bibliography	 	

	

17	

	

	
	

Box	1	
Two	 main	 techniques	 have	 been	 used	 to	 understand	 how	 humans	 become	 infected	 with	
Campylobacter:	1)	epidemiological	studies	correlating	disease	incidence	with	risk	factors;	and	
2)	 genetic	 studies	 comparing	 DNA	 sequences	 of	 bacteria	 isolated	 from	 humans	 to	 those	
isolated	 from	 different	 habitats.	 Some	 studies	 combine	 both	 approaches.	 Epidemiological	
studies	 have	 the	 benefit	 of	 analysing	 large	medical	 datasets	 but	 with	 the	 drawback	 of	 not	
being	able	experimentally	to	control	factors	that	correlate	with	campylobacteriosis,	resulting	
in	 being	 unable	 to	 show	 directly	 which	 factors	 affect	 rates	 of	 campylobacteriosis.	
Epidemiological	 studies	 usually	 asses	 ‘risk	 factors’	 which	 are	 analysed	 with	 measures	 of	
strength	of	association	such	as	the	odds-ratio	(OR)	that	represents	the	odds	that	an	outcome	
will	occur	given	a	particular	exposure.	While	the	technology	to	analyse	Campylobacter	DNA	is	
improving,	 including	whole	genome	sequencing,	 the	existence	of	multi-host	genotypes	 leads	
to	 limitations	 in	 accuracy	 and	 there	 is	 potential	 for	 biased	 attribution	 from	 sampling	 bias	
towards	 chicken	 farm,	 abattoir	 and	 retail	 isolates.	 Furthermore,	 finding	 the	 same	 genetic	
variant	 in	 humans	 and	 an	 environmental	 habitat	 does	not	mean	 the	 infection	derived	 from	
that	 source:	 the	 variant	may	 have	 originated	 from	 a	 third	 common	 unidentified	 source	 for	
both.	 Epidemiological	models	 are	most	 effective	 in	 characterising	 transmission	 close	 to	 the	
infected	person,	whilst	genetic	models	better	inform	likely	animal	reservoir	sources	(Advisory	
Committee	 on	 the	 Microbiological	 Safety	 of	 Food	 2019;	 Franz	 et	 al.	 2016).	 Risk	 factor	
approaches	are	reviewed	in	Humphrey	et	al.	(2007);	genetic	approaches	in	Mughini	Gras	et	al.	
(2012),	Mossong	et	al.	(2016),	Franz	et	al.	(2016);	and	combined	approaches	in	Mughini-Gras	
et	al.	(2012),	Mossong	et	al.	(2016).	

	

AB17. Mughini-Gras	et	al.	 (2021)	concluded	that	the	main	 livestock	sources	were	poultry	(48%	of	
campylobacteriosis	 cases)	 followed	 by	 cattle	 (12%)	 but	 that	 non-food	 sources	 (pets	 18%	 and	
water	8.5%)	 are	 also	major	 sources	 for	 campylobacteriosis	 using	whole	 genome	attributions	 in	
the	 Netherlands.	 Berthenet	 et	 al.	 (2019)	 genome	 sequenced	 200	 isolates	 and	 concluded	
important	 role	 for	 ruminant	 reservoirs	 in	 non-invasive	 infection	 (58%	 of	 cases,	 with	 39%	
attributed	to	poultry	sources)	and	a	potentially	 increased	contribution	of	chicken	as	a	source	of	
invasive	 isolates	 (60%	 and	 21%	 ruminants).	 Thépault	 et	 al.	 (2018)	 also	 estimated	 source	
attributions	 from	 whole	 genome	 sequencing	 using	 several	 methods	 with	 156	 French	 clinical	
isolates	and	concluded	isolates	originating	from	chicken	(63%),	ruminants	(24%),	pets	(12%)	and	
the	environment	(7%)	sources	of	human	infection	in	the	analysis.	Examples	of	genetic	attribution	
studies	using	UK	samples	include	Sheppard	et	al.	(2009b),	Cody	et	al.	(2015),	Wilson	et	al.	(2008),	
Sheppard	 et	al.	 (2009a),	Thepault	 et	al.	 (2017),	Bessell	 et	al.	 (2012),	 Strachan	 et	al.	 (2009)	and	
these	 show	 that	 over	 95%	 of	 human-derived	 strains	 have	 a	 high	 probability	 of	 coming	 from	
livestock	sources.	Both	poultry	and	ruminants	are	inferred	as	significant	Campylobacter	sources;	
across	 these	 studies,	 poultry	 accounts	 for	 between	 50%-70%	 and	 ruminants	 accounts	 for	 an	
average	 of	 40%	 of	 human	 C.	 jejuni	 cases.	 Genetic	 attribution	 data	 infers	 ruminants	 as	 the	
dominant	source	of	C.	coli	(54%),	followed	by	poultry	(40%)	and	then	pigs	(6%)	in	the	UK	(Roux	et	
al.	2013;	Sheppard	et	al.	2009a).	UK	and	worldwide	studies	combining	case-controls	with	source	
attribution	analyses	(Mughini	Gras	et	al.	2012;	Levesque	et	al.	2013;	Mossong	et	al.	2016;	Rosner	
et	al.	2017;	Roux	et	al.	2013)	show	contact	with	and	eating	of	livestock	(poultry	is	a	main	focus	of	
most	 studies)	 to	 be	 the	 greatest	 risk	 factors	 for	 campylobacteriosis,	 followed	 by	 contact	 with	
pets,	water,	or	soil.	
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a. Some	 chicken-related	 clonal	 complexes	 such	 as	 ST-661	 appear	 to	 cause	
disproportionately	 few	cases	of	human	disease	 (Sheppard	 et	al.	 2014).	 Yahara	et	al.	
(2017)	used	genome-wide	association	methods	to	infer	that	isolates	belonging	to	the	
ST-21	 complex	 increase	 in	 relative	 prevalence	 from	 farm	 to	 retail	 meat	 to	 clinical	
cases,	 but	 these	 were	 pooled	 samples	 and	 this	 cannot	 discount	 the	 possibility	 of	
secondary	 contamination	 in	 the	 factory	 or	 that	 human	 cases	 were	 non-poultry	
derived.	 Intriguingly	some	genetic	signatures	were	associated	with	genes	 involved	 in	
oxygen	 tolerance,	 but	 altered	 tolerance	 of	 poultry	 and	 food	 related	 strains	was	 not	
shown	 directly.	 Studies	 of	 virulence	 factors	 or	 virulence-associated	 genes	 have	 not	
yielded	 conclusive	 results	 on	 genes	 associated	 with	 human	 disease	 (Ellstrom	 et	 al.	
2013).	

AB18. Strachan	 et	 al.	 (2009),	 Advisory	 Committee	 on	 the	Microbiological	 Safety	 of	 Food	 (2019).	
‘Environmental’	or	 ‘wild	bird’	 sources	account	 for	no	more	 than	3.5%	of	human	disease	 cases	
caused	by	C.	jejuni	in	the	UK	(Cody	et	al.	2015).	

AB19. Scientific	 opinion	 from	 the	 EFSA	 concluded	 that	 the	 chicken	 reservoir	was	 responsible	 for	
between	 50	 and	 80%	 of	 human	 campylobacteriosis	 cases	 (EFSA	Panel	on	Biological	Hazards	
2011).	In	outbreaks	of	Campylobacter	between	2007	and	2016	in	the	EU	(n=125),	29%	of	cases	
that	were	able	to	be	attributed	to	a	particular	source	were	attributed	to	poultry.	The	majority	of	
cases	could	not	be	attributed	to	a	source	(Pires	et	al.	2010).	A	case-control	study	from	Norway	
showed	that	exposures	resulting	in	significant	increases	in	the	odds	of	Campylobacter	 infection	
in	 multivariable	 analysis	 included	 drinking	 untreated	 water	 (OR:	 2.96),	 drinking	 purchased	
bottled	water	(OR:	1.78),	eating	chicken	(1.69),	eating	undercooked	meat	(OR:	1.77),	eating	food	
cooked	on	a	barbeque	(OR:	1.55),	living	on	a	farm	with	livestock	(OR:	1.74),	having	a	dog	in	the	
household	 (OR:	 1.39)	 and	 having	 household	 water	 supply	 serving	 fewer	 than	 20	 houses	 (OR	
1.92)	 (MacDonald	 et	 al.	 2015).	 A	 combined	 case-control	 and	 attribution	 analysis	 based	 in	
Luxembourg	showed	significant	associations	between	C.	jejuni	infection	and	consuming	chicken	
outside	the	home	(OR:	2.05),	and	both	at	home	and	outside	(OR:	4.52),	consuming	poultry	other	
than	chicken	outside	the	home	(OR:	2.01),	and	contact	with	garden	soil	 (3.03).	For	analysis	of	
multiple	 risk	 factors	 see	 MacRitchie	 et	 al.	 (2013)	 and	 Neal	 and	 Slack	 (1995).	 On	
Campylobacter	in	bottled	water	and	salad	vegetables	see	Evans	et	al.	(2003).		

AB20. International	travel	is	an	important	risk	factor	for	campylobacteriosis,	for	instance,	a	2012	
meta-analysis	found	OR	4.9;	95%	CI	2.9	to	8.2	(Domingues	et	al.	2012).	In	a	combined	attribution	
and	epidemiological	study	(Strachan	et	al.	2013)	travel	abroad	and	UK	mainland	travel	were	
associated	with	up	to	17	and	18%	of	cases	of	campylobacteriosis	in	Scotland.	

AB21. For	examples	of	new	risk	factors	see	Mossong	et	al.	(2016)	and	Pogreba-Brown	et	al.	(2016).	
On	unpasteurised	milk,	see	Fernandes	et	al.	(2015)	and	Mungai	et	al.	(2015).	

AB22. In	outbreaks,	Olsen	et	al.	(2001),	Little	et	al.	(2010),	Gilpin	et	al.	(2013),	and	Trienekens	et	al.	
(2014)	showed	only	~3%	of	cases	are	due	to	human	to	human	transmission.	Kuhn	et	al.	(2021)	
showed	Campylobacter	may	be	sexually	transmitted	between	people.	On	water	borne	outbreaks	
see	Taylor	et	al.	(1982),	Rogol	et	al.	(1983).	On	drinking	water	as	a	risk	factor	see	Kapperud	et	al.	
(2003).	 Poultry	 also	predominates	 the	 food	 vehicles	 implicated	 in	 single-source	outbreaks:	
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see	Table	3.3	in	Advisory	Committee	on	the	Microbiological	Safety	of	Food	(2019).	WGS	was	
used	in	the	retrospective	investigation	of	milk-	and	water-borne	outbreaks	in	Finland	(Revez	et	
al.	 2014a;	 Revez	 et	 al.	 2014b),	 a	milk-borne	 outbreak	 in	UK	 (Fernandes	 et	 al.	 2015),	 a	water-
borne	 outbreak	 in	 Canada	 (Clark	 et	 al.	 2016),	 and	 chicken-liver	 pâté	 associated	 outbreaks	 in	
Australia	(Moffatt	et	al.	2016)	and	Sweden	(Lahti	et	al.	2017).	

AB23. WGS	is	not	currently	routinely	used	for	the	surveillance	for	Campylobacter.	The	
‘Campylobacteriosis	in	Oxfordshire’	project	has	used	near-real-time	WGS	surveillance	since	
2011,	analysing	379	isolates	up	to	2021.	It	has	identified	clusters	of	highly	similar	temporally-
associated	isolates	that	were	not	otherwise	epidemiologically	linked	(Cody	et	al.	2013).	Also	see	
Kovanen	et	al.	(2014)	for	a	Finnish	study	identifying	clusters	of	similar	isolates	from	different	
districts.	

AB24. In	2014,	the	Campylobacter	prevalence	in	UK	slaughtered	batches	of	chickens	of	78%	(from	a	
sample	 of	 426	 slaughter	 batches)	 is	 amongst	 the	 highest	 in	 the	 EU,	 which	 averaged	 31%	
(Advisory	Committee	on	the	Microbiological	Safety	of	Food,	2019).	The	FSA	carried	out	a	survey	
of	the	prevalence	and	levels	of	Campylobacter	on	raw	whole	fresh	chickens	at	retail	from	neck	
flap	samples	from	2014	to	2018,	suggesting	prevalence	dropped	from	73	to	55%,	but	changes	in	
sample	methods	make	it	hard	to	compare	the	data.	The	FSA	subsequently	reported	results	from	
a	 method	 of	 analysis	 that	 was	 adjusted	 to	 avoid	 becoming	 distorted	 by	 variations	 in	 sample	
numbers	submitted	by	retailers,	and	the	data	are	reported	in	the	table	below,	see	Table	1	(FSA	
Project	FS102121).	The	report	of	a	Campylobacter	incidence	of	0.1%	(95%	UI	0	–	0.7%)	on	fresh	
beef	mince	is	from	a	2021	Food	Standard	Scotland	report.	There	are	no	data	for	the	incidence	of	
Campylobacter	associated	with	other	food	at	retail	in	the	UK	other	than	a	brief	FSA	report	from	
a	March	2006-June	2007,	a	survey	of	fresh	red	meats	from	1,583	retail	premises.	Campylobacter	
was	 detected	 on	 the	 surface	 of	 0.36%	 of	 samples	 (21	 of	 the	 5,998	 tested).	 The	 predominant	
Campylobacter	species	was	C.	jejuni,	which	was	detected	in	20	of	the	21	positive	samples,	C.	coli	
being	detected	 in	 the	other.	 Little	et	al.	 (2008)	 reported	 	Lamb	and	other	meats	 (e.g.	mutton,	
rabbit)	 exhibited	 the	 highest	 contamination	 from	 Campylobacter	 (12.6%	 and	 19.8%,	
respectively),	compared	with	pork	(6.3%)	and	beef	(4.9%)	from	a	2003-2005	survey	of	3,959	raw	
red	meats	in	the	UK.	

AB25. FSA	retail	survey	data.	The	abbreviation	‘cfu’	stands	for	‘colony	forming	units’	–	each	colony	
counted	on	an	agar	plate	likely	derives	from	a	single	Campylobacter	cell	and	thus	cfu	
approximate	the	number	of	viable	cells	in	a	sample.	Point	3	in	the	restatement	provides	
evidence	that	ingestion	of	a	few	hundred	Campylobacter	cells	is	sufficient	to	cause	disease	and	
thus	10	grammes	or	more	of	even	the	lowest	contaminated	samples	(that	have	an	average	of	25	
cfu	per	gram	from	Table	1)	may	be	sufficient	to	cause	campylobacteriosis	if	meat	is	not	cooked	
sufficiently	or	if	food	preparation	hygiene	is	poor.	

AB26. Retail	samples	from	chicken	breasts	in	the	united	states	report	levels	of	Campylobacter	
positive	samples	dropped	from	around	50%	to	18%	between	2007	and	2018	(Williams	et	al.	
2021).	UK	retail	surveys	sampled	neck	skins	and	this	is	a	crucial	difference	as	levels	of	
contamination	are	usually	much	greater	on	neck	skin	than	breast	meat	(see	point	34)	meaning	
the	UK	and	USA	retail	data	for	the	prevalence	of	Campylobacter	on	poultry	cannot	be	directly	
compared.	
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 %	cfu	of	Campylobacter	spp.	per	g	chicken	skin	sample	

Year	 Negative	
<10	

Positive	
>10	 10-99	 100-1000	 >1000	

July-Sept	2017	 48.7	 51.3	 28.3	 18.4	 4.6	
Oct-Dec	2017	 57.7	 42.3	 22.0	 16.7	 3.6	
Jan-Mar	2018	 59.1	 40.9	 23.9	 13.2	 3.8	
Table	 1.	 Data	 from	 the	UK	 FSA	 survey	 of	 retail	 poultry	 showing	 the	 average	 percentage	 levels	 of	
Campylobacter	per	gram	of	chicken	skin.	

AB27. Authors’	summary.	

(D)	How	Campylobacter	is	transmitted	between	animals	in	agriculture	

Commercial	poultry	
	

AB28. Campylobacter	 can	be	 isolated	 from	animals	 that	are	not	overtly	sick	 (Rossler	et	al.	2019).	
While	Campylobacter	has	commonly	been	considered	a	commensal	inhabiting	the	intestines	of	
chickens	 (Evans	 2002),	 there	 is	 evidence	 that	 it	 may	 be	 pathogenic	 in	 chickens	 under	 some	
circumstances	 (Humphrey	2006;	Bull	 et	 al.	 2008;	Humphrey	 et	 al.	 2014;	Williams	 et	 al.	 2016).	
Pathogenicity	in	chickens	may	be	strain-specific	(Stewart-Tull	et	al.	2009).	

a. Laboratory	 studies	 using	 artificial	 infections	 indicate	 Campylobacter	 has	 negative	
effects	on	broiler	gut	health	and	body	weight	 (Ruiz-Palacios	et	al.	1981;	Sanyal	et	al.	
1984;	Awad	et	al.	2014;	Humphrey	et	al.	2014)	but	broiler	breed	has	little	impact	on	C.	
jejuni	 colonisation	 of	 the	 caeca	 following	 experimental	 infection	 (Humphrey	 et	 al.	
2014).	 Field	 studies	 based	 in	 commercial	 systems	 in	 the	 UK	 found	 statistically	
significant	relationships	between	Campylobacter	infection	of	broiler	flocks	and	broiler	
health	and	welfare	markers	such	as	digital	dermatitis	(odds	ratio	2.08;	95%	CI	1.20	to	
3.61)	 (Bull	 et	 al.	 2008;	 Rushton	 et	 al.	 2009).	 Broiler	 breeds	 reared	 in	 conventional	
stocking	systems	tend	to	reach	slaughter	weight	(2.2	kg)	at	around	36	days	of	age	and	
are	 grown	 to	 a	 final	 stocking	 density	 of	 38	kg/m2.	 Slower-growing	 breeds	 reared	 in	
‘high	welfare’	systems	and	stocked	at	a	lower	final	density	of	around	30	kg/m2,	reach	
slaughter	weight	at	around	50	days	of	age.	Artificial	infection	studies	on	the	effects	of	
Campylobacter	 on	 ‘fast’	 growth	 broilers	 versus	 ‘slow’	 growth	 broilers	 demonstrated	
that	 post-infection	 ‘fast’	 growth	 chickens	 had	 severe	 diarrhoea	 and	 damaged	 gut	
mucosa	(Williams	et	al.	2013;	Humphrey	et	al.	2014).	

b. Exposure	 to	 noradrenaline	 increases	 the	 virulence-associated	 properties	 of	
Campylobacter	 in	 in	 vitro	experiments,	 and	 immune-suppressed	 chickens	 challenged	
with	C.	jejuni	display	more	rapid	dissemination	of	the	bacteria	to	the	liver	(Cogan	et	al.	
2007;	 Vaezirad	 et	 al.	 2017).	 Normal	 levels	 of	 Campylobacter	 in	 the	 liver	 of	 healthy	
broilers	are	not	known.	Campylobacter	 species	 such	as	Campylobacter	hepaticus	 can	
cause	 liver	 disease	 in	 chickens	 (Crawshaw	 2019).	 Damage	 to	 gut	mucosa	 associated	
with	Campylobacter	presence	has	been	reported	 in	some	studies	(Ruiz-Palacios	et	al.	
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1981;	Sanyal	et	al.	1984),	but	not	all	(Dhillon	et	al.	2006;	Larson	et	al.	2008).	Awad	et	
al.	 (2015)	 found	 that	 infections	 compromised	 gut	 barrier	 function	 and	 performance	
and	host	nutrient	uptake.		

AB29. Most	conventionally	 reared	 flocks	are	Campylobacter-negative	 for	 the	 first	 three	weeks	of	
life	(Messens	et	al.	2009;	O'Mahony	et	al.	2011;	Ridley	et	al.	2011).	Thereafter,	the	prevalence	of	
colonised	 flocks	 increases.	 There	 is	 a	 consensus	 that	 once	 some	members	 of	 a	 poultry	 flock	
become	infected	Campylobacter	 spreads	rapidly	and	virtually	all	chickens	are	 infected	within	a	
few	 days	 (Newell	 and	 Fearnley	 2003;	 Wagenaar	 et	 al.	 2013;	 Koolman	 et	 al.	 2014;	 Ijaz	 et	 al.	
2018),	due	to	faecal	shedding	of	the	bacterium	and	the	coprophagic	behaviour	of	chickens	(Line	
et	al.	2008).	Flocks	may	become	colonised	by	a	succession	of	different	Campylobacter	genotypes	
over	time	(Colles	and	Maiden	2012).	

AB30. Some	studies	report	an	absence	of	evidence	for	vertical	 transmission	(Callicott	et	al.	2006;	
Battersby	 et	 al.	 2016;	 Tangkham	 et	 al.	 2016).	 Others	 report	 that	 vertical	 transmission	 of	
Campylobacter	 is	 a	 possibility	 (Agunos	 et	 al.	 2014).	 The	 extent	 to	which	 vertical	 transmission	
contributes	 to	 flock	 contamination	 is	 not	 clear	 (Cox	 et	 al.	 2012).	 Studies	 have	 reported	 the	
presence	of	Campylobacter	DNA	in	one	week	old	chicks	(Chuma	et	al.	1994;	Chuma	et	al.	1994),	
and	Campylobacter	DNA	via	PCR	in	day-old	chicks	before	food	or	water	consumption	(Idris	et	al.	
2006).	 The	 presence	 of	 DNA	 does	 not	 allow	 differentiation	 between	 live	 Campylobacter	 cells	
capable	of	infection	or	dead	cells.	Other	studies	show	no	Campylobacter	present	in	quarantine-
reared	chicks;	when	subsequent	Campylobacter	infection	occurred	out	of	quarantine,	there	was	
no	 overlap	 of	Campylobacter	 genes	with	 those	 of	 the	 parent	 flock	 (Callicott	 et	 al.	 2006).	 This	
study	concluded	a	vertical	transmission	rate	of	 less	than	1	in	60,000.	Other	reviews	assert	that	
vertical	transmission	is	extremely	unlikely	(Wagenaar	et	al.	2013).	There	is	some	evidence	that	
Campylobacter	can	penetrate	and	colonise	eggs	from	Campylobacter-free	hens	(pseudo-vertical	
transmission;	Fonseca	et	al.	2011).	

AB31. Various	sources	of	 flock	Campylobacter	contamination	are	 implicated	but	poorly	described	
(e.g.	Bull	et	al.	2006;	Rushton	et	al.	2009;	Battersby	et	al.	2016).	The	relative	importance	of	risk	
factors	will	vary	across	farm	settings	and	is	hampered	by	a	lack	of	consistent	study	designs	and	
analyses.	

a. Inadequate	 broiler	 house	 operations	 such	 as	 poor	 biosecurity,	 decreased	 animal	
welfare,	 and	 contamination	 of	 transport	 crates	 are	 variously	 correlated	 with	
Campylobacter	contamination	(Bull	et	al.	2006;	Georgiev	et	al.	2017).	The	presence	of	
other	 livestock	and/or	pets	 (cats/dogs)	on	 farms	 is	associated	with	 increased	 risks	of	
broiler	flocks	becoming	Campylobacter	positive	(e.g.	Ellis-Iversen	et	al.	2009;	Agunos	et	
al.	 2014).	 It	 is	 unclear	 whether	 such	 animals	 are	 a	 source	 of	 poultry	 acquiring	
Campylobacter	or	vice-versa.	

b. Newell	et	al.	(2011),	Agunos	et	al.	(2014)	cite	water	as	a	significant	potential	risk,	but	
note	 that	underlying	 studies	are	 largely	 circumstantial	or	underpowered,	with	 future	
studies	likely	to	change	the	conclusions.	Water	and	feeding	equipment	fouled	by	birds	
are	significant	potential	vehicles	 for	 transmission	(Tangkham	et	al.	2016).	Correlation	
studies	for	Campylobacter	presence	weakly	implicate	unchlorinated	drinking	water	as	
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a	risk	factor	(Ellis-Iversen	et	al.	2009),	and	bacteria	have	been	isolated	from	water	lines	
and	 reservoirs	 in	 broiler	 houses	 (Pearson	 et	 al.	 1993).	 The	 same	 strains	 have	 been	
isolated	 from	water,	 feed	and	 infected	 flocks	 (Bull	et	al.	2006).	Water	contamination	
usually	 follows	rather	 than	precedes	 flock	contamination	 (Newell	and	Fearnley	2003;	
Bull	et	al.	2006),	suggesting	this	may	be	a	consequence	not	a	cause	of	infection.	

c. See	Hald	et	al.	(2007)	and	Royden	et	al.	(2016)	on	Campylobacter	associated	with	flies.	
Flies	 may	 vector	 Campylobacter	 into	 poultry	 houses	 (Nichols	 2005)	 and	 to	 people	
(Ekdahl	et	al.	2005);	flies	are	a	vector	rather	than	a	source	of	Campylobacter	(Gill	et	al.	
2016).	 The	 presence	 of	 insects,	 including	 darkling	 beetles,	 or	 the	 use	 of	 insecticide	
were	not	significant	factors	in	risk	factor	surveys	in	Sweden	(Berndtson	et	al.	1996)	or	
France	(Refregier-Petton	et	al.	2001).	 In	a	Danish	study	(Hald	et	al.	2004),	8.2%	of	49	
flies	 captured	 from	 around	 a	 poultry	 house	were	 culture-positive	 for	Campylobacter	
while	70.2%	of	47	flies	were	PCR	positive.	In	other	on-farm	studies,	Campylobacter	was	
either	not	cultured	from	insects	(Neubauer	and	Hess	2006)	or	was	only	recovered	after	
the	flock	became	positive	(Jacobs-Reitsma	et	al.	1995;	Bates	et	al.	2004).		The	presence	
of	 rodents	 (or	 lack	of	 rodent	control)	was	 significantly	correlated	with	an	 increase	 in	
the	 percentage	 of	 flocks	 testing	 positive	 for	 Campylobacter	 in	Huneau-Salaun	 et	 al.	
(2007),	McDowell	 et	al.	 (2008),	Allain	 et	al.	 (2014)	 and	Arsenault	 et	al.	 (2007).	 For	 a	
review	see	Meerburg	and	Kijlstra	(2007).	

AB32. The	 presence	 of	 Campylobacter	 in	 poultry	 is	 associated	 with	 the	 presence	 of	 the	 same	
strains	 of	 Campylobacter	 in	 surrounding	 water,	 feed	 and	 other	 environmental	 habitats	 but	
attributing	 the	direction	of	 transmission	 in	 such	 studies	 can	be	problematic.	 The	 same	 strains	
have	been	found	 in	 infected	flocks,	 from	puddles	outside	sheds	(Hiett	et	al.	2002;	Rivoal	et	al.	
2005;	Hansson	et	al.	2007;	Messens	et	al.	2009)	and	 in	air	 sampled	30	m	downwind	of	broiler	
houses	(Bull	et	al.	2006).	It	is	not	clear	if	chickens	are	infected	from	such	environmental	sources,	
or	 if	 Campylobacter	 around	 broiler	 sheds	 are	 derived	 from	 chickens.	 On	 feed	 systems,	 see	
Tangkham	et	al.	(2016),	Alves	et	al.	(2017),	Battersby	et	al.	(2017).	On	litter,	see	Line	and	Bailey	
(2006),	whereby	acidification	 treatments	 to	 litter	 in	commercial	broiler	houses	 in	Georgia	 (US)	
saw	a	slight	delay	in	the	onset	of	Campylobacter	colonisation	but	no	difference	in	contamination	
levels	 of	 carcasses	 at	 the	 end	 of	 the	 broiler	 cycle.	 Transport	 crate	 evidence	 is	 supplied	 by	
Hastings	et	al	(2011).	

AB33. Carry	over	from	previous	flocks.	Inadequate	between-flock	cleaning	is	a	risk	factor	for	
Campylobacter	infection	(Ellis-Iversen	et	al.	2009).	Studies	of	newly	constructed	poultry	houses	
show	that	Campylobacter	can	be	isolated	from	chickens	by	week	2-3	and	the	flocks	fully	
colonised	by	42	days	(Gregory	et	al.	1997).	A	study	of	sequential	broiler	flocks	of	60	houses	
suggested	that	21%	of	the	60	houses	with	Campylobacter	positive	sequential	flocks	had	identical	
genotypes,	suggesting	that	carryover	is	a	relatively	infrequent	event	(Shreeve	et	al.	2002).	In	an	
80	flock	study,	4	of	15	farms	appeared	to	have	persistent	types	in	successive	flocks	(Zweifel	et	al.	
2008).	Other	systematic	reviews	have	not	concluded	that	carryover	due	to	inadequate	cleaning	
was	a	significant	risk	factor	(Newell	et	al.	2011).	In	a	study	of	388	farms	in	Northern	Ireland	no	
significant	evidence	for	carryover	was	found	(McDowell	et	al.	2008).	For	a	review	see	Newell	and	
Fearnley	(2003).	
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AB34. Thinning	of	the	flock	(usually	around	30%	of	birds)	is	done	to	allow	increased	weight	gain	in	
the	remaining	birds	whilst	adhering	to	maximum	stocking	density	regulations,	and	can	also	
sometimes	be	carried	out	as	part	of	a	phased	depopulation	process	to	optimise	slaughter	
operations.	The	partial	de-population	of	flocks	is	correlated	with	an	increase	in	Campylobacter	in	
the	birds	that	remain	in	some	(Koolman	et	al.	2014;	Smith	et	al.	2016a;	Allen	et	al.	2008)	but	not	
all	studies	(including	a	survey	of	1,737	flocks	in	the	Netherlands)	show	this	(Russa	et	al.	2005;	
Havelaar	et	al.	2007).	Partial	depopulation	or	thinning	of	flocks	by	catching	gangs	has	been	
identified	as	a	risk	factor	for	flock	infection	(Katsma	et	al.	2007;	Newell	et	al.	2011;	Smith	et	al.	
2016a).	Surveys	have	found	a	statistically	significant	risk	associated	with	thinning	(Refrégier-
Petton	et	al.	2001;	Bouwknegt	et	al.	2004;	Allen	et	al.	2008).	Risk	appears	to	be	higher	when	
thinning	crews	are	large,	visit	more	than	one	farm,	or	are	poorly	educated	
EFSA	Panel	on	Biological	Hazards	(2011).	

AB35. Catching	and	transportation	is	recognised	as	being	a	significant	potential	pathway	for	the	
introduction	of	Campylobacter	into	the	house	and	flock	(Advisory	Committee	on	the	
Microbiological	Safety	of	Food	2019),	including	the	crates	themselves	(Slader	et	al.	2002;	
Hansson	et	al.	2005).	Transport	and	holding	prior	to	processing	contributes	to	the	levels	of	
Campylobacter	found	on	processed	poultry	carcasses	(Stern	et	al.	1995).	The	stress	response	to	
depopulation	and	transport	may	include	the	release	of	noradrenaline	into	the	gut	lumen,	and	
this	may	facilitate	Campylobacter	colonisation	(Line	et	al.	1997).	Changes	in	gut	colonisation	
patterns	can	occur	after	feed	withdrawal,	with	Campylobacter	found	the	length	of	the	intestinal	
tract	rather	than	in	the	caecum	and	colon	(Byrd	et	al.	1998;	Hinton	et	al.	2002).	

AB36. Outdoor	access	(a	feature	of	both	organic	and/or	free-range	systems)	is	a	risk	factor	for	the	
presence	 of	 Campylobacter	 (Ring	 et	 al.	 2005;	McCrea	 et	 al.	 2006).	 Organic	 farms	 often	 have	
highly	 individualised	production	 systems,	making	 systematic	 comparisons	 challenging.	Another	
study	 (Bailey	 et	 al.	 2019)	 showed	no	 significant	 difference	 in	Campylobacter	between	organic	
and	conventional	broilers	at	the	post-chill	stage	in	the	slaughter	house	but	lower	initial	levels	in	
organic	 birds.	 In	 a	 Danish	 study,	 organic	 carcasses	 translated	 to	 a	 1.7	 times	 greater	 risk	 of	
becoming	 ill	per	serving	compared	to	conventional	meat	(Rosenquist	et	al.	2013)	but	Young	et	
al.	 (2009)	 found	 no	 differences	 in	 Campylobacter	 levels	 between	 organic	 and	 conventionally	
reared	poultry	at	retail	but	organic	birds	had	higher	levels	at	slaughter.	One	study	suggests	that	
Campylobacter	may	be	more	diverse	under	free-range	systems,	but	this	study	did	not	evaluate	
differences	 in	Campylobacter	 prevalence	 due	 to	 rearing-systems	 (Colles	 et	 al.	 2008).	Multiple	
sources	and	routes	of	transmission	are	likely	for	extensively	reared	birds	(Huneau-Salaun	et	al.	
2007),	 including	 (but	 not	 limited	 to)	 wild	 birds	 or	 other	 livestock.	 Age	 has	 previously	 been	
identified	 as	 a	 risk	 factor	 for	 Campylobacter	 colonisation	 in	 broilers	 at	 slaughter	 (Evans	 and	
Sayers	 2000;	 Bouwknegt	 et	 al.	 2004).	 Extensively	 reared	 birds	 are	 typically	 older	 at	 slaughter	
than	conventionally	reared	birds.		

	
	

Commercial	Pigs	and	Cattle	

AB37. Summary	of	evidence	from	livestock	other	than	poultry	includes:	

AB38. Milnes	et	al.	(2008),	Baer	et	al.	(2013).	
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AB39. Tan	et	al.	(2018),	Adhikari	et	al.	(2019),	Shange	et	al.	(2019).	

AB40. Shange	et	al.	(2019).	Campylobacter,	especially	C.	jejuni,	are	frequently	isolated	in	the	
intestinal	tract	and	gallbladder	of	healthy	sheep	without	causing	clinical	disease	(Sahin	et	al.	
2017).	

AB41. Historically	sheep	abortions	are	associated	with	Campylobacter	fetus	subsp	venerealis	and	C.	
jejuni	to	a	lesser	extent,	although	a	hypervirulent	tetracycline-resistant	C.	jejuni	clone	is	now	the	
predominant	cause	of	sheep	abortion	in	the	US	(Sahin	et	al.	2017;	Sanad	et	al.	2014;	Wu	et	al.	
2014).	

AB42. Authors’	summary.	

(E)	 Food	 chain	 interventions	 to	 control	 Campylobacter	 and	 rate	 of	
campylobacteriosis	

On	farm	interventions	

AB43. Biosecurity	and	disease	prevention	measures	are	designed	 to	 reduce	 the	 introduction	and	
spread	of	Campylobacter	 in	the	poultry	house	(Newell	et	al.	2011).	A	meta-analysis	(Agunos	et	
al.	 2014)	 determined	 that	 on-farm	 sources	 of	 Campylobacter	 included	workers’	 boots,	 crates	
and	 equipment	 for	 catching	 and	 transport;	 thus,	 improving	 biosecurity	measures	 and	 hygiene	
should	reduce	the	prevalence	of	these	as	sources.	Sommer	et	al.	(2016)	assessed	the	risk	factors	
associated	 with	 Campylobacter	 using	 data	 from	 6,000	 flocks	 across	 six	 European	 countries	
(Denmark,	 the	 Netherlands,	 Norway	 Poland,	 Spain,	 and	 the	 UK).	 Factors	 associated	 with	
increased	rates	of	Campylobacter	presence	were:	increased	temperature;	country;	houses	≥	15	
years	old;	absence	of	anterooms	and	barriers	in	each	house;	shared	tools	between	houses;	long	
downtime	and	drinking	water	systems	with	bells	or	cups.	Between	September	2011	and	August	
2013,	 the	 UK	 poultry	 industry	 enhanced	 biosecurity	 measures	 on	 16	 model	 farms.	
Campylobacter	 rates	 on	 these	 farms	 were	 compared	 with	 rates	 on	 farms	 with	 standard	
biosecurity	(Georgiev	et	al.	2017).	Standard	biosecurity	farms	were	chosen	to	match	enhanced	
biosecurity	 farms	 in	 all	 measures	 other	 than	 biosecurity.	 The	 enhanced	 biosecurity	measures	
significantly	 reduced	 the	 colonisation	 rate	 of	 Campylobacter	 prior	 to	 partial	 depopulation	
(thinning)	(OR	0.25,	95%	CI	0.14	to	0.47),	and	to	a	lesser	extent	at	final	depopulation	(OR	0.47,	
95%	 CI	 0.25	 to	 0.89).	 All	 intervention	 studies	 include	 hygiene	 barriers	 (van	 de	 Giessen	 et	 al.	
1992;	Gibbens	et	al.	2001).	The	use	of	house-specific	boots	and	clothes	and	effective	use	of	boot	
dips	are	all	associated	with	a	reduced	risk	of	 flock	 infection	(van	de	Giessen	et	al.	1992;	Evans	
and	Sayers	2000;	Bouwknegt	et	al.	2004;	Hald	et	al.	2001;	Gibbens	et	al.	2001;	McDowell	et	al.	
2008).	

a. See	Guyard-Nicodeme	et	al.	(2016).	Acidification	of	poultry	drinking	water	may	partly	
reduce	caecal	 load	on-farm,	but	has	no	clear	effect	on	Campylobacter	prevalence	on	
carcasses	post-slaughter	(Jansen	et	al.	2014).	Acidified	water	treatment	(PWT)	reduced	
Campylobacter	concentration	in	water	by	more	than	7	log10	CFU/mL	after	24	hours	of	
exposure	 in	 vitro,	 but	 not	 on	 farms	prior	 to	 thinning	 (Haughton	 et	 al.	 2013).	 Adding	
chlorine	to	drinking	water	significantly	(P=0.029)	reduced	the	risk	of	flock	colonisation	
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(OR	 0.5,	 95%	 CI	 2.1	 to	 4.9),	 but	 ‘other’	 types	 of	 disinfection	 did	 not	 (other	was	 not	
defined)	in	one	UK	study	(Ellis-Iversen	et	al.	2009).	The	review	by	Newell	et	al.	(2011)	
found	 both	 studies	 showing	 a	 statistically	 significant	 reduction	 in	 flock	 colonisation	
following	 chlorination	 of	 drinking	 water,	 and	 others	 that	 showed	 no	 statistical	
reduction.	 Klein	 et	 al.	 (2015)	 found	 favourable	 effects	 from	 using	 disinfectants	 in	
drinking	 water	 on	 the	 reduction	 of	 caecal	 contamination	 but	 variable	 results	 in	
industrial-scale	application.	For	biological	feed	interventions	see	Johnson	et	al.	(2017).	
There	have	been	a	handful	of	studies	testing	the	efficacy	of	probiotics	in	the	form	of	a	
range	of	bacteria	and	yeasts,	but	there	 is	no	clear	consensus	that	these	are	effective	
against	Campylobacter	but	these	studies	are	sparse	and	often	low	powered	(Saint-Cyr	
et	 al.	 2016).	 Nutritional	 strategies	 consist	 of	 administering	 feed	 or	 water	 that	 is	
supplemented	with	various	products	assumed	to	have	an	anti-Campylobacter	activity.	
A	 wide	 range	 of	 organic	 and	 fatty	 acids,	 essential	 oils	 and	 other	 plant	 derived	
compounds	has	been	 tested	 for	 effectiveness	 against	Campylobacter	 (Meunier	 et	 al.	
2016),	 and	 the	 efficacy	 of	 the	 various	 nutritional	 strategies	 are	 mixed	 at	 best,	 and	
usually	rest	on	small	scale	underpowered	pilot	studies.	Recent	reviews	(Johnson	et	al.	
2017;	 Saint-Cyr	 et	 al.	 2016)	 have	 concluded	 that	 while	 probiotics,	 bacteriocins	 and	
bacteriophages	may	have	potential,	more	 research	on	efficacy	 and	 safety	 is	 needed.	
Also	see	Zhang	et	al.	(2007)	and	Manes-Lazaro	et	al.	(2017)	on	lactobacillus.	Han	et	al.	
(2016),	Ijaz	et	al.	(2018)	and	Schofield	et	al.	(2022)	evaluate	poultry	gut	microbiomes.		

	

AB44. The	lack	of	infections	in	flocks	under	2-3	weeks	of	age	(Messens	et	al.	(2009);	O'Mahony	et	
al.	2011;	Ridley	et	al.	2011)	and	high	titres	of	antibodies	to	C	jejuni	in	sera	from	1-day	and	7-day	
old	 chicks	 (Sahin	 et	al.	 2001)	 suggests	 that	broilers	may	have	maternally	derived	 immunity.	 In	
birds	and	mammals	this	may	be	strain-specific	(Sahin	et	al.	2003).	Antigens	conferring	potential	
immunity	in	young	chickens	are	poorly	understood.	See	the	review	by	Johnson	et	al.	(2017)	for	a	
summary	of	different	antigens	under	research.	

AB45. For	instance,	no	transport	and	holding	interventions	are	detailed	in	the	2019	FSA	report.	

AB46. For	 a	 review	on	 common	 interventions	 for	 non-poultry	 livestock	 see	Adam	and	Brulisauer	
(2010).	

Processing	interventions	

AB47. Levels	of	Campylobacter	contamination	on	retail	chicken	are	measured	in	colony-forming	
units	per	gram	of	tissue	(cfu/g).	Concentrations	are	expressed	using	the	base	10	logarithm	of	the	
concentration.	This	allows	the	assessment	of	any	decontamination	process	to	be	calculated	in	
terms	of	a	simple	subtraction:	one	log10	difference	thus	equates	to	a	ten-fold	difference,	and	a	
two	log10	difference	to	a	hundred-fold	and	so	on,	in	Campylobacter	numbers.			

AB48. Based	on	surveys	that	culture	Campylobacter	using	standard	methods	from	fresh	poultry	
samples.	Seliwiorstow	et	al.	(2016)	found	the	most	relevant	risk	factors	for	presence	of	
Campylobacter	within	the	abattoir	to	be	the	levels	of	incoming	contamination,	with	initial	caecal	
Campylobacter	counts	of	7	log	cfu/g	resulting	in	<2.5	cfu/g	Campylobacter	count	on	chilled	
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carcasses,	and	initial	caecal	Campylobacter	counts	of	9.5	log	cfu/g	resulting	in	>3	log	cfu/g.	
Rosenquist	et	al.	(2006)	sampled	six	broiler	flocks	at	four	different	stages	of	processing	and	the	
main	finding	was	a	correlation	between	Campylobacter	concentration	in	intestinal	contents	and	
on	chicken	carcasses	after	defeathering.	Allen	et	al.	(2007)	sampled	22	flocks	at	4	UK	processing	
plants,	with	the	main	finding	that	contamination	related	to	within	flock	prevalence	of	
Campylobacter.	Also	see	EFSA	Panel	on	Biological	Hazards	(2011)	

AB49. Hansson	et	al.	(2015)	recovered	Campylobacter	from	68%	of	194	skin	samples	and	5%	of	
muscle	samples	from	41	flocks	that	tested	positive	for	Campylobacter	in	caeca	in	Sweden.	All	
positive	muscle	samples	had	a	corresponding	positive	skin	sample	and	skin	samples	had	1	log	
cfu/g	greater	Campylobacter	numbers	and	there	was	a	significant	association	(P<0.05)	between	
findings	of	Campylobacter	on	carcass	skin	(logcfu/g)	and	the	proportion	of	Campylobacter	
positive	breast	muscle	samples.	Luber	and	Bartelt	(2007)	found	a	Campylobacter	prevalence	of	
87%	on	the	surface	of	100	samples	and	20%	in	the	deep	tissue	of	55	samples	of	fresh	chicken	
retail	breasts	in	Germany.	Di	Giannatale	et	al.	(2019)	recovered	Campylobacter	from	17%	of	
1,243	chicken	meat	(breast	and	thigh)	and	0.58%	of	bovine	samples	(hamburger	and	knife-cut	
meat)	in	Italy	in	2015-2016;	poultry	samples	with	skin	has	greater	prevalence	of	Campylobacter.	
Firlieyanti	et	al.	(2016)	reported	Campylobacter	on	the	surface	of	87%	of	109	samples	of	chicken	
liver	and	in	deeper	tissues	in	83%	of	the	chicken	liver	samples.	Levels	found	in	liver	can	be	high	
as	reported	by	Whyte	et	al.	(2006).		

AB50. Visceral	rupture	during	slaughter	processes	increases	contamination	of	carcasses	by	0.9	
log10	cfu	per	carcass	(P=0.05)	(Boysen	and	Rosenquist	2009).	Also	see	
EFSA	Panel	on	Biological	Hazards	(2011).	Seliwiorstow	et	al.	(2016)	also	found	key	risk	factors	for	
presence	of	Campylobacter	within	the	abattoir	to	be	lower	scald	temperature	and	incorrect	
settings	on	machines	for	plucking,	vent	cutting	and	evisceration.		

AB51. Forced	air	chilling	and	surface	freezing	may	halve	numbers,	and	crust	freezing	can	reduce	
numbers	by	0.4	and	1.5	log10	cfu/g	(Haughton	et	al.	2012;	Boysen	and	Rosenquist	2009).	For	the	
experience	of	Iceland	see	Tustin	et	al.	(2011)	and	Stern	et	al.	(2003)	on	crust-freezing.	Crust-
freezing	is	the	process	of	taking	a	food	product	to	a	temperature	where	a	substantial	amount	of	
the	water	in	the	product	is	in	the	form	of	ice	but	not	all	the	water	has	turned	to	ice.	

AB52. The	decimal	reduction	time	(D-value,	the	time	required	to	achieve	a	log	reduction	(90%)	of	
the	bacteria	present)	of	Campylobacter	has	been	reported	to	be	between	1	and	6.6	minutes	at	
55	°C	(Park	et	al.	1991;	Nguyen	et	al.	2006).	Some	studies	have	reported	unusually	large	D	values	
for	Campylobacter	(Bergsma	et	al.	2007;	de	Jong	et	al.	2012),	but	subsequent	studies	(Sampers	
et	al.	2010;	Al-Sakkaf	2015)	have	not	supported	these	measurements.	Campylobacter	attached	
to	chicken	flesh	appear	to	be	more	heat-resistant	than	cells	free	in	broth	(Blankenship	and	
Craven	1982).	The	scalding	of	carcasses	by	dipping	in	water	between	50	and	68	°C	has	been	
shown	to	reduce	Campylobacter	loads	by	10	to	100	fold	(Yang	et	al.	2001;	Lehner	et	al.	2014),	
but	scalding	water	may	also	serve	as	a	reservoir	for	contamination	if	hygiene	and	temperature	
are	not	adhered	to	(Shane	1992).	Significant	reductions	using	hot	water	immersion	were	
reported	by	Purnell	et	al.	(2004)	and	Corry	et	al.	(2007).		In	a	study	using	a	sample	of	44	
carcasses,	steam	combined	with	ultrasound	significantly	(P<0.001)	reduced	Campylobacter	by	
~10	fold	(Boysen	and	Rosenquist	2009;	Musavian	et	al.	2014).	
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AB53. Chlorine	 rinses	 (~0.1mg/L)	 have	 been	 experimentally	 demonstrated	 to	 inactivate	 99%	 of	
bacteria	in	5	minutes	(Blaser	et	al.	1986).	Recent	USA	studies	conclude	that	peracetic	acid	may	
be	more	effective	(Wideman	et	al.	2016;	Bucher	et	al.	2015).	For	studies	showing	the	efficacy	of	
different	 chemical	 treatments	 see	 (Zakariene	 et	 al.	 2015;	 Burfoot	 et	 al.	 2015).	 Chlorine	 rinses	
have	been	used	extensively	in	the	USA	poultry	industry	for	30	years.	Difference	in	the	methods	
for	surveying	retail	poultry	and	levels	of	campylobacteriosis	differ	between	the	USA	and	the	UK	
(and	 the	 EU)	making	 direct	 comparisons	 of	 rates	 hard.	 A	 2012	 US	 Department	 of	 Agriculture	
survey	 reported	 the	presence	of	Campylobacter	 on	 62.8%	 from	5,000	 samples	of	 raw	 chicken	
compared	to	a	prevalence	of	40%	from	UK	retail	surveys	in	2019.	In	2015	rates	of	Campylobacter	
infection	were	elevated	 in	 the	USA	 (1.39%,	CI	0.49-3.2%)	compared	to	 the	EU	 (0.52%,	CI	0.36-
0.69%)	(Kirk	et	al.	2015)	where	chlorine	rinses	are	banned.	

AB54. Poultry	 associated	 Campylobacter	 have	 been	 shown	 to	 be	 reduced	 by	 10-fold	 after	
10	minutes’	 exposure	 to	 0.12	 to	 0.25	kGy	 irradiation	 (Patterson	 1995).	 Exposure	 to	 405	nm	
wavelength	light	has	been	reported	to	reduce	C.	jejuni	by	up	to	5	logs	(Gunther	et	al.	2016).	

AB55. Expert	Opinion.		

AB56. Several	studies	(e.g.	Georgsson	et	al.	2006)	report	2-3	log10	(10-100	fold)	decreases	in	levels	
of	Campylobacter	on	broilers	after	freezing.	Complete	freezing	may	reduce	Campylobacter	by	
1.44	log10	cfu/g	or	27-fold	(Boysen	and	Rosenquist	(2009).	The	freezing	of	chicken	livers	may	
reduce	the	numbers	of	Campylobacter	bacteria	by	up	to	100-fold	Harrison	et	al.	(2013).	
However	C.	jejuni	may	remain	viable	after	being	held	at	both	-20	and	-70	°C,	and	is	able	to	
survive	up	to	eight	freeze-thaw	cycles	(Lee	et	al.	1998).	

AB57. Investigations	of	the	factors	dictating	Campylobacter	reductions	during	shelf	life	may	result	
in	 further	opportunities	 for	 control	Advisory	Committee	on	 the	Microbiological	 Safety	of	Food	
(2019).		

a. High	oxygen	(80%	O2:20%	N2)	modified	atmosphere	packing	can	reduce	Campylobacter	
levels	 by	 10	 fold	 (Rajkovic	et	 al.	 2010.	 Lee	 et	 al.	 (1998)	 show	 chicken	 packed	 under	
vacuum	and	CO2	at	-20	°C	for	56	days	may	reduce	or	eliminate	Campylobacter,	but	this	
effect	was	not	present	at	14	days.	Packing	under	N2	or	 in	 low	oxygen	conditions	at	 -
20	°C	had	no	effect	up	to	14	days,	albeit	these	effects	were	not	statistically	analysed.	
Packing	 under	 N2	 and	 CO2	 at	 4	°C	 has	 been	 shown	 to	 result	 in	 a	 4	 log	 reduction	 in	
cultured	 numbers	 of	 aero-sensitive	 strains	 of	 C.	 jejuni,	 a	 three	 log	 reduction	 in	
aerotolerant	strains	and	a	two	log	reduction	for	hyper-aerotolerant	strains	of	C.	jejuni	
(Oh	 et	 al.	 2017).	 One	 study	 determined	 an	 optimum	 packing	 gas	 mix	 of	 40:30:30	
CO2:O2:N2,	 and	 this	 was	 able	 to	 achieve	 a	 shelf-life	 in	 excess	 of	 14	 days	 at	 2	°C	
(Meredith	et	al.	2014).		

b. ‘Roast	 in	the	bag’	packaging	has	been	employed	commercially	and	was	developed	by	
UK	 companies,	 e.g.:	 https://www.thepoultrysite.com/news/2015/04/uks-first-
roastinthebag-chicken-ready-to-launch;	 https://www.thegrocer.co.uk/buying-and-
supplying/co-op-to-make-all-its-whole-chickens-roast-in-bag/373711.article	 and	
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http://www.dailymail.co.uk/news/article-2826830/Food-stores-flock-stock-roast-bag-
chickens-don-t-trust-wash-hands.html	For	Iceland	commentary	see	Tustin	et	al.	(2011).	

AB58. For	pork,	chilling	and	blast-chilling	reduced	loads	from	3	 logs10	cfu/cm2	to	0%	(Chang	et	al.	
2003;	 Baer	 et	 al.	 2013).	 The	 pasteurisation	 of	 milk	 effectively	 destroys	 Campylobacter,	 as	
demonstrated	when	 there	 are	 faults	 with	 the	 process	 (Fernandes	 et	 al.	 2015).	 The	 European	
Food	 Standards	 Agency	 concluded	 in	 a	 recent	 review	 of	 public	 health	 hazards	 relevant	 to	
inspection	of	meat	for	bovine	animals,	sheep,	goats	and	pigs	that	Campylobacter	was	a	low	risk	
organism	in	terms	of	transmission	via	red	meat	(Hazards	2013).	The	UK	Advisory	Committee	on	
the	Microbiological	Safety	of	Food	(2019)	view	is	that	legislated	existing	procedures	for	red	meat	
at	 processing,	 aimed	 at	 the	 control	 of	 Salmonella	 and	E.	 coli,	 are	 also	 effective	 at	 controlling	
Campylobacter.	

AB59. Authors’	projections.	

Interventions	aimed	at	consumers	

AB60. On	consumer	beliefs	on	food	safety	in	home	environment,	see	Redmond	and	Griffith	(2003),	
Redmond	and	Griffith	(2004).	A	2014	FSA	survey	recorded	that	28%	of	respondents	had	heard	of	
Campylobacter	compared	with	90%	who	had	heard	of	Escherichia	coli	and	Salmonella	and	within	
the	 UK,	 80%	 of	 Campylobacter	 infections	 in	 England	 and	 Wales	 are	 acquired	 at	 home	 (UK	
Advisory	 Committee	 on	 the	 Microbiological	 Safety	 of	 Food	 2019).	 In	 a	 large	 combined	 case-
control	 and	 source	 attribution	 study	 in	 Germany,	 the	 preparation	 of	 poultry	 meat	 in	 the	
household	 was	 a	 key	 risk	 factor	 (Rosner	 et	 al.	 2017).	 Evidence	 from	 modelling	 comparing	
transfer	 from	 hands	 with	 cross	 contamination	 of	 chopping	 boards	 suggests	 hands	 were	 the	
dominant	 route	 of	 human	 exposure	 (Mylius	 et	 al.	 2007).	 Most	 sporadic	 cases	 of	 foodborne	
illness	are	associated	with	food	prepared	and	consumed	at	home	(Keegan	et	al.	2009;	Vrbova	et	
al.	 2012),	 with	 cross-contamination	 being	 more	 important	 than	 undercooking	 (Nauta	 et	 al.	
2009).	 Undercooked	 or	 lightly	 cooked	 chicken	 liver	 is	 an	 established	 threat	 to	 human	 health	
(Moffatt	et	al.	2016;	Lahti	et	al.	2017;	Edwards	et	al.	2014).	

AB61. Campylobacter	 vaccine	 development	 is	 hindered	 by	 a	 lack	 of	 understanding	 of	 protective	
epitopes,	 antigenic	 diversity,	 pathogenesis,	 and	 association	 with	 post-infectious	 syndromes.	
Trials	of	a	human	vaccine	for	C.	jejuni	have	commenced	(Riddle	and	Guerry	2016).	See	Johnson	
et	al.	(2017)	for	a	summary.	

Co-ordinated	interventions		

AB62. Drawing	 reliable	 conclusions	 from	 cross-country	 comparisons	 are	 problematic	 due	 to	
differences	 in	agricultural	systems,	climate,	and	socio-economic	structures,	as	well	as	different	
sampling	protocols.	

AB63. Iceland.	See	reviews	by	Tustin	et	al.	(2011).	Stern	et	al.	(2003)	concluded	one	of	the	main	
factors	in	the	reduction	of	chicken-associated	campylobacteriosis	in	Iceland	was	the	programme	
of	freezing	carcasses	of	Campylobacter-positive	flocks.	

AB64. New	Zealand.	See	reviews	by	Sears	et	al.	(2011).	
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AB65. Authors’	summary.		

	(F)	Antimicrobial	resistance	

AB66. See	 Dingle	 et	 al.	 (2005)	 and	 Cody	 et	 al.	 (2010).	 For	 reviews	 on	 mechanisms	 of	 AMR	
acquisition	see	Blair	et	al.	(2015),	Luangtongkum	et	al.	(2009)	and	Iovine	(2013).	Campylobacter	
has	a	 rapid	mutation	rate	compared	to	other	pathogenic	bacteria	 (Eldholm	and	Balloux	2016);	
resistance	to	both	fluoroquinolones	(Luo	et	al.	2003;	Delsol	et	al.	2004)	and	macrolides	(Ladely	
et	al.	2007;	Lin	et	al.	2007;	Logue	et	al.	2010)	has	been	shown	to	evolve	in	experimental	studies.	
Horizontal	 gene	 transfer	 (HGT):	 tetracycline	 resistance	 genes	 have	 been	 shown	 to	 have	 been	
transferred	via	HGT	between	strains	of	C.	jejuni	(Avrain	et	al.	2004),	between	C.	jejuni	and	C.	coli	
(Batchelor	et	al.	2004)	and	into	Campylobacter	spp.	from	either	Streptococcus	and	Enterococcus	
(Zilhao	 et	 al.	 1988).	C.	 coli	has	 been	 the	 recipient	 of	 genes	 via	HGT	 from	C.	 jejuni:	 the	C.	 coli	
lineage	that	has	colonised	agricultural	 landscapes	has	10-11%	DNA	that	has	 introgressed	while	
non-agricultural	C.	coli	and	C.	jejuni	has	2%	(Sheppard	et	al.	2013).	

AB67. Poultry	 diseases	 are	 reviewed	 in	 Chapters	 5	 and	 7	 to	 17	 of	 Jordan	 et	 al.	 (2002).	 Use	 of	
antibiotics	 in	 agriculture	generally	 is	 reviewed	by	Page	and	Gautier	 (2012).	 In	 some	countries,	
most	notably	the	USA,	low-doses	of	antibiotics	are	used	to	improve	efficiency	of	feed	conversion	
i.e.	 growth	 promotion	 (Allen	 and	 Stanton	 2014;	 Teillant	 et	 al.	 2015).	 This	 is	 banned	 under	
European	Union	regulations.	On	the	use	of	poultry	medication	see	British	Poultry	Council	(2016).	

AB68. In	2017,	773	tonnes	of	antibiotics	were	used	in	the	UK,	of	which	64%	were	used	in	people	
and	26%	in	food-producing	animals.	The	poultry	industry	used	14	tonnes	of	antibiotics	in	2017,	
the	active	ingredient	comparison	giving	a	42%	drop	compared	to	2016	figures	and	an	80%	drop	
compared	 to	 2013	 meat	 poultry	 figures	 Veterinary	 Medicines	 Directorate	 (2019)	 and	 see	
Sproston	et	al.	(2018).	

Annual	 antibiotic	 use	 in	
poultry,	UK,	tonnes	

2013	 2017	

Penicillin		 31		 8.2	

Tetracyclines	 48	 3.3	

Macrolides	 5	 0.6	

Fluoroquinolones	 741	 38	

AB69. See	 Geenen	 (2011).	 The	 CDC	 reported	 an	 increase	 in	 ciprofloxacin	 resistance	 in	
Campylobacter	from	13	to	25%	between	1997	and	2011	(Hampton	2013).	Some	European	Union	
member	 states	 report	 up	 to	 a	 91.5%	 incidence	 of	 quinolone	 resistant	 Campylobacter.	
Ciprofloxacin	 resistance	 in	 Campylobacter	 isolates	 from	 raw	 chicken	 in	 South	 Korea	 was	 92%	
(Han	et	al.	2007),	and	100%	 in	clinical	 isolates	 from	children	 in	Thailand	(Serichantalergs	et	al.	
2007).	Mourkas	et	al.	(2019)	analysed	168	C.	jejuni	and	92	C.	coli	strains	from	Spain	and	reported	
that	 39%	 and	 88%	 of	 C.	 jejuni	 strains	 and	 100%	 and	 55%	 of	 C.	 coli	 trains	 from	 animals	 and	
humans	respectively	were	multidrug	resistant.	



	 Supplementary	material:		Annotated	bibliography	 	

	

30	

	

AB70. See	 Silva	 et	 al.	 (2011).	 Increases	 in	 resistance	 to	 fluoroquinolones	 in	 human	 cases	 of	
Campylobacter	 the	 Netherlands	 1982-1989	 was	 found	 to	 mirror	 increases	 of	 resistance	 in	
Campylobacter	from	poultry	(Endtz	et	al.	1991).	Over	this	time	period	resistance	increased	from	
0-14%	of	isolates	in	poultry	and	from	0-11%	in	humans.		

Comparisons	 of	 rates	 of	 AMR	 Campylobacter	 in	 livestock	 on	 farms	 which	 do	 and	 do	 not	 use	
antibiotics,	 include	comparisons	 for	poultry	 (Luangtongkum	et	al.	2006;	Price	et	al.	2007),	pigs	
(Thakur	 and	 Gebreyes	 2005;	 Rollo	 et	 al.	 2010),	 and	 dairy	 cattle	 (Halbert	 et	 al.	 2006).	 For	
fluoroquinolone	 resistance	 <2%	 resistance	was	 seen	 amongst	 organic	 turkey	 flocks	 versus	 46-
67%	resistance	in	conventional	flocks,	in	the	US	across	2000-2002	(Luangtongkum	et	al.	2006).	0-
15%	resistance	was	seen	in	organic	chicken	flocks	versus	37.1-42.9%	resistance	in	conventional	
flocks	in	the	US	in	2006	(Price	et	al.	2007).	Rollo	et	al.	(2010)	observed	that	rates	of	resistance	
declined	as	the	number	of	years	a	farm	had	been	antibiotic	free	increased.	

AB71. Campylobacter	 can	evolve	 resistance	 to	 fluoroquinolone	by	a	 single	point	mutation	 to	 the	
gyrA	gene,	reviewed	by	Luangtongkum	et	al.	(2009)	and	Payot	et	al.	(2006).	In	a	clinical	trial	of	
people	 with	 diarrhoeal	 disease,	 28%	 of	 Campylobacter	 isolates	 developed	 resistance	 to	
lomefloxacin,	 a	 fluoroquinolone,	 during	 treatment	 (Ellis-Pegler	 et	 al.	 1995).	 Luo	 et	 al.	 (2003)	
experimentally	showed	that	fluoroquinolone	resistance	of	Campylobacter	 in	chickens	increased	
following	fluoroquinolone	treatment.	Prior	to	treatment	resistance	was	not	detected,	following	
treatment	it	was	as	high	as	100%	of	isolates.	Resistance	was	attributed	to	single	point	mutations	
in	the	gyrA	gene	and	in	the	function	of	the	CmeABC	efflux	pump.	Spontaneous	point	mutations	
conferring	fluoroquinolone	resistance	occur	in	gyrA	of	Campylobacter	at	a	frequency	of	≈5	×	10-8	
when	cultured	 in	conventional	media,	 reported	by	Luo	 et	al.	 (2005).	Campylobacter	has	a	 fast	
mutation	 rate	 compared	 to	 other	 pathogenic	 bacteria	 (Eldholm	 and	 Balloux	 2016).	
Fluoroquinolone-resistant	 Campylobacter	 may	 have	 an	 advantage	 over	 wild	 type	
Fluoroquinolone-sensitive	 strains	 in	 the	 absence	 of	 fluoroquinolones,	 meaning	 resistance	 will	
not	easily	be	lost	in	the	absence	of	fluoroquinolones;	Price	et	al.	(2007)	found	that	up	to	43%	of	
isolates	were	 resistant	 to	 fluoroquinolone	 four	 years	 after	 last	 use.	 	 Luo	 et	 al.	 (2005)	 showed	
using	 pair-wise	 competition	 experiments	 that	 fluoroquinolone-resistant	 C.	 jejuni	 (with	 gyrA	
mutation)	are	able	to	outcompete	fluoroquinolone-sensitive	in	the	chicken	gut	in	the	absence	of	
antibiotic	selection	pressure.	For	a	comparison	with	macrolides	see	Luangtongkum	et	al.	(2009).	

AB72. Resistant	 infections	 are	 associated	 with	 international	 travel:	 in	 a	 US	 study,	 international	
travel	associated	 infections	had	quinolone-resistance	rates	of	60%	compared	with	13%	of	non-
travel	 related	 cases	 (Ricotta	 et	 al.	 2014).	 In	 countries	where	 fluoroquinolones	 have	 not	 been	
licenced	 for	 use	 in	 poultry	 (e.g.	 Australia),	 fluoroquinolone-resistance	 occurs	 primarily	 in	
returning	travellers	(Rautelin	et	al.	2003;	Cheng	et	al.	2012).	

AB73. See	 Johnson	 et	 al.	 (2017).	 A	 meta-analysis	 by	 Ternhag	 et	 al.	 (2007)	 demonstrated	 that	
antibiotics	shortens	the	duration	of	disease	caused	by	Campylobacter	in	patients	by	1.32	days.	

a. Gibreel	and	Taylor	(2006),	Moore	et	al.	(2006),	Alfredson	and	Korolik	(2007).	

b. Fluoroquinolone-resistant	Campylobacter	is	listed	as	a	high	priority	on	the	WHO	priority	list	
for	 the	 research	 and	 development	 of	 new	 antibiotics	 WHO	 (2017).	 The	 CDC	 considers	
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resistance	 of	 C.	 jejuni	 and	 C.	 coli	 to	 macrolides	 and	 ciprofloxacin	 (a	 fluoroquinolone)	 a	
“serious	 threat”.	 The	 WHO	 (2016)	 and	 the	 OIE	 (2015)	 classify	 antibiotics	 by	 degree	 of	
importance	for	human	and	veterinary	medicine	respectively.	Tetracyclines	are	classified	as	
“highly	 important”	 for	 human	 medicine	 and	 as	 a	 “Veterinary	 Critically	 Important	
Antimicrobial	 Agent”.	 All	 fluoroquinolones	 are	 considered	 as	 “critically	 important”	 for	
human	medicine.	Ciprofloxacin	is	critically	important	and	nalidixic	acid	is	highly	important	
for	veterinary	medicine.	 	Macrolides	are	classed	as	“critically	 important”	 for	both	human	
and	veterinary	medicine.	

c. CDC	(2013).		

AB74. Geenen	(2011).	

AB75. Authors’	summary.		
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