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In New Zealand the number of campylobacteriosis notifications increased markedly between 2000 and 2007.
Notably, this country’s poultry supply is different than that of many developed countries as the fresh and frozen
poultry available at retail are exclusively of domestic origin. To examine the possible link between human cases
and poultry, a sentinel surveillance site was established to study the molecular epidemiology of Campylobacter
jejuni over a 3-year period from 2005 to 2008 using multilocus sequence typing. Studies showed that 60.1 to
81.4% of retail poultry carcasses from the major suppliers were contaminated with C. jejuni. Differences were
detected in the probability and level of contamination and the relative frequency of genotypes for individual
poultry suppliers and humans. Some carcasses were contaminated with isolates belonging to more than one
sequence type (ST), and there was evidence of both ubiquitous and supplier-associated strains, an epidemio-
logical pattern not recognized yet in other countries. The common poultry STs were also common in human
clinical cases, providing evidence that poultry is a major contributor to human infection. Both internationally
rare genotypes, such as ST-3069 and ST-474, and common genotypes, such as ST-45 and ST-48, were identified
in this study. The dominant human sequence type in New Zealand, ST-474, was found almost exclusively in
isolates from one poultry supplier, which provided evidence that C. jejuni has a distinctive molecular epide-
miology in this country. These results may be due in part to New Zealand’s geographical isolation and its

uniquely structured poultry industry.

Campylobacteriosis is a leading enteric zoonosis in the de-
veloped world, and the majority of cases are caused by Campy-
lobacter jejuni (22). Poultry sources are suspected to be the
major source of human infection with C. jejuni (22, 43, 49), and
this conclusion is supported by high levels of contamination of
poultry and the detection of identical C. jejuni genotypes in
human cases and poultry samples (25). However, C. jejuni can
be isolated from a variety of sources, including ruminants (17)
and environmental water (41). Due to the complex epidemi-
ology of this pathogen, there is still uncertainty about the
relative contributions of individual pathways to the human
disease burden (8). In New Zealand the number of notified
campylobacteriosis cases increased markedly in the last de-
cade, peaking in 2006 at a total of 15,873 notified cases (422.4
cases per 100,000 population) (1) and costing the economy an
estimated US$32 million annually (42). Although there are a
number of factors that may have contributed to this increase, it
has been noted that the rise in campylobacteriosis cases coin-
cided with a marked increase in the sale and consumption of
fresh poultry between 1992 and 2005, while the sale of frozen
poultry remained relatively static (1).
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New Zealand has one of the highest enteric infectious dis-
ease rates in industrialized countries (26), and the high ratio of
domestic production animals to humans and the frequent use
of rural water supplies in New Zealand have been postulated
to be underlying causes (9). In addition, this country’s poultry
industry is uniquely structured; it is almost entirely focused on
the domestic market, and no raw, fresh or frozen, poultry
products are imported because of biosecurity threats. Due to
its geographical isolation and tight border controls, New Zea-
land has remained free of poultry diseases endemic in other
countries, such as diseases caused by Salmonella enterica sero-
var Enteritidis PT4 and S. enterica serovar Typhimurium DT
104, Newcastle disease, and infectious bursal disease.

The production of poultry meat in New Zealand is highly
integrated; only three companies supply 90% of the chicken
meat, which represents 95% of the poultry meat consumed.
The remaining 5% of poultry meat consumed includes species
such as turkey and duck. The chicken processors own or con-
trol most stages of production, processing, and distribution.
One of the three dominant companies has one processing plant
that distributes nationwide, and one company has multiple
plants that tend to be more localized in their distribution,
except when they make specialty products, which are distrib-
uted nationally. The other companies distribute primarily lo-
cally. The broilers are commonly barn raised, not free range,
and animal welfare standards require a maximum stocking
density of 38 kg (live weight) of broiler chickens per m?. There
are approximately 160 broiler farms in a number of specific
areas of New Zealand. These farms are usually located near
the slaughterhouses that they supply.
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To enable regulators to implement food safety programs to
reduce human campylobacteriosis, there has been great inter-
est in understanding the importance and epidemiology of C.
jejuni in the New Zealand poultry production system. A sen-
tinel surveillance site was therefore established in the Mana-
watu region to quantify the contributions of different sources,
including poultry suppliers, to the human disease burden and
to study the molecular epidemiology of C. jejuni (33, 34).
Isolates were typed using multilocus sequence typing (MLST),
a method that has major advantages over other methods of
genotyping when the long-term epidemiology of a disease is
studied. However, other methods may be more appropriate in
other settings, such as outbreak investigations (21), where a
higher degree of discrimination may be required. MLST offers
a large web-based archive of isolates from many sources and
countries: the Campylobacter PubMLST database (10). Se-
quence typing by MLST is now internationally recognized as a
valuable approach for national and international epidemiolog-
ical characterization and source tracking of major pathogenic
microorganisms, such as C. jejuni (46, 48).

The use of integrated surveillance across human, domestic
animal, and wildlife populations has been identified as a key
component of strategies aimed at prevention and control of
emerging pathogens, particularly when the population dynam-
ics of multihost pathogens are poorly understood (52). At the
Manawatu surveillance site, samples from human clinical
cases, animal-derived food products, and the environment
were gathered in a defined geographical area of New Zealand
over a 3-year period (19, 34) and genotyped using MLST (11).
The resulting data set contained a total of 969 typed samples,
502 of which were from human cases. The temporal and spatial
scale of the data allowed us to obtain a more in-depth under-
standing of local transmission dynamics compared with the
results of previous research (43, 50). The application of novel
risk attribution approaches to these data previously identified
poultry as the major contributor to the human disease burden,
with widely varying contributions from different suppliers (33).

In this study we extended the findings of risk attribution and
epidemiological studies of human cases (33, 34). Data from the
sentinel surveillance site were used to study the epidemiology
of C. jejuni for the individual producers that comprise the
poultry sector in New Zealand and to better understand the
contributions of the producers to the human campylobacterio-
sis burden. Our study included an investigation of both the
probability of contamination and the level of contamination of
poultry carcasses and a study of human and poultry MLST
sequence types (STs). The resulting data were compared to
make inferences about the epidemiology of C. jejuni in the
New Zealand poultry industry and to identify determinants for
the high number of human cases attributed to this food source.

MATERIALS AND METHODS

Campylobacter isolates. The isolation and subtyping of human isolates by
MLST and the epidemiology of human cases in the study region were described
in detail previously (33, 34). Human specimens submitted to MedLab Central,
Palmerston North, New Zealand, that were positive for Campylobacter as deter-
mined by an enzyme-linked immunosorbent assay (ELISA) (ProSpecT R; Re-
mel, United States) were sent to the Hopkirk Molecular Epidemiology Labora-
tory over a 3-year period from 1 March 2005 to 29 February 2008, and they
included a total of 774 samples that fulfilled the inclusion criteria. Fecal swabs
were obtained using Amies charcoal transport swabs (Copan, Italy). Over the
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TABLE 1. Proportions of poultry samples positive for
Campylobacter spp. in the Manawatu region from
March 2005 to February 2008

Prevalence of

No. of presumptive No. of Estimated
Supplier No. ?f cult}:_re- Campylobacter- samf!l) les \glg} prevalence of
sampies E;rilpll\:s positive samples Conjer;;’fi © C. jejuni (%)*
(%)

A 239 203 84.9 189 80.7
B 196 136 69.4 117 60.1
C 65 55 84.6 50 81.4
All 500 394 78.8 356 72.7

“ Estimates were based on the proportions of samples in which C. jejuni was
identified.

same period 12 to 18 fresh whole poultry carcasses, representing the different
poultry suppliers in the region, were sampled each month from retail outlets in
Palmerston North, with the number of samples collected per supplier reflecting
the market share. A total of 500 poultry samples were included in this study
(Table 1). The Manawatu region is supplied predominantly by three companies,
which for confidentiality reasons are referred to as supplier A, supplier B, and
supplier C in this paper (supplier identification letters were assigned arbitrarily).

Bacterial culture and identification. Human fecal swabs were cultured on
modified cefoperazone-charcoal-deoxycholate agar (mCCDA) plates (Fort Rich-
ard, Auckland, New Zealand) and in Bolton broth (Lab M, Bury, England) and
incubated at 42°C in a microaerobic atmosphere (85% N, 10% CO,, 5% O,) for
2 days. For each swab a single colony resembling Campylobacter species was
subcultured on blood agar (BA) (Fort Richard, Auckland, New Zealand) and
incubated microaerobically at 42°C for 2 days before DNA preparations were
made. In addition, in a small exploratory study multiple colonies (two to five
colonies per sample) from individual samples were subcultured. Cultures were
frozen at —80°C in glycerol broth (Difco, United States).

Whole chicken carcasses were washed and manually massaged in 200 ml of
buffered peptone water (BPW) (Difco, United States). Each chicken wash was
centrifuged (16,264 X g, 6°C, 35 min, Sorvall RC5B), and the resulting pellet was
resuspended in 5 ml of BPW. Approximately 3 ml of the resuspended pellet
was added to 90 ml of Bolton broth, which was incubated at 42°C microaerobi-
cally for 2 days. After incubation, the broth was subcultured on mCCDA and
incubated microaerobically at 42°C for 2 days. At least two single colonies
resembling Campylobacter species were subcultured on BA and incubated mi-
croaerobically at 42°C for 2 days before DNA preparations were made. If colo-
nies with different morphologies were present, colonies representing each mor-
phology were selected; otherwise, colonies were selected at random. Cultures
were frozen at —80°C.

Isolates belonging to the genus Campylobacter were identified by targeting the
16S rRNA by the method outlined by Linton et al. (27). The species C. jejuni was
identified by using the mapA gene, which has been found only in C. jejuni (45).
Primers MapA-F (5'-CTTGGCTTGAAATTTGCTTG-3") and MapA-R (5'-G
CTTGGTGCGGATTGTAAA-3") were designed for this study using the online
resource Primer3 (http://frodo.wi.mit.edu/primer3/). No other matches for these
primers were found when the GenBank database was searched. These new
primers were designed to overcome problems associated with mispriming of the
original primers described by Stucki et al. (45), which contained single-base
segments that were four or five nucleotides long in both primers. The new
primers were validated and shown to be both sensitive and specific by sequencing
amplicons and by testing them with a panel of Campylobacter spp. comprising C.
Jejuni, C. coli, C. upsaliensis, C. lari, C. fetus subsp. fetus, and C. hyointestinalis.
The amplification protocols used for pan-Campylobacter and the mapA genes
were based on the methods outlined by Linton et al. (27) and Stucki et al. (45),
respectively, but they were modified slightly for optimal use in different thermo-
cycler machines and a reverse transcription (RT)-PCR. The PCR products were
visualized by electrophoresis in a 1% agarose gel in Tris-borate-EDTA (TBE)
buffer, which was then stained with ethidium bromide and exposed to UV light.
The presence of a 603-bp product indicated that C. jejuni was present. Species
identity was also confirmed by MLST.

Sequence typing. After species identification, MLST of C. jejuni isolates was
performed using seven housekeeping genes, aspA (aspartase A), ginA (glutamine
synthase), gltA (citrate synthase), glyA (serine hydroxymethyltransferase), pgm
(phosphoglucomutase), tkt (transketolase), and uncA (ATP synthase alpha sub-
unit), based on the method outlined by Dingle et al.(12). Chromosomal DNA
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was prepared from freshly grown cultures by boiling the cultures for 10 min and
then centrifuging the disrupted cells. The supernatant was decanted to a fresh
tube and used for amplification. Amplification was performed in a 25-pl reaction
mixture using Applied Biosystems AmpliTaq Gold master mixture (Applied
Biosystems, Auckland, New Zealand) and 5 pmol of each primer. Products were
sequenced with an ABI 3130XL automated DNA sequencer using ABI BigDye
v3.1 (Applied Biosystems) and following the manufacturer’s instructions. Se-
quence data were collated, and alleles were assigned using the Campylobacter
PubMLST database (http://pubmlst.org/campylobacter/). Novel alleles and se-
quence types were submitted for allele and ST designation. Alleles for which
there were not clear results were reamplified and sequenced using primers sets
described by Miller et al. (31) and the protocol described above.

Data generated by this sampling strategy have been used in studies that
examined the epidemiology of human clinical cases arising from multiple animal
reservoirs (33, 34) in addition to the study described in this paper.

Enumeration of Campylobacter on poultry carcasses. Beginning in October
2006, Campylobacter isolates on all chicken carcasses were enumerated using a
Wasp spiral plater (Don Whitley, England) and a manual spread plate. Duplicate
mCCDA plates were inoculated with 50-pl (spiral plater) or 1-ml (spread plate)
aliquots of chicken washes and 100-ul (spiral plater) aliquots of resuspended
chicken wash pellets. The plates were incubated microaerobically at 42°C for 2
days. Colonies were counted manually or by using a plate reader (aCOLyte;
Synbiosis, England).

Statistical analysis of Campylobacter count data. The aim of this study was to
estimate both the proportion of carcasses that were positive and the levels of
Campylobacter present on positive carcasses. The method used for analysis em-
ployed a novel application of recently developed statistical tools for analysis of
count data where there is a large proportion of zeros and there are several
replicates at the sample level. Bacterial count data have two components: (i)
whether bacteria are present or absent and (ii) how many bacteria are present.
In order to capture these two components in our model, we used a Bayesian
zero-inflated Poisson model (37). This model includes two linear predictors, one
informing the probability that the bacteria are present and the other informing
the number of bacteria that are obtained assuming that they are present.

For the zero-inflation part of the model we assumed that sample s was positive
for Campylobacter with probability p. Since p, is a probability, the logit link
function was used when the linear predictor was formed. We wished to model the
change in the probability of contamination quarter by quarter for each company,
and so we included a random effect for each quarter-company pair, o), 4(s)-
Thus, logit(p,) = g + ), 4¢s)» Where c(s) is the company that produced sample
s and ¢q(s) is the quarter in which sample s was produced. This is a Bayesian
model, and so priors must be chosen. We assumed the following weakly infor-
mative priors: g ~ N(0,10), o, ~ N(0,k, '), and k, ~ Gamma(2,2).

The second part of the model describes the amount of Campylobacter, assum-
ing that it is present. We assumed that the number of Campylobacter bacteria in
each replicate i for a contaminated sample had a Poisson distribution, with the
volume of rinse that was plated as an offset; i.e., Y; ~ Pois(V;u;), where Y is the
number counted for replicate i, V; is the volume of rinse that is plated, and p, is
the concentration of Campylobacter in replicate i. To make a linear predictor for
W, we used the log link function and included random effects for each company-
quarter pair as described above [B. () 4()]- To attempt to separate the laboratory
variation from the sample variation, we also included random effects at the
replicate level (3;) and the sample level [y,(,]. Thus, log(k;) = Bo + Be), gy T
Ys@y + - Again we assumed weakly informative priors: B, ~ N (0,10), 8., ~ N
(Okg ™M), vy ~ N (O, 1), 8; ~ N (O,k5 1), kg ~ Gamma (2,2), k, ~ Gamma
(2,2), and k3 ~ Gamma (2,2).

The output from these models is presented below as a series of graphs de-
scribing the probability that a carcass contained Campylobacter by supplier and
by quarter and the estimated number of viable Campylobacter CFU on positive
carcasses, again by supplier and by quarter. This method ensured that all of the
individual replicate counts for each sample were analyzed appropriately.

Statistical analysis of ST distributions. The proportional similarity index (PSI) or
Czekanowski index is an objective and simple measure of the area of intersection
between two frequency distributions (38). It estimates the similarity between the fre-
quency distributions of, for instance, bacterial subtypes from different sources. The PSI
is calculated as follows: PSI = 1 — 0.5 ,,\p, - ql = imin( P»q), where p; and
q; are the proportions of strains belonging to type i of all strains typed from
sources P and Q, respectively (16, 38). The value for the PSI ranges from 1 for
identical frequency distributions to 0 for distributions with no common types.
Bootstrap confidence intervals for this measure were estimated based on the
approach developed by Garrett et al. (20).

Structure 2.2 (15, 36) was used as a frequency-based clustering model to
investigate the population structure of C. jejuni in the New Zealand poultry
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supply. This Bayesian MCMC method attempts to assign individuals to clusters
on the basis of their genotypes while simultaneously estimating allele frequencies
for each cluster. This approach assumes a model with K populations, each of
which is characterized by a set of allele frequencies at each locus, and assumes
that loci are unlinked and at equilibrium with one another within populations
(36). Using the approach taken by Sheppard et al. (43), we further assumed the
NO ADMIXTURE model and that the allele frequencies were uncorrelated. We
are interested in exploring the structure of the distribution of STs for the three
poultry companies. Here we considered only a case in which there are three
clusters (K = 3), and we used the source of the isolates as prior information for
the model. Larger values of K were investigated, but these values resulted in little
change in the mean log-likelihood and the program was run without population
information to ensure that the predetermined populations were in broad agree-
ment with the genetic information. We set the parameter GENSBACK to 1; this
parameter represents the number of generations back that Structure considers
that a sample may have had an ancestor belonging to a different cluster. The
model was run with a burn-in period of 100,000 iterations, and thereafter sam-
pling of the chain occurred over a further 100,000 iterations. The posterior
probabilities of the final model were visualized as confluent, stacked bar plots
using the Distruct program. Subpopulations were represented by different shades,
and individuals were indicated by bars partitioned into shaded segments that
corresponded to the posterior probabilities of assignment (39).

RESULTS

Retail poultry samples had a high prevalence of contamina-
tion with Campylobacter spp. throughout the 3-year period.
Overall, 78.8% of the carcasses were positive for Campy-
lobacter, 72.7% of the carcasses were positive for C. jejuni, and
the estimates of the prevalence of C. jejuni for the individual
suppliers ranged from 60.1 to 81.4% (Table 1). Figures 1 and
2 show the estimated proportions of positive carcasses and the
counts conditional on being positive for suppliers A, B, and C
and for each quarter from October 2006 to February 2008,
respectively. There was a moderately high probability of con-
tamination for all suppliers throughout the study period; over
80% of the carcasses from supplier A were positive throughout
2007, and over 60% of the carcasses were positive for most
suppliers in most quarters (Fig. 1). The average number of
Campylobacter CFU on positive carcasses was initially esti-
mated to be high (over 10* CFU/carcass) for supplier A but
declined steadily over the study period. The levels on positive
carcasses for supplier B remained relatively constant but lower
throughout the study period and the levels for supplier C
declined beginning in mid-2007 from a medium level of con-
tamination to a low level of contamination (Fig. 2).

A total of 62 different STs were detected in human and
poultry samples. The four major human STs were ST-474,
ST-48, ST-45, and ST-53, which accounted for 30.7%, 8.4%,
8.2%, and 5.4% of the human cases (Table 2). The three most
frequently isolated human STs, ST-474, ST-45, and ST-48,
were prevalent in human cases throughout the study period
(Fig. 3) and were also consistently detected in poultry samples
over the same time period. The dominant human ST, ST-474,
was very prevalent in samples from supplier A but was rarely
detected in samples from other poultry suppliers. Other STs,
such as ST-45 and ST-48, occurred frequently in human sam-
ples and poultry samples from all three suppliers. Of the 62
STs detected, 51 were found in human samples, 18 were found
in samples from supplier A, 17 were found in samples from
supplier B, and 11 were found in samples from supplier C.
Twenty-nine human STs, representing 14.5% of all human
cases, were not found in any of the poultry samples. The
samples from supplier A contained 7 unique STs, the samples
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Probability of contamination for Supplier A
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FIG. 1. Probabilities of Campylobacter contamination on poultry carcasses for each supplier for different quarters.

from supplier B contained 10 unique STs, and the samples
from supplier C contained 5 unique STs (Table 2). ST-3609,
which was unique to supplier B, was isolated from 12.6% of
this supplier’s positive samples but was not isolated from hu-
man cases. This highly prevalent ST is closely related to ST-48,
a common human pathogen ST, differing by only one point
mutation in the gltA gene. To date ST-3609 has been found
only in New Zealand.

One of the 10 humans from which two isolates were ob-
tained was infected with two different STs. Between two and
five isolates were obtained from 58 poultry samples, and up to
three different STs were found in 22 individual samples. Dif-
ferent STs were isolated from 6 of 16 samples from supplier A,
from 24 of 38 samples from supplier B, and from 2 of 4 samples
from supplier C (Table 3).

The PSI was calculated to explore formally the similarity of
genotypes from human cases and the different poultry suppli-
ers. This analysis revealed a significantly higher degree of sim-
ilarity between STs identified in human cases and genotypes
identified in samples from supplier A (PSI, 0.58; 95% CI, 0.48
to 0.64) than between STs from human cases and the other
suppliers (Table 4). Isolates in samples from the other suppli-
ers were less similar to human isolates, and the estimated PSI
for suppliers B and C were 0.32 (95% CI, 0.26 to 0.36) and 0.28
(95% CI 0.21 to 0.31), respectively. When the similarity be-
tween samples from the poultry suppliers was examined, the
greatest similarity was that between samples from suppliers A
and C (PSI, 0.46; 95% CI, 0.27 to 0.50) and the lowest simi-
larity was that between samples from suppliers A and B (PSI,
0.26; 95% CI, 0.18 to 0.35).
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Level of contamination for Supplier A
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FIG. 2. Levels of Campylobacter contamination on positive poultry carcasses for each supplier for different quarters.

The population structure of C. jejuni in samples from New
Zealand poultry suppliers was explored using Structure 2.2.
The posterior probabilities for each isolate are shown in a
stacked bar plot in Fig. 4, where the stacked bars represent the
probability that each individual isolate belongs to each of the
three clusters. This figure allows visual assessment of the three
clusters against the three poultry suppliers. Isolates from sup-
plier A showed the most diversity, and the isolates had rea-
sonable probabilities of belonging to any of the three clusters
(0.611, 0.154, and 0.234 for clusters 1 to 3, respectively). On the
other hand, isolates from supplier B had the highest probability
of belonging to cluster 2 (0.845), and the contributions of
clusters 1 and 3 were minor (0.065 and 0.090, respectively).
The diversity of isolates recovered from supplier C’s products

was similar to that of isolates from supplier A’s products, with
probabilities of belonging to clusters 1, 2, and 3 of 0.195, 0.149,
and 0.657, respectively, but the highest probability was for
cluster 3 instead of cluster 1.

DISCUSSION

In New Zealand the prevalence of Campylobacter spp. in
poultry products is generally higher than that for other meats
(51), and in other countries a similar high prevalence in
chicken meat has been observed (e.g., 60.9% in a United King-
dom study [28] and 60% in a Belgium study [24]). In this study
78.8% of fresh carcasses were positive, and differences in con-
tamination probability and levels were observed for the differ-
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TABLE 2. Relative frequencies of sequence types in samples from
human cases and poultry suppliers in the Manawatu region”

% of isolates from”:

ST .
};1;2;.“ Supplier A Supplier B Supplier C

21 1.4 0.0 0.87 0.0
25 0.2 1.5 0.0 5.7
38 2.6 0.0 0.0 0.0
42 3.8 3.14 0.0 0.0
45 8.2 275 12.6 25.7
48 8.4 0.8 227 20.0
50 4.6 3.8 17.6 0.0
52 3.4 4.6 0.0 0.0
53 5.4 7.6 3.4 8.6
61 2.8 0.0 0.0 0.0
81 0.2 0.0 0.0 0.0
137 0.2 0.0 0.0 0.0
190 4.2 6.1 0.0 0.0
219 0.2 0.0 0.0 0.0
227 0.0 0.87 0.0 0.0
257 2.4 7.6 3.4 0.0
354 4.6 23 0.0 0.0
403 0.2 0.0 0.0 0.0
422 0.6 0.0 0.0 0.0
436 0.8 0.0 0.0 0.0
451 1.6 0.0 0.0 5.74
459 0.2 0.0 0.0 0.0
474 30.7 20.6 1.7 0.0
520 1.6 3.8 0.0 5.7
578 0.2 0.0 0.0 0.0
583 1.8 6.1 0.0 11.4
658 0.4 0.0 0.0 0.0
677 1.0 0.0 0.8¢ 0.0
829 0.2 0.0 0.0 0.0
1457 0.2 0.0 0.0 0.0
1517 0.8 0.0 5.07 0.0
1581 0.2 0.0 424 0.0
1707 0.2 0.0 0.0 0.0
1818 0.0 0.0 0.8¢ 0.0
1911 0.0 0.0 0.8¢ 0.0
2026 22 0.0 0.0 0.0
2219 0.2 0.0 0.0 0.0
2343 0.2 0.0 0.0 0.0
2345 0.6 0.8 9.2 0.0
2350 0.4 0.0 0.0 0.0
2391 0.2 0.8¢ 0.0 0.0
2397 0.0 0.0 2.5¢ 0.0
2535 0.0 0.0 0.0 2.94
3072 0.2 0.0 0.0 0.0
3222 0.2 0.0 0.0 0.0
3230 0.0 0.0 0.0 2.94
3538 0.2 0.0 0.0 0.0
3609 0.0 0.0 12.6¢ 0.0
3676 0.4 0.0 0.0 0.0
3711 0.4 0.0 0.0 2.94
3712 0.4 0.0 0.0 0.0
3715 0.2 0.0 0.0 0.0
3717 0.2 0.0 0.0 8.6¢
3718 0.2 0.0 0.0 0.0
3719 0.0 0.0 0.8¢ 0.0
3720 0.2 0.0 0.0 0.0
3721 0.0 0.8¢ 0.0 0.0
3725 0.0 0.0 0.8¢ 0.0
3726 0.0 1.5¢ 0.0 0.0
3727 0.2 0.0 0.0 0.0
3784 0.2 0.0 0.0 0.0
3792 0.2 0.0 0.0 0.0

“ Some of the data have been used in other studies of the epidemiology of
human cases (34).

® The total numbers of isolates obtained from the difference sources were as
follows: 502 isolates from human samples, 131 isolates from supplier A samples,
119 isolates from supplier B samples, and 35 isolates from supplier C samples.

¢ STs of human isolates have been described previously (33).

4 ST that was unique to this supplier in this study.
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ent suppliers. A high level of contamination of retail poultry in
New Zealand was also reported by a study conducted in 2003
and 2004 by Wong et al. (51). In addition, the prevalence of
and mean counts for Campylobacter species-positive carcasses
were previously found to vary for different processing plants in
New Zealand (4). However, these observations were not sig-
nificant, which may have been a result of the study’s design and
power. Recently, similar supplier-specific observations were
made in Belgium (23). Our findings support the view that the
level of exposure of humans to Campylobacter spp. through
retail poultry in New Zealand is high (1) and revealed that
contamination probabilities and levels differ between the indi-
vidual suppliers. The differences could originate from differ-
ences in the contamination of flocks from environmental
sources during primary production or from differences in the
use of control measures during further processing. Differences
in mean contamination levels have previously been used to link
poultry product lots to disease clusters (3), and, as a conse-
quence, temporal investigation of contamination levels pro-
vided an opportunity for the development and implementation
of control measures.

We examined the similarity and relatedness of genotypes of
human and poultry isolates obtained from samples from the
different suppliers to explore the diversity of Campylobacter
STs in the New Zealand poultry supply and to investigate
further the importance of poultry products as a contributor to
the human disease burden, thereby extending the analysis of
data gathered for risk attribution studies (34). A total of 51
different STs were detected in human samples in our study.
Twenty-one of these STs were also isolated from poultry
sources, and these STs accounted for 85.5% of human cases.
This overlap between human- and poultry-associated geno-
types is consistent with the hypothesis that poultry is important
in disease transmission in New Zealand (1, 14). However, to
make further inferences in this context about the individual
poultry suppliers, the different sampling efforts have to be
taken into account as the method used influences the proba-
bility of detecting different genotypes and the precision of
attribution estimates. In this study whole fresh chicken car-
casses were used, and we considered them representative of
portioned products for our typing results. In New Zealand 51%
of all slaughtered birds leave primary processing as whole
carcasses, and the other 49% are portioned or used as value-
added products.

This study revealed that there are both supplier-specific and
ubiquitous strains, and a total of 22 STs were found to be
unique to one of the suppliers. Although with a larger sample
size and therefore higher detection rates this number could
have been smaller, this is still an unexpected finding. Whereas
the dominant human pathogen, ST-474 (33), was commonly
found in samples from supplier A (20.6% of samples), it was
isolated only rarely from other sources in the sentinel surveil-
lance site, including samples from supplier B (1.7% of sam-
ples) and bovine, ovine, and environmental samples (34). As
another example, ST-3609 was commonly isolated from sam-
ples from supplier B (12.6% of samples), but it has not been
detected yet in samples from any other supplier or in any
human clinical cases. On the other hand, ST-45, ST-48, ST-50,
and ST-53 were ubiquitous in the poultry supply, and together
these STs accounted for about one-quarter of human cases
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FIG. 3. Relative frequencies of the three major human C. jejuni MLST genotypes in clinical cases from the MidCentral District surveillance
site, New Zealand, in each quarter between March 2005 and February 2008.

(26.6%). This suggests that both ubiquitous and poultry sup-
plier-associated strains contribute to human campylobacterio-
sis in New Zealand. As a consequence, the relative contribu-
tions of individual suppliers to the public health burden may
differ substantially. This supports the findings of previous stud-
ies from the same sentinel surveillance site which used risk
attribution models to quantify the contributions of different
sources to the human disease burden. These approaches esti-
mated that 80% of human cases originate from poultry and
that the contributions of the individual suppliers ranged from
7 to 58% (32, 34).

In an exploratory analysis using only a small subset of sam-
ples, we detected a high proportion of poultry samples that
were contaminated with more than one ST. Similar findings

TABLE 3. Multiple typed samples

have been obtained in other studies (25), and this further
underlines the importance of considering the consequences of
selecting and testing only one presumptive isolate per sample.
In this study we assumed that, on average, by typing only one
isolate per sample we would detect isolates at the relative
frequencies at which they occur in all samples. However, this
method does affect the probability of detecting all strains
present in a source, and the presence of multiple strains in
individual samples may decrease the likelihood of discovering
all strains. The relationship between sample size and the prob-

TABLE 4. Proportional similarity index for each supplier compared
with the other suppliers and with the distribution of
human genotypes

Proportional similarity index (bootstrapped 95%
confidence interval)®

Supplier  Supplier  Supplier Source
Parameter Human ng p]IB) p(}’.:) Supplier A Supplier B Supplier C
Samples with multiple STs/ 1/10 6/16 24/38 2/4 Supplier A 1.00
total no. Supplier B 0.26 (0.18, 0.35) 1.00
Proportion of multiple STs 0.10 0.38 0.63 0.50 Supplier C 0.46 (0.27,0.50)  0.36 (0.22, 0.44) 1.00
Human cases  0.58 (0.48,0.64) 0.32(0.26,0.36) 0.28 (0.21, 0.31)
Maximum no. of different STs 2 2 3 2

found in one sample

“ Higher values indicate higher levels of similarity between the STs identified
for the different sources.
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FIG. 4. Population structure of C. jejuni for different poultry sup-
pliers estimated by cluster analysis using Structure 2.2. The posterior
probabilities that each isolate belongs to cluster 1 (light gray), cluster
2 (white), and cluster 3 (dark gray) are shown. Isolates are grouped by
supplier and ordered by ST.

ability of detecting all strains present in a sample was recently
discussed by Dopfer et al. (13).

In this study, the PSI was calculated to assess formally the
similarity between the distribution of bacterial subtypes in sam-
ples from the different poultry suppliers and the distribution of
bacterial subtypes in human samples. The highest PSI was
observed for genotypes for samples from supplier A and hu-
man cases, providing further evidence for the link between this
supplier and human cases. This conclusion is supported by the
finding that the prevalence of ST-474 was very low in samples
from nonpoultry sources in New Zealand (29, 34). It is notable
that the similarity of supplier A sample genotypes to human
sample genotypes is higher than the similarity between poultry
supplier sample genotypes. This observation may be explained
both by the high market share of supplier A and hence the
relatively high rate of exposure of the human population to
strains from this supplier and by the vertically integrated struc-
ture of the industry, which is likely to reduce between-supplier
transmission. In the sentinel surveillance site, genotypes from
poultry samples shared a higher level of similarity with geno-
types from human cases, as estimated by the PSI, compared to
other sources, such as ruminants or wildlife (34).

The Structure program was used as an exploratory method
to identify genotypic clusters among isolates from the different
poultry suppliers. This analysis suggested that genotype distri-
bution is structured by the individual suppliers; for example,
the majority of isolates from supplier A belonged to cluster 1,
the cluster which contained the major human pathogen, ST-
474. A different cluster was associated with each company, and
this further supports the hypothesis that there are supplier-
specific transmission pathways, most likely as a consequence of
the vertically integrated nature of the New Zealand poultry
industry, in which suppliers control all stages from primary
production to processing with no importation and very little or
no overlap between companies. The differences in the diversity
of genotypes in the three clusters could be a result of differ-
ences in the levels of biosecurity between suppliers, where
presumably low biosecurity by a supplier would lead to higher
diversity of genotypes present in the cluster associated with
that supplier. Such differences could originate from differences
in the contamination of flocks from environmental sources
during primary production or from differences in the use of
control measures during further processing. It would be inter-
esting to see if similar findings can be obtained in other coun-
tries with a different industry structure and to investigate fur-
ther the reasons for this diversity.

It is striking that the majority of human cases were caused by
an internationally rare ST, ST-474, which is highly prevalent in
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one of New Zealand’s poultry suppliers but was rarely found
elsewhere in the sentinel surveillance site. ST-474 was the
genotype most commonly isolated in the winter epidemic in
2006 in New Zealand (29) and along with the other major
human STs contributed to the human disease burden through-
out the study period (33). To date, this ST has been submitted
only once to the Campylobacter PubMLST database (10) (from
a chicken sample in the Czech Republic) and has been re-
ported only sporadically (2, 5, 50) outside of New Zealand (29,
34, 47). This is in contrast to ST-45, which was prevalent in
samples from all poultry suppliers and other animal sources
tested in the region, both livestock and wildlife, but accounted
for far fewer human cases (a total of 8.2%). Studies by Ta-
boada et al. (47) and Pope et al. (35) showed that some Campy-
lobacter strains, including ST-474 strains, are more virulent for
humans than other strains. Further research into the pathoge-
nicity and virulence genes associated with dominant clones
could reveal determinants for human infection and commen-
sal colonization and may further explain the molecular ep-
idemiology of C. jejuni in New Zealand.

Other STs detected in our study are also rare in other coun-
tries or have never been found elsewhere (34). This may be due
in part to reporting bias, since it is likely that not all detected
strains are described in published studies or submitted to the
MLST database, particularly since MLST has only recently
emerged as new approach for typing of Campylobacter spp.
However, researchers in many countries have recently submit-
ted isolates to the shared database and conducted large-scale
studies using MLST (6, 44, 50). In addition, many of the in-
ternationally common Campylobacter STs, such as ST-45 and
ST-48, can be found in human and poultry samples in New
Zealand. These STs are widespread in other countries (7, 22,
30), which is reflected by a wide range of isolates included in
the Campylobacter PubMLST database. The introduction of a
variety of animals and animal products into a geographically
isolated country during early settlement in combination with
the present tight border biosecurity would provide a frame-
work for a distinct ecosystem of Campylobacter spp. in New
Zealand, which may have originated from imported pathogens
during early settlement. In support of this hypothesis, French
et al. (18) isolated C. jejuni genotypes from wild bird feces in
New Zealand that were associated with wild bird populations
in the northern hemisphere.

A structured longitudinal sampling approach was used in
this study, which included simultaneous collection of data from
human clinical cases and the corresponding disease source to
represent exposure. This sampling strategy has several advan-
tages, such as greater representativeness, over commonly used
approaches, such as cross-sectional surveys, which may not be
concurrent in space and time. This study revealed the unique
molecular epidemiology of C. jejuni in the Manawatu region of
New Zealand, provided valuable information concerning the
link between poultry and human campylobacteriosis, and aided
the development of control strategies in the poultry industry.
Comparative studies conducted in Christchurch and Auckland
showed a similar distribution of genotypes in both humans and
poultry (19), suggesting that the results of the Manawatu study
are likely to be similar to the results of studies performed in
other regions, allowing extrapolation of the results to all of
New Zealand (19, 34). This study extended the work previously
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reported from the sentinel surveillance site (33, 34) by provid-
ing an in-depth investigation of the epidemiology of C. jejuni in
New Zealand poultry sources. In addition, New Zealand’s sim-
ply structured poultry industry provides a unique background
for understanding the epidemiology of this pathogen in the
poultry supply. In countries with a more diverse supply and a
less vertical structure, where poultry may be imported from
several countries, such complexity provides strong challenges
for both understanding and controlling the disease (23, 40).

The findings obtained in this and other studies for the surveil-
lance site provided significant input for the New Zealand Food
Safety Authority’s (NZFSA) Campylobacter Management Strat-
egy in Poultry (http://www.nzfsa.govt.nz/consumers/food-safety
-topics/food-borne-illnesses/campylobacter/strategy/index.htm),
and the strategic introduction of a range of industry and regula-
tory control measures, including intensification of microbiological
monitoring programs and setting of mandatory targets in the
production chain, coincided with a >50% reduction in the num-
ber of human cases in 2008 to the lowest notification rate in 16
years.
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