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ABSTRACT

This scientific opinion further elaborates a previous EFSA opinion and assesses the extent to which meat derived
from broilers contributes to human campylobacteriosis at EU level. It gives an overview of the public health
significance and burden of campylobacteriosis, concluding that there is considerable underascertainment and
underreporting of clinical campylobacteriosis in the EU. The known and hypothesised factors having an impact
of the epidemiology of human campylobacteriosis are summarised. Handling, preparation and consumption of
broiler meat may account for 20% to 30% of human cases of campylobacteriosis, while 50% to 80% may be
attributed to the chicken reservoir as a whole. Many factors may explain this difference in attribution. There are
differences in the point of attribution (reservoir vs. point of consumption). Strains from the chicken reservoir may
reach humans by pathways other than food (e.g. by the environment or by direct contact). Results may be biased
by inaccurate exposure assessments, confounding by immunity and incomplete data on reservoirs. Data for
source attribution in the EU are limited and unavailable for the majority of Member States and there are
indications that the epidemiology of human campylobacteriosis differs between regions. Hence, the conclusions
of this scientific opinion must be interpreted with care. Recommendations are made on EU surveillance and
research activities aimed at improving quantification of the burden of campylobacteriosis, facilitating the
evaluation of the human health effects of any interventions and giving a better basis for source attribution.
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SUMMARY

Following a request from the European Commission, the Panel on Biological Hazards (BIOHAZ
Panel) was asked to deliver a scientific opinion on Quantification of the risk posed by broiler meat to
human campylobacteriosis in the EU. In particular, the BIOHAZ Panel was requested to further
elaborate a previous EFSA opinion and to assess the extent to which meat derived from broilers
contributes to human campylobacteriosis at EU level. The importance may be expressed as a
percentage of the total number of human campylobacteriosis cases.

The current scientific opinion gives an overview on the public health significance and burden of
campylobacteriosis. There is considerable underascertainment and underreporting of
campylobacteriosis and there may be not less than 2 million and possibly as high as 20 million cases
of clinical campylobacteriosis per year in the EU27. The known and hypothesised factors that have an
impact on the epidemiology of human campylobacteriosis are described (i.e. age, season, travel and
food trade, strain variation, host immunity and demographic factors). Travelling outside the country
of residence is a reported risk factor for human campylobacteriosis. A large proportion of cases is
associated with travelling within the EU and would be preventable by EU-wide control measures.

The human illness source attribution methods currently applied are briefly summarised and the results
obtained so far from the application of the different methods to the attribution of human
campylobacteriosis cases are analysed. Handling, preparation and consumption of broiler meat may
account for 20% to 30% of human cases of campylobacteriosis, while 50% to 80% may be attributed
to the chicken reservoir as a whole.

Source attribution based on microbial subtyping has only recently been applied to campylobacteriosis.
All subtyping techniques have shown the population structure of C. jejuni to be highly diverse and
weakly clonal, with multiple subtypes having been described, many of which are rare. Some subtypes
have a statistical association with specific reservoirs and there is considerable overlap between
subtypes from cases of human disease and subtypes from farm animals, in particular from chicken.
Most isolates for which subtyping data are available are not based on representative sampling. Current
subtyping techniques do not provide any indication of strain virulence. Available studies from three
geographical areas suggest that between 50 and 80% of all human cases of C. jejuni can be attributed
to chickens as a reservoir.

A meta-analysis of case-control studies suggests a variety of risk factors including travelling, animal
contact, food and untreated drinking water. Case-control studies also suggest that risk factors depend
on the species of Campylobacter. It is noted that recent studies have estimated that between 24-29%
of human cases can be attributed to handling, preparation and consumption of chicken meat.

Even though most cases of human campylobacteriosis are sporadic, outbreaks are reported in the EU.
Recent source attribution studies based on outbreak investigations suggested that over one quarter of
the outbreaks for which a source was identified can be attributed to chicken. For two thirds of the
outbreaks the source was unknown.

“Natural experiments” in Belgium and the Netherlands in which the consumption of chicken meat was
temporarily reduced supported the importance of chicken as a major reservoir of human infections,
and chicken meat as an important pathway. Similarly, intervention studies in Iceland and New
Zealand to reduce consumer exposure to highly contaminated chicken meat were accompanied by
marked reductions in reported campylobacteriosis cases.

The lower proportion of human cases related to chicken meat identified by case-control studies as
compared to microbial subtyping may be explained by several factors. There are differences in the
point of attribution (reservoir vs. point of consumption). Strains from the chicken reservoir may reach
humans by pathways other than food (e.g. by the environment or by direct contact). Results may be
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biased by inaccurate exposure assessments, confounding by immunity and incomplete data on
reservoirs.

Data for source attribution in the EU are limited and unavailable for the majority of Member States
and there are indications that the epidemiology of human campylobacteriosis differs between regions.
Hence, the BIOHAZ Panel states that the conclusions of this scientific opinion must be interpreted
with care.

The BIOHAZ Panel recommends establishing active surveillance of campylobacteriosis in all
Member States, including efforts to quantify the level of underascertainment and underreporting of
the disease, in order to more precisely estimate the burden of the disease and allow the evaluation of
the human health effects of any interventions. In order to provide a better understanding of the
molecular epidemiology of campylobacteriosis and a better basis for source attribution, the BIOHAZ
Panel also recommends that a representative collection of isolates from humans and putative
reservoirs is obtained, subjected to genotyping in all Member States, and stored. Future research is
also recommended in order to identify markers of Campylobacter virulence, survival properties and
ecology and in order to quantify the impact of acquired protective immunity on the epidemiology of
campylobacteriosis in the EU.
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BACKGROUND AS PROVIDED BY THE EUROPEAN COMMISSION

A total of 175,561 human cases of campylobacteriosis were reported in the EU25 in 2006, being the
most frequently reported zoonosis. Poultry meat is considered to be a major source of infection. It can
infect people through cross-contamination to ready-to-eat foods and direct hand-to-mouth transfer
through food preparation, and to a lesser extent from the consumption of undercooked poultry meat.

On 27 January 2005, the Scientific Panel on Biological Hazards adopted an opinion at the request of
the Commission on Campylobacter in animals and foodstuffs’. The opinion encourages the setting
and use of performance objectives/targets in poultry production. It states that "Reducing the
proportion of Campylobacter infected poultry flocks and/or reducing the number of Campylobacter in
live poultry and on poultry carcasses will lower the risk to consumers considerably”. Setting
microbiological criteria for Campylobacter in poultry meat products at retail level appeared not to be
cost effective.

In accordance with Commission Decision 2007/516/EC>, all Member States are currently carrying out
a harmonised baseline survey on the prevalence and antimicrobial resistance of Campylobacter spp. in
broiler flocks and broiler carcases. On carcases, both qualitative and quantitative analyses are
performed. The survey will provide reference values, comparable between Member States, in order to
consider future performance objectives/targets along the broiler meat production chain. The results
will be forwarded to EFSA by the end of April 2009.

The Commission has two legal bases to consider performance objectives/ targets:

e In accordance with Regulation (EC) No 2160/2003 on the control of Salmonella and other
specified food-borne zoonotic agents®, targets for the reduction of the prevalence of
Campylobacter can be adopted at the level of primary production and, where appropriate, at other
stages of the food chain.

e In accordance with Regulation (EC) No 852/2004 on the hygiene of foodstuffs’, microbiological
criteria can be adopted for broiler meat. Similar to the provisions in Regulation (EC) No
2073/2005 on microbiological criteria for foodstuffs®, both food safety and process hygiene
criteria may be considered.

Before deciding on risk management measures and setting performance objectives / targets, the
Commission may carry out a cost/benefit analysis. A quantitative assessment of the public health
benefit and potential control options should therefore be carried out.

The Commission approach and collaboration between risk managers and risk assessors in this area is
indicated in the flow chart in the Appendix which was also forwarded to you in my letter (Ref
520106) of 2 April 2008.

TERMS OF REFERENCE AS PROVIDED BY THE EUROPEAN COMMISSION

EFSA is asked to further elaborate and update, in a quantitative way, its opinion of the Scientific
Panel on Biological Hazards related to Campylobacter in animals and foodstuffs, adopted on 27
January 2005 as regards broiler meat production. In particular, EFSA is asked to:

4 The EFSA Journal (2005) 173, p. 1-10

5 OJ L 190, 21.7.2007, p. 25.

6 OJ L 325,12.12.2003, p. 1.; Regulation as amended by Regulation (EC) No 1237/2007 (OJ L 280, 24.10.2007, p. 5.
7 OJ L 139, 30.4.2004, p. 1, as corrected by OJ L 226, 25.6.2004, p. 3.

8 OJ L 338, 22.12.2005, p. 1, Regulation as amended by Regulation (EC) No 1441/2007 (OJ L 322, 7.12.2007, p. 12)
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(1) Assess the extent to which meat derived from broilers contributes to human campylobacteriosis at
EU level. The importance may be expressed as a percentage of the total number of human
campylobacteriosis cases.

For the purpose of this mandate, broilers are defined as birds of the species Gallus gallus, specifically
reared for the production of meat under various production systems.

The deadline for submission is December 2009.

EFSA Journal 2010; 8(1):1437
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ASSESSMENT

1. Introduction

Campylobacteriosis is an infectious disease caused by members of a group of Gram negative curved
or S-shaped motile bacteria. These bacteria were initially recognised at the beginning of the 20th
Century as veterinary pathogens causing infectious abortion in cattle and were called “Vibrios”
(McFadyean and Stockman, 1913; Smith and Taylor, 1919). Several decades later, King (1957)
recognised the similarity of these pathogens to “related-vibrios” or *“vibro-like” organisms from the
blood samples of humans with enteritis and highlighted the need for improved diagnostic methods
(King, 1962). Such methods were eventually developed by the end of the 1970s (Dekeyser et al.,
1972; Skirrow, 1977) enabling the importance of this disease to become established by 1981 when the
First International Workshop on Campylobacter was organized and by which time the zoonotic nature
of the disease was being recognized (Newell, 1982).

The genus Campylobacter now comprises 17 member species most of which are microaerophils, i.e.
grow preferentially in low oxygen concentrations. The majority of cases of campylobacteriosis are
caused by two species: Campylobacter jejuni and the closely-related C. coli. These two species are
often referred to as the “thermophilic” or “thermotolerant” Campylobacter as they grow preferentially
at 42°C. When combined with selective media, the fastidious nature of these organisms can be
exploited to ensure isolation and culture from the complex gut flora in faecal material. Other
Campylobacter species, such as C. fetus, can also cause enteric disease but are relatively rare and
usually would not be detected using routine culture methods. This opinion will focus on the species C.
Jejuni and C. coli as the major causes of the disease.

C. jejuni and C. coli are common components of the gut flora of all warm-blooded animals including
livestock (cattle, sheep and pigs), domestic pets and wild animals but for both species the avian gut,
with a temperature of 42°C, appears to be a preferential niche. Unfortunately during routine
surveillance not all Campylobacter isolates are speciated. Nevertheless some interesting differences in
the distribution of C. jejuni and C. coli in the various host reservoirs have been reported. For example,
EU data reported for 2007 indicates that C. jejuni was identified in 42.5%, 86.8% and 2.1% of the
isolates from broilers, cattle and pigs respectively, while C. coli was identified in 13.1%, 9.5% and
87.1% of the isolates from the same animal species (EFSA, 2009b). Few other Campylobacter species
were identified in such isolates, however approximately 46.4%, 3.1% and 10.7% of isolates in
broilers, cattle and pigs were reported as “unspecified” Campylobacter species. The proportion of
unspeciated isolates varied between Member States (MS) as well as animal species. Some data are
also available from national surveys. For example, in Great Britain, in a national survey of cattle,
sheep and pigs at slaughter C. coli was identified in 9%, 34% and 90% of Campylobacter isolates
respectively while C. jejuni was identified in 81%, 65% and 4% respectively (Milnes et al., 2008). In
comparison, in a similar national survey in Great Britain of Campylobacter in poultry flocks at
slaughter 77% were C. jejuni and 23% C. coli (Powell et al., 2009), while the corresponding results in
Norway were 91% C. jejuni, 7% C. coli and 2% C. lari (Hofshagen and Kruse, 2005). These results
suggest preferential and differential association between these Campylobacter species and livestock
hosts. The bases of such ecological differences are as yet unknown.

In the vast majority of cases, the organisms are constantly shed in faeces by asymptomatic animals.
Although campylobacters do not grow outside the host gut, they have the ability to survive for
considerable periods especially in conditions that are moist, cool and out of direct sunlight.
Consequently C. jejuni and C. coli are ubiquitous in the environment. Therefore there are many host
reservoirs in which the organism is amplified and many vehicles by which the organism can reach its
next host.

EFSA Journal 2010; 8(1):1437 7
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Campylobacter may be transmitted from these reservoirs to humans by many different routes. They
can be transported directly from animals (i.e. skin contaminated with faeces) to humans by hands etc.
(for example, by petting the animal and then subsequently using the hands to touch food or mouth
directly). In addition Campylobacter are shed into the environment by live animals and can then be
ingested by humans, for example, by drinking untreated water, through recreational contact with
surface water or by eating contaminated raw vegetables. Other indirect routes have been hypothesised.
For example Campylobacter in the environment might reach humans via vectors, such as flies, which
might deposit the bacteria onto food (Nichols, 2005).

Meat also has an important direct and indirect role in the transmission of Campylobacter. The
intestinal contents of livestock often contaminate carcases at slaughter. This is especially true for
poultry, where the nature of the slaughter process enables more extensive faecal contamination than in
mammals. If the animal is colonised with Campylobacter and a contamination of the carcase occurs,
then these organisms will be distributed over the carcase surface and survive under the moist, cool
storage conditions through to retail. Because of the processing and storage methods used, red meats
(beef, lamb and pork) are less likely to be contaminated than poultry meat. Campylobacter can also be
recovered from the deep muscle of poultry, albeit at a lower prevalence (20% vs. 87%) and
concentration (mean 0.24 CFU/g vs. mean 537 CFU/g) than surface recovery (Luber and Bartelt,
2007). Such observations may reflect bacteraemic infection or result from the ingress of organisms
into the tissue during processing for example via the lungs or feather sockets. Little information is
available on extraintestinal colonization in other livestock but campylobacters are often recovered
from pig’s liver at retail. Meat contaminated by Campylobacter can either infect humans directly (if
not properly cooked or otherwise treated) or indirectly. For indirect contact the contaminated meat
acts as a vehicle of campylobacters, especially those present in meat juices, which can easily
contaminate Kitchen equipment such as cutting boards, plates, knives etc. and thereby other foods
(salads etc.), which might be eaten without further bacteriocidal treatment.

The efficacy of the different transmission routes to humans, and their relative importance, will depend
on a variety of factors including the number of campylobacters per exposure, the colonization and
virulence potential of those campylobacters and host factors such as immunity and age. These factors
will be discussed within Section 2 of the opinion.

A previous EFSA opinion (EFSA, 2005b) concluded that poultry meat appeared to be a major source
of sporadic campylobacteriosis. Other food categories identified as potential sources included
barbecued foods, untreated drinking water, undercooked pork, and poorly-pasteurised or raw milk. It
was concluded that there was a need for a better understanding of their relative contribution to the
incidence of campylobacteriosis and a quantitative analysis was not undertaken.

This opinion will describe the public health significance of Campylobacter infection in the EU, and
will specifically aim to quantify the relative contributions of different reservoirs and vehicles (see
definitions in Glossary) to human infection, with a special emphasis on broiler meat.

2. Public health significance of Campylobacter

2.1. Reported incidence of campylobacteriosis

In immunologically-naive humans, the symptoms of Campylobacter infection can range from mild,
watery diarrhoea to severe bloody diarrhoea with fever, abdominal cramps and an influx of
polymorphonuclear leucocytes (dysentery-like disease) (van Vliet and Ketley, 2001). Acute infections
may also rarely involve intestinal complications such as appendicitis and colitis, and extra-intestinal
infections, such as bacteraemia, hepatitis, abortion/perinatal infection and haemolytic-uremic
syndrome (Skirrow and Blaser, 2000).

EFSA Journal 2010; 8(1):1437 8
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In 2007, more than 200,000 confirmed cases of human campylobacteriosis were reported by 24 MS,
with an EU notification rate of 45.2 cases per 100,000 inhabitants. Notification rates for 2007 for the
different EU MS are reported in Table 1. The variation in notification rates among MS is large (from
0.5 to 234.6) but the different sensitivities of the reporting systems and microbiological methods
employed by MS will have influenced these figures. As a consequence, comparisons between
countries should be carried out with extreme caution. This is further discussed in Section 2.3.1 of the
opinion.

Table 1:  Campylobacteriosis notification rates (based on reported cases) in humans (per 100,000
population) in the EU in 2007 (source EFSA (2009b)).

MS Rate MS Rate MS Rate
Austria 70.1 Greece n.r. Portugal nr!
Belgium 55.8 Hungary 57.7 Romania nr!
Bulgaria 0.5 Ireland 43.7 Slovakia 62.7
Cyprus 2.2 Italy 1.1 Slovenia 56.1
Czech Republic 234.6 Latvia n.r. Spain 114
Denmark 71.0 Lithuania 16.7 Sweden 78.0
Estonia 8.5 Luxembourg 72.5 United Kingdom 95.0
Finland 77.8 Malta 22.3

France 4.8 Netherlands 38.6

Germany 80.3 Poland 0.5

n.r. = not reported
! = no surveillance system in place

Data available for 2007 show an increase of 14.2% (almost 25,000 cases) in reported cases compared
to 2006 (EFSA, 2009b). However, the EU notification rate decreased over the same period from 47.1
to 45.2 per 100,000 inhabitants. This is partly explained by the entry into the EU of two new MS, both
with large populations and low numbers of reported campylobacteriosis cases. With the exception of
Estonia, Hungary, Lithuania, the Netherlands and Spain, all MS reported an increase in the number of
confirmed cases in 2007, compared to 2006, with the largest increases reported in Germany (27.0%)
and the UK (10.9%). The decrease in reported cases between 2005 and 2006 is mainly due to the
decrease in reported cases in two MS (Czech Republic and Germany).

When comparing data at the EU level it should be borne in mind that figures can change due, for
instance, to a variance in surveillance and reporting systems or in diagnostic methods used in one or
more MS. Such changes would not necessarily reflect an overall changing trend throughout the EU.
To facilitate comparisons over different years, Figure 1 indicates the number of campylobacteriosis
cases for nine EU MS that consistently reported during the period 1999-2007.

In five European countries (Iceland, Norway, Sweden, Denmark and the Netherlands), the long term
de-seasonalised trend for domestic campylobacteriosis during the period 1997-2007 has been studied.
For Denmark, Sweden and Iceland, there was a steadily decreasing trend in the period from
1999(Iceland) - 2001(Denmark/Sweden) to 2007, but for Norway the trend was steadily increasing
throughout the period and in the Netherlands there was no obvious trend (Jore et al., 2009). In
England and Wales reported cases of campylobacteriosis in humans showed an increasing trend from
1989 to 2000 when there were over 58,000 cases. The incidence then decreased until 2006 (at almost
47,000 cases) and increased again in 2007 (at almost 52,000 cases)’.

® Source: Health Protection Agency website, figures reported from diagnostic laboratories to the HPA’s local and national
surveillance.

EFSA Journal 2010; 8(1):1437 9



> .efsam

European Food Safety Autharity Campylobacter in broiler meat — Source attribution
194

200000

150000

100000 -
B Cases

50000 -

1999 2000 2001 2002 2003 2004 2005 2006 2007

Figure 1: Campylobacteriosis cases in nine EU MS consistently reporting in the period 1999-2007
(Austria, Denmark, Finland, Germany, Ireland, Spain, Sweden, the Netherlands and the
United Kingdom).

In the EU, reported food-borne outbreaks of campylobacteriosis are rare and outbreak-related cases
represented around 2% of the total reported campylobacteriosis cases in 2004 and around 1% in 2005
and 2006 (EFSA, 2005a, 2006, 2007). In 2007 cases linked to verified outbreaks represented only
0.12% of the total reported campylobacteriosis cases, but this figure is not comparable with previous
years due to a recent change in the reporting system (EFSA, 2009a). Because the identification of
minor outbreaks is difficult, these figures may under-report the true incidence. For example, a number
of sporadic cases of campylobacteriosis might actually represent unidentified household outbreaks.
Household outbreaks are the most common type of Campylobacter outbreaks and comprise 3-5% of
infections in Denmark (Ethelberg et al., 2004) and in Wales (Ribeiro and Frost, 2000). In two-thirds
of household-associated outbreaks in one region of south Wales (Ribeiro and Frost, 2000) the patients
involved were infected with an identical strain, as defined by sero- and phage-typing. Food vehicles,
such as chicken liver pate (Forbes et al., 2009) may be contaminated with several strains, resulting in
multiple-strain outbreaks, which would hinder the identification of individual outbreaks. Further
information on outbreaks is given in Section 5.2 of this opinion.

Data related to Campylobacter species distribution in human campylobacteriosis cases are limited.
Most laboratories do not routinely speciate clinical Campylobacter isolates, nevertheless, expert
opinion worldwide indicates that about 80-90% of isolates are C. jejuni and 5-10% C. coli
(Nachamkin et al., 2000). In 2007 in the EU, the Campylobacter species most frequently identified in
isolates was C. jejuni (44.3%) followed by C. coli (2.7%); other Campylobacter species were
aggregated and represented 6.9% of isolates. The remaining isolates (46%) were unspeciated (EFSA,
2009b). Overall data collected in the two previous years were similar (EFSA, 2006, 2007), however,
there were significant variations between MS in the proportion of human isolates speciated.

2.2. Factors influencing campylobacteriosis epidemiology

Several factors are known, or are hypothesized, to have an impact on the epidemiology of human
campylobacteriosis. The main factors are briefly reported below.

221 Age

Within the whole EU, in 2007, children under the age of 5 had the highest notification rate,
representing 120 campylobacteriosis cases per population of 100,000. The rates for other age groups
varied between 32 (age group 45-64 years) and 53 (age group 15-24 years) cases per 100,000

EFSA Journal 2010; 8(1):1437 10
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population. Data reported for 2007 were similar to those reported for 2006, 2005 and 2004 (EFSA,
2005a, 2006, 2007, 2009b).

Country-specific information on trends within the EU is scarce. However available data from England
and Wales from 1990 to 2007 (Gillespie et al., 2009) indicate that the proportion of cases reported for
patients of different age groups has slowly changed with a general decline in campylobacteriosis in
young children under the age of 9 years, while older groups, and in particular the over 60 year olds,
have seen an increase in infection over the last 10 years (see Figure 2).

160

140 -

iy
N
(=]

100 -

No. cases/100,000 population
3 8

I
o
i

20 4 —0-0y =——10-10 ==——20-20 ==——30-30 40-49
—50-59 60-69 ——70-79 >80

0 . T T . T T T T T T T . T T . .
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

Figure 2: Incidence of laboratory-reported campylobacteriosis, England and Wales, by age group,
1990-2007 (Gillespie et al., 2009).

2.2.2. Season

Season correlates with the number of reported campylobacteriosis cases to a variable extent
depending on the geographical area. According to EU-wide data in 2007 a higher number of
campylobacteriosis cases were reported during the summer months (from June to August) (EFSA,
2009b). Similar observations were made in previous years.

In Northern Europe (Iceland, Norway, Sweden, Finland, Denmark and the Netherlands), a seasonal
summer peak is consistently seen (peak month July or August) for domestic human cases. The peak is
most pronounced for Finland, followed by Iceland and Denmark, while the Netherlands has the least
pronounced peak (data from 1990-2007) (Jore et al., 2009). A previous study (Nylen et al., 2002), also
reported similar peaks in late spring or summer in several northern European countries, as well as in
New Zealand. Based on data collected over several years during the 1990s, Wales had the earliest
peak of positive human cases occurring at the end of May, followed three weeks later by Scotland and
five to seven weeks later by the Scandinavian countries (Finland, Denmark, Sweden). In New Zealand
the pattern was different, with the peak period more variable from year to year and a more prolonged
summer increase.

In a comparative study (Kovats et al., 2005) of southern European countries, a seasonal peak in
campylobacteriosis cases was barely seen (Spain), or was more apparent in spring than summer
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(Greece, Malta), though summer peaks occurred to a greater extent in Scotland, England and Wales,
Ireland, the Czech Republic, Switzerland, Denmark and The Netherlands.

A recent study in the Netherlands investigating regional and seasonal differences in the incidence and
antimicrobial resistance of Campylobacter (van Hees et al., 2007) indicated an inverse relationship
between the seasonal campylobacteriosis summer peak and the levels of fluoroquinolone and
macrolide resistance in Campylobacter. One possible explanation is that different sources of
Campylobacter (e.g. swimming water) predominate during summer, and are associated with lower
rates of antimicrobial resistance.

2.2.3. Travel and food trade

The origin of zoonosis cases reported in MS (i.e. cases acquired domestically versus cases acquired
abroad) is indicated in the annual EFSA/ECDC Community Summary Report. In 2007, 61.6% of
confirmed campylobacteriosis cases were reported as domestic, 6.8% as imported and the remainder
(31.6%) as of unknown origin. Imported cases in 2007 decreased compared to 2006 (8.5%) and 2005
(8.0%) and fewer cases were reported as of unknown origin. The association between travel and
campylobacteriosis is unknown for the majority of cases in 8 MS and 1 non-MS™ (EFSA, 2009b).
Because the number of MS reporting such data has varied over the years (i.e. 13 MS in 2005, 21 in
2006 and 23 in 2007) then these trends may not reflect the real situation (EFSA, 2006, 2007, 2009b).

The ratio of domestically acquired to imported cases varies depending on the country. In 2007, Nordic
countries reported a high proportion of cases associated with foreign travel (Sweden 65.3%, Finland
56.6% and Norway 51.0%) while this proportion is less than 10% in most MS in other regions.

A detailed study in Sweden (1997-2003) examined specific risk factors for 28,704 travel-associated
cases of campylobacteriosis, which represented 54% of all notified cases (Ekdahl and Andersson,
2004). Relative risks were highest for travellers to the Indian subcontinent, and other parts of Asia,
and to Africa. The highest absolute numbers of cases were associated with travel to Thailand, Spain
and Turkey. In total, 10,988 cases (38%) were associated with travel within Europe, which seemed to
be the main travelling destination of Swedish travellers, and an additional 3,260 with travel to the
Eastern Mediterranean. Hence, up to 50% of all travel-associated cases of campylobacteriosis in
Sweden were related to travel within the EU.

In the UK, as part of a sentinel surveillance project, linked microbiological and epidemiological data
were obtained from 7,360 patients infected with C. jejuni. 1,444 of these cases (20%) reported travel
outside the UK in the two weeks before the onset of illness (Charlett et al., 2003). Travel in most EU
countries had the same relative risk as travel in the UK but travel to Africa, Asia, the Pacific (other
than New Zealand) and central/south America had a very high risk (over 10 fold) of
campylobacteriosis. It is notable that travel to New Zealand only constituted a 3 fold increased risk of
disease. In a more recent case-control study 24% of cases travelled abroad in the previous 14 days
compared with 11% of controls (Tam et al., 2009).

Antimicrobial resistance patterns may also provide some insight into the impact of travel and the food
trade on the exposure to Campylobacter. In countries with a very low usage of fluoroguinolones in
poultry (Denmark and Norway) studies have shown a low proportion of fluoroguinolone-resistant
Campylobacter among domestically-acquired campylobacteriosis cases and among domestic poultry.
In comparison, travel-related campylobacteriosis cases had a high proportion of fluoroquinolone
resistant strains (Charlett et al., 2002; Helms et al., 2005; Norstrom et al., 2006). These findings might
also indicate that in these countries domestic cases are mainly caused by domestically-produced food

19 Belgium, Bulgaria, Denmark, France, Ireland, Italy, Slovenia, the United Kingdom and Liechtenstein.
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or other domestic sources and that imported food or patients returning from abroad play a minor role
as sources for Campylobacter infection.

In conclusion, although many MS report travel-related cases separately from domestic cases, reporting
differs between MS and the proportion of travel-related cases varies between countries. Travel is
overestimated as risk factor, in particular due to the fact that no correction is made for observations in
healthy controls. Furthermore, a large proportion of such cases is related with travel within the EU,
and would be preventable by EU-wide control measures.

2.2.4, Strain variation

The mechanisms by which C. jejuni and C. coli cause disease symptoms in humans are unknown.
There is no obvious difference in the clinical presentations by C. jejuni or C. coli, suggesting that
mechanisms of pathogenicity are common to both species. The invasive potential of C. jejuni and C.
coli is well-recognised from in vitro and in vivo experimental models. Invasion would account for the
rare extra-intestinal infections, including bacteraemia and abortion, as well as the dysentery-like
symptoms experienced by some patients. Invasiveness can vary between strains (Fearnley et al., 2008)
but in general the invasiveness of campylobacters in vitro is poor compared with other enteric
invasive bacteria. Nevertheless, several potential virulence genes associated with the adherence to and
invasion of mammalian cells have been reported. The role of toxins in campylobacteriosis is
undetermined (Wassenaar, 1997). Certainly the watery-like diarrhoea experienced by many patients is
consistent with enterotoxin expression and several toxin-like activities have been described in
Campylobacter. The genome sequences of these organisms have only identified the cytolethal
distending toxin (CDT) as a known potential virulence factor in C. jejuni or C. coli. The cdtA, B and
C genes are highly conserved in C. jejuni but have variable active expression, and even no expression,
as a result of multiple naturally-occuring mutations (Abuoun et al., 2005). Consequently the
expression of CDT has no obvious association with clinical disease and its importance in virulence
remains unknown. Thus it seems that the classical mechanisms of bacterially-mediated diarrhoea are
not clearly defined in Campylobacter. Several alternative mechanisms have been suggested. In
particular the stimulation of host immmunopathological events via proinflammatory cytokine
expression may result in disruption of the integrity of the intestinal mucosa and cause fluid
accumulation (van Vliet and Ketley, 2001).

The major hindrance to identification of the virulence mechanisms of campylobacters is the absence
of an appropriate animal model of disease (Newell, 2001). Most laboratory model animals challenged
with campylobacters become temporarily, but asymptomatically, colonised. More exotic models using
non-human primates, gnotobiotic or specific-pathogen-free (SPF) piglets or even ferrets are reported
to become diseased but these models may demonstrate variable symptoms, poor reproducibility in
other laboratories or be ethically unacceptable (Newell, 2001). Certainly such models would be
unsuitable for screening large numbers of mutants to detect defined virulence factors.

Despite the lack of firm evidence, the huge genetic diversity within both C. jejuni and C. coli
populations, which will be discussed later (see Section 4.1), strongly indicates that not all strains can
be considered equally pathogenic. Moreover, the physiological status of the organism at the time of
human exposure, i.e. whether it was environmentally stressed by factors such as atmospheric oxygen,
dehydration or nutrient deprivation, may also have an effect on virulence potential. If certain strains
are less pathogenic than others then this could potentially influence epidemiological and source
attribution studies.

2.2.5.  Host immunity

Individuals exposed to and colonized by Campylobacter develop both systemic and cellular specific
immune responses. These responses may confer protective immunity from subsequent exposure and
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enhance resistance to colonization and/or disease. Acquired immunity is generally accepted to be an
important factor in the epidemiology of campylobacteriosis. In the developing world symptomatic
infection is primarily restricted to children under two years of age. In the industrialized world,
children under five years of age also have the highest incidence of disease but healthy adults can also
develop campylobacteriosis. This is interpreted that regular exposure can confer protective immunity.
Serosurveillance suggests that even in developed countries the majority of Campylobacter infections
are asymptomatic, consistent with acquired immunity. In epidemiological studies on
campylobacteriosis, immune status has not been taken into account which could lead to the
misclassification of healthy persons as unexposed, and in risk assessment studies, health risks may be
overestimated if immunity has been ignored (Havelaar et al., 2009).

In addition to acquired immunity, innate immunity may also affect susceptibility to infection and
disease. This would be a consequence of host genetic complement and largely independent of
previous exposure. Our knowledge in this area is poor; such factors have been recently reviewed
(Doorduyn et al., 2008; Havelaar et al., 2009; Janssen et al., 2008).

2.2.6. Demographic factors

The influence of demographic factors (other than age) on the exposure patterns and hence the risk of
human campylobacteriosis is unclear but various studies have indicated that ethnicity, urban/rural
location and socio-economic status may all affect the epidemiology of this disease.

In the UK sentinel surveillance project (Gillespie, 2003) ethnicity was a specific risk factor for
Campylobacter infection. The Pakistani community was at greater risk (almost 2 fold) of
Campylobacter infection than the White community. In contrast the Indian and Black communities
were at lower risk than the White community, while the risk in the Chinese community was no
different from the other ethnic groups. Epidemiological differences between Pakistani and White
cases were identified; in particular young Pakistani infants displayed a developing world
epidemiology even though they had not travelled abroad.

It has been demonstrated that in the Grampian region of Scotland (Strachan et al., 2009) children (<5
years old) are 1.6 times more likely to present with campylobacteriosis than their urban counterparts
and similar results have been obtained in a registry based population study in Denmark (Ethelberg et
al., 2005). However, urban-rural differences for adult populations were not observed. A recent study
in New Zealand (Mullner, 2009) also found that, particularly in the case of young children, cases in
urban areas were more likely to be infected with poultry-associated sequence types (STs), while cases
in rural areas were more likely to be infected with ruminant-associated STs.

Campylobacter has also been reported to have higher incidence in wealthy populations (e.g. in
Denmark (Simonsen et al., 2008)) and the converse is true for deprived groups (e.g. in
Gloucestershire (O'Neill et al., 2004)). It is unclear whether this difference is due to variation in
reporting rates or differences in exposure to Campylobacter between different socioeconomic groups.

2.3. Burden of campylobacteriosis

2.3.1.  Surveillance pyramid reconstruction

As previously addressed by EFSA in the scientific opinions on “A quantitative microbiological risk
assessment on Salmonella in meat: Source attribution for human salmonellosis from meat” (EFSA,
2008b) and on “Quantitative estimation of the impact of setting a new target for the reduction of
Salmonella in breeding hens of Gallus gallus” (EFSA, 2009f), most ongoing surveillance schemes for
food-borne disease depend upon symptomatic patients consulting with, or presenting to, a primary
care physician. Without this step the illness is unlikely to be recorded in any official statistics. The
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loss of data at various points along the surveillance chain from patient, through laboratory tests, to
official statistics is generally described as a pyramid. Disease in the community forms the base of the
pyramid while those cases that reach official statistics form the apex. Surveillance systems
“eavesdrop” on the healthcare system, and their organisation in MS varies considerably. For example,
the surveillance system in the UK is highly centralised whilst those in MS like Germany and Spain are
highly federalised. How differences in the organisation of surveillance might impact on reporting
efficiency has not been investigated in a systematic way across the EU. It is likely that there is
considerable variation in reporting efficiency across MS.

There have been relatively few attempts to calibrate Campylobacter surveillance data at national
surveillance institutes, but some researchers have attempted to equate disease in the population to the
data that appears in official statistics. In a three year study of infectious intestinal disease (I1D) in the
UK in the mid 1990s the investigators determined that for every laboratory-confirmed case of
campylobacteriosis reported to national surveillance, 7.6 cases occurred in the community (Wheeler et
al., 1999). This means that national statistics on laboratory-confirmed cases in England need to be
multiplied by 7.6 in order to more accurately describe the community burden of campylobacteriosis.
Since the mid 1990s there have been several changes in the surveillance of 1ID in the UK. The result
of these changes is unknown. The IID study is currently being repeated in the UK and it will be
interesting to determine if changes in the reporting pyramid are observed.

There are few similar examples from other EU countries on community-based studies. ECDC has
recently launched a “call for tender” on a literature review of the factors affecting comparability of
food-and waterborne disease incidence rate estimates based on notification data.

In Australia, the reported rate of campylobacteriosis is approximately nine-fold higher than in the
USA. This difference cannot be explained by variations in the respective surveillance pyramids (Vally
et al., 2009). Moreover the adjusted incidence rates indicate that reported rate should actually be
twelve times higher in Australia compared to the USA.

Recent seroepidemiological studies suggest that many people have circulating antibodies to
Campylobacter without obvious disease. This has been interpreted to indicate that a large proportion
of the population are exposed to the organism, and may be colonized, without becoming ill. Havelaar
et al. (2009) estimate that in the UK and in the Netherlands, only 1 out of approximately 100
infections leads to clinical illness. Ang et al. (2007) demonstrated an increasing incidence of sero-
prevalence for anti-Campylobacter 1gG antibodies in a representative sample of the Dutch population
(De Melker and Conyn-van Spaendonck, 1998). There was a linear increase of seroprevalence to
virtually 100% in young adults (20-29 years of age), which was maintained in higher age groups.
Back-calculation of these results indicated frequent exposure to Campylobacter is necessary to
maintain this high level of sero-positivity. Recent data from the Work Package 32 of the Med-Vet-Net
Network of Excellence (Falkenhorst, 2009) suggest that in seven MS (Finland, Denmark, the
Netherlands, Italy, Romania, France and Poland), the sero-incidence varies between 600 and 900
infections per 1000 persons per year. There was little variation between MS, in contrast to results for
Salmonella where the sero-incidence differed approximately 10-fold between MS with lower
incidence rates in Nordic countries compared to continental Europe. There was no correlation
between sero-incidence and laboratory-confirmed cases of campylobacteriosis. The relationship
between circulating antibodies and immune protection is, as yet, unknown. Nevertheless, similar
infection rates are suggested by risk assessment studies in which exposure to Campylobacter by all
sources was modelled (Evers et al., 2008). Combining all information leads to a reconstruction of the
surveillance pyramid in the Netherlands, as shown in Table 2.
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Table 2:  The surveillance pyramid of campylobacteriosis in the Netherlands (Havelaar et al.,

2009).

Cases Incidence Background information
(per 100,000 person years)

Fatal 0.15-0.30 Extrapolation from Danish registry-based study
Hospitalized 3.5-4.0 Laboratory surveillance
Reported 35-45 Laboratory surveillance
Consulting 90-150 GP-based study (NIVEL)
general practitioner
Non-consulting 400-600 Population-based study (Sensor)
Asymptomatic, 10,000-20,000 Sero-surveillance
Sero-conversion
Asymptomatic, infected 40,000-60,000 Risk assessment model

At the EU-level, the underascertainment ratio is expected to range between 10 and 100 in different
MS. This would imply that in the EU27 (population on 1* January 2007 was around 500 million), the
approximately 200,000 reported cases would translate into not less than 2 million and possibly as high
as 20 million cases of clinical campylobacteriosis per year. A similar range of 2-5 million cases per
year is suggested by the serosurveillance studies.

2.3.2.  Sequelae and mortality

The main outcome of Campylobacter infection is acute enteritis. However, there may be sequelae
following (recovery from) the acute symptoms including Guillain-Barré syndrome (GBS), reactive
arthritis, irritable bowel syndrome, and inflammatory bowel disease (Gradel et al., 2009; Havelaar et
al., 2000; Helms et al., 2003; Mangen et al., 2005; Smith and Bayles, 2007). Excess mortality after
acute Campylobacter gastro-enteritis has also been documented (Helms et al., 2003). An analysis of
all published evidence in this area indicates that C. jejuni infection precedes GBS onset in 20-50% of
cases (Jacobs et al., 2008) and that the incidence of GBS per 100,000 population is 0.6-1.9. The
combined impact of these different outcomes of infection can be quantified using integrated health
metrics such as Disability Adjusted Life Years (DALYS).

In the Netherlands, Campylobacter causes the largest burden of seven food-borne pathogens, followed
by Salmonella and Toxoplasma"'. For Campylobacter, the largest contribution to the burden is from
complications, in particular GBS. Mortality also causes a relatively high burden, while the
contribution of acute gastroenteritis is relatively low (Molbak and Havelaar, 2008). Recent work
(Haagsma et al., submitted for publication) suggests that approximately 9% of all enteritis cases go on
to develop (post-infectious) irritable bowel syndrome (PI-IBS). This would imply approximately
7,000 new cases per year in the Netherlands, and would explain 10% of the total prevalence of
formally diagnosed IBS. Although there are few data on the severity and duration of PI-IBS, it was
estimated that PI-IBS doubles the total burden of Campylobacter-associated illness in the
Netherlands, from approximately 1,600 to 3,000 DALYSs per year. The costs of campylobacteriosis
and sequelae (excluding IBS) in the Netherlands (80,000 cases per year, 40 fatal cases) were
estimated at 21 million € per year (Mangen et al., 2005). In Belgium (55,000 cases), the costs were
estimated at 27 million € per year (Gellynck et al., 2008). Extrapolating these estimates would result
in a disease burden of 0.1-1 million DALYSs per year for the EU27 and total costs between 0.5 and 5
billion € per year. The disease burden is mainly due to sequelae, whereas enteritis also contributes to
the cost of illness.

1 See http://ww.rivm.nl/vtv/object_class/kom_voedsel _micro.html
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2.3.3.  Antimicrobial resistance

A joint opinion on antimicrobial resistance focused on zoonotic infections has been issued recently by
ECDC, EFSA, EMEA and SCENIHR (EFSA, 2009d). This document highlights how antimicrobial
resistance has increased worldwide in bacterial pathogens leading to treatment failures in human and
animal infectious diseases and how resistance against antimicrobials by pathogenic bacteria represents
a major concern in anti-infective therapies. The opinion gives an overview of existing knowledge on
antimicrobial resistance, focusing on specific combinations of zoonotic bacteria and antimicrobials
which are regarded as of highest concern for human health. Resistance of Campylobacter to
fluoroquinolones and macrolides is therefore discussed on the basis of the burden of human
campylobacteriosis and of the high importance of these two antimicrobial classes. Among other
aspects, the opinion summarises the available knowledge in relation to the exposure of humans to the
resistance through food. With regard to fluoroquinolone resistance in Campylobacter, broiler meat
has been shown by several studies to represent one of the main risk factors.

Many studies have shown that fluoroquinolone resistance in campylobacters from humans follows the
usage of fluoroquinolones in food animals and the corresponding build-up of resistance among
campylobacters from food animals (Endtz et al., 1991; Nachamkin et al., 2002; Thwaites and Frost,
1999). Approval and use of fluoroquinolones in poultry followed by increases in fluoroquinolone
resistance in Campylobacter spp. from poultry and from human clinical cases has been shown in The
Netherlands (Endtz et al., 1991; Piddock, 1995), Spain (Saenz et al., 2000; Velazquez et al., 1995),
UK (Kramer et al., 2000; Threlfall et al., 1999) and the US (FDA, 2001; Smith et al., 1999).

As indicated above (see Sections 2.2.2. and 2.2.3.), it seems that antimicrobial susceptibility patterns
and information on the genetic background for the resistance might provide useful data when
establishing hypotheses on sources of human infection, although this has not been systematically
explored.

3. Human illness source attribution methods

A variety of general approaches to attribute food-borne diseases to specific sources are available,
including microbiological and epidemiological approaches, intervention studies, and expert
elicitations (EFSA, 2008a; Pires et al., 2009), as summarised in Table 3.

Table 3:  Methodologies for attribution of human illness to specific sources

Approaches Methods
Microbiological approaches Microbial subtyping

Comparative exposure assessment
Epidemiological approaches Analysis of sporadic cases

Analysis of data from outbreak investigations
Intervention studies
Expert elicitation

Human illness source attribution can take place at different points along the food chain (points of
attribution), including at the level of reservoir, distribution and exposure. Because pathogens that
cause food-borne disease may enter the food distribution chain at different points, the burden of
illness caused by one disease attributed to specific sources may vary, depending on the point along the
food chain at which the approach focuses. For example, attribution of Campylobacter infections may
partition more illness to chicken at the point of production (reservoir) than to broiler meat at the point
of consumption, since other foods, e.g. raw vegetables, may be cross-contaminated with the pathogen
during processing or preparation in the kitchen. Some of the source attribution approaches work
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primarily at one point in the food chain (e.g. epidemiological approaches work primarily at the point
of exposure), while other methods (e.g. expert elicitation approaches) can be more generally applied.
The method for source attribution chosen, and consequently the point of attribution, will depend on
the availability of data and the risk management question being addressed.

Attribution of human illness to specific sources requires categorization of the sources. Harmonization
of the categorization schemes is required for comparisons and integration of results from various
models and approaches. The main reasons for this requirement include (1) the categorization of
sources often varies according to the source of the data (e.g. the collection and compilation of data
from different institutions and different countries); (2) data may correspond to different points of the
transmission chain, describing the reservoir, processing or exposure levels (a source at the reservoir
level will often include several sources/routes of exposure in the processing or exposure level); and
(3) integration of source attribution approaches and comparison of results from different methods are
often used to overcome the limitations of the approaches and improve our knowledge on the most
important sources of a specific pathogen. A categorization system should be hierarchical, while
accommodating different levels of detail required for different purposes. Furthermore, the
categorization schemes should agree with existing international animal-data and food-consumption
databases. Exposure to pathogens commonly transmitted through foods can be categorized in five
main groups: food-borne, contact with animals, environmental, person-to-person, and travel (i.e.
exposure to any of these sources outside the country of residence, see also Section 2.2.3).

To identify sources and evaluate trends of food-borne disease, it is imperative to distinguish between
sporadic cases and outbreak-associated cases. In some circumstances, cases classified as sporadic may
belong to undetected outbreaks. The relative contribution of each food type to sporadic and outbreak-
associated disease may differ, and extrapolation from the outbreak situation to sporadic disease
should be made with care. Certain vehicles may be more likely to be implicated in outbreaks than
others, especially if investigators preferentially collect data on the types of food perceived as high
risk, or when laboratory methods vary in sensitivity according to food type. A systematic vehicle
detection bias might underestimate the contribution and risks attributable to foods less commonly
implicated in outbreak investigations, e.g. salad items, fruits, or background ingredients such as herbs
and spices. In addition, it is important that large outbreaks are detected.

4.  Attribution through microbiological approaches
4.1. Microbial subtyping

4.1.1. Methodology

The use of microbial subtyping is a major approach to attribution of infectious diseases including
gastroenteritis (Batz et al., 2005; Havelaar et al., 2007). The principle of the microbial subtyping
approach is to compare the subtypes of isolates causing human disease with the distribution of the
same subtypes isolated from different sources (e.g., animals, food). The microbial subtyping approach
involves characterization of isolates of a pathogen by phenotypic and/or genotypic subtyping methods
(e.g. serotyping, phagetyping, antimicrobial susceptibility testing, pulsed-field gel electrophoresis
(PFGE) or sequence-based subtyping, such as multi-locus sequence typing (MLST)). Ideally
attribution would be most reliable when the particular subtypes from each source were unique to that
source. Then human infections caused by subtypes found in several sources could be assigned to
specific sources proportional to the occurrence of the indicator subtypes. The method also works with
the less restrictive assumption that different sources harbour different distributions of subtypes. In
combination with the availability of substantial data on the distribution of subtypes in different
sources and incidence by subtype in humans it has been possible to estimate the source of human
infections probabilistically with regard to food animal species and whether domestically produced or
imported. The application of this approach assumes that the distribution of subtypes in the collection
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of isolates in each source is representative of the true distribution of subtypes in each source. Because
the microbial subtyping approach utilizes a collection of temporally and spatially related isolates from
various sources, it is facilitated by an integrated food-borne disease surveillance programme that is
focused on the collection of representative isolates from the major food animal reservoirs of food-
borne diseases as well as isolates representative of the human cases.

Inclusion of information regarding exposure to the source, differential virulence and survival rates in
the food chain may improve the quality of the results (Hald et al., 2004). It is also important to obtain
information about the number of travel and outbreak-related cases so that they can either be removed
from the analysis or dealt with in a different manner (EFSA, 2008a).

A feature of the microbial subtyping approach, which can be a limitation, is that it identifies the
original (typically zoonotic) source and does not usually help in assessment of the route of infection,
such as cross-contamination during processing.

4.1.2.  Campylobacter attribution using subtyping

Studies have been mostly performed on C. jejuni. Compared to Sa/monella, until recently, no similar
success has been reported with Campylobacter subtyping despite extensive work using a wide range
of subtyping approaches.

Although there has been a clear progression from phenotyping to non-sequence genotyping to
sequence-based subtyping, all methods continue to be used. Phenotyping studies have identified that
human isolates are more closely related to those from farm animals than wild animals (Devane et al.,
2005; Garrett et al., 2007), with one identifying most similarity with isolates from broilers, albeit this
effect was small (Rosef et al., 1985). Difficulties in the reproducibility and standardisation of
phenotyping (Frost et al., 1998; Hanninen et al., 1999), the presence of a high proportion of untypable
isolates (Wassenaar and Newell, 2000) and evidence that phenotype is not linked to other more robust
measures of relatedness (Hopkins et al., 2004) have contributed to a general decline in the application
of phenotypic methods. Among the non-sequence-based genotyping methods, PFGE and amplified
fragment length polymorphism (AFLP) are the two that have been most widely applied to source
attribution. Studies in Sweden and Denmark on PFGE subtypes indicated that human isolates are
more closely linked to those from chickens (and in particular broilers) than from wild birds or
mammals (Broman et al., 2002; Broman et al., 2004; Petersen et al., 2001). Although PFGE can be
standardised, this requires substantial resources (Gerner-Smidt et al., 2006; Ribot et al., 2001) and is
not generally done. The consequence is that it is not possible to combine the data from the above
PFGE studies for joint analysis. Five AFLP studies have assessed host association and possible
sources of human infection but there is little evidence for the capacity of this method to predict source
(Duim et al., 1999; Hopkins et al., 2004; Schouls et al., 2003; Siemer et al., 2004; Wieland et al.,
2006).

Recently, with the availability of Campylobacter genome sequences, microarray approaches have
been developed. One such study identified livestock and non-livestock clades with most human cases
fitting into the livestock clade (Champion et al., 2005). This study lacked an adequate sample for non-
human isolates, used an array based mainly on a single genome sequence, and did not take into
account the population structure already identified by sequence-based subtyping methods (Dingle et
al., 2002; Dingle et al., 2001). These microarray observations have not been reproduced by other
complimentary sequence-based studies (Karenlampi et al., 2007). Microarray studies in
Campylobacter-related organisms (i.e. Helicobacter spp.) indicate a lack of congruence with unbiased
sequence-based typing methods using the core genome (Gressmann et al., 2005).

With advances in DNA sequencing technology, sequence-based typing has become a popular
approach. In particular, MLST has been developed as a generic typing method, which has
considerable advantages in terms of reproducibility and portablity. For Campylobacter, MLST
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involves sequencing seven gene fragments (Dingle et al., 2001; Maiden, 2006; Maiden et al., 1998).
These gene fragments have been chosen to allow (1) the subtyping of all isolates and (2) the
identification of the genetic relatedness between isolates. The genes chosen code for essential
metabolic functions, i.e. they are “house-keeping” genes. This means that they are likely to be present
in all isolates and that they are under stabilising selection, which limits the diversity available from
each gene fragment. Closely-related isolates, sharing identical alleles at several of the loci, are thus
identified as belonging to a particular clonal complex (CC) or even having an identical sequence
subtype (ST) across all seven loci. Isolates identified as belonging to the same CC are very likely to
share a more recent common ancestor than do isolates which are not members of the particular clonal
complex (Maiden et al., 1998; Smith et al., 1993). Further information on the methodology of MLST
and the analysis of the data generated is given in Appendix A.

With increased understanding of the population biology of the organism, some reasons for the
difficulties encountered in Campylobacter subtyping attribution approaches have become clearer.

Firstly C. jejuni is highly diverse. This is demonstrable with every typing method used (Gerner-Smidt
et al., 2006; Ribot et al., 2001) but the degree of diversity has become much clearer using MLST. The
population structure of C. jejuni is termed “weakly clonal”, which indicates that there are some clonal
complexes or lineages in which the isolates are considered to be derived from a common ancestor.
Large collections of isolates have now been subjected to MLST, which has demonstrated substantial
diversity with 4218 unique sequence subtypes (STs) identified in the combined C. jejuni | C. coli
pubMLST database™ (at 25 November 2009). This means that there are many rare subtypes; large
numbers of isolates from each possible source are therefore needed to give an accurate estimate of
their differential distribution. This dataset provides a catalogue of diversity and is not representative
of the distribution of these STs because it may be biased due to individuals submitting solely new
types to PubMLST. The Scottish clinical dataset (Forbes et al., 2009) is a large representative dataset
from human disease. This dataset comprises 5,247 isolates composed of 609 STs. The ten most
common STs comprise 45.7% of the isolates, whilst singletons comprise 7.1% and STs occurring
between two and ten times make up 12% of the dataset. This confirms this picture of substantial
diversity, with many different rare types represented.

Secondly, genetic recombination of chromosomal DNA occurs frequently in C. jejuni (Dingle et al.,
2001; French et al., 2005; Manning et al., 2003; McCarthy et al., 2007; Schouls et al., 2003;
Suerbaum et al., 2001). As a result two isolates which are not closely related can be identical for a
specific genetic region, while two closely-related isolates may be very different for the same region.
This means that subtyping methods for C. jejuni need to measure many characteristics of each isolate
to allow reliable assessment of how closely related isolates are to each other or evaluation of the
probability that two subtypes are the same.

Thirdly, due to recombination between lineages within host species, methods of clustering isolates,
based on identification of those from the same ancestral lineage, may not be efficient in identifying
origin so that analytical approaches considering genes that have been taken up from other lineages
may be needed (McCarthy et al., 2007).

Finally, when attributing the source, other features specific of Campylobacter epidemiology need to
be considered, such as the fact that Campylobacter exposure involves both food-borne and
environmental pathways. This is further complicated by dependence on both the age of individuals in
the human population under study as well as the geographical location in which they live.

The above findings regarding the biology of this bacterial species mean that (1) analyses identifying a
single overall subtype for isolates will not work reliably in determining source; (2) analytical methods

12 See http://pubmlst.org
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that are based on subtypes being identical or from the same lineage will not be efficient and (3) large
reference populations will be needed from each possible source for this bacterial species.

Efficient attribution for C. jejuni therefore requires a subtyping method that is easily standardised so
that data from studies can be combined to build shared sets of reference data. It also requires data that
can be analysed using population genetic approaches that consider both ancestral relatedness and
imported genes. DNA sequencing is inherently standardised and sequencing of multiple genes or gene
fragments has become well established as a method to study the population biology of bacteria
(Maiden, 2006; Maiden et al., 1998) including C. jejuni (Dingle et al., 2001; French et al., 2005;
Manning et al., 2003; McCarthy et al., 2007; Schouls et al., 2003; Suerbaum et al., 2001). The
widespread application of the set of seven gene fragments from a common MLST scheme (Dingle et
al., 2001) has provided substantial data from separate studies that can be analysed jointly. Analytical
approaches have been developed and allow attribution to source based on population genetic
approaches to which multi locus DNA sequence data is particularly suited (McCarthy et al., 2007;
Wilson et al., 2008). These have been applied using data from multiple studies (Sheppard et al.,
2009). Both theory and practice currently support the capacity of an MLST approach to allow
substantially more extensive and robust inference in subtyping based attribution than earlier subtyping
approaches. Sequence subtyping is becoming less expensive so that much more extensive reference
collections of isolates with this amount of sequence data are likely to become available in the short
term. In the longer term (over the coming decade) the reduced cost of DNA sequencing is likely to
lead to many studies generating far more data per isolate than the current standard seven gene
fragments in MLST. Existing work shows that more extensive data will allow improved accuracy of
subtyping (McCarthy et al., 2007). This will complicate the easy joint analysis of data from
investigations which all study the same seven MLST gene fragments. Unlike earlier subtyping
methods, which were not generally backwards-compatible, genetic sequencing and population genetic
approaches allow joint analysis of data where some isolates have additional, sequence information.
Similarly, developments of the database approaches currently used to share MLST data (Jolley et al.,
2004) can support large publicly-accessible isolate collections with much more extensive genetic
sequence data per isolate. The current seven gene MLST and the move to use population genetic
approaches, informed by the biology of C. jejuni to analyse this data (McCarthy et al., 2007; Sheppard
et al., 2008; Wilson et al., 2008), is therefore a step in what should be a more coherent evolution of
the subtyping of C. jejuni.

A detailed description of available phenotyping and genotyping methods and of their application for
source attribution purposes is provided in Appendix A.

4.1.3. Implementation of Campylobacter subtyping methods in the EU

In order to gather data in relation to the subtyping methods implemented in the different countries
throughout the EU and some nearby third countries, EFSA developed a questionnaire survey, results
from which have recently been published (EFSA, 2009e). The questionnaire was distributed to all EU
MSs and to five non-MSs and concerned molecular subtyping methods used for different food-borne
pathogens (i.e. Salmonella, Campylobacter, verotoxigenic Escherichia coli, Listeria monocytogenes
and Staphylococcus aureus) from animals, food and feed.

Regarding the molecular subtyping of Campylobacter in the EU, 19 MS indicated that they perform
molecular subtyping for animals, food and feed isolates, while 6 MS declared that they do not perform
molecular subtyping or that they purchase the service from other countries. In particular, 18 MS
perform the subtyping of animal isolates (4 routinely and 14 occasionally). Similarlyl8 MS perform
the subtyping of food isolates (4 routinely and 14 occasionally).

The origin of the samples varies depending on the countries. Fifteen MS indicated the origin is
official controls, national controls, monitoring programmes or surveys carried out by competent
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authorities. In addition, 13 MS also type isolates in the framework of outbreak investigations and 17
MS type isolates in the framework of research programmes.

Subtyping methods used by the different countries also differ. PFGE was the main method used for
molecular subtyping of Campylobacter isolates, as declared by 12 of the 19 MS, while MLST was
used by 8 MS. Twelve MS also used other molecular methods to subtype Campylobacter isolates.

ECDC is currently carrying out a similar survey with regard to these methods used for subtyping
isolates of Campylobacter from cases of human infection in the different EU MS and the results
should be available shortly.

4.1.4. Modelling attribution approaches based on microbial subtyping

There are five main mathematical modelling approaches that have been developed for attributing
disease on a population level using microbial subtyping. The methods are described in detail in
Appendix B, but below is a brief outline of the techniques (starting broadly from the simplest and
progressing to the most complex), together with results from published studies as well as an
assessment of the relative strengths and weaknesses of each. Table 4 summarises the results from
published studies using modelling attribution approaches based on MLST subtyping.

4.1.4.1. The Dutch Model

The Dutch Model (French and the Molecular Epidemiology and Veterinary Public Health Group,
2008; Van Pelt et al., 2006) is a straight forward way to estimate the attribution of a particular
genotype (e.g. ST) to a reservoir, when the frequency distribution of each subtype is known for each
reservoir. When applied at the ST level this model does not guarantee that all STs will be attributed to
sources. This is because human subtypes which are not found in the animal reservoir cannot be
attributed. However, if genetic information exists at multiple loci (e.g. 7 loci for this study), then the
Dutch Model can make use of the frequency of each individual allele at each individual locus, and
estimate attribution even for STs which are not present in the source population.

The Dutch Model does not take into account the uncertainty in the frequency distribution of
genotypes. Neither does this model consider any information about the exposure of humans to sources
or the viability/virulence of pathogens once they are ingested by humans. The Dutch model has been
used at the ST level to analyse the New Zealand MLST data (French and the Molecular Epidemiology
and Veterinary Public Health Group, 2008). This model attributed 52% of isolates that it was capable
of classifying as originating from poultry.

4.1.4.2. Population STRUCTURE

STRUCTURE (Pritchard et al., 2000) is a Bayesian clustering model designed to infer population
structure and to attribute individuals to population groups. The program readily uses MLST
genotyping data. Each isolate is attributed on the basis of a training dataset consisting of isolates from
known populations. STRUCTURE can be used at the ST or allele levels, it incorporates uncertainty
and takes account of sample size. Hence, in principle, it gives a more realistic estimation of the
attribution to a specific reservoir than the Dutch Model. Also, it can assign human cases that have STs
which are not found in the animal reservoirs. However, it is highly time consuming and does not
explicitly consider any differences in exposure to risk factors/reservoirs or to differing infectivities of
subtypes.

STRUCTURE has been used to attribute clinical Campylobacter strains from Scotland with reservoir
data from the PubMLST database (Sheppard et al., 2009). It reported that 58% and 40% of C. jejuni
and C. coli respectively could be attributed to chicken. A further study into Campylobacter in young
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children in North-east Scotland (Strachan et al., 2009) attributed 43% and 19% of cases to chicken in
urban and rural areas, suggesting that the relative importance of the sources of Campylobacter
infection in young rural children may be different to their urban counterparts. The above results were
obtained by analysis at allele level, which are considered to be more robust than analysis at ST level
(McCarthy et al., 2007).

4.1.4.3. Hald Model

A more advanced application of the microbial subtyping approach was developed in Denmark for the
attribution of human salmonellosis (Hald et al., 2004). Using data from the integrated Danish
Salmonella surveillance programme, a mathematical model was developed to quantify the
contribution of each of the major food animal sources to human Salmonella infections. The “Danish
Salmonella source attribution” model uses a Bayesian framework with Markov Chain Monte Carlo
simulation to attribute sporadic laboratory-confirmed human Salmonella infections caused by
different Salmonella subtypes as a function of the prevalence of these subtypes in animal and food
sources and the amount of each food source consumed. The model takes into account the uncertainty
for all these factors and also includes travel as a possible risk factor.

This microbial subtyping approach has proved to be a valuable tool in focusing food safety
interventions, primarily Salmonella, to the appropriate animal reservoir in Denmark and provides an
example of potential synergy between quantitative risk assessment and public health surveillance
(Hald et al., 2004). The model has also been successfully applied to Sal/monella in a number of
European countries (Pires et al., 2008). Although this is a more advanced model than the others
described above, it is dependent on the amount of data available. Variables relating to bacteria-
dependant factors and host-dependant factors can be estimated more reliably if data from several
years are taken into account (Pires and Hald, 2010).

4.1.4.4. Modified Hald Model

This model is a variation of the Hald Model that has been developed for use with both Sa/monella and
Campylobacter (Mullner et al., 2009a). The modifications include: removal of the food factor
variables, incorporation of the uncertainty in prevalence of the source reservoirs and incorporation of
environmental sources.

This model has been applied to MLST data from Manawatu in New Zealand (French and the
Molecular Epidemiology and Veterinary Public Health Group, 2008) where it was found that 67% of
human cases could be attributed to poultry. This model has advantages over the original Hald model
in that it incorporates uncertainty in reservoir prevalence and also improves identifiability of
variables. However, it does not explicitly incorporate exposure and operates at the ST level only so
that human subtypes absent from the source reservoirs cannot be attributed.

4.1.4.5. Asymmetric island (Al) model

The Asymmetric Island Model (Wilson et al., 2008) incorporates a Bayesian approach and uses the
allelic profile of the sequence subtypes to reconstruct the genealogical history of the isolates. The host
populations are considered to exist on separate “islands” (e.g. the island sheep). Mutations and
recombination occur on each island. Migrations from between each reservoir (island) and into the
human population are used to estimate the degree of attribution to each source.

This model has been applied to MLST data from England, Scotland and New Zealand where 56.5%,
78% and 75% of human cases were attributed to poultry respectively.
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The Al model incorporates recombination and mutation, uses MLST data at the allele level and
achieves relatively high values for self attribution. However, the model appears to be complicated and
the current explanations of its operation are difficult to comprehend. The Al model assigns each
human case to the potential source populations on the basis of DNA sequence similarity. By
comparing human isolates to a panel of reference sequences of known source (e.g. cattle, sheep,
chickens, pigs, wild birds and the environment), each human case can be assigned a probability of
originating in each source population. The source attribution probabilities are calculated using a
statistical model of the way the DNA sequences evolve in the populations of bacteria. In the statistical
model, there are parameters representing the processes of mutation, DNA exchange between bacteria
(recombination or horizontal gene transfer) and zoonotic transmission between populations. These
processes lead to differences in gene frequencies between the source populations, facilitating source
attribution. The model can be trained, by estimating the parameters exclusively from the sequences of
known source, before using it to calculate source attribution probabilities for human sequences.

4.1.4.6. Self attribution in source attribution modelling

A key performance factor of these models can be termed “self attribution”. This is the average
percentage accuracy that any given isolate from a reservoir can be correctly attributed back to its
reservoir. This can be performed in a number of ways. However, one simple approach is to use a
jacknife method to predict the source of an isolate that was unknown to the model and known to the
user. This is then repeated for all the source isolates a number of times (e.g. up to 10,000) so that an
average, and confidence intervals, can be calculated. Self attribution ranges between 62-97% for
between 5-7 hosts for the asymmetric island model (Sheppard et al., 2009; Wilson et al., 2008) and
38-70% for STRUCTURE (Sheppard et al., 2009). Note that by chance you would expect a correct
self attribution of 20% and 14% for 5 and 7 sources respectively. The poorest self attribution in these
methods is environment, which is likely to contain isolates from a number of hosts. These data
demonstrate that there are differences in the frequencies of MLST types between hosts and that this
information can be used for source attribution.
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Table 4:  Summary of published studies using MLST subtyping for source attribution
Attribution Source Animal Clinical Species % Attribution % Attribution to Other Comments Reference
Model Dataset Dataset to chicken Sources
Asymmetric 1145 isolates from 1255 from NW  C. jejuni 56.5 35.0 (cattle) (Wilson et al., 2008)
Island 10 previous studies England; Jan 4.3 (sheep)
2000 till Dec 2.3 (wild animals)
2002 1.1 (environment)
Population 5247 from Scotland 999 From C. jejuni 58 38 (ruminants) (Sheppard et al.,
structure July05 to Sept06 Scotland and 4 (wild bird & 2009)
(9.6% C. coli) 3419 from environment)
PubMLST
Asymmetric As above As above C. jejuni 78 38 (ruminants) (Sheppard et al.,
Island 4 (wild bird & 2009)
environment)
Population As above As above C. coli 40 40 (sheep) (Sheppard et al.,
structure 14 (cattle) 2009)
6 (pigs)
1 (turkey)
Asymmetric As above As above C. coli 56 40 (sheep) (Sheppard et al.,
Island 2 (cattle) 2009)
<1 (pigs)
<1 (turkey)
Population 680 225 from rural C. jejuni and 19 42 (cattle) Rural children (Strachan et al.,
structure contemporaneous children in C. coli 24 (wild birds) <5 years 2009)
isolates from Grampian 12 (sheep)
Scotland 2000-06 3 (pigs)
Population As above 85 from urban C. jejuni and 43 35 (cattle) Urban children (Strachan et al.,
structure children in C. coli 6 (wild birds) <5 years 2009)
Grampian 15 (sheep)
2000-06 1 (pigs)
Modified Hald 793 isolates 481 from C. jejuni 80 10 (cattle) (Mullner et al.,
Manawatu, 9 (sheep) 2009a)
New Zealand 4 (environment)
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Dutch Model 521 isolates As above C. jejuni 52 17 (cattle) (French and the
10 (sheep) Molecular
5 (wild bird) Epidemiology and
11 (water) Veterinary Public
Health Group, 2008)
Modified Hald 521 isolates As above C. jejuni 67 23 (cattle) (French and the
Model 8 (sheep) Molecular
1 (wild bird) Epidemiology and
<1 (water) Veterinary Public
Health Group, 2008)
Island Model 521 isolates As above C. jejuni 75 17 (cattle) (French and the
4 (sheep) Molecular
2 (wild bird) Epidemiology and
<1 (water) Veterinary Public

Health Group, 2008)
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4.2. Comparative exposure assessment

As discussed in the EFSA scientific opinion on “Overview of methods for source attribution for
human illness from food borne microbiological hazards” (EFSA, 2008a), a recent development in
attribution methods is the application of risk assessment methodologies to quantify exposure to
pathogens from a multitude of sources. Current methods estimate exposure per person per day,
averaged over a specified population (e.g. all inhabitants of one country). Exposure is estimated
separately for all relevant specific sources that can be part of categories such as food, animal contact
and environment. Results of all exposures can be accumulated to calculate the total exposure (and to
produce a risk estimate) or can be ranked to identify the most significant sources of exposure.

An example of the approach is a Dutch exposure assessment for Campylobacter spp. (Evers et al.,
2008). These authors estimated the mean dose of Campylobacter ingested per person per day
averaged over the entire Dutch population by different routes including consumption of food (animal
or vegetable origin; raw or prepared), direct contact with animals (pets, farm animals and petting zoo
animals) and water (swimming in or drinking water). Thirty-one routes related to these categories
were investigated. Approximately two thirds of the average exposure was related to direct contact
with animals, whereas only one third was related to food. Surface water contributed only 1% to the
total exposure. Within the food routes, raw or partly cooked foods (chicken liver, milk, herring, and
vegetables) were the major sources of exposure, with chicken meat being the most important source
of exposure from cooked meats.

Lake et al. (2006) has made a similar analysis for New Zealand; a country that has a very high
reported rate of campylobacteriosis. Results were not based on a formal mathematical model but, by
taking information from human disease surveillance and exposure information into account, the
author concluded that poultry meat is an important source of human campylobacteriosis in New
Zealand. Of other risk factors, overseas travel and animal contact (for the rural population) appeared
to be most important. Other risk factors, which were considered of lesser importance, were red meats,
offals, raw milk, drinking water, environmental waters, and pets. McBride et al. (2005) used a model
similar to that of Evers et al. (2008) to compare infection risks from four major pathways (food,
recreational swimming, drinking water and occupational contact with livestock). In this study, the
mean estimated daily exposures were combined with a dose-response model to estimate infection
risks. It was concluded that cross-contamination from poultry and, to a lesser extent, from red meat
were the exposures that most frequently caused infection. This was followed by occupational
exposure, drinking untreated water and recreational swimming. As in the Dutch study, there were
major uncertainties in the data underlying the model and the results are considered preliminary.
Nevertheless, there are important differences between the results from the two studies, in particular in
the importance of direct animal contact. Further work, both to improve the data underlying the model,
and to develop the modelling approaches, are necessary before conclusions can be drawn.

5. Attribution through epidemiological approaches

Epidemiological studies usually involve interviews of patients to elicit the patient’s recall of foods
consumed or other exposures before illness began. A variety of epidemiological methods can be used
for human illness source attribution, including studies of sporadic infections and analysis of data from
outbreak investigations. Studies can be built upon an existing public health surveillance infrastructure
or involve additional interviews of patients and asymptomatic (control) individuals.

5.1. Analysis of sporadic cases

Several types of studies have been performed to identify possible sources of apparently sporadic
human infections, including case-control, cohort and case-series studies. This section focuses only on
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case-control studies of sporadic infections, the most commonly used analytical epidemiological
studies for identifying possible exposures.

To allow for sufficient enrolment of patients, case-control studies of sporadic infections are often
conducted over an extended period of time, and commonly use public health surveillance to ascertain
culture-confirmed cases. Selected case-patients and a corresponding group of asymptomatic, and
therefore assumed to be uninfected, individuals (controls) are interviewed, and the relative role of
exposures is estimated by comparing the frequency of exposures among cases and controls. When
infections are associated with an exposure, the proportion of cases attributed to the exposure can be
calculated and is defined epidemiologically as the population attributable fraction (PAF) (Clayton and
Hills, 1993). The population attributable fractions can be used to partition the human disease burden
to specific sources (Stafford et al., 2008).

Case-control studies are a valuable tool to identify potential risk factors for human infections,
including sources, predisposing, behavioural and seasonal factors (Engberg, 2006). The studies that
published estimates for the most important risk factors suggest that between 24 and 29% of infections
can be attributed to the consumption of chicken meat (Stafford et al., 2007; Wingstrand et al., 2006).
When estimates referring to chicken prepared or eaten at a restaurant are included, PAF range from
10% to 38% (Kassenborg et al., 2004; Unicomb et al., 2008). Consumption of unpasteurized dairy
products has been estimated to be responsible for 1.5% to 4% of infections (Friedman et al., 2004;
Neimann et al., 2003), and between 5.4% and 24% of campylobacteriosis were attributed to
international travel (Friedman et al., 2004; Fullerton et al., 2007; Neimann et al., 2003). PARs for
cases attributed to contact with farm animals ranged from 2% to 16% (Friedman et al., 2004;
Fullerton et al., 2007; Neimann et al., 2003), and frequent contact with dogs from 2% to 30%
(Carrique-Mas et al., 2005; Neimann et al., 2003).

In addition to individual case-control studies, a systematic review of published case-control studies of
sporadic infections of a given pathogen can provide an overview of the relevant exposures and risk
factors for that infection, and a summary of the estimated PAFs for each exposure.

With the objective of identifying the most important risk factors for campylobacteriosis, a systematic
review (SR) of case-control studies of sporadic infections was undertaken under the scope of the
Med-Vet-Net’s Work Package 28, which focused on the development of methods for the attribution of
food-borne illness (Domingues et al., 2009). Collected data was utilized in a meta-analysis to estimate
the relative importance of extracted risk factors for Campylobacter.

The formal process for literature review established for SRs was followed (Sargeant et al., 2006). All
collected risk factors were stratified according to pre-defined source-categorizations schemes, and a
meta-analysis was conducted within each risk factor stratum to estimate a pooled odds ratio.
Following the initial meta-analysis, a set of sub-analyses to evaluate the impact of the inclusion of
studies from different regions in the world, time periods and age groups was performed. More
detailed information on the methodology used for this study can be found in Appendix C.

Collected studies were conducted between 1983 and 2004 in 13 different countries belonging to 3
different continents. Most studies were designed to investigate exposures to Campylobacter in
general; 8 studies focused on C. jejuni, and no study was restricted to C. coli infections.
Consequently, no differentiation between species was undertaken in the analyses. Two case-control
studies were performed specifically in rural areas and two in urban areas. This limited number of
studies did not allow for sub-group analyses for rural and urban populations. Seven studies
investigated exposures in children, and two focused only on adult age groups. Overall, the number of
cases and controls interviewed varied substantially between studies, and both small scale and
community studies were included. A list of all collected case-control studies of sporadic
campylobacteriosis is given in Appendix C.

EFSA Journal 2010; 8(1):1437 28



~.efsam

European Food Safety Authoriy Campylobacter in broiler meat — Source attribution

The overall meta-analysis for sporadic campylobacteriosis estimated that travel is the most important
risk factor for disease. Travel-related cases in a European context, and travel as a risk factor, have
been discussed in Section 2 of this opinion. Other important risk factors identified were daily contact
with a pet and consumption of undercooked chicken (see Figure 3). Results suggested that
consumption of chicken, other poultry, sausages, and chicken in a restaurant are the most important
food-related risk factors. In addition, poor food-preparation hygiene was revealed to be a significant
risk factor for infection. Direct contact with pets and farm animals, environmental, and person-to-
person transmission, as well as predisposition factors, were estimated to be risk factors for disease. A
sub-group analysis for children estimated that international travel, drinking unpasteurized milk,
drinking untreated water, and direct contact with a pet are important risk factors in this age-group. A
northern European analysis provided results similar to the ones obtained in the overall analysis,
reflecting the substantial contribution of data from studies conducted in this European region to the
overall analysis. Other European regions did not provide sufficient information for sub-analyses. As
mentioned above, the limited number of case-control studies differentiating between species
precluded separate meta-analyses for C. jejuni and C. coli, but a recent case-control study estimated
that the consumption of chicken was a predominant risk factor for C. jejuni, whereas consumption of
tripe and game and swimming were unique risk factors for infection with C. coli (Doorduyn et al.,
2009). It is likely that, with increasing insight in the diversity of Campylobacter, risk estimates may
need to be developed for separate species or even subgroups within species, as is now common
practice for Sa/monella serovars.
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Figure 3: Relative importance of risk factors for sporadic campylobacteriosis (odds ratio and 95%
CI), overall analysis (Domingues et al., 2009).

5.2. Analysis of data from outbreak investigations

The investigation of food-borne disease outbreaks has proven to be a critical means of identifying new
agents and new vehicles, as well as maintaining awareness of contemporary problems, such as
Campylobacter infections. The prompt and thorough investigation of food-borne outbreaks is
particularly useful for timely identification of etiologic agents, sources and vehicles, and enables the
prevention of further cases by identifying and eliminating the source of infection (Havelaar et al.,
2007). Outbreak investigations generally involve both descriptive and analytical epidemiological
studies, and are regularly combined with microbiological subtyping methods to support the results of
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the epidemiological studies. Data from outbreak investigations are observed at the public health
endpoint and may be a direct measure of attribution at the point of exposure. The trace back of a food-
borne outbreak may allow the identification of the specific point of contamination in the food chain.
The use of outbreak data for the attribution of human food-borne disease has been previously
described (Adak et al., 2005; Greig and Ravel, 2009; Painter, 2006).

Many outbreak investigations have successfully identified the source of human infection. By
conducting an analysis of data from outbreak investigations, the most common food vehicles involved
in outbreaks can be identified. A simple analysis or summary of outbreak investigations is useful for
attributing illnesses to foods, but often the implicated item consumed in an individual outbreak is a
“complex” food, containing several components, many of which could be the specific source of the
infection.

As discussed in Section 2.1, Campylobacter outbreaks appear to be relatively rare and outbreak-
related cases seem to contribute only to a small proportion of the total burden of infection (Frost et al.,
2002; Pebody et al., 1997) compared to sporadic cases. Therefore, the extent to which the overall
disease burden can be attributed based on the source of infection in outbreaks requires firstly that
sporadic and outbreak cases share the same sources, secondly that sufficient data is available from
investigated outbreaks to allow reliable estimation, and thirdly that outbreaks from different sources
are similarly likely to be identified. There is some evidence against the first assumption, since raw
drinking milk and contaminated drinking water have been identified as important causes of outbreaks
of campylobacteriosis, whereas sporadic cases are more frequently associated with poultry products
(EFSA, 2005b). The second assumption has been highlighted as a particular weakness in relation to
Campylobacter (Adak et al., 2005), where outbreaks are relatively rare compared to the overall
burden of disease. Whether the third assumption holds is speculative, but a substantial publication
bias appears to operate with published outbreaks not generally representative of incident outbreaks
(O'Brien et al., 2006). Despite these caveats, data from outbreak investigations may still allow the
identification of recurrent sources of human infection.

Since 2005, reporting of food-borne outbreaks has been mandatory for the EU MS. Food-borne
outbreak investigation and reporting systems are not harmonised within the EU, thus differences in
numbers and types of reported outbreaks and causative agents do not necessarily reflect different
levels of food safety between MS. Outbreaks are reported as either general outbreaks, affecting
members of more than one private household, or as family outbreaks, affecting only members of a
single household.

In a recent study, data from investigations of Campylobacter outbreaks in Europe in 2005 and 2006
(EFSA, 2006, 2007) was modelled to attribute human campylobacteriosis to specific sources (Pires,
2009).

In 2005, Campylobacter was identified as the cause in 494 of the reported outbreaks (9% of all
reported outbreaks). In most outbreaks further speciation of the Campylobacter isolate was not
performed (15%) or not reported (68%). Information on the location of exposure was available for
36% of the 494 reported Campylobacter outbreaks. Of these, the most commonly reported locations
were private homes (52%) and restaurants (10%). In 6% of the outbreaks the location of exposure was
not identified and in 58% the location was not reported (EFSA, 2006).

In 2006, Campylobacter was identified as the cause in 400 of the reported outbreaks (6.9% of all
reported outbreaks). In total, 1,304 persons were affected by campylobacteriosis and 65 were admitted
to a hospital. The majority of the Campylobacter outbreaks were reported by Germany and Austria,
reporting 208 and 136 outbreaks respectively. The majority of the reported outbreaks were household
outbreaks (71.0%) affecting approximately 50% of all persons with campylobacteriosis. Eleven
countries reported 119 outbreaks due to C. jejuni and Austria reported two C. coli household
outbreaks (EFSA, 2007).
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When reporting data relating to 2007, a new reporting system was used by MS, according to that
agreed by the EFSA Task Force on Zoonoses Data Collection (EFSA, 2009b). This new reporting
system differentiates between possible outbreaks and verified outbreaks, the latter referring to
outbreaks where evidence (laboratory detection of the causative agent and/or analytical
epidemiological evidence) is sufficiently strong to support the link between human cases and a food
vehicle. Detailed information is only collected from verified food-borne outbreaks. Nonetheless,
countries interpreted the new reporting guidelines differently, and consequently collected data is not
comparable between MS. Additionally, the new reporting system complicates the comparison
between data from 2007 and data from the two previous years. As a result, in this study (Pires, 2009),
only data from outbreak investigations from 2005 and 2006 were analysed for source attribution.
Table 5 presents Campylobacter outbreak-related data from 2005 to 2007.

Table 5:  Reported outbreaks caused by Campylobacter in the EU, 2005-2007

. . Outbreaks Human cases
Year Reporting countries . .
N % of total N Admitted to hospital
2005 14 MS + 1 non-MS | 494 9.0 2,478 150
2006 15MS + 2 non-MS | 400 6.9 1,304 65
2007 (possible outbreaks) | 22 MS + 2 non-MS | 461 8.2 n.a. n.a.
2007 (verified outbreaks) | 22 MS + 2 non-MS 29 -- 244 19

n.a. = not available

All Campylobacter outbreaks reported by MS and non-MS that agreed with a common definition of
outbreak (see Glossary) were used in the analysis, including confirmed and suspected outbreaks, as
well as outbreaks where evidence for an implicated source was not provided (source unknown).
Implicated foods were reported based on epidemiological or laboratory evidence. Information on the
species of Campylobacter causing the outbreak was unavailable for around 70% of the reported
outbreaks. The vast majority of the outbreaks with identified species were caused by C. jejuni. Hence,
the analysis was performed for Campylobacter spp. i.e. not distinguishing between different species
of the pathogen. Outbreaks were classified as general or household outbreaks, according to the setting
of the outbreak. The main category “general outbreaks” included all outbreaks that took place outside
a private household. Reported outbreaks associated with travelling abroad were analyzed separately
and were not attributed to any of the specific sources. Food items were categorized in a hierarchical
scheme. Foods that contained only one category were considered “simple foods”, while foods that
contained multiple categories were considered “complex foods”. In the latter, outbreaks and outbreak-
related illnesses cases were attributed to the specified food categories on the basis of the proportion of
outbreaks implicated to each category in simple food outbreaks. More detailed information on the
methodology used for attribution of illnesses due to complex food can be found in Appendix C. To
account for potential regional differences within Europe, separate analyses for the four United
Nations regions were performed.

The proportion of reported human illnesses attributable to specific sources was estimated on the basis
of both the number of reported outbreaks of campylobacteriosis and the number of illnesses registered
in those outbreaks. Results from the analysis based on the number of ill people were substantially
different from those based on the number of outbreaks (Table 6). For both analyses, consumption of
meat, especially chicken and other poultry, was the most important source of food-borne
campylobacteriosis. However, based only on the number of illnesses, drinking water is the most
important overall source of campylobacteriosis. Consequently, all further analysis was undertaken
based on the number of outbreaks. Foods are categorised according to the scheme presented in
Appendix C.
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Overall 10.5% of outbreaks of human campylobacteriosis were attributed to the consumption of
chicken (95% CI: 4.7-20.6%), 0.6% to turkey (95% CI: 0.1 - 1.4%) and 1.4% to poultry (unspecified).
A total of 12.4% of outbreaks were therefore attributed to the general category “poultry”. In total, the
proportion of outbreaks attributed to “meat and poultry-meat” was estimated to be around 25.9%.
Similarly 4.5% of the Campylobacter outbreaks were attributed to dairy products (95% ClI: 2.2 -
8.0%), 2.0% to seafood (95% CI: 0.9 - 4.1), and around 1.1% to international travel (95% CI: 0.2 -
3.2). All the remaining investigated sources were estimated to be of minor importance for
campylobacteriosis. Overall 63.8% of the outbreaks were attributed to an unknown source (95% CI:
42.4 - 80.2). Among outbreaks that could be attributed to a known source, around 29% was attributed
to chicken, around 12% to dairy products and, when combining all outbreaks attributed to meat
sources, around 68% could be attributed to the category “meat and poultry”.

Table 6:  Attribution estimates showing the proportion of outbreak-associated campylobacteriosis
cases and outbreaks attributed to specific sources in Europe, in 2005 and 2006 (%). Foods
are categorized according to the scheme presented in Appendix C.

Median Median
(proportion of 95% ClI (proportion of number 95% ClI
number of ill) of outbreaks)
Eggs 0.64 [0.19,1.58] 1.30 [0.36,3.30]
Dairy 2.53 [1.35,4.70] 4.49 [2.24,8.01]
Meat (unspecified) 10.25 [5.34,19.76] 12.59 [6.69,21.14]
Poultry (unspecified) 2.04 [0.26,6.24] 1.36 [0.34,3.55]
Chicken 10.23 [4.67,20.39] 10.45 [4.66,20.55]
Turkey 1.20 [0.07,4.34] 0.57 [0.12,1.44]
Beef 0.00 [0.00,0.00] 0.00 [0.00,0.00]
Pork 2.68 [0.13,9.64] 0.91 [0.27,2.19]
Lamb 0.00 [0.00,0.00] 0.00 [0.00,0.00]
Game 0.00 [0.00,0.00] 0.00 [0.00,0.00]
Fruits nuts 0.098 [0.00,0.41] 0.11 [0.00,0.48]
Vegetables 0.11 [0.00,1.24] 0.18 [0.00,0.80]
Grains beans 0.11 [0.00,0.36] 0.23 [0.00,0.78]
Oils sugar 0.26 [0.00,1.49] 0.30 [0.00,1.19]
Seafood 0.95 [0.43,1.95] 1.99 [0.85,4.09]
Drinking water 17.58 [0.00,45.66] 0.34 [0.00,0.98]
Travel 44.0 [21.51,69.37] 1.09 [0.22,3.18]
Unknown 36.19 [0.12,14.32] 63.80 [42.41,80.20]

A sub-analysis by location of the outbreak suggests that dairy products are a more important source in
general outbreaks than in outbreaks in a home environment. Surprisingly, a high proportion of cases
was attributed to eggs in general outbreaks. The regional analyses revealed substantial variability in
the importance of sources to human campylobacteriosis within Europe. In Northern Europe, drinking
water was estimated to be an important source of disease, but no cases were attributed to this source
in any other country. In Eastern Europe, travel was the single most important source of
campylobacteriosis, while meat and chicken were estimated to be important sources in Southern
Europe. The analysis of the hospitalized cases suggested that the most important sources of severe
infections were chicken and international travel (see Section 2.2.3 for a discussion of international
travel in a European context).
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From the 376,454 Campylobacter infections reported in the study period, 39,225 were attributed to
chicken and 46,530 could be attributed to poultry-meats (including chicken, turkey and other poultry).
In total, 97,277 (24.5%) infections were attributed to meat and poultry products. This estimate was
obtained by aggregating all cases attributed to all meat categories within this main group of foods (see
categorization scheme in Appendix C).

6. Attribution through intervention studies

The outcomes of measures taken in order to reduce either the prevalence of Campylobacter at
different levels along the food chain, or the prevalence of human campylobacteriosis cases, can also
be used for attribution purposes. This is because the effects of such interventions can provide
information on the role of the source at that level at which the measures have been applied. Measures
applied for other purposes, such as to control or eradicate animal diseases or to protect consumers
from specific food-borne hazards, can also provide useful information.

Published studies were identified from four countries, which have adopted major national strategies to
reduce campylobacteriosis by prevention and control of Campylobacter in poultry.

In Iceland, in the year 2000, strict control measures were implemented along the whole food chain
(farm to retail) and an intensive consumer education campaign was implemented. This strategic
approach reduced campylobacteriosis cases in Iceland by approximately 70%, from 116 to 33 per
100,000 population (Stern et al., 2003). Subsequently, the notification rate in Iceland has decreased to
below 10 cases per 100,000 population. Current control measures in this country include checking
faecal samples from all flocks for Campylobacter 2 to 4 days before slaughter. If results are negative
the flock is processed and distributed fresh, if positive the product is commercially frozen or further
processed before distribution (Callicott et al., 2008).

In Norway, a similar Action Plan against Campylobacter in broilers was initiated in 2001 and has
been modified several times since. The poultry industry uses data from this Action Plan as an
incentive for farmers to improve biosecurity. The proportion of positive flocks at slaughter is
generally low in Norway and varied between 3.3 and 5.7% in the years 2002-2007 (Hofshagen and
Brunheim, 2006; Hofshagen and Kruse, 2005; Hofshagen and Opheim, 2007, 2008). In 2008, all
flocks were sampled at a maximum of four days before slaughter and checked for Campylobacter
(approximately 75% of all positive flocks will be detected by sampling at this point). All positive
flocks detected before slaughter were either frozen for at least 3 weeks or heat-treated before sale.
Due to this policy, a substantial decrease in the number of untreated Campylobacter-positive flocks
entering the retail market was seen in the years 2002-2004 and persisted through 2005-2007.
Interestingly this decrease in exposure to Campylobacter-positive birds was not reflected in a
decrease in the number of domestic human cases, where a slight increase was seen from 2002 to
2003/2004, followed by a sharp increase in 2005. Thereafter a decrease was observed in 2006 and this
level was maintained during 2007. However, in Norway, other sources of domestically acquired
campylobacteriosis, particularly drinking untreated water, are considered to be more important than
broilers (Kapperud et al., 2003).

In New Zealand, surveillance indicated that in 2006 the incidence rate of campylobacteriosis was
379.3 per 100,000 population (Pirie et al., 2009). A previous national case-control study had
concluded that contact with raw or undercooked poultry meat and eating poultry in restaurants were
major risks of campylobacteriosis with a PAF of >50% (Eberhart-Phillips et al., 1997). A national
survey reported that over 80% of chicken meat samples at retail were Campylobacter contaminated
while MLST data analysis indicated that between 52 and 75% of human infections were attributable
to poultry (French and the Molecular Epidemiology and Veterinary Public Health Group, 2008). In
response to a considerable media campaign NZFSA adopted a vigorous risk management strategy
from 2006 onwards to reduce human cases by reducing poultry meat contamination. The strategy
included public education via advertisements concentrating on hazards from cooking on barbecues.
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From April 2007 all flocks were caecally sampled and cultured for prevalence of Campylobacter and
a target for carcass contamination was established by agreement with industry. The industry also
engaged in educating poultry farmers concerning biosecurity, developing leak-proof packaging and
working with the regulators. On farm biosecurity improvements were made and at the production
level hygiene was improved and hyperchlorinated water was used to cool birds post dressing. As a
result of these measures the average prevalence of contaminated carcasses was reduced from 57% to
31% in the second quarters of 2007 and 2008 respectively. Similarly contamination levels (mean log
count) were reduced from 3.07 to 2.41per carcass respectively*®. Figure 4 shows the trend over the
period 1997-2008 in the incidence rate of campylobacteriosis, which decreased to 156.8 per 100,000
population in 2008 (Williman et al., 2009). The modified Hald model (see Section 4.1.4.4.) has been
extended to incorporate time (French et al., 2009) in a source attribution model for the Manawatu
region of New Zealand. The work demonstrates that the reduction in incidence in human
campylobacteriosis resulted in a smaller proportion of human cases being attributed to poultry (see
Figure 5).
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Figure 5: Dynamics of source attribution between 2005 and 2009 in the Manawatu region, New
Zealand®™.

13 See http://www.nzfsa.govt.nz/publications/food-focus/2009-02/page-04.htm#TopOfPage
14 See http://www.nzfsa.govt.nz/science/workshops-presentations/28-october-09/11-workshop-validating-the-outcome.pdf
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In Denmark, a voluntary intervention strategy for Campylobacter in broiler production was
implemented in 2003. However, voluntary interventions relating to bio-security at the farm level were
introduced as early as the late 1990s. The 2003 strategy comprised initiatives at all stages of the food
production chain. This included, to the extent possible, the channelling, by two major slaughter
companies (>98% of the Danish broiler production), of Campylobacter-positive flocks to freezing
before retail, based on detection by culture 7-10 days before slaughter. The prevalence of positive
flocks (as detected by polymerase chain reaction (PCR) on cloacal samples at slaughter) decreased
from 43% in 2002 to 27% in 2007. Similarly the prevalence of positive meat samples decreased from
18% in 2004 to 8% in 2006-2007. Over the similar time period the reported cases of human
campylobacteriosis in Denmark decreased by 12% (Rosenquist et al., 2009) This contemporaneous
decrease in the number of reported human cases was considered due, at least in part, to a decrease in
Campylobacter in broilers and broiler meat as a result of the intervention strategy implemented.

Two *“natural experiments” involving poultry have been investigated for their effect on
campylobacteriosis.

In 1999 dioxins were detected in poultry feed in Belgium, resulting in the withdrawal of all
domestically produced poultry meat and eggs from the Belgian market (which represent around half
of the market share in Belgium). A national reduction in campylobacteriosis cases of 40% was
observed (Vellinga and VVan Loock, 2002).

During March — beginning of May 2003, as a result of an outbreak of avian influenza, about 1,300
commercial and >17,000 non-commercial flocks (largely broilers and layers) were culled in a small
(50x30Km) central region of the Netherlands (Van Pelt et al., 2009). This cull was associated with an
immediate 40% reduction in cases of campylobacteriosis which declined to a reduction of 25% over
the rest of 2003. The effect was most strong within the region affected by the cull. During this period
there was a reduction in broiler meat sales but the overall reduction in cases was considered to only
partly be attributable to reduced consumption of broiler meat. The data suggests that a reduction in
indirect transmission routes as a result of decreased environmental contamination from poultry also
had a significant effect.

7. Attribution through expert elicitation

The use of expert opinion as a methodology for source attribution of human food-borne illness was
discussed in a recent EFSA opinion (EFSA, 2008a), from which part of the information reported
below is extracted.

Expert opinion is used to fill data gaps or to combine the data from different studies and scientific
approaches into a single estimate. Expert judgements are subjective by nature and may be biased by
the specific background and scientific expertise of the respondents. Methods exist to evaluate the
expert’s performance. A structured procedure also helps to avoid many other pitfalls that may arise
when asking experts for their subjective estimates. These structured approaches require more
resources and technical expertise than conventional, unstructured evaluations and need a
multidisciplinary approach. This may hamper their acceptance in practice. Expert estimates typically
combine information from different sources, which can be considered both a strength and a weakness.
There are currently no analytical approaches for combining data from diverse sources, e.g. outbreak
studies and epidemiological studies of sporadic cases, but expert judgement can present a practical
alternative source of information. However, the actual evaluation of the data and the weight put on
any single data source lacks transparency.

15 www.nzfsa.govt.nz/science/workshops-presentations/28-october-09/8-workshop-microbial-subtyping-ans-sentinel-sites-
in-nz.pdf
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To date, a number of studies have been performed using expert elicitation to attribute source of food-
borne disease. Three studies, from the USA (Hoffmann et al., 2007; Mead et al., 1999) and Australia
(Hall et al., 2005) have estimated the proportion of food-borne transmission of campylobacteriosis as
between 75 and 80%. An additional study, performed in the Netherlands, reported considerably lower
estimates (42% food-borne transmission and 54% of food-borne cases due to chicken) (Havelaar et
al., 2008). One explanation for this difference is that in the Dutch study experts were not only asked
to estimate the proportion of food-borne cases but also the proportion attributable to direct contact
with animals, the environment and human-to-human transmission.

8. Discussion

This section will compare and discuss the results of different attribution methods, while drawing
conclusions relative to the strengths and weaknesses of the different methods used and taking into
account data quality and availability.

8.1. Chicken and broiler meat as sources of human campylobacteriosis

The results from different attribution approaches, as applied in different countries, confirm previous
epidemiological investigations that poultry is a major, if not the largest, single source of human
infection. The proportion attributed by microbial subtyping to chicken as a reservoir ranges between
50 and 80%. In comparison, recent case-control studies suggest a lower proportion of 24-29%
attributed to the consumption of chicken meat, which is similar to 29% of the outbreaks attributed to a
known source being associated with chicken meat. The apparent discrepancy between the results of
these different attribution methods could be associated with several factors. MLST studies may
overestimate the importance of chicken due to incomplete data on other reservoirs, such as pets and
wild birds. If more data on the diversity of strains in such reservoirs became available, a larger
proportion of human cases might be linked to these reservoirs. Furthermore, strains from the chicken
reservoir may reach humans by pathways other than via meat (e.g. via the environment or direct
contact) and “poultry-associated” strains can also colonise other hosts such as cattle, pigs and pets.
The possible role of indirect routes is underlined by the Dutch experience during the avian influenza
crisis in 2003, when culling of predominantly laying hens resulted in a significant decrease of human
campylobacteriosis, while the Belgian dioxin crisis in 1999 suggested a more important role for
broiler meat. Conversely, case control studies may underestimate the true attributable risks due to
inaccurate exposure assessment and to confounding by acquired immunity. Such inaccuracies
typically bias the risk estimates to the null, and as a consequence case control studies usually do not
explain all cases by identified risk factors. Campylobacter is an infrequent cause of reported
outbreaks, and the available data from outbreak investigations is limited. Consequently, at this time,
outbreak data is not considered to be the most appropriate approach for attributing human
campylobacteriosis.

8.2. Strengths and weaknesses of attribution methods

Information on the most important advantages and drawbacks of the source attribution methods
discussed in this opinion are summarized in Table 7. This Table is based on information included in a
previous EFSA opinion (EFSA, 2008a) with specific details for attribution of campylobacteriosis
added.

The Manawatu, New Zealand studies (French and the Molecular Epidemiology and Veterinary Public
Health Group, 2008) indicate that a number of the attribution models for microbial subtyping (Dutch,
modified Hald and Asymmetric island models) give similar results, as do the results from Scotland
(Sheppard et al., 2009). However, it should be noted that this does not necessarily mean that they are
correct, i.e. that the percentages attributable to each source are actually true. There is no explicit
incorporation of exposure, survival or infectivity of the organisms. Furthermore, all of these models
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depend on the suitability and the representativeness of MLST data and it can be problematic to obtain
sufficient information on rare subtypes from humans and putative reservoirs. In New Zealand a
number of C. jejuni isolates have been obtained from environmental sources which are unique and
have no known host reservoir. It is likely that they belong to yet unidentified wildlife reservoir
(Mullner et al., 2009b). However, the self attribution of strains does demonstrate that there are
variations in the frequencies of the MLST sources that are found in the different reservoirs making
attribution plausible.

The recent work by French et al. (2009) demonstrating the link between the reduction in incidence in
human campylobacteriosis cases attributed to poultry and the interventions predominantly applied to
the poultry industry, although preliminary, showed the power of the source attribution techniques for
monitoring the effect of interventions.

Comparative exposure assessment currently has serious limitations in predicting the contribution of
each source to the burden of human campylobacteriosis due to many data gaps, including the
uncertainty of the events in the different possible pathways (e.g. cross-contamination in the kitchen)
and the sparcity of knowledge of the dose-response relationship. At present this approach can be used
primarily to stimulate the generation of hypotheses (EFSA, 2009c). It seems that developing a
methodology which can link the subtyping-based models with comparative risk assessments, for each
of the pathways through which humans might be infected by Campylobacter, is a potential future
direction. In addition, the phenotypic properties of strains, such as virulence, colonisation and survival
potentials, need to be incorporated. To this end, much research is still required on quantifying human
exposure, infectivity of strains, survival of the organisms, etc. However, this may be difficult and
expensive to achieve in the short term.

The systematic review (SR) of case-control studies presented in this opinion followed a rigorous
search strategy to identify all potentially relevant peer-review case-control studies of sporadic
campylobacteriosis. Collected studies were conducted in a wide variety of countries and time periods,
designed with different settings, and sometimes focused on specific age groups within the population.
The quality of the studies also varied, and was evaluated on the basis of defined methodological
criteria during the formal process of the SR, and not judged on an individual basis by the reviewers.
The risk factors extracted from individual studies were categorized by “main source-classification
schemes”, and the meta-analyses of collected data were undertaken using risk factor strata, analyzing
information from all references that assessed the impact of that specific factor on the risk of disease.
Such categorization implies the harmonization of risk factors or food labels, which may have resulted
in loss of information from individual studies. Nonetheless, this approach enabled the integration and
meta-analysis of results from all collected studies.

Estimates presented in this opinion demonstrate the relative importance of various risk factors for the
overall population in the world or European regions, regardless of age, sex or country of citizenship,
and for all campylobacters, regardless of species or subtype. However, the epidemiology of
Campylobacter is varied, and different human populations, e.g. different age groups or populations
from rural and urban areas may face different risks. Moreover, the immune status of individuals can
affect epidemiological results. The meta-analysis of case-control studies investigated risk factors for
children but did not allow for sub-analyses by population distribution or risk groups. Additionally, it
has been demonstrated that differences in risk factors exist for different Campylobacter species,
suggesting that the aggregation of these bacterial species, as done in most case-control studies, may
mask important species-specific risk factors (Doorduyn et al., 2009; Gillespie et al., 2002).

Causes of outbreaks were found to differ substantially according to European region. For example,
there were three reported outbreaks with drinking water as an implicated source, all in Northern
European countries. These differences may reflect variations in the prevalence of the pathogens in
investigated sources, in consumption habits in the different countries or in the data quality and
availability. A recent analysis of outbreak data for source attribution in Canada suggested changes in
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attribution to sources over time (Ravel et al., 2009), highlighting the importance of using recent data
that does not aggregate information from many years. The use of spatial analysis methodologies for
exploring associate risk factors (e.g. age distribution of human cases), or a combination of
epidemiological studies with microbial subtyping and modelling techniques may in some situations
help overcoming these limitations.
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Table 7:  Most important strengths and limitations of source attribution approaches.
Strengths Limitations

Microbiological approaches

Microbial - Might be able to identify the most - Campylobacter is weakly

subtyping important reservoirs of the zoonotic ~ heterogeneously distributed among some

agent, assisting prioritization of
where to focus control strategies at
the animal level.

Attributes illness to the primary
source (animal reservoir or retail
products depending on sampling),
reducing uncertainty due to cross-
contamination and the risk of
attribution to an “accidental” source.
Is able to follow trends over time.
Validation is possible using isolates
from known sources.

important host reservoirs.

- No information provided on the different
pathways through which the pathogen can
be transmitted to humans.

- Data intensive, requiring a collection of
representative isolates from all (major)
sources and  therefore resource
demanding.

- Subtypes can vary a lot between seasons,
countries etc. but also throughout the
food chain, which is not accounted for by
some models.

- Standardised subtyping methods are
required (methods are changing over
time).

Comparative
exposure
assessment

Attributes illness to the point of
exposure, taking into account the
different transmission routes from
the same reservoir.

- Once a model is developed, new
data can be easily included.

- Often limited by lack of sufficient data,
which results in large uncertainties
around the estimates.

-There is no linear relation between
exposure and illness.

Epidemiological approaches

Case-control
studies

- Valuable tool to identify relevant
risk factors for human infections,
including sources of exposure,
predisposing, behavioural or
seasonal factors.

- A systematic review of published
case-control studies can provide an
overview of the relevant exposures
and risk factors for that infection.

- Can identify a wide range of
familiar and unfamiliar risk factors.

- Misclassification due to immunity may
reduce attributable risk or even suggest
protection.

- Most studies only explain a small fraction
of all cases.

- Cases may reflect a mixture of possible
sources of exposure, and it may be
difficult to distinguish between these
exposures.

- Statistical power to determine the
importance of common exposures often
requires enrolment of many participants.

- Misclassification of exposures due to lack
of accuracy of recall may lead to an
underestimation of the burden of illness
attributed to specific exposures.

- Need for standardisation of exposure
measurement  through  questionnaires
(Campylobacter is highly seasonal and in
many studies cases and controls are asked
questions in different time points).
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Analysis of data - Clear documentation that a specific - Outbreaks may not be detected,

from outbreaks pathogen was transmitted to humans  investigated or reported.
via a specific food item can be -Only a fraction of cases of human
available. campylobacteriosis is associated with

- Data may capture the effect of  human outbreaks.
contamination at multiple points - Quality of evidence varies and

from the farm to consumption. classification schemes for the data are not
- A wide variety of food vehicles are  consistently used.

represented, including less - Large outbreaks, outbreaks associated

frequently identified food items. with point sources, outbreaks that have

- Data from outbreak investigations  short incubation periods, and outbreaks
may, in some countries or regions, that cause serious illness are more likely
be the most readily available source  to be investigated.
of  information  for  source - lllnesses included in data from outbreak
attribution. investigations may not be representative

of all food-borne illnesses.

- Certain food vehicles are more likely to
be associated with reported outbreaks
than others, which can lead to an
overestimation of the proportion of
human illnesses attributed to a specific
food.

Intervention studies

- Allows for a direct measure of the - Interpretation of data from “large-scale”
impact of a given source on the interventions is difficult, since usually
number of human cases of infection,  several interventions are implemented at
avoiding the account for the effect  the same time.

of external sources or risk factors. -Complex and resource demanding
studies.
- Large  scale; reflecting  all - Need for an extensive surveillance system
complexities across the food chain. in place.

- Occurrence of natural experiments is
unpredictable.

Expert elicitation

- Useful for providing interim results - Conclusions are based on individual
in countries where data are lacking. judgment, which may be misinformed or
- Useful to evaluate the credibility of  biased.
different attribution approaches.
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8.3. Data quality and availability

For all attribution methods employed, there was a lack of representative data for the different
countries and regions of the EU. Campylobacter isolates are not systematically collected from humans
or putative reservoirs in most MS, and typing of isolates (if at all) is frequently limited to species
determination without subtyping. Countries in which subtyping has been applied use a variety of
methods, while attribution models have only been developed for MLST. To obtain more
representative data for the whole EU, it would be necessary to build representative collections of
isolates in as many MS as possible, taking the regional differences in epidemiology of Campylobacter
into account. Such collections should, as a minimum, be typed using MLST and both the isolates and
their DNA should be stored for future use. Case-control studies have been carried out for several
decades in many MS, but the majority are from North-Western Europe. Similar studies from new MS
would provide a broader basis for attribution at a European level. New studies should take differences
between Campylobacter species, age groups and other relevant factors into account. Food-borne
outbreak investigations and reporting systems are not yet harmonised within the EU, and thus
differences in numbers and types of reported outbreaks and the causative agents involved do not
necessarily reflect different levels of food safety between MS. However, some limitations may be
overcome with the use of data from European countries for multiple years, i.e. from 2007 onwards,
based on the new system for reporting outbreaks within the EU. While natural experiments may
provide a useful insight into the relevant importance of particular risk factors, their occurrence is
unpredictable and their interpretation is difficult due to incomplete information on potential
confounders. Nevertheless, such opportunities should be exploited when they occur and principles
developed to ensure that appropriate studies are quickly implemented. The same principles should be
applied to evaluation of interventions on a national scale, as usually many factors change
simultaneously and it is difficult to attribute a change in disease incidence to one particular factor. A
recent EFSA Colloquium has recommended that “The assessment of management interventions
should ideally be carried out in the framework of controlled studies. [...] Intervention studies should
ideally be carried out in pilot areas and with proper controls before the extension to a broader scale
(e.g., at the national level). If this is feasible, it will permit to properly assess the impact of possible
mitigation actions on a small scale, before their more general application” (EFSA, 2009c).

There is a particular need to better understand the role of acquired immunity on the epidemiology of
human campylobacteriosis and its impact on both attribution and risk assessment studies. As
mentioned earlier in this document, it has recently been reported that most infections with
Campylobacter are asymptomatic, but still give rise to a detectable immune response (Havelaar et al.,
2009). How far these immune responses are indicative of protective immunity remains unknown but
there is considerable evidence to support the hypothesis that acquired protective immunity is an
important factor, not only for highly exposed individuals (e.g. in developing countries or during
occupational exposure) but also for less exposed citizens of industrialised countries. The effect of
immune protection may result in misclassification of exposure in case-control studies, since controls
that have been exposed may not become ill. Immunity among controls may also explain the fact that
most case-control studies cannot account for the majority of the cases (Swift and Hunter, 2004).
Therefore, there is a need to develop surrogate measures of protective immunity rather than just
antibody detection in order to quantify the prevalence and dynamics of susceptibility to infection, to
better understand the degree of cross-protection conferred by repeated exposure, especially to other
subtypes, and to develop methods to incorporate the effects of acquired immunity in attribution and
risk assessment models.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Answer to the terms of reference:

Handling, preparation and consumption of broiler meat may account for 20% to 30% of human
cases of campylobacteriosis, while 50% to 80% may be attributed to the chicken reservoir as a
whole. These estimates are based on the following data:

0 Available subtyping studies using multi-locus sequence typing (MLST) and probabilistic
models from three geographical areas suggest that between 50 and 80% of all human
cases of C. jejuni can be attributed to chickens as a reservoir.

0 A meta-analysis of case-control studies suggests a variety of risk factors including
travelling, animal contact, food and untreated drinking water. Among food sources,
eating chicken or poultry (in particular when undercooked or in restaurants) is an
important risk factor. Recent studies have estimated that between 24-29% of human
cases can be attributed to handling, preparation and consumption of chicken meat.

0 Even though most cases of human campylobacteriosis are sporadic, outbreaks are
reported in the EU. Outbreak isolates were rarely identified to the species level. Recent
studies suggested that over one quarter of the outbreaks for which a source was identified
can be attributed to chicken. For two thirds of the outbreaks the source was unknown.

0 “Natural experiments” in which the consumption of chicken meat was temporarily
reduced due to crises in the food chain (dioxin contamination of chicken meat in Belgium
and avian influenza in the Netherlands) supported the importance of chicken as a major
reservoir of human infections and chicken meat as an important pathway. Interventions in
Iceland and New Zealand to reduce consumer exposure to highly contaminated chicken
meat were accompanied by marked reductions in reported campylobacteriosis cases.

The lower proportion of human cases related to chicken meat identified by case-control studies as
compared to microbial subtyping may be explained by several factors. Case control studies
attribute at the point of exposure, while subtyping studies attribute at reservoir level. Case control
studies may underestimate the true attributable risks due to inaccurate exposure assessment and to
confounding by acquired immunity. MLST studies may overestimate the importance of chicken
due to incomplete data on reservoirs other than farm animals. Strains from the chicken reservoir
may reach humans by pathways other than food (e.g. by the environment or by direct contact).

Data for source attribution in the EU are limited and unavailable for the majority of Member
States (MS) and there are indications that the epidemiology of human campylobacteriosis differs
between regions. Hence, these conclusions must be interpreted with care.

General conclusions:

The principal reservoirs of Campylobacter spp. are the alimentary tracts of wild and domesticated
birds and mammals. There are multiple pathways of human exposure.

Campylobacteriosis is now the most frequently reported zoonotic illness in the EU. There is
considerable underascertainment and underreporting, and the true number of cases of illness is
likely to be 10-100 times higher than the reported number. Serosurveillance indicates that
European citizens may be exposed to Campylobacter sufficiently to produce an immune response
every 1-3 years. There may be not less than 2 million and possibly as high as 20 million cases of
clinical campylobacteriosis per year in the EU27.
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Campylobacter jejuni is the species most frequently isolated from human campylobacteriosis
cases throughout the EU, followed by C. coli. The main livestock reservoirs of C. jejuni are
poultry and ruminants, whereas C. coli is mainly found in pigs and poultry.

Travelling outside the country of residence is a reported risk factor for human campylobacteriosis.
A large proportion of cases is associated with travelling within the EU and would be preventable
by EU-wide control measures.

Source attribution based on microbial subtyping has only recently been applied to
campylobacteriosis. Recently, sequence-based genotyping methods, and in particular MLST, have
increasingly been used to elucidate the population structure of these bacteria.

All subtyping techniques have shown the population structure of C. jejuni to be highly diverse and
weakly clonal. There are multiple subtypes, many of which are rare. The subtype distribution may
differ between seasons, geographic locations or even over the years. Some subtypes have a
statistical association with specific reservoirs and there is considerable overlap between subtypes
from cases of human disease and subtypes from farm animals, in particular from chicken.

Current subtyping techniques do not provide any indication of strain virulence. The mechanisms
of disease caused by Campylobacter are still poorly understood and it is not yet possible to relate
differences in genotypes and phenotypes to virulence.

Most isolates for which subtyping data are available are not based on representative sampling.
Non-human isolates mainly originate from poultry and ruminants. There is less data on other
reservoirs, including pets and wild birds.

Case-control studies suggest that risk factors depend on the species of Campylobacter. For
example, recreational water was strongly associated with C. coli in one study. Furthermore, risk
factors and/or their quantitative importance may depend on the age of human cases.

RECOMMENDATIONS

To estimate the burden of disease and to give a baseline for allowing the evaluation of the human
health effects of any interventions, it is recommended to establish active surveillance of
campylobacteriosis in all MS, including efforts to quantify the level of underascertainment and
underreporting.

To provide a better understanding of the molecular epidemiology of campylobacteriosis and a
better basis for source attribution in the EU, it is recommended that a representative collection of
isolates from humans and putative reservoirs (in particular food-producing animals but also other
domestic and wild animals) is obtained and subjected to genotyping in all MS. Currently, the most
appropriate method of genotyping appears to be MLST. It is recommended to store the isolates
and their DNA so that, in the future, potentially improved subtyping methods could be applied.

It is recommended that research is undertaken to identify markers of Campylobacter virulence and
survival properties, as such information would be generally useful for risk assessment, including
for the improvement of the resolution of future attribution studies.

It is recommended that future studies on risk factors for campylobacteriosis take into account
differences in the ecology of Campylobacter species, and subtypes within species.

Further studies are recommended to develop methodologies to quantify the impact of acquired
protective immunity on the epidemiology of campylobacteriosis in the EU, which will be the basis
to develop more accurate models for source attribution based on case-control studies.
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APPENDICES

A. MICROBIAL SUBTYPING METHODS

This Appendix summarises the literature on subtyping C. jejuni, and the applications of this
subtyping. A wide range of approaches to subtype C. jejuni have been developed and applied as
outlined below. Identical subtypes have been used as evidence for a common recent origin in attempts
to detect outbreaks, to define which cases belong to outbreaks detected by other means, and to assess
whether different clonal groups dominate particular niches. Source prediction has been undertaken on
both local and larger scales and has involved attempts to predict source of human and chicken
infections. Although there has been a clear progression from phenotyping to non-sequence-based
genotyping to sequence-based subtyping all methods continue to be used. Particular attention is given
to a thorough treatment of multi-locus sequence typing (MLST).

There have been few comprehensive comparisons of available subtyping methods using selected sets
of isolates but CAMPYNET" established an internationally available set of 100 Campylobacter
strains from multiple sources and countries for the purposes of standardisation and harmonisation of
methods. These strains have been extensively used and remain available through Med-Vet-Net".

1. Phenotyping

1.1. Laboratory methods of phenotyping

Serotyping, based on heat-labile antigens (HL) (Lior et al., 1982) or heat-stable antigens (HS) (Penner
and Hennessy, 1980), and phagetyping (Grajewski et al., 1985; Frost et al., 1999; Patton et al., 1991)
have been the main phenotypic methods applied separately or in combination. As well as being
technically demanding, poor and variable typeability (the proportion of isolates for which a subtype
can be determined) is inherent to the serotyping methods applied to C. jejuni (Wassenaar and Newell,
2000). Reproducibility has also been poor and although some modifications have reduced the
contribution of laboratory limitations to this problem (Frost et al., 1998) serotype is itself relatively
unstable and can change during the course of a single host infection (Hanninen et al., 1999). Serotype
is not strongly linked to more global assessments of phylogenetic relationships (Hopkins et al., 2004)
suggesting that it does not act as a reliable indicator of clonal relatedness in C. jejuni. Lack of
discrimination, with just 10 serotypes including 53% of isolates in one large study (Frost et al., 1998)
is a further major limitation for discriminatory purposes. This may, in part, be due to the geographical
and temporal restriction of the sample used to define the origin panel of isolates for the most widely
applied Penner scheme (Penner and Hennessy, 1980), which limits the diversity indexed among these
reference serotypes. Increasing the number of phages used in phagetyping schemes has improved the
typeability and discrimination offered by this approach (Frost et al., 1999; Patton et al., 1991). The
combination of phagetyping with serotyping improves discrimination and became the UK reference
laboratory approach (Frost et al., 1999).

1.2. Applications of phenotyping

Phenotyping has been widely applied and has produced some substantive contributions. Several
serotypes (including HS 19 and HS 41) have been identified which confer an increased risk of
Guillain-Barré syndrome (GBS) subsequent to infection (Lastovica et al., 1997; Mishu and Blaser,
1993). The distribution of serotypes has been shown to vary with the age and geographic location of
patients (Schonberg-Norio et al., 2006). However, this analysis did not differentiate between fixed

16 See http://campynet.vetinst.dk
17 See http://www.medvetnet.org
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geographical differences or heterogeneity due to links between clustered cases and used statistical
approaches that did not account for such plausible sources of variance, making it difficult to interpret
the origin of the effect as being due to clustering or another form of population structuring.

Several studies have assessed Campylobacter ecology in terms of host association, in some cases
including human isolates. A comparison of serotypes from wildlife isolates (hedgehogs, squirrels,
other mammals and birds, n=47), broiler chickens (n=29) and humans (n=44) showed lesser
differences between human and broiler isolates than between either of these species and the wildlife
strain collection. Some serotypes were present in all three groups and further differentiation by
genotypic analyses supported these isolates as being clonally related (Petersen et al., 2001). An early
assessment of serotype among both C. jejuni and C. coli in Norway, using a different scheme, also
suggested that human isolates were more closely related to those from poultry than those from wild
birds, flies or pigs, but with relatively minor differences (Rosef et al., 1985). Studies in New Zealand
have shown similar serotype distributions in humans at different times and identified the same
serotypes frequently in farm animals, particularly ruminants, but less commonly in wild ducks
(Devane et al., 2005; Garrett et al., 2007). A UK study on serotypes in humans noted an increased rate
of reporting drinking bird-pecked milk in individuals infected with strains of HS6, but this was the
only positive association from many hypotheses tested and test statistics did not consider multiple
comparisons (Sopwith et al., 2003). Use of serotyping to determine the origin of infections in a large
study in chickens (3,304 isolates) was limited by lack of variation with three serotype complexes
accounting for 58% of isolates and ten for 85% (Pearson et al., 1996).

1.3. Summary of phenotyping and its application

Phenotyping has thus far provided evidence that at least one sequela of infection is associated with
subtype, that there is partial differentiation between C. jejuni in different host species, that human
subtypes resemble those strains isolated from chicken and other farm animals more than they do from
wild animals, and that there may be overlapping populations between different host groups. No
phenotyping study has reported a quantitative attribution to source but the reported overlap in
apparently clonally-related isolates from different species would prove a complication to attribution
approaches. In part due to lack of comparability, with different or modified schemes being used as
well as difficulties in between-laboratory standardisation, no joint analysis has been made of different
studies. The limited capacity for joint analysis is a barrier to this approach making a more substantial
contribution.

2. Genotyping other than sequence subtyping

A wide range of methods assaying variation across the genome involve the generation of DNA
fragments using restriction enzymes (e.g. Pulsed-Field Gel Electrophoresis (PFGE) (Wassenaar and
Newell, 2000; Yan et al., 1991)) or amplification of DNA (e.g. Randomly Amplified Polymorphic
DNA (RAPD) (Wassenaar and Newell, 2000)) or a combination of both such as Amplified Fragment
Length Polymorphism (AFLP) (Duim et al., 1999). These approaches generate band patterns
representing the genome wide distribution of the binding sites of the enzymes or primers used. Some
methods focus on a more restricted part of the genome. Several distinct approaches to polymerase
chain reaction-restriction fragment length polymorphism (PCR-RFLP) subtyping of the flaA gene
(Wassenaar and Newell, 2000) or other genes (Ragimbeau et al., 1998) have been developed giving
much more detailed information from this short but highly variable region of DNA. More recently,
with the generation of whole Campylobacter genome sequences, microarray methods have been
developed based on hybridisation with short gene fragments (Champion et al., 2005).

Standardisation and reproducibility of such techniques, though difficult, have been partly achieved
first through CAMPYNET and continued through Med-Vet-Net and, in particular for PFGE, through
PulseNet (Gerner-Smidt et al., 2006; Ribot et al., 2001).
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2.1. PFGE

PFGE subtype can be unstable and can change substantially due to genome rearrangement during a
single infection (Hanninen et al., 1999; Scott et al., 2007) and during certain environmental stresses
(Ridley et al., 2008). This instability is strain dependant. Thus for some, but not all, strains,
Campylobacter phylogenies inferred from PFGE data may be unreliable (with, for example, isolates
from different species clustering together (Keller et al., 2007)). Nevertheless, it is by far the most
widely used of these approaches, it is considered the gold standard for discriminatory subtyping
(Gerner-Smidt et al., 2006; Sails et al., 2003b) and is particularly useful for epidemiological studies
over short temporal and geographical distances.

2.2. Applications of PFGE

2.2.1.  Outbreak investigation

In two outbreaks, which had been identified by other means, PFGE was reported as useful in
identifying whether cases belonged to the outbreak (Fitzgerald et al., 2001; Kuusi et al., 2005). Three
studies performed to evaluate PFGE have confirmed this capacity to confirm cases as belonging to an
outbreak by comparing a range of sporadic isolates and isolates from several outbreaks (Mellmann et
al., 2004; Sails et al., 2003b; Suzuki et al., 1994). The most extensive use of PFGE to support
outbreak investigation has been within the USA PulseNet, where more than 2,500 profiles have been
identified using standardised methods (Gerner-Smidt et al., 2006). A consensus view from this
experience is that it is a useful approach to support the investigation of detected outbreaks but not
useful as a means to detect C. jejuni outbreaks (Gerner-Smidt et al., 2006; Hedberg et al., 2001). This
is in contrast to the PulseNet findings for other bacteria where PFGE has been used to detect
outbreaks (Gerner-Smidt et al.,, 2006). However, it largely reflects the presence of multiple
Campylobacter strains within outbreaks rather than a problem with the technique. PulseNet
collaborators only used the Smal restriction enzyme but a proportion of strains Smal refactory. In
these cases, CAMPYNET recommend that Kpn/ also be used. A combination of the two enzyme
profiles is more discriminatory (Michaud et al., 2001; Garrett et al., 2007) than either enzyme in
isolation.

Studies from New Zealand (Garrett et al., 2007) and Canada (Michaud et al., 2005) each investigated
183 cases by PFGE. The New Zealand study was entirely retrospective using available data and
identified clusters of subtypes. Some of these clusters also showed temporal clustering (although not
formally analysed) and some genotypes may also have clustered by area of residence and reported
occupation. However, further investigation was not done to assess if these cases had true
epidemiological links. Nevertheless, the conclusion was that similar PFGE patterns may identify
epidemiologically meaningful outbreaks arising from a common source. The Canadian study included
both retrospective and prospective components. Outbreaks identified by other means were confirmed
as being of identical subtypes. However clusters identified by subtyping did not yield evidence for a
common source on further investigation. Since most clusters were small (2 to 3 cases) identification
of source was difficult and conclusion was that following such small genotypic clusters is unjustified
(Michaud et al., 2005), which is consistent with our perceptions of outbreak data.

2.2.2. Source attribution

Groups of PFGE subtypes in human cases appear to vary over time and according to patient
characteristics (Hook et al., 2004), which might indicate evidence for different sources. Host
association of subtypes has been examined in several studies. In Sweden isolates from wild birds,
broilers and humans were analysed jointly by a UPGMA cluster analysis. Two main clusters were
produced. Sixty of 73 gull isolates were in one genotypic cluster, mostly in an almost exclusively gull-
origin sub-cluster, while human and chicken isolates were more widely scattered and generally closer
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to each other than to gull isolates (Broman et al., 2002). A comparison of 49 human isolates with 87
from a range of wild birds identified only two isolates in wild birds that were similar to those from
humans, one each from a starling and a blackbird (Broman et al., 2004). A Finnish study of isolates
from chickens and humans in the seasonal peaks during 1996-1998 showed a wider range of subtypes
in chickens that mainly persisted across the three years. Fewer subtypes were isolated from humans
with more variation from year to year. However most human isolates represented subtypes also
identified in chickens (Hanninen et al., 2000). A Danish study using phenotyping and PFGE on a wide
range of wild animal, as well as human and broiler, isolates identified fourteen clusters with similar
PFGE patterns. Seven of these clusters included human isolates (Petersen et al., 2001). Four of the
subtypes with human isolates also included broiler isolates. The only wild animal or bird isolates
(hedgehog, fox, deer, squirrel, duck, buzzard, gull, sparrow hawk, hare, seal, pheasant, rook, raven,
magpie or seagull) to share a subtype with human isolates was from a hedgehog. There was some
sharing of subtypes between broiler and wild animals and between different wild animal species with
four wild animal species (fox, squirrel, duck and buzzard) identified as carrying the most widely
distributed subtype. These results are consistent with the phenotyping of this sample.

A New Zealand comparison of isolates from humans, water, chicken and veterinary origins sampled
during winter (August) and summer (February) found clear differences in subtypes between the two
time periods. Human isolates mostly shared subtypes with either chicken or water subtypes. No
attribution analysis was performed and the tabulated data suggests that little accurate attribution
would be possible. A further study in Curacao combined case control epidemiology with PFGE of
isolates. Generally there was no association between subtype and risk factors with the possible
exception of individuals owning a deep domestic well being more likely to have infection with one
PFGE pattern (Endtz et al., 2003). A large Canadian broiler study (involving 93 flocks of chickens on
57 farms) showed a marked diversity of PFGE patterns, including some diversity of subtypes on
individual farms, but with some identical subtypes at different periods and on different farms.
Approximately 20% of human genotypes were identical to clones identified among poultry (Nadeau et
al., 2002). No other host samples were available.

2.2.3.  Summary of PFGE and its application

Like phenotyping, PFGE indicates that there is partial differentiation of C. jejuni populations by host
species, and that human isolates are closer to those from broilers than of wild animal origin. Also like
phenotyping, combined analysis of the many PFGE studies described above is not possible given lack
of standardisation. Although outbreak identification has not been well supported by PFGE, the
method appears useful in including or excluding cases from outbreaks already under investigation.
This poor performance in outbreak detection suggests either that a very highly discriminatory methods
may be needed to support outbreak identification for this pathogen or that outbreaks may really be
Very rare events.

2.3. AFLP

Five AFLP studies have assessed host association and possible sources of human infection. A Danish
study considering possible sources of human infection reported that most clones infecting humans
were also isolated from several non-human animal sources making it difficult to infer source based on
subtype (Siemer et al., 2004). A UK study found relatively marked differences between pig and
poultry C. coli strains but no clear clonal separation of C. jejuni in samples from poultry, cattle, swine
and humans, although relative prevalences differed among some AFLP defined clones (Hopkins et al.,
2004). A Swiss study identified quite marked separation between poultry, pets, cattle and humans and
there was some evidence for cattle-associated clones identified on multiple farms. Most (47 of 64)
human isolates in this study were in human-only clones. In a Dutch study, including only human and
chicken isolates, 3 main clusters were identified, each of which included isolates of both human and
chicken origin with no cluster restricted to either host (Duim et al., 1999). In a second Dutch study,
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including human, chicken and cattle isolates, again no convincing evidence was found for a host-
association using AFLP (Schouls et al., 2003). The information on subtype provided by AFLP has not
therefore been shown to be useful in predicting sources of human infection. Nevertheless, because of
the high discriminatory power of the technique and its insensitivity to genetic instability, AFLP has
been used in the identification of clonal stability over time (Manning et al., 2001), evaluation of
environmental contamination from broiler flocks on farm (Johnsen et al., 2006a) and at slaughter
(Johnsen et al., 2006b, Johnsen et al., 2007), as well as evaluating genotype-specific survival
following environmental stress (Wieland et al., 2006).

2.4. Single gene RFLP

FlaA subtyping was the earliest genotyping scheme developed. At least seven flaA restriction
fragment length polymorphism (RFLP) schemes have been described (Wassenaar and Newell, 2000).
Several of these have been compared for discriminatory power and reproducibility in CAMPYNET
studies (Harrington et al., 2003). Genetic events can substantially alter fla4 genes (Harrington et al.,
1997; Mellmann et al., 2004) and, as a consequence, these genes have minimal relationship to the
clonal history of an isolate and even show evidence for substantial cross-species recombination
(Dingle et al., 2005). As a result, although allowing a rough prediction of whether or not isolates are
identical, fla4 RFLP methods are considered not useful for human epidemiological studies.
Nevertheless, such events are observed infrequently in the field and over short periods of time, and fla
subtyping, which is cheap and rapid, has proved very valuable in on-farm epidemiological studies for
example screening large numbers of isolates to identify potential sources of poultry flock infection.

2.5. Microarrays

More recently microarray approaches have allowed the capture of more detailed genome wide
information, such as gene content, by assaying whether an isolate has very similar genes to those from
a fully sequenced isolate on a gene by gene basis (Champion et al., 2005). This approach uses
hybridisation with a cut-off point determining whether the isolate under study is classified as having a
gene that is sufficiently similar to the probe on the microarray. The value of early arrays was limited
by the genome data available. With each Campylobacter genome sequenced, the variability of the
pan-genetic complement is substantially increasing and new microarrays are being designed to
incorporate this information. Integrating data produced from different generations of arrays will
provide a further challenge. In common with the genome wide approaches that produce band patterns,
there is a lack of good models describing the genetic processes producing the observed patterns of
results, in this case gene gain and loss. This limits the quality of inference available from microarray
data (Gressmann et al., 2005). One study reported that this approach identified separate livestock and
non-livestock clades with most human cases fitting into the livestock clade (Champion et al., 2005).
However, this study lacked an adequate sample of non-human isolates, used an array based on a single
genome study, and did not take account of the population structure already identified by sequence-
based subtyping methods (Dingle et al., 2001a; Dingle et al., 2002). The importance of the use of
unbiased populations has been shown for other bacterial species (Gressmann et al., 2005). To date
microarray analysis has, therefore, not contributed usefully to the understanding of the C. jejuni
population structure or its epidemiology. Once arrays adequately representing the C. jejuni pan-
genome become available and are consistently applied, this technology will allow assessment of gene
content, although large scale sequencing approaches (e.g. Solexa, 454 etc) may have superseded this
approach by that time.

2.6. Summary of non-sequence genotyping and its application

Among non-sequence based genotyping, PFGE has been the most widely used and most useful
approach, and has supported case definition in outbreak studies as well as giving relatively consistent
results in studies of source attribution suggesting a large role for farm animals, and poultry in
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particular, in the origin of human infections. The applicability of all these methods to quantitative
source attribution has been restricted by lack of comparability between studies which prevents
efficient combined analysis of different studies. The methods have had variable success for outbreak
detection or the provision of insight leading to the understanding of bacterial population structure and
biology.

3. Sequence subtyping

3.1. Sequencing single highly variable gene fragments

Sequencing of a variable portion (the short variable region (SVR)) of the fla4 gene is the most
common single gene subtyping approach to date (Dingle et al., 2005; Harrington et al., 1997,
Meinersmann et al., 1997), although other genes have also been used (Zhang et al., 2000). Two
factors limit the inference that can be drawn from fla4 sequencing. Firstly, identical alleles of the fla4
gene fragment have been found in C. jejuni and the related species C. coli (Dingle et al., 2005).
Secondly, substantial change can occur in a single recombination so that closely related isolates can
have very different fla4 sequences (Harrington et al., 1997). Sequence-based approaches have been
useful in explicitly demonstrating such limitations of the use of any single gene in a frequently
recombining species. However, the implication is that sequencing of the fla4 gene, without a wider
genotypic context, has no substantial advantage over non-sequence subtyping of this gene. In other
bacterial species, systems using sequences from two or more variable genes (Martin et al., 2004), or
from one or more variable genes in the context provided by a more stable subtyping approach, such as
MLST (Feavers et al., 1999) have been applied and are more reliable in both discriminating between
closely related isolates and avoiding the false identification of apparently close relatedness between
distant isolates sharing a common sequence at a single locus.

3.2 Whole genome sequencing

The first full genome sequence of a C. jejuni strain was reported in 2000 (Parkhill et al., 2000). Since
then other full sequences have become available (Duong and Konkel, 2009; Fouts et al., 2005).
Currently over 20 Campylobacter spp. genome sequences are available or at near completion. The
increasing availability of high-throughput sequencing approaches means that whole genome
sequences may soon be feasible even for large sample collections (Meyer et al., 2008). This will
present large opportunities and analytical challenges which remain speculative at present.

3.3. MLST of C. jejuni

MLST of bacteria involves sequencing the forward and reverse strands of several, typically seven,
gene fragments (Dingle et al., 2001a; Maiden et al., 1998; Maiden, 2006). Gene fragments are chosen
to allow (1) subtyping of all, or virtually all, members of the target group of bacteria and (2)
identification of genetic relatedness between isolates using analysis based on genetic processes
involved in evolution. The genes chosen encode for essential metabolic functions. This means that
they are likely to be present in all isolates, assuring the aim of typeability. A consequence of this is
that the genes are under stabilising selection, which limits the diversity available from each gene
fragment and therefore lowers the efficiency of identification of differences between isolates. Based
on other bacterial species, the use of seven genes is assumed to provide sufficient information to
allow isolates to be grouped according to a moderately detailed genealogy. Closely related isolates,
sharing identical alleles at several of the loci, are thus identified as belonging to a particular clonal
complex (CC) or even having an identical sequence subtype (ST) across all 7 loci. Isolates identified
as belonging to the same CC are very likely to share a more recent common ancestor with each other
than with isolates which are not members of the clonal complex (Maiden et al., 1998; Smith et al.,
1993).
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Analysis of MLST data can take advantage of information from genes at multiple separate loci on the
genome. This enables the identification of overall population structure, the place of an isolate in that
structure, and estimates the contribution of different effects such as mutation, recombination
(swapping of segments of DNA between lineages of bacteria), selection and neutral processes, such as
genetic drift, to the generation of genetic diversity, maintenance of species characteristics and the
shaping of population structure (Didelot and Falush, 2007; Falush et al., 2003). This capacity for
analysis, using models based on the understanding of basic genetic processes contrasts with subtyping
schemes using empirical subtyping data where no clear model of the processes producing change is
available.

Three MLST schemes for C. jejuni have been published (Dingle et al., 2001a; Manning et al., 2003;
Suerbaum et al., 2001). One of these has become widely applied (Dingle et al., 2001a). Although the
others have not been used in subsequently published work to date, this does not mean that these are
not appropriate for widespread use, just that one scheme has self-generated dominance. The large
scale and increasing application of a single scheme (Meinersmann et al., 2003; Manning et al., 2003;
Wareing et al., 2003; Dingle et al., 2002; Colles et al., 2003; Sails et al., 2003a; Sails et al., 2003b;
Schouls et al., 2003; Mellmann et al., 2004; Dingle et al., 2005; Best et al., 2004; French et al., 2005;
Clark et al., 2005; Fitch et al., 2005; Miller et al., 2005; Miller et al., 2006; Karenlampi et al., 2007;
Kinana et al., 2006; Djordjevic et al., 2007; D'Lima C et al., 2007; Mickan et al., 2007; Sopwith et al.,
2006; Kinana et al., 2007; O'Reilly et al., 2006; Allen et al., 2007; McCarthy et al., 2007; Litrup et al.,
2007; Duim et al., 2003; Hepworth et al., 2007; Clark et al., 2007; Parker et al., 2007; Price et al.,
2006; Feil et al., 2004; Thakur et al., 2006) since first described in 2001 (Dingle et al., 2001a) allows
direct comparison between, and combined analysis of data from, different studies using a standardised
approach. This is further supported by an accessible public database (Jolley et al., 2004). The position
on the genome of the seven gene fragments used in this scheme, which has also been applied to C.
coli (Dingle et al., 2005), are shown in Figure 1. The size and the detailed position of each gene
fragment on the Campylobacter genome is indicated in Table 1. It is notable that at least in this
genome sequence the selected genes tend to be clustered in part of the genome and this might be a
disadvantage.

.. . mrsA
C. jejuni chromosome

Isolate NCTC 11168
1,641,481 base pairs
http://www.sanger.ac.uk
/Projects/C_jejuni/

flaA glyA

porA

Figure 1: Position of MLST loci (Dingle et al., 2001a) (in black) and selected antigen genes (Dingle
et al., 2008) (in red) on the NCTC11168 genome.
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Table 1:  Location and size of MLST (Dingle et al., 2001a) loci on NCTC11168 C. jejuni genome

MLST gene Identifier and position on NCTC11168 genome Base pairs
aspA Cjo087 96692 to 97168 477
uncA* Cj0105 112163 to 112651 489
mrsA / pgm7 Cj0360 327773 to 328270 498
glyd Cjo402 367573 to 368079 507
glnA Cjo699c 657609 to 658085** 477
tkt Cjl645 1569415 to 1569873 459
gltd Cj1682c 1604529 to 1604930** 402

* uncA renamed to azpA and now identified as such on the NCTC1118 genome

T “pgm” most similar to E. coli mrsA. Currently not named on the NCTC1118 genome having been previously identified as
both pgm and mrsA

** olnA4 and gitA are coded on the negative sense DNA strand

Several papers have described single nucleotide polymorphism (Best et al., 2004; Best et al., 2005;
Price et al., 2006) or other (Djordjevic et al., 2007; O'Reilly et al., 2006) methods to shortcut
sequencing requirements to obtain groupings similar to those defined by MLST. These have generally
produced a rapid approach capable of moderate accuracy. However, they are not capable of indexing
further diversity, which is inherent to the standard application of MLST through new allele discovery
and the identification of new allele combinations. There are no published reports of the practical
application for scientific or public health purposes of these short cut approaches and they are not
considered further here.

The reported applications of MLST to the population biology, ecology, and epidemiology of C. jejuni
are reviewed below. MLST refers to the most widely applied scheme (Dingle et al., 2001a) unless
otherwise specified.

3.4. Application of MLST to the population genetics and biology of C. jejuni

3.4.1. Population genetic parameters

Analysis using MLST has shown that C. jejuni is weakly clonal. This was reported using index of
association analyses in the first report of the most widely used MLST scheme (Dingle et al., 2001a),
with largely consistent results from analyses in the other two schemes that have been developed
(Manning et al., 2003; Suerbaum et al., 2001). Initial estimates for the basic population genetic
parameters suggested that recombination events were eight-fold more common than mutations with an
average fragment length estimated at 3.3 kb (Schouls et al., 2003). Later model-based population
genetic analysis of data, from a structured sample of a local area and it’s animals (French et al., 2005),
estimated the recombination rate as being similar to the mutation rate in C. jejuni and the mean
recombination fragment size as in the order of 500-750 bp long and similar in each host species
studied (Fearnhead et al., 2005). Although conclusions about the lack of evidence for large
recombination fragments in this study used an erroneous gene order, this is unlikely to have made a
major contribution to these estimates so that current combined evidence supports mainly relatively
short recombination fragments, on average in the order of hundreds of base pairs.

3.4.2.  Population structure and diversity within C. jejuni

A comparison of MLST and MultiLocus Enzyme Electrophoresis (MLEE) among a diverse set of C.
Jjejuni isolates confirmed the similarity of grouping obtained by each method (Sails et al., 2003a) as
expected from the design of MLST (Dingle et al., 2001a; Maiden et al., 1998). The large collections
of isolates, which have been MLST typed, have demonstrated substantial diversity with 4218 unique
STs identified in the combined C. jejuni | C. coli database (at 25 November 2009) and 43 defined
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clonal complexes. The most diverse clonal complexes within C. jejuni are ST-21 complex including
409 STs and ST-45 complex with 229 STs (at 13 November 2009). MLST has also been used to
describe the phylogenetic relationship of the subspecies C. jejuni subsp. doylei showing that a
geographically diverse set of C. jejuni subsp. doylei isolates formed a phylogenetically distinct cluster
within C. jejuni (Parker et al., 2007) consistent with C. jejuni subsp. doylei isolates sharing a more
recent common ancestor with each other than with other C. jejuni isolates.

3.4.3.  Gene flow between Campylobacter species

The relationship between C. jejuni and C. coli has also been analysed using MLST (Dingle et al.,
2005). This has shown the presence of hybrid forms, that these result from recombination between C.
jejuni and C. coli (Dingle et al., 2005; Meinersmann et al., 2003; Schouls et al., 2003), that such
recombination may be particularly frequent among isolates obtained from ruminants (Meinersmann et
al., 2003), and that it can be found in isolates on different continents (Kinana et al., 2007).
Recombination with other species appears to be less common (Meinersmann et al., 2003) but does
occur. There is evidence for lateral gene transfer between C. jejuni and C. lari (Miller et al., 2005)
and unidentified cross species imports have been reported among Danish C. coli, as well as imports
from C. jejuni (Litrup et al., 2007).

3.5. MLST and the distribution of genotypic and phenotypic characteristics

Population structure indicated by MLST has been used, along with other genotype information, to
describe the distribution of por4 gene variants (Clark et al., 2007), to assess the stability of the
flagellar genes fla4 and flaB (Mellmann et al., 2004), and to identify that gene content differences
mainly map to the clonal population structure rather than to the host of origin (Hepworth et al., 2007).
Isolates from patients with Guillain-Barré Syndrome are genetically diverse and are found in several
MLST-defined clonal complexes (Dingle et al., 2001b), consistent with earlier findings using MLEE
(Engberg et al., 2001). Most studies considering antibiotic resistance in the light of MLST-defined
population structure have focussed on C. coli where they have shown patterns such as a clonal
distribution of erythromycin resistance due to a 23S rRNA mutation (Chan et al., 2007) and
susceptibility to other antibiotics (D'Lima C et al., 2007) among isolates from turkeys in the USA. In
contrast some studies found a lack of strong clonal patterning of resistance to a range of antibiotics
among C. coli from swine in the USA, even when the resistance had the same genetic basis (Thakur
and Gebreyes, 2005), or of quinolone resistance in isolates from chicken in Senegal (Kinana et al.,
2007). The associations in these papers were observational rather than based on formal analysis of
resistance in relation to population structure.

3.6. MLST applied to the ecology of C. jejuni subtypes

The seven published studies describing the distribution of isolates by clonal complex across multiple
hosts and one restricted to chicken isolates are summarised in Table 2. The table only includes the
most commonly identified clonal complexes. ST-21 complex and ST-45 complex appear to be
relatively widely distributed across many host species as well as abundant. Ruminants and chickens
are the most usual sources of such strains, with ruminants slightly more dominant in ST-21 complex
and chickens in ST-45 complex. However, these farm animals are the most sampled sources and
isolation has also been reported from wild birds, other animals and environmental samples for both
clonal complexes. ST-206 complex isolates have been reported frequently from both chicken and
ruminant sources but not from wild animals or environmental samples. The importance of ruminant
hosts for ST-61 complex, ST-42 complex and to an extent ST-48 complex is well supported across
studies in different European countries, while ST-257 and ST-354 complexes are somewhat more
common in isolates of chicken origin. ST-177 and ST-179 have been mostly reported in isolates from
sand samples, although three ST-177 isolates from starlings and one from a pet have also been
identified. One study restricted to chicken isolates is included as it is substantially separated
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geographically from other isolates (Kinana et al., 2006). These Senegalese chicken isolates mostly fit
into the chicken associated complexes (257 and 354) or the multi-host ST-21 complex, with one
isolate in ST-42 complex which is usually more ruminant associated. At a quite different geographical
level, a study within a 10 km square grid showed that isolates that were sampled near to each other
were more likely to be identical than distant samples. Inference on whether this only operated at less
than 1km or extended longer was dependent on the analytical model chosen limiting the precision of
the inference that can be drawn (French et al., 2005).

A formal approach to attribution of C. jejuni to host of origin between chickens and ruminants
(McCarthy et al., 2007) using the Structure algorithm (Falush et al., 2003) has also shown that
genotype is more strongly associated with animal host species than with geography, even at an
international level. This study also demonstrated that the signal of association with host is not entirely
a clonal one. Genes acquired by recombination also predict host of association (McCarthy et al.,
2007). This finding implies that “summary genotypes” cannot effectively predict origin and explains
the basis for past difficulties in attributing human infection by C. jejuni to source using subtype
(Evers et al., 2007; Neimann et al., 2003; Schouls et al., 2003). This population genetic approach to
host attribution, of using individual gene information rather than summary subtype, has subsequently
been applied using both the Structure algorithm (Sheppard et al., 2009) and an asymmetric island
model (Sheppard et al., 2009; Wilson et al., 2008). Estimates of the origin of human C. jejuni
infection using these approaches suggest that of the order of 60% to 80% of human infection is from
chickens. However, these estimates rely on the assumptions that the reference populations used (to
represent the possible host species of origin for human infection) were complete and representative,
which are not true. The extent to which this affects the accuracy of the estimates is uncertain.
Validating predictions of source of human infection using population genetic attribution models for
multilocus sequence data against external information, such as exposure histories from cases, is an
important outstanding area of work. Published work is therefore consistent with some geographical
structuring of C. jejuni populations at a local level, but suggests that host association may be a much
stronger effect than geography, even over large distances, and that this genetic imprint of host
association may be useful in identifying the source of human infection at a population level. The
direct comparability of MLST results between studies is central to enabling these inferences that rely
on data from several independent projects.
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Table 2:  Host species of isolation of major clonal complexes of C. jejuni in published reports, 2001-2007.
Paper Country  Size Year 21 42 45 48 61 177/179 257 206 354 403 Other
Colles et al. UK, n=112 1990s Rm St Rm ChTu Rm Rm St TuRm Rm
(2003) Ch Rm St St
Dingle et al. UK, NL n=313 Up to Rm Ch Rm ChRm RmSa RmSa Sa Ch ChRm Ch Rm
(2002) mainly 2001 Sa Sa Ch
Dingle et al. UK, NL n=115 1990s  RmCh Ch Sa Sa
(2001a) Sa
French et al. UK n=172 2000 RmBi RmRa RmBi Rm Ra
(2005) WaRa WaBi WaRa Wa

So Ba

Karenlampi etal.  Finland n=>53 2003 Rm Ch Ch Rm Rm Rm ST-677 Ch
(2007)
Kinana et al. Senegal n= 46 2000-2 Ch Ch Ch Ch
(2006)
Manning et al. UK mainly n=215 Rm Ch Rm ChRm RmPe RmSw Pe ChRm RmCh Rm SwRm  ST-573Ch
(2003) Sw Pe Pe Ch Gi
Schouls et al. NL mainly n=90 1990s RmCh Rm RmCh RmCh Rm Rm Ch ST-46 Ch Rm
(2003)

Ba Badger; Bi Wild bird — unspecified; Ch Chicken; Gi Giraffe; Pe Pet animal; Ra Rabbit; Rm Ruminant; Sa Sand; So soil; St Starling; Sw Swine; Tu Turkey; Wa Water.

Dominant hosts identified in bold type. Order of listing host gives a further estimate of most frequent source of isolation. Given variable sample numbers from each source in each study these are
very approximate estimates of apparent host association.
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3.7. MLST and the dynamics of infection in agricultural animals and settings

MLST has been used to identify the population dynamics of infection among successive chicken
flocks in a study assessing the effect of phage susceptibility on broiler infection showing that phage
resistance was mediated by the incursion of phage resistant subtypes rather than the de novo
development of phage resistance (Connerton et al., 2004). A study describing the diversity and
dynamics of ten housed broiler flocks in the UK used MLST to demonstrate the limited number of
infecting subtypes at any one time, successive infection by different subtypes over time,
contamination of water and the environment with similar subtypes and, on occasion, isolation of the
subtypes infecting broilers from the breeder flocks or environment prior to the detection of infection
in the broiler flock (Bull et al., 2006). The dynamics of chicken meat contamination during chicken
processing used MLST to compare infecting subtypes and identified evidence for differences in
subtypes isolated from caecal culture and carcass culture as well as for carry over of infecting subtype
onto successive flocks at the same processing plant (Allen et al., 2007). Isolation from header tank
water of C. jejuni that, in some cases, matched the contaminating subtype among chickens might have
been interpreted as a possible route of entry of infection (Ogden et al., 2007), although both the lack
of discrimination afforded by MLST alone and the lack of temporal studies to indicate a clear
direction of causality limits lead the authors to question such a conclusion. All of these observations,
and more, had been previously made using alternative molecular epidemiological approaches such as
PFGE and fla typing. The use of MLST as an approach to trace infection in an agricultural setting is
restricted, not least by lack of discriminatory power, so that the development of more reliable fine
subtyping to complement the MLST subtype may be useful to support studies exploring the dynamics
of C. jejuni infection on farms and during processing while also allowing comparison to, and joint
analysis with, external datasets. In the meantime use of methods such as PFGE, AFLP etc., is more
appropriate for such studies.

3.8. MLST applied to epidemiology

The main epidemiological functions for which MLST has been evaluated or applied are determination
of host association as described above, outbreak investigation, comparison of trends in infecting
subtypes over time or between populations, and integration in a case control study to guide subgroup
analysis.

3.8.1.  Outbreak investigation

Isolates that were part of a Canadian waterborne outbreak were identical. However, this subtype was
also identified in non-outbreak isolates showing that is did not effectively discriminate outbreak
isolates from unrelated isolates (Clark et al., 2005). Validation studies, each including several
outbreaks, have also been completed (Mellmann et al., 2004; Sails et al., 2003b) giving similar results,
with MLST inadequately discriminating to allow it’s application in identifying which cases are
outbreak related and which are not. A combination of MLST and highly variable gene subtyping
should increase discrimination to allow this function, as it would provide discrimination at least
equivalent to PFGE (Mellmann et al., 2004; Sails et al., 2003b). It is less certain whether an MLST
plus “antigen gene fragments scheme” will be effective in outbreak detection, an important potential
task for subtyping schemes in relation to C. jejuni where outbreak detection is uncommon. This
approach of combining MLST with variable gene sequences is being developed (Dingle et al., 2008).

3.8.2.  Trends between populations and over time

Collections of human isolates typed by MLST have been published from the UK (Dingle et al., 2002;
Sopwith et al., 2006), the Netherlands (Dingle et al., 2002), Curacao (Duim et al., 2003), the USA
(Fitch et al., 2005), Finland (Karenlampi et al., 2007), Australia (Mickan et al., 2007), and New
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Zealand (McTavish et al., 2007) allowing direct comparison. The first large scale study of human
isolates (n=501) was of an international collection but with many isolates from the UK (n=370) and
the Netherlands (n=79), the large majority of which were isolated between 1990 and 1999, including
213 in 1991. This study showed that human infections included diverse isolates from 15 identified
clonal complexes with ST-21, ST-45, ST-61, ST-48, and ST-257 complexes the most common; in that
order (Dingle et al., 2002). A study of 234 isolates (Duim et al., 2003), which had been collected
during a 1999/2000 case control study (Endtz et al., 2003) in Curacao, found many isolates in the
same clonal complexes identified in Europe (Dingle et al., 2002). Seven of the 10 most frequent
complexes from Curacao had already been identified, but the remaining 3 comprised novel ST-41,
508 and 657 complex isolates. Theses 3 clonal complexes comprised 61 isolates (26% of the total).
Additionally, 41 isolates belonged to ST-403 complex, which is relatively rare in humans in Europe
(Dingle et al., 2002). These ST-403 complex isolates were restricted to the November-February
period of the Curacao study, consistent with either a seasonal or transient source.

An Australian case control study conducted between 1999 and 2001 provided 153 isolates, which
were subsequently typed using MLST (Mickan et al., 2007). Of 40 STs, 19 were new to this study, but
16 of these new STs were within 11 known clonal complexes (257, 354, 21, 52, 353, 658, 45, 607, 61,
22 and 460). The most abundant newly described ST was ST-28. Identified 18 times, ST-28 is a single
locus variant of ST-354, the central genotype of ST-354 (Mickan et al., 2007). A study from
Michigan, USA of just 30 human and chicken isolates found 9 new STs, 5 of which were within
established clonal complexes (Fitch et al., 2005). A Finnish study sequence subtyped 298 human
isolates, from 1996, 2002 and 2003. Although 28 new STs were identified only 9 of these (each
represented by just 1 isolate) were unassigned to existing clonal complexes, so that in total 264 of the
298 isolates were previously reported STs (Karenlampi et al., 2007); 25 were among the 19 new STs
within known clonal complexes and just 9 were new STs and not members of known clonal
complexes. A later UK study reported only clonal complexes of 326 isolates over a one-year period
(2003/4). The main clonal complexes identified appear typical of earlier studies with no comment
made on individual STs and no comparison with other datasets in the report (Sopwith et al., 2006).
This study also noted a seasonal or transient peak in the summer of ST-45 complex, with the rise more
marked in rural than urban areas. A sample from New Zealand in winter 2006, when rates of disease
were unusually high identified just 2 new C. jejuni STs (4 isolates) in a sample of 107 isolates. Some
groups of isolates within this study were unusual variants of common sequence subtypes e.g. ST-474
and ST-190 from clonal complexes ST-48 and 21 respectively. A common source local outbreak is
suggested as the likely source (McTavish et al., 2007).

These results indicate geographical variation, but, more strikingly, that the same main clonal
complexes dominate in human disease in much of the world. This is supported by later publications
identifying STs that are already known or are minor variants of widely distributed STs identified in
earlier studies in geographically distant areas. The precise ST profile present in each population
(Duim et al., 2003; Mickan et al., 2007) and relative proportions of each ST (McTavish et al., 2007)
varied somewhat between studies and suggests that there is some geographic structuring. Because
several studies were of short duration, the extent to which such locally dominant STs represent stable
geographical structuring or a transient expansion, perhaps due to a common source is not always clear
(Duim et al., 2003; McTavish et al., 2007), but this uncertainty would be amenable to longitudinal
sampling and subtyping or to the investigation of possible sources of transient expansions. Other
expansions are clearly time limited, such as the ST-403 complex isolates in Curacao and ST-45
complex in North West England (Sopwith et al., 2006), which are consistent with either seasonal or
temporary increases. As well as indexing short term variation these published studies form a
geographically widespread baseline against which future studies using the same subtyping scheme can
be compared to determine the longer term dynamics of population structure. The published work to
date also shows the potential for more structured datasets to clarify questions of temporal-spatial
variation in subtypes infecting humans and to use this to explore the origins of infection.
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3.8.3.  Subset analysis

A Finnish study used MLST to determine the sequence subtype of 46 isolates from an earlier case
control study (Schonberg-Norio et al., 2004) and analysed risk factors by sequence subtype defined
subgroups (Karenlampi et al., 2007). This identified some apparent associations, e.g. unassigned STs
associated with swimming in natural bodies of water, eating raw mince with ST-48 complex, contact
with a dog with ST-45 complex and drinking water from natural sources or untreated with chlorine
with ST-677 complex. The sample sizes were small and analyses did not account for multiple testing
statistically, which limits the certainty regarding the associations observed. Nonetheless, the findings
are biologically plausible with, for example, the consumption of raw mince associated with a subtype
most associated with ruminants and raw water consumption associated with a subtype typical of wild
birds.

3.9. Summary of findings from the application of MLST

The direct comparison of studies using a standard MLST scheme allows substantially more extensive
and robust inference than other subtyping methods, perhaps most clearly illustrated in reviewing host
association and the geographical and temporal structure of human disease isolates. Attribution studies
using model based analysis of MLST data are supportive of the majority, perhaps the large majority,
of human infection originating in chicken but this is using very biased strain collections. However,
questions remain in these areas and the value of more structured longitudinal samples, for example to
allow separation of transient and seasonal effects, is evident as well as the need to validate attribution
of human disease more fully. The limitations of MLST alone in supporting outbreak investigation
highlight the importance of identifying effective complementary sequence based fine subtyping to
develop the functions of supporting outbreak case definition and ideally to also allow outbreak
detection. Such discriminatory fine subtyping should also support extension of the application to
tracing infection through the food chain, where MLST has already started to be used. The results
identified when MLST data was used in a small analytical epidemiology study support the integrated
epidemiological analysis of classical risk factor information along with MLST subtype (Karenlampi et
al., 2007). Alongside these more applied questions the demonstration of extensive recombination as
contributing substantially to the patterns of MLST genotypes highlights that use of this data should
consider this genetic process in any model based analysis and inference from subtyping data.
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B. MODELLING ATTRIBUTION APPROACHES BASED ON MICROBIAL SUBTYPING

The five current mathematical models that have been reported in the literature are described below.

1. The Dutch Model

The Dutch Model (French and the Molecular Epidemiology and Veterinary Public Health Group,
2008; Van Pelt et al., 2006) is a straight forward way to estimate the attribution of a particular
genotype (e.g. sequence subtype (ST)) to a reservoir, when the frequency distribution of each subtype

is known for each reservoir. If p, represents the frequency of subtype i (e.g. ST 19) in source j (e.g.
poultry) then the expected number of cases of subtype i from source ; is given by

Py

xi
>,
J

A =

Where x; is the estimated number of human cases of subtype i, the summation by j considers all the
reservoirs where data exist (e.g. cattle, sheep, wild birds, poultry etc.).

When applied at the ST level this model does not guarantee that all STs will be attributed to sources.
This is because human subtypes, which are not found in the animal reservoir, cannot be attributed.
However, if genetic information exists at multiple loci (e.g. 7 loci for this study), then the Dutch
Model can make use of the frequency of each individual allele at each individual loci, and estimate
attribution even for STs which are not present in the animal reservoirs. In particular, at the allele level

the frequencies p, ~can be calculated for each allele a;, of all isolates from the animal reservoirs.
"

Where i is subtype, j the source and & the loci number (see Table 1).

Table 1
Locil Loci2 Loci3 Loci4 Loci5 Loci6 Loci7 MLST
subtype
aij Ao A7 1
i Ajp iz '

The attribution score of bacterial subtype i in source j is

;
[1~.,
hy=—i
Z[H P, j

J

where p, = Betalnv(0.50+1 N, +1) if its frequency is zero (Betalnv fn from Excel

isolates

alternately in more usual notation Beta(co,) where a=1, B=N;mes+1). This assumes that we have no
prior knowledge of p, ) and so is maximally non-commital or conservative.

ij
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2. Population structure

STRUCTURE (Pritchard et al., 2000) is a Bayesian clustering model designed to infer population
structure and to attribute individuals to population groups. The program readily uses MLST
genotyping data. Each isolate is attributed on the basis of a training dataset consisting of isolates from
known populations (i.e. set USEPOPINFO to 1). The algorithm calculates the frequency of each
particular sequence subtype in each population taking into account the uncertainty due to the sample
size. Based on these frequencies the probability of belonging to a population group/reservoir is
calculated, following multiple iterative steps (MARKOV CHAIN MONTE CARLO- MCMC) for the
estimation of frequencies. The program has the option to consider the allele independent (no-
admixture model — independent alleles) and start with equal frequencies for each subtype. Following
an initial number of MCMC burn-in steps (e.g. 1,000) further itterations (e.g. 10,000) are used for
estimation of the probabilities that an isolate belongs to each particular population being considered
(e.g cattle, sheep, poultry etc.). To enable the largest reference dataset to be used (often datasets are
small due to the cost of subtyping many isolates) only one ST is selected at a time from the unknown
dataset using the jacknife method. This process is repeated to enable multiple estimations of the same
ST so that uncertainty in the attribution scores can be determined.

3. Hald Model

A more advanced application of the microbial subtyping approach was developed in Denmark for the
attribution of human salmonellosis (Hald et al., 2004). Using data from the integrated Danish
Salmonella surveillance programme, a mathematical model was developed to quantify the
contribution of each of the major food animal sources to human Salmonella infections. The “Danish
Salmonella source attribution” model uses a Bayesian framework with Markov Chain Monte Carlo
simulation to attribute sporadic laboratory-confirmed human Salmonella infections caused by
different Salmonella subtypes as a function of the prevalence of these subtypes in animal and food
sources and the amount of each food source consumed.

The estimated number of cases for each serotype is considered to be Poisson distributed with the
expected/average value being dependent on source, exposure (amount of food consumed, prevalence
of bacteria, dose) and bacteria-dependant factors (e.g. survivability, virulence, pathogenicity).
Briefly, the number of human cases of subtype i is

0, € Poisson(z /11.1.]

J
where
Ay =M;p;q,a,

4, represents the expected number of human cases of subtype i from source ;.

A description of the parameters of Hald Model is given in Table 2.
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Table 2:  Description of parameters in the Hald Model.

Parameters Description

i Expected number of cases/year of subtype i from source j
M, Amount of food source j consumed

Dii Prevalence of subtype i in source j

q; Bacteria-dependent factor for subtype i

a; Source-dependent factor for source j

0; Number of human cases of subtype i

The model takes into account the uncertainty for all these factors and also includes travel as a possible
risk factor.

4,  Modified Hald Model

This model is a variation of the Hald Model that has been developed for use with both Sa/monella and
Campylobacter (Mullner et al., 2009). The modifications include: removal of the food factor
variables, incorporation of the uncertainty in prevalence of the source reservoirs and incorporation of
environmental sources.

4.1. Modelling the uncertainty of prevalence in animal and environmental sources

The prevalence uncertainty is modelled using beta priors in the risk model,
p; « Beta(a;;, B;) -

The factors «; and ﬁl.j are determined in a separate Bayesian model, where three datasets are used to

model the prevalence: overall prevalence data (all untyped positive and negative Campylobacter),
typed positive and negative, and typed positive only. The frequencies of each subtype and the overall
prevalence are incorporated into a Likelihood function, which is maximized starting with independent
Dirichlet priors for frequencies, and independent beta priors for overall prevalence. The average and

standard deviation for prevalence p, is obtained and &, and f; are chosen to fit this distribution.

4.2. Modelling the bacteria dependent factor g;

In the Hald Model some of the ¢;'s are assumed to be equal to ensure that there are fewer unknown
variables than observed data points.

In the modified Hald model the variability in virulence is included in a lognormal distribution using a
unique parameter, 7 .

Briefly,

log(g;) «« N(0,7)

where the prior for 7 is chosen by a diffuse gamma function, 7 oc Gamma(0.01,0.01).

4.3. Modelling the source specific parameters a;

The source specific parameter — is a measure of the concentration of bacteria in a particular source
(e.g. bacteria/kg). This is modelled using independent exponential priors.
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This prevents a being too large and hence an upper limit does not need to be specified as in the Hald
Model.

4.4, Avoidance of food consumption weights

These are removed (A, in the Hald model) and in effect are absorbed into the source-specific

parameter a ;. This means that exposure to a specific amount from a specific source and subtype is
not explicitly modelled.

5. Asymmetric island (Al) model

The Asymmetric Island Model (Wilson et al., 2008) incorporates a Bayesian approach and uses the
allelic profile of the sequence subtypes to reconstruct the genealogical history of the isolates. The host
populations are considered to exist on separate “islands” (e.g. the island sheep). Mutations and
recombination occur on each island. Migrations from each reservoir (island) into the human
population are used to estimate the degree of attribution to each source.

The model has two stages:

e the evolutionary stage — estimates the rates of mutation, recombination and migration of
Campylobacter host populations (is complex, uses an approximate likelihood function):

0 does not involve Campylobacter from humans;

o samples by Markov Chain Monet Carlo (MCMC) techniques from the posterior
distribution of the rates to be used in the second stage;

e the attribution stage — human isolates are considered random samples from the reservoir
populations; is used to estimate the posterior probability of attribution to each source.
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C. METHODOLOGIES FOR SOURCE ATTRIBUTION OF HUMAN CAMPYLOBACTERIOSIS BY
EPIDEMIOLOGICAL APPROACHES

1. Source attribution of human campylobacteriosis by a systematic review of case-control
studies as reported in section 5.1. of the opinion

1.1. Methodology used

The formal process for literature review established for systematic reviews (SR) was followed
(Sargeant et al., 2006). The objective was to investigate the most important risk factors for human
sporadic campylobacteriosis, and the process included (1) literature search, (2) identification of
relevant literature, (3) quality assessment of relevant studies, (4) summarization and statistical
analysis of data, and (5) conclusions. Citations were collected, de-duplicated and managed in a web-
based software (SRS 4.0, TrialStat! 93 Corporation, Ottawa, ON). The meta-analyses consisted of the
analysis of the summarized statistics of the studies provided by the SR. Collected information
corresponded to the number of cases and controls exposed and not-exposed to extracted risk factors,
and an estimated odds ratio and the 95% confidence interval for the same risk factors. All extracted
risk factors were stratified according to defined source-categorizations schemes. An overall meta-
analysis was conducted within each risk factor stratum if estimates were available from more than two
studies. The Cochran-Mantel-Haenszel test for SAS was utilized to assess the homogeneity between
studies and calculate a common pooled odds ratio and 95% confidence interval, using the number of
cases and controls exposed and non-exposed. To estimate these values, the studies were weighted
according the number of cases/controls enrolled in the study (Anonymous, 2004). Following the
initial meta-analysis, a set of sensitivity analyses to evaluate the impact of the inclusion of studies
from different regions in the world, time periods and age groups was performed. The same
methodology was followed, but applied to sub-sets of the data, according to the above categories. All
analyses were performed in SAS Enterprise Guide, SAS Insitute., SAS/STAT® User’s Guide, Version
8, Cary, NC: SAS Institute Inc., 1999.

1.2. List of collected case-control studies of sporadic campylobacteriosis

From 1,295 identified references, 132 passed the relevant screening, 73 passed the quality assessment
stage, and data was extracted from 72. From these, 37 investigated risk factors of sporadic
campylobacteriosis.

A list of all collected case-control studies of sporadic campylobacteriosis is reported in Table 1.
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Table 1:  List of collected case-control studies.

Number of Number of

Reference Country Region Time period Cases Controls
Wingstrand et al., 2006 Denmark Northern EU 2000-2001 107 178
Ethelberg et al., 2005 Denmark Northern EU 1991-2001 22,066 318,958
Carrique-Mas et al., 2005 Sweden Northern EU 2001-2002 126 270
Schonberg-Norio et al., 2004  Finland Northern EU 2002 (Summer) 100 137
Kapperud et al., 2003 Norway Northern EU 1999-2000 212 422
Tenkate and Stafford, 2001 Australia Oceania 1996-1997 81 144
Rodrigues et al., 2001 UK Northern Europe  1995-1996 229 229
Studahl and Andersson, 2000  Sweden Northern EU 1995 101 198
Effler et al., 2001 us North America 1998 (May-Sept.) 211 211
Neal and Slack, 1997 UK Northern EU 1994-1995 531 512
Eberhart-Phillips et al., 1997 New Zealand  Oceania 1994-1995 621 621
Adak et al., 1995 UK Northern EU 1990-1991 598 738
Schorr et al., 1994 Switzerland Western EU 1991 167 282
Kapperud et al., 1992a Norway Northern EU 1989-1990 58 117
Hudson et al., 1991 UK Northern EU 1990 (April-June) 30 30
Grados et al., 1988 Peru South America 1983-1986 104 104
Deming et al., 1987 us North America 1983-1984 45 45
Stafford et al., 2007 Australia Oceania 2001-2002 881 833
Michaud et al., 2004 Canada North America 2000-2001 158 314
Cameron et al., 2004 Australia Oceania 2000-2001 172 169
Neimann et al., 2003 Denmark Northern EU 1996-1997 282 319
Neal and Slack, 1995 UK Northern EU 1983-1984 245 247
Schmid et al., 1987 us North America 1982-1983

Harris et al., 1986 us North America 1982-1983 218 526
Lighton et al., 1991 UK Northern EU 1990 (May-June) 29 41
Fullerton et al., 2007 us North America 2002-2004 123 928
Bellido-Blasco et al., 2007 Spain Southern EU 2000 117 84
Kassenborg et al., 2004 us North America 1998-1999 64 ?
Friedman et al., 2004 us North America 1998-1999 1,316 1,316
Potter et al., 2003 us North America 2000-2001 83 122
Unicomb et al., 2008 Australia Oceania 1981 (Summer) 354 593
Hopkins et al., 1984 us North America 1981 40 71
Kapperud et al., 1992b Norway Northern EU 1989-1990 52 103
Hauge et al., 1996 Norway Northern EU 1991-1994 56 117
Gallay et al., 2008 France Western EU 2002-2004 285 286
Stafford et al., 2008 Australia Oceania 2001-2002 881 883
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2. Source attribution of human campylobacteriosis by an analysis of data from outbreak
investigations as reported in section 5.2. of the opinion

2.1. Methodology used for attribution of illnesses due to complex foods

Food items were categorized in a hierarchical scheme (see Figure 1). Foods that contained ingredients
that are members of a single commodity were considered “‘simple foods,”” while foods that contained
ingredients that are members of multiple commodities were considered “‘complex foods’’. Each
implicated food was assigned to one or more mutually exclusive food commodities, according to its
ingredients. Ilinesses in an outbreak due to a complex food item were attributed to a commodity in the
implicated complex food, only if that commodity had been implicated in at least one outbreak due to a
simple food. As an example, outbreak-associated illnesses caused by lasagna would be attributed to
the commodities dairy, beef, vegetables, grains and beans, and oils and sugar. If any of these
commodities was not implicated in any outbreak caused by simple foods, the commodity would be
excluded from the calculations for the attribution of illnesses to the ingredients composing the
complex food. For the remaining commodities, the proportion of illnesses within the outbreak
attributed to each commodity was estimated based on the number of illnesses caused by the
commodity in simple foods-outbreaks and the sum of illnesses caused by all the commodities that
compose the food. For outbreaks caused by complex foods where ingredients were unavailable, these
were provided by a review of recipes on the web, as described by Painter (2006): the top three recipes
from a World Wide Web (Google) search were selected; when recipes were conflicted, the ingredients
listed in at least two of the three recipes were included.

The two separate analyses were performed in an attempt to account for potential overestimations of
the proportion of disease attributed to sources that caused large outbreaks. For the purpose of source
attribution of human disease, only the proportion of disease attributable to sources, as estimated in the
analysis by the number of outbreaks, was used. The estimated proportions were multiplied by the total
number of laboratory-confirmed Campylobacter infections reported in the study period to estimate the
number of cases attributable to each source.

All Foods
I . I 1
Land anim als Flant Seafood
Mleat and poultsy
I I II 1
Fumi t i Produce Grains and Oils andBugar
uminants Pigs Poultry Game Beans
i Cattle = Layers Fruits
Beef = Broilers Vegetables

Daity M Tutkeys

— Bheep — Ducks

Figure 1: Hierarchical scheme for categorisation of foods (Pires, 2009).
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GLOSSARY

Case-control study

Case-series study

Cohort study (syn.
Longitudinal study)

Food-borne outbreak

Human illness source
attribution

Intervention study

Points of attribution

Reservoir

Source

Sporadic case

The observational epidemiologic study of persons with the disease of
interest and a suitable control group of persons without the disease. The
relationship of an attribute to the disease is examined by comparing the
diseased and non-diseased with regard to how frequently the attribute is
present (Last, 1995).

A group or series of case reports involving patients who were given similar
treatment (for the purposes of this document, “those patients who have the
same clinical symptoms”). Reports of case series usually contain detailed
information about the individual patients. This includes demographic
information (for example, age, gender, ethnic origin) and information on
diagnosis, treatment, response to treatment, and follow-up after treatment®,

The analytic method of epidemiologic study in which subsets of a defined
population can be defined who are, or have been, or in the future may be
exposed or not exposed, or exposed to different degrees, to a factor or
factors hypothesized to influence the probability of occurrence of a given
disease or other outcome (Last, 1995).

Incidence, observed under given circumstances, of two or more human
cases of the same disease and/or infection, or a situation in which the
observed number of cases exceeds the expected number and where the
cases are linked, or are probably linked, to the same food source (EC,
2003).

Partitioning of the human disease burden to one or more specific sources.

A study involving intentional change in some aspect of the status of
subjects, e.g. introduction of a preventive or therapeutic regimen, or
designed to test a hypothesized relationship (Last, 1995).

Points in the food chain where human illness source attribution can take
place, including production, distribution and consumption.

An animate (humans, animals, insects etc.) or inanimate object (plant, soil,
etc.) or any combination of these serving as a habitat of a pathogen that
produces itself in such a way as to be transmitted to a susceptible host
(Toma et al., 1999).

Origin of the pathogen causing infection, including reservoirs, vectors and
vehicles.

Case that has not been associated with known outbreaks (Engberg, 2006).

18 National Cancer Institute. Dictionary of Cancer Terms. http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=44006
(accessed on 1 December 2009).
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Vector A living organism which, because of its ecological relationship to others,
acquires a pathogen from one living host, and transmits it to another (Toma
etal., 1999).

Vehicle An object, a substance, or non-receptive living being serving as an

intermediary in transmitting a pathogen from the organism hosting it to a
receptive host (Toma et al., 1999).
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