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ABSTRACT This longitudinal survey followed the life cycle of a New Zealand broiler 
flock to investigate sources of flock colonization by Campylobacter. Samples were 
collected at frequent intervals from potential Campylobacter reservoirs and sources, 
transmission routes for Campylobacter ingress into the broiler shed, and to monitor flock 
colonization. Of the 738 samples, 200 (27%) tested positive for Campylobacter. Campylo­
bacter species from sample isolates included 316 Campylobacter jejuni, 39 Campylobacter 
coli, and 8 Campylobacter lari isolates; only C. jejuni was isolated from chickens. C. jejuni 
isolates (n = 199) were sequenced and consisted of seven sequence types (STs); the 
most abundant was ST6964 (105 isolates). Most flock isolates were ST6964 (44 isolates) 
or ST50 (27 isolates). ST6964 isolates closely matched those from the previous flock and 
another age-matched flock on the same farm, supporting a role for an on-farm reservoir 
contaminating flocks. There were six STs from catching crew and equipment isolates; the 
most prevalent were ST6964 (19 isolates) and ST50 (21 isolates). The close genetic match, 
high Campylobacter prevalence in catching samples (59/130, 45%), and the timing of 
flock colonization occurring closely following catcher presence in the shed support that 
catchers and equipment might also contaminate the shed and flock from prior flocks 
that they visited. There was no evidence for wildlife, feed, drinking water, breeder flock,
or shed litter as sources of the Campylobacter genotypes colonizing the flock. Taken 
together, this study identified key areas where the poultry industry might focus on-farm 
risk management practices to reduce colonization of broiler flocks by Campylobacter.

IMPORTANCE Campylobacteriosis is the most frequently notified enteric disease in New 
Zealand, and New Zealand has one of the highest rates of campylobacteriosis among 
industrialized countries. Reducing Campylobacter colonization of poultry at the farm 
level would reduce reliance on processing interventions for reducing Campylobacter 
contamination of broiler meat. This study aimed to identify on-farm sources of Campy­
lobacter contamination in New Zealand broiler chicken flocks. No evidence was found 
that wildlife, chicken feed, drinking water, or parent breeder flocks were contaminating 
sources. Instead, carryover of Campylobacter from the previous flock or other farm flocks, 
and/or contamination from chicken catching crews and their equipment, may have 
contributed Campylobacter strains that colonized the study flock. These are key areas 
where the poultry industry might focus on-farm risk management practices to reduce 
colonization of broiler flocks by Campylobacter.

KEYWORDS Campylobacter, reservoir, transmission route, contamination source, meat 
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C ampylobacteriosis, primarily caused by the species Campylobacter jejuni and 
Campylobacter coli, is the most frequently notified foodborne disease in New 

Zealand, which has one of the highest rates of campylobacteriosis in the industrial­
ized world (1). In 2006–2008, the poultry industry implemented additional biosecurity 
interventions and changes to slaughter and processing practices which, together with 
the implementation of the New Zealand Ministry for Primary Industries’ Campylobacter 
Risk Management Strategy, led to a ~50% reduction in the incidence of campylobacterio­
sis (2). Incidence has continued to decline (albeit more gradually) since 2008 (1), despite 
an increase in poultry consumption per capita (3). The prevalence and concentrations 
of Campylobacter on carcasses at the end of primary processing have also reduced 
since 2008, as monitored by the National Microbiological Database (NMD) Programme 
(4). Despite the improvements, poultry remains the most important vehicle for human 
infection in New Zealand, estimated to be the source of 84% of campylobacteriosis cases 
(5). New Zealand Food Safety has set a goal for reducing the number of human cases of 
foodborne campylobacteriosis by 20% from 88 to 70 per 100,000 population by the end 
of 2024 (6).

Broiler poultry are typically detectably colonized with Campylobacter after 3 weeks 
of age (7, 8). Once Campylobacter enters the flock, fecal contamination of the 
shed environment from colonized birds facilitates rapid bird-to-bird transmission and 
colonization of the remainder of the birds within a few days (9). Colonized chickens 
carry a very high load of Campylobacter; for example, concentrations as high as 8 log10 
CFU/g of cecal contents and 6–7 log10 CFU/g of feces have been reported (10–12). 
Once colonized, on-farm treatments such as bacteriocins, probiotics, feed additives,
or bacteriophage treatments may reduce but not eliminate Campylobacter loads, and 
the efficacy varies between flocks and studies (13–15). Current New Zealand poultry 
processing procedures reduce concentrations present on carcasses by as much as 5–6 
log10 (16), but contamination of Campylobacter between carcasses from colonized birds 
is likely to occur during processing, and any Campylobacter present on carcasses at the 
end of processing would result in contaminated poultry meat reaching retail. Prevent­
ing, reducing the prevalence, or delaying broiler colonization on-farm would minimize 
the introduction of Campylobacter into the processing lines, thereby reducing the risk 
to consumers. A European Food Safety Authority model has estimated that a 3-log10 
reduction in broiler cecal Campylobacter concentrations would reduce the European 
Union’s relative risk of human campylobacteriosis attributable to broiler meat by 58% 
(7). This approach has been successful in reducing the prevalence of Salmonella in New 
Zealand broiler flocks to minimal levels but has been found to be more challenging for 
Campylobacter (17).

Various studies have investigated on-farm risk factors for Campylobacter colonization 
of broiler flocks (7, 9, 18–26). There is less information available about the relative 
importance of different flock colonization routes, but in recent years, the growing use of 
highly discriminatory genomic analyses within studies is providing greater potential to 
identify contaminating sources. There may be multiple important reservoirs, pathways, 
and risk factors, which may differ from farm to farm, making controlling Campylobacter 
in flocks challenging. Due to the speed with which Campylobacter spreads within a shed 
once present, one biosecurity lapse may be sufficient for Campylobacter to colonize 
an entire flock. Important risk factors have been identified in recent assessments (7, 9, 
18–20, 27). Worker movement into the sheds is considered one of the most important 
transmission routes. There is an increased risk of Campylobacter contamination when 
there has been a Campylobacter-positive flock in a broiler house on the farm and when 
there are neighboring broiler farms. Other nearby livestock, wildlife, pets, and insects can 
be vectors, but the direction of transmission between these animals and the poultry is 
not always clear. However, there is limited evidence for transmission from the breeder 
flock, feed, air, litter, or drinking water (although contaminated standing water around 
the farm or biofilms in the shed drinking water system might be a problem).
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The aim of this study was to provide a better understanding of on-farm sources 
of Campylobacter and routes of transmission into broiler flocks raised in New Zealand. 
The study involved a longitudinal farm-based microbiological survey testing multiple 
sample types. These included sampling potential reservoirs from the external environ­
ment (e.g., soil, and wild bird and animal feces), potential vectors for Campylobacter 
ingress into the broiler shed (e.g., the breeder flock, insects, rodents, farm workers, 
and catching crews and equipment), shed inputs (e.g., litter, feed, and drinking water), 
and testing for Campylobacter colonization of flocks (e.g., feces, cecal contents, and 
cloacal swabs). Campylobacter isolated from different sources were then compared with 
strains colonizing the flock using whole-genome sequencing (WGS) to provide linkages 
between Campylobacter from birds and contaminating vectors and reservoirs. Temporal­
ity was also assessed by frequent sampling intervals. Finally, genotypes found on the 
farm were followed to see which ones survived primary processing and which might be 
relevant from a public health perspective.

MATERIALS AND METHODS

Farm selection, sampling event logistics, and capture of farm variables

Farm selection was based on proximity to the testing laboratory. The farm was owned by 
the largest poultry company operating in New Zealand, and the shed design, equip­
ment, and operating practices were representative of other farms owned by the same 
company. The farm was also company-managed (rather than contracted), which enabled 
easier access for sampling. Poultry-raising shed K2 was selected as the main sampling 
shed because it had matching parameters to another shed that was stocked at the same 
time, from which samples were also taken to check for flock colonization (control shed 
K3). The study and control flocks were sourced from the standard industry breeder flock 
and hatchery for that farm. The breeder production farm is one of 10 breeder farms 
in the region that supplies the hatchery, which in turn supplies 30 broiler farms in the 
region, and sometimes to farms in neighboring regions. The breeder raising shed was 
sampled during the rearing of the breeders that laid eggs for the study flock, and the 
breeder production shed was sampled at the specific times that the eggs were laid and 
hatched. The catching company used for the different harvests of the flocks in this study 
catches chickens from multiple farms owned by the same parent company and also 
farms owned by a second major poultry industry company. The processing plant where 
cecal contents and carcass rinsates were collected from the study and control flocks was 
also the same industry plant typically used by the broiler farm. The entire survey was 
conducted from July to December 2019; the rearing period of the selected flock was 
timed to coincide with peak prevalence of Campylobacter in poultry, which occurs during 
the austral summer months (as defined by industry NMD Programme prevalence data).

To inform variables that might influence Campylobacter ingress into sheds, data 
were collected regarding on-farm variables, staff, potential risk factors associated with 
Campylobacter, and biosecurity measures (Table S1). In addition, all workers accessing 
the shed were given a diary with the request to document any occurrences or observa­
tions in the shed of an event different from the norm (for example, observations of 
wild birds or rodents in the shed, equipment malfunction, or changes in shed activities; 
captured in Table S4). Weather variables were also collected over the sampling period 
(Fig. S1).

Typically, the same subset of samplers attended each sampling event and included 
an industry expert and two trained assistants. All cloacal swabbing was conducted by an 
industry veterinarian. Assistance was provided by the farm manager and farm workers, 
who were also trained in sampling techniques and logistics. Aspects of training included 
standardization of sampling for each sample type, sampling order (sampling sample 
types with a low risk of contamination first and finishing with sample types with the 
highest risk of contamination), sterile technique, changing gloves between sample types, 
sample labeling, and sample sheet documentation.

Full-Length Text Applied and Environmental Microbiology

September 2025  Volume 91  Issue 9 10.1128/aem.01206-25 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
28

 S
ep

te
m

be
r 

20
25

 b
y 

20
01

:4
53

0:
2:

a0
10

:f
ff

f:
ff

ff
:f

ff
f:

fe
bf

.

https://doi.org/10.1128/aem.01206-25


Sample types, sampling procedures, and sampling timeline

While there are recommended methods available for testing some of the samples of 
interest (for example, chicken carcass rinsates, cecal material, and feces), methods for 
collecting and testing other samples were highly variable. Before the survey com­
menced, a pilot study tested the suitability of a selection of sample types and proposed 
test methods (elasticized hair covers in maximum recovery diluent [MRD] for use as 
boot socks, 3M Enviro-swabs, houseflies with and without flypaper, and unused litter 
consisting of wood shavings with and without MRD) inoculated with different concentra­
tions of a cocktail of 12 C. jejuni and C. coli strains. These sample types were selected 
because they were not routinely tested by the Tegel New Plymouth laboratory, were 
diverse, or contained competing microbiota or inhibitors that might affect downstream 
analyses. Methods and results are summarized in the supplemental material. Of the 
samples tested, the best detection of Campylobacter was from inoculated house flies 
with or without flypaper (thus, glue traps present on the flypaper were non-inhibitory), 
followed by swabs and hair covers in MRD, while Campylobacter was only isolated from 
litter with MRD, at the highest level of inoculum. C. coli and C. jejuni were isolated from 
each sample type. Taken together, the sampling and testing methods were deemed 
suitable for inclusion in the farm survey.

Sample types, numbers, and sampling methodology were informed by other studies. 
Table S2 provides a detailed description of the sample types tested in the farm sur­
vey, numbers of samples of each type collected, methodology for each sample type, 
rationale for testing each sample type, and time points at which samples were collected. 
In general, sample selection rationale was based on whether samples were potential 
vectors for carrying Campylobacter into the shed, potential reservoirs or sources of 
Campylobacter, or provided evidence of flock colonization with Campylobacter. Potential 
vectors and reservoirs were further categorized according to whether they were isolated 
from the internal shed or external environment, catching crew, and equipment. Isolates 
colonizing chickens were categorized as being from the study flock, the previous flock 
from the same shed, or the control flock.

The timing for sampling different sample types was as follows: sampling of the 
breeder flock and environment using boot socks occurred at the breeder rearing farm 
and laying shed preplacement of the breeder flock into the laying shed, 2 weeks 
following transfer of breeder birds into the laying shed, and during the time of egg 
collection for the study and control flocks (120, 99, and 25 days prior to hatching and 
placement of the study flock, respectively). The broiler raising shed (K2) was sampled at 
depopulation of the previous flock (boot socks and ceca; 19 days prior to placement of 
the study flock). Sampling was also conducted post-cleaning, sanitation, and drying, 
before and after litter placement (boot socks, swabs of floor cracks and potential 
harborage sites, annex, nipple drinkers, fans, vents, heater duct, feed entry, and drinking 
water), and 7 and 5 days before placement of the study flock, respectively. Samples of 
the paper lining of chick crates and swabs of chick transport equipment were taken at 
the time of placement of newly hatched chicks. Samples external to the shed (boot socks 
of soil, swabs of wild bird and rabbit droppings, worker aprons, and feed) and inside 
the shed (crawling insects, boot socks, drinker swabs, fly papers, swabs of annex and 
nipple drinking lines, and drinking water) were taken at approximately five-day intervals 
(at flock ages of 5, 10, 15, 20, 25, 28, 35, and 40 days). At the same time, cloacal swabs 
of chickens were taken to ascertain colonization. Thinning (harvests or depopulations) 
occurred when the study flock was 29, 36, and 41 days old, and the control flock was 
30, 35, and 38 days old. During thinning, swab samples were collected from the catching 
crew’s clothing (boots and gloves used during the catching of prior flock) and equipment 
(chicken crates, modules into which crates are placed, forklift that carries modules, 
chicken transport truck curtain and cab, and catcher-transporting van wheels and cab). 
For each thinning cut, cecal contents and rinsate samples from carcasses following 
primary processing were collected at the processing plant. Cecal samples were also taken 
from the study and control flocks aged 15, 20, and 35 days from chickens that had been 
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culled for routine coccidiosis testing. Additional sample types included swabs of the 
trucks entering the property (steering wheel, foot pad and/or wheel arches of delivery of 
feed, litter and LPG, and electrician) and gut contents of wild birds found dead. Following 
collection, samples were placed into a cooler on ice packs and transported to the testing 
laboratory.

Laboratory processing and isolation of Campylobacter

Laboratory testing of all samples occurred within 24 hours of sampling. Where possible, 
samples were tested by the Tegel New Plymouth Laboratory on the day of receipt. For 
samples that arrived too late in the day to initiate testing, all sample documentation 
and processing occurred upon receipt by the testing laboratory, samples were stored at 
4°C, and sample enrichment commenced the following morning. Specific details for the 
processing and enrichment of each sample type are provided in Table S3.

All media were sourced from Fort Richard Laboratories, Auckland, New Zealand. All 
samples were enriched using the same enrichment broth (Bolton broth) and incubated 
at the same temperatures and for the same duration to ensure consistency and improve 
the recovery of Campylobacter present in low concentrations or under stress. Cecal 
contents and chicken carcass rinsates were also plated directly onto modified charcoal 
cefoperazone deoxycholate agar (mCCDA). Bolton broth volumes were typically added at 
a ratio of one part sample to nine parts Bolton broth; for example, a volume of 90 mL 
Bolton broth was added to a 10 g poultry sample. All plates and enrichment broths 
were incubated under a microaerobic atmosphere created using CampyGen gas sachets 
(2.5%–9.5% CO2 and 6.2%–13.2% O2; Oxoid, ThermoFisher, Waltham, MA, USA) in an 
airtight container. Enrichment broths were incubated at 35°C for 4 hours, followed by 
42°C for 44 hours. Following enrichment, a 10 µL volume of the enrichment culture was 
plated onto mCCDA plates. Plates were incubated at 42°C and examined after 48 ± 2 
hours for the presence of suspect Campylobacter colonies. Individual suspect colonies 
were streaked onto Columbia Horse Blood Agar plates and incubated at 42°C for 48 
hours. Isolates were confirmed as Campylobacter spp. via Campylobacter latex agglutina­
tion (Ngaio Campylobacter Latex, Ngaio Diagnostics, Nelson, New Zealand) and by the 
detection of oxidase activity (Microbact oxidase strips, Oxoid, Hampshire, UK).

Where colonies were present, up to four colonies per positive sample of suspected 
Campylobacter spp. were purified and swabbed onto Amies Transport Medium with 
charcoal (Copan, Brescia, Italy) and shipped chilled to mEpiLab, Massey University. The 
species of up to two isolates per sample was identified using matrix-assisted laser 
desorption ionization-time of flight mass spectrometry with the extended direct transfer 
method in a MicroFlex Bruker Biotype (28). Isolates were stored at −80°C for future 
analysis.

Whole-genome sequencing and sequence analysis of Campylobacter isolates

Genomic DNA was extracted from pure C. jejuni isolate cultures using the QIAamp 
DNA Mini Kit (Qiagen, Hilden, Germany). DNA was quantified and quality-checked 
with a Qubit assay (Life Technologies, Oregon, USA). Libraries were prepared from 
the normalized DNA using the Illumina Nextera XT library preparation kit (Illumina 
#FC-131-1096). The pooled library was sent to the Massey Genome Service (Massey 
University, Palmerston North, New Zealand) for quality control checks and storage using 
the DNAstable Tube Kit (Biomatrica, product code: 93021-001). The library was then sent 
to NovogeneAIT Genomic (Singapore) for sequencing (2 × 150 base PE reads).

Isolate sequence data were analyzed using Nullarbor2 (29), with default parameters 
unless otherwise stated. Reads were trimmed with Trimmomatic version 0.36 (30) and 
assembled with SKESA version 2.3.0 (31). The multilocus sequence type (MLST) scheme 
was auto-selected with mlst version 2.16.1, and their taxonomy was analyzed with the 
centrifuge version 1.0.4 module. The seven-loci MLSTs were inferred from the gener­
ated contigs using Nullarbor2 version 2.0.20181010. Between-isolate comparisons of 
the WGS data were analyzed by core genome MLST using outputs from Nullarbor2, 
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whole genome MLST using Fast-GeP version 1.0.2 (32), and single nucleotide polymor­
phism (SNP) analysis using the Snippy version 4.3.6 output from Nullarbor2. The reads 
were mapped on a per-isolate basis, and then the mapping results were compared to 
generate the core SNPs detectable across the isolates in each of the data sets. Further 
visualizations were performed with different metadata categories. Circular dendrograms 
were generated using iToL (33, 34). The reference genome for SNP analysis of all isolate 
genomes was C. jejuni RM1221 (ST354) (35), while C. jejuni 15AR0984 (ST6964) (36) was 
used for SNP analysis of the ST6964 genomes only; both strains were from the same 
CC354 clonal complex. The presence of antimicrobial resistance genes (the resistome) 
was determined using the data from Nullarbor2. In addition, point mutations from a 
subset of genes known to confer antimicrobial resistance (23S rRNA and gyrA) were 
searched using a local command-line version of ResFinder 4.0 (37). A customized BLAST 
search available at https://github.com/dw974/dnatools was used to search genomes for 
the plasmid-associated gene traC.

The generated contigs were also analyzed using Roary version 3.13.0 (38) to generate 
a pangenome absence/presence matrix using default parameters and the addition of 
“-e --mafft -r” to generate a core genome alignment using mafft and plots using R,
respectively. Subsequent analyses of the pangenome were performed using R version 
4.3.2 packages Pagoo version 0.3.17 (39), phangorn version 2.12.1 (40), and rhierBAPS 
version 1.1.4 (41). The three input data sets were the gff files, the absence/presence 
matrix from Roary, and a metadata file. The input gff files were imported into Pagoo 
using the “roary_2_pagoo” function. The data were analyzed to allow visualization of 
the pangenome using methods described in the Pagoo protocol (39) to generate a 
multi-panel image.

The core genome phylogeny and population structure of the data set were analyzed 
using methods described in the Pagoo protocol (39) using phangorn and rhierBAPS with 
the addition of a midpoint root for the phylogeny. Neutral core gene clusters using a 
computed Tajima’s D value of either ≥2 or ≤−2 were used in the phylogeny, and 10 
populations were used for the rhierBAPS lineage analysis. A combined figure was drawn 
of the computed tree showing the lineages and STs.

The genomes of ST6964 isolates from this study (n = 104) were similarly compared 
with ST6964 genomes from other studies. These data sets included genomes from 
isolates collected from New Zealand poultry carcasses and human cases of campylobac­
teriosis, including 230 from 2014 to 2016 (36) and 64 from 2019 (5), as well as three 
isolates from human stool samples from Switzerland and another from a human sample 
from Denmark (downloaded from PubMLST; https://pubmlst.org/).

RESULTS

Overview of farm and flock variables

An overview of farm variables is provided in Table S1. The broiler farm involved in the 
study had nine raising sheds. Relevant to the transmission of Campylobacter on and 
around the farm, there were no pets or other livestock present on the farm during 
the study period, but wild birds, rabbits, and rodents were present. The adjacent farm 
(~100 m away at the closest point) contained dairy cows (but not calves), and the nearest 
poultry farm was ~3 km away. Biosecurity protocols in operation at the farm included 
a 36-hour standdown between non-company visitors visiting other poultry farms. Staff 
were not permitted to keep any avian species at their residences. Rodent bait boxes were 
present outside each shed, but there were no fly traps. Staff were trained on biosecurity 
aspects such as understanding Campylobacter transmission and ecology and minimizing 
flock colonization.

Shed K2 that housed the study flock (Fig. 1) was built in 2014 and was 133 m in length 
and 16 m in width, holding up to 40,000 chicks at placement. Construction included a 
concrete floor and nib walls surmounted by an insulated, steel-faced panel. Temperature, 
humidity, and ventilation control were all automated, and ventilation was by extraction 
fans on either end of the building and vents down each side (136 vents in total). Access 
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was through an annex where hands were washed, sanitized, and boots changed on 
entry to the shed. The personnel pathway outside the shed was gravel, and there were 
concrete pads at the shed ends. Male and female birds were separated, with male birds 
at the river end of the shed and females at the bank end. The control shed designated K3 
was a mirror image of K2. The chicks for both sheds came from the same single breeder 
flock and hatchery and were delivered on the same day; the only difference between the 
two flocks was the shed in which they were housed.

Feed and water were always available to the birds. The water was sourced from a river 
and bore and was chlorinated near the source and then with chlorine dioxide before 
entry into the shed. The water was dispensed through nipple drinkers. The feed was 
delivered to the farm by feed tankers into enclosed feed silos, and feed transit from the 
silo to the shed was also enclosed.

Catching crews and their equipment were typically involved in catching for multi­
ple farms each day. Although gloves were changed between farms, clothes were not 
typically changed. Boots were cleaned and sanitized between flocks following catch­
ing before moving off-farm. The processing plant where all thinning cuts were slaugh­
tered and processed was an industry plant. The processing plant processes multiple 
flocks per day. Primary processing included multiple physical and chemical decontami­
nation interventions, including high scald temperatures, chlorine spray steps, chlorine
immersion chiller, and a final acidified sodium chlorite dip; after which, rinsate samples of 
carcasses were collected.

Campylobacter sample prevalence and spatiotemporal analysis

In total, 738 samples were tested for Campylobacter by cultural isolation; 200 (27%) 
tested positive. The sample prevalence, stratified by sampling time, location, and type, 
is detailed in Table 1. For sample categories considered as potential vectors or reservoirs 
for Campylobacter ingress into the broiler shed, the highest Campylobacter prevalence 
was from catchers and catching equipment, with 59 of the 131 samples testing positive 
(45%), including samples from each thinning cut. Campylobacter was isolated from all 
types of catching samples (gloves, boot swabs, crates, particularly where fecal matter was 
present, modules, forklift, catcher van wheels and cab). Campylobacter was also detected 
from crawling insects captured in Arends tubes (3 of 33 samples; 9%), all of which were 
identified as darkling beetles or their larvae (Table S5). Rabbit and wild bird feces external 
to the broiler shed and a worker apron swab also tested positive (4 of 10 [40%], 4 of 33 
[21%], and 1 of 8 [13%] samples, respectively). Campylobacter was not detected from any 
feed (n = 15), drinking water (n = 18), flying insect/flypaper (n = 29), or non-catcher trucks 
entering the farm (electrician or those transporting feed, litter, or LPG; n = 6). The insects 
captured by the flypaper overwhelmingly consisted of small midges (as many as 41 in 
one sample), while small flies, moths, and mosquitoes were captured infrequently (Table 
S5). No rodents were captured during the study, and rodent feces were not observed 
around traps.

Considering temporality, samples from the previous flock at the final cut (cecal 
samples at primary processing) and the K2 shed environment (boot socks), all tested 
positive for Campylobacter. However, there were no isolations from within the K2 shed 
following cleaning and disinfection, before (n = 22) and after litter placement (n = 9). 
Samples from the study flock (cloacal swabs, n = 72, and cecal contents, n = 25), as well 
as environmental samples within the broiler shed (n = 143), remained Campylobacter 
culture-negative until after the first cut. At this time, a high proportion of catching crew 
and equipment samples tested positive (12/27, 44% at first cut; and 59/130, 45% of 
total catching samples). At the subsequent sampling event (flock age of 35 days), a high 
proportion of chicken samples (cloacal swabs, cecal contents, and carcass rinsates) and 
shed samples (annex, boot socks, surface and drinker swabs, crawling insects, and nipple 
drinkers) tested positive for Campylobacter. The same was observed for the control flock. 
Note that there was a single positive chicken carcass rinsate from the first cut of both the 
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study and control flocks, which could have come from either the flock itself or carcass 
contamination from other flocks processed on the same day.

The species was determined for up to two isolates per positive sample; results for 
the different sample categories are shown in Table 2. The species breakdown included 
316 C. jejuni, 39 C. coli, and 8 C. lari isolates. Only C. lari was isolated from the breeder 
flock at the time of egg laying for the study flock, and this species was not isolated from 
any other samples. C. coli was isolated from catchers and catching equipment at the first 
and second cuts of the study flock (18 isolates from nine samples) but was not isolated 
from the study flock or the K2 shed environment. C. coli was also isolated from catching 
samples during the first cut of the control flock (flock age: 30 days; 11 isolates from six 
samples), from control boot socks of the control flock K3 shed environment at 34 and 
37 days (six isolates from three samples), and from ceca samples of the control flock the 
following day at the final cut (four isolates from two samples). All other isolates were C. 
jejuni, which was the only species isolated from the study flock (cloacal swabs and cecal 
and rinsate samples), K2 shed environmental samples (boot socks, drinker and annex 
swabs, and crawling insects), and previous flock inhabiting the shed. C. jejuni was also 
isolated from wild bird and rabbit feces and an apron swab on day 20.

Genomic analyses of C. jejuni isolates

Although C. jejuni, C. coli, and C. lari were all identified from environmental samples, 
C. jejuni was the only species also isolated from the study flock (cloacal swabs, cecal 
contents, and carcass rinsates). Because the aim of this study was to understand the 
reservoirs and vectors for Campylobacter colonization of poultry, only C. jejuni isolates 
were selected for whole-genome sequencing. For most positive samples, a single isolate 
was selected for sequencing. However, two isolates were sequenced from positive 
samples from early time points, as samples might contain multiple Campylobacter types, 
and the objective was to identify the earliest occurrence of genotypes from reservoirs or 
vectors into the broiler shed that went on to colonize the flock. A total of 199 C. jejuni 
isolates arising from 165 positive samples were sequenced.

The 199 whole-genome-sequenced isolates comprised seven different seven-gene 
multi-locus sequence type (ST) profiles (Table 3). C. jejuni STs included ST6964 (105 
isolates), ST50 (60), ST45 (24), ST3105 (4), ST12269 (4), ST25 (1), and ST53 (1). One isolate 
was identified as a single locus variant of ST6964; while this isolate was considered 
as ST6964 for this study, it has been assigned a new sequence type (ST12270) from 
the PubMLST database. The majority of isolates from the study flock were ST6964 (44 
isolates), and this ST was also isolated from the previous flock and control flock, catching 

FIG 1 Map of shed K2 (133 m long by 16 m wide), which housed the main flock sampled in this study. The locations of sampling sites are indicated. Shed K3, 

which housed the control flock in the study, had a similar layout.

Full-Length Text Applied and Environmental Microbiology

September 2025  Volume 91  Issue 9 10.1128/aem.01206-25 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
28

 S
ep

te
m

be
r 

20
25

 b
y 

20
01

:4
53

0:
2:

a0
10

:f
ff

f:
ff

ff
:f

ff
f:

fe
bf

.

https://doi.org/10.1128/aem.01206-25


TA
BL

E 
1 

Ca
m

py
lo

ba
ct

er
 s

am
pl

e 
pr

ev
al

en
ce

 s
tr

at
ifi

ed
 b

y 
sa

m
pl

e 
ca

te
go

ry
, s

am
pl

e 
ty

pe
, a

nd
 s

am
pl

in
g 

tim
ea

Fl
oc

k 
ag

e 
(d

ay
s)

A
b

0
1

5
10

13
15

20
25

28
29

30
34

35
36

37
38

40
41

To
ta

l (
%

)

Br
ee

de
r fl

oc
k

 
 B

re
ed

er
 re

ar
in

g 
an

d 
la

yi
ng

 s
he

d 
pr

e-
/p

os
t-

pl
ac

em
en

t (
bo

ot
 s

oc
ks

)
0/

10
0/

10
 (0

)

 
 B

oo
t s

oc
ks

 d
ur

in
g 

eg
g 

co
lle

ct
io

n
4/

4
4/

4 
(1

00
)

Pr
ev

io
us

 fl
oc

k

 
 C

ec
a

10
/1

0
10

/1
0(

10
0)

 
 S

he
d 

en
vi

ro
nm

en
t (

bo
ot

 s
oc

ks
)

2/
2

2/
2 

(1
00

)

Co
nt

ro
l fl

oc
k

 
 C

ec
a

0/
5

0/
5

0/
5

0/
10

14
/1

5
10

/1
0

24
/5

0 
(4

8)

 
 C

ar
ca

ss
 ri

ns
at

e
1/

6
1/

6
3/

6
5/

18
 (2

8)

 
 S

he
d 

en
vi

ro
nm

en
t (

bo
ot

 s
oc

ks
)

0/
2

2/
2

2/
2

4/
6 

(6
7)

St
ud

y 
flo

ck

 
 C

hi
ck

 p
ap

er
s 

an
d 

tr
an

sp
or

t
0/

7
0/

7 
(0

)

 
 C

lo
ac

al
 s

w
ab

0/
12

0/
12

0/
12

0/
12

0/
12

0/
12

12
/1

2
12

/1
2

24
/9

6 
(2

5)

 
 C

ec
a

0/
5

0/
5

0/
5

0/
10

5/
5

10
/1

0
10

/1
0

25
/5

0 
(5

0)

 
 C

ar
ca

ss
 ri

ns
at

e
1/

15
10

/1
5

8/
15

19
/4

5 
(4

2)

St
ud

y 
flo

ck
 in

te
rn

al
 s

he
d 

en
vi

ro
nm

en
t a

nd
 in

pu
ts

 
 B

oo
t s

oc
ks

0/
2

0/
2

0/
2

0/
2

0/
2

0/
2

0/
2

2/
2

2/
2

4/
18

 (2
2)

 
 D

rin
ke

r s
w

ab
s

0/
5

0/
6

0/
6

0/
6

0/
6

0/
6

0/
6

0/
6

3/
6

3/
53

 (6
)

 
 D

rin
ki

ng
 w

at
er

0/
2

0/
2

0/
2

0/
2

0/
2

0/
2

0/
2

0/
2

0/
2

0/
18

 (0
)

 
 F

ee
d

0/
3

0/
3

0/
3

0/
3

0/
3

0/
15

 (0
)

 
 S

he
d 

sw
ab

s
0/

22
0/

22
 (0

)

 
 A

nn
ex

 s
w

ab
s

0/
3

0/
4

0/
4

0/
4

0/
4

0/
4

1/
5

2/
5

3/
33

 (9
)

 
 F

ly
in

g 
in

se
ct

s 
(fl

yp
ap

er
)

0/
2

0/
4

0/
5

0/
5

0/
4

0/
4

0/
5

0/
29

 (0
)

 
 C

ra
w

lin
g 

in
se

ct
s 

(A
re

nd
s 

tu
be

s)
0/

3
0/

2
0/

7
0/

8
0/

8
2/

3
1/

2
3/

33
 (9

)

 
 O

th
er

 (p
ap

er
)

0/
1

0/
2

0/
3 

(0
)

Ex
te

rn
al

 e
nv

iro
nm

en
t

 
 R

ab
bi

t f
ec

es
0/

3
3/

3
0/

1
0/

1
1/

2
4/

10
 (4

0)

 
 W

ild
 b

ird
 fe

ce
s, 

vi
sc

er
a,

 n
es

t
0/

3
0/

4
0/

5
3/

9
0/

4c
0/

1
1/

8
4/

34
 (1

2)

 
 S

oi
l (

bo
ot

 s
oc

ks
)

0/
8

0/
8

0/
2

1/
8

1/
1

2/
27

 (7
)

 
 W

or
ke

r a
pr

on
 (s

w
ab

)
0/

1
0/

1
0/

1
1/

1
0/

1
0/

1
0/

1
0/

1
1/

8 
(1

3)

 
 V

eh
ic

le
 s

w
ab

s 
(e

.g
., 

fe
ed

, L
PG

, e
le

ct
ric

ia
n)

0/
1

0/
1

0/
1

0/
1

0/
1

0/
1

0/
6 

(0
)

Ca
tc

hi
ng

 c
re

w
 a

nd
 e

qu
ip

m
en

t
12

/2
7

16
/3

7
14

/3
3

17
/3

4
59

/1
31

 (4
5)

To
ta

l
16

/5
7 

(2
8)

0/
8 (0

)

0/
1

(0
)

0/
41

 

(0
)

0/
37

 

(0
)

0/
1 (0

)

0/
50

 

(0
)

7/
73

 

(1
0)

0/
49

 

(0
)

0/
57

 

(0
)

13
/5

2 

(2
5)

17
/5

3 

(3
2)

2/
2 (1

00
)38

/7
3 

(5
2)

34
/5

8 

(5
9)

2/
2 (1

00
)13

/1
6 

(8
1)

23
/4

9 

(4
7)

35
/5

9 

(5
9)

20
0/

73
8 

(2
7)

a N
um

be
rs

 a
re

 in
 b

ol
d 

fo
nt

 w
he

re
 th

er
e 

w
as

 a
t l

ea
st

 o
ne

 d
et

ec
tio

n 
of

 C
am

py
lo

ba
ct

er
 fr

om
 th

e 
sa

m
pl

e 
se

t.
b “A

” d
es

ig
na

te
s 

al
l s

am
pl

in
g 

tim
e 

po
in

ts
 p

rio
r t

o 
ha

tc
hi

ng
 o

f t
he

 fl
oc

k.
 S

am
pl

in
g 

of
 th

e 
br

ee
de

r fl
oc

k 
oc

cu
rr

ed
 1

20
, 9

9,
 a

nd
 2

5 
da

ys
 p

rio
r t

o 
ha

tc
hi

ng
 o

f t
he

 s
tu

dy
 fl

oc
k.

 T
he

 p
re

vi
ou

s 
flo

ck
 w

as
 d

ep
op

ul
at

ed
 1

9 
da

ys
 p

rio
r t

o 
ha

tc
hi

ng
, 

an
d 

sa
m

pl
in

g 
th

e 
sh

ed
 fo

llo
w

in
g 

cl
ea

ni
ng

 a
nd

 d
is

in
fe

ct
io

n 
oc

cu
rr

ed
 7

 d
ay

s 
(b

ef
or

e 
lit

te
r p

la
ce

m
en

t)
 a

nd
 5

 d
ay

s 
(a

ft
er

 li
tt

er
 p

la
ce

m
en

t)
 b

ef
or

e 
pl

ac
em

en
t o

f t
he

 s
tu

dy
 fl

oc
k.

c O
ne

 s
am

pl
e 

w
as

 ta
ke

n 
th

e 
fo

llo
w

in
g 

da
y 

(d
ay

 2
6)

.

Full-Length Text Applied and Environmental Microbiology

September 2025  Volume 91  Issue 9 10.1128/aem.01206-25 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
28

 S
ep

te
m

be
r 

20
25

 b
y 

20
01

:4
53

0:
2:

a0
10

:f
ff

f:
ff

ff
:f

ff
f:

fe
bf

.

https://doi.org/10.1128/aem.01206-25


samples, and the K2 shed environment. ST50 was also isolated from the study flock (27 
isolates), control flock (2 isolates), and previous flock (1 isolate), as well as catching 
samples and the K2 shed environment. There were four additional STs among the 
catching crew and equipment isolates (ST45, ST3105, ST25, and ST53). Most isolates from 
rabbit feces, wild birds, and the workers’ aprons were ST45. Four isolates were typed as 
being single locus variants of ST3663, which was a new allelic profile that had not been 
previously reported; thus, they were assigned a new PubMLST sequence type (ST12269). 
Two of the ST12269 isolates were from a single sample of rabbit feces, and the other two 
from a single sample of the annex boot transit area, all from the same sampling event at 
a flock age of 40 days.

The genomic data were further analyzed for 198 isolates to link C. jejuni isolates 
from sources, reservoirs, and transmission routes with isolates from colonized chickens 
(note that although 199 isolates were sequenced, one isolate was removed from further 
analyses due to low-quality sequence). Visual representations of the genomic data 
include a minimum spanning tree representation based on core genome multi-locus 
sequence typing (cgMLST) differences between isolates (Fig. 2), and a circular dendro­
gram based on single nucleotide polymorphism differences using C. jejuni RM1221 
(ST354) as the reference genome and with metadata provided for each isolate (Fig. 
3). Further genomic analyses compared the pangenomes, core genome phylogeny, and 
population structure of isolates from the study (Fig. S3 and S4).

There was a high degree of clonality among the C. jejuni ST6964 isolates. The majority 
of isolates differed by 0–1 cgMLST allele, and there was a small cluster that differed 
from the main cluster by 31 alleles (Fig. 2). The majority of the ST6964 isolates were 
also indistinguishable via SNP analysis using the C. jejuni RM1221 reference genome 
(zero pairwise differences; Fig. 3). To achieve a finer level of discrimination between 
isolates, SNP analysis was also performed using a ST6964 reference genome (C. jejuni 
15AR0984; Fig. S2). A total of 65 isolates (62%) remained indistinguishable in a single 
monophyletic group (at the top of the plot, starting with PZ0316). These included 
two cecal and one boot sock isolate from the previous flock and six catcher sample 
isolates (crate and module isolates from the first cut of the control K3 shed before 
Campylobacter was detected in that flock, and boot swabs and forklift from the second 
cut of the study flock). Besides two isolates from crawling insects (flock age: 35 and 
40 days) and one from the control K3 shed boot socks, all other 53 isolates in this 

TABLE 2 Campylobacter species per sample categorya

Sample category

Sample type Total positive 
samples

Campylobacter isolates

C. jejuni C. coli C. lari

Breeder flock Boot socks during egg collection 4 0 0 8
Previous flock Boot socks 2 4 0 0

Ceca 10 20 0 0
Study flock Cloacal swabs 24 47 0 0

Ceca 25 25 0 0
Carcass rinsate 19 54 0 0

Control flock Ceca 24 30 4 0
Carcass rinsate 5 10 0 0

Catching crew 
and equipment

Study shed K2 44 65 18 0
Control shed K3 16 20 11 0

External 
environment

Rabbit and wild bird feces, worker 
apron

7 13 0 0

Internal 
environment

Study shed K2: boot socks, drinker 
swabs, annex swabs, crawling 
insects

16 26 0 0

Control shed K3: boot socks 4 2 6 0
Total 200 316 39 8
aThe Campylobacter species was tested for up to two isolates per positive sample.
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cluster were from either the study or control flock aged 35 days or older (cloacal swabs, 
cecal contents, and carcass rinsates). A closely related cluster that consisted of seven 
indistinguishable isolates (e.g., PZ2057) arose from a catcher crate sample at the first cut 
of the control K3 shed, three cecal or rinsate samples from the second and third cuts 
from the control shed, and catcher crate and module samples from the final cut of the 
study shed. Another closely related cluster comprised cecal isolates from the previous 
flock (bottom of plot, e.g., PZ0338). A further lineage (e.g., PZ0329) was distinct from all 
other ST6964 isolates and contained a recombinant region; this consisted of an isolate 
from the previous flock and three catcher module isolates from the first cut of the study 
flock. Taken together, the earlier detection and close genetic relationships between 
isolates support that the previous flock and/or catchers and their equipment may have 
contaminated the study and control flocks.

Several clusters of C. jejuni ST50 were present (Fig. 2). One cluster encompassing 17 
isolates that differed by 0–1 cgMLST loci was all from catching crew and equipment 
samples from the first cuts of the control and study flocks and the final cut of the 
study flock. Another cluster comprised 33 isolates from the study flock (cloacal swabs, 
cecal contents, and carcass rinsates) and the K2 shed environment (boot socks, crawling 
insects, and drinker swabs). This cluster was closely related (differing by 3–4 cgMLST loci) 
to a catcher crate sample from the second cut of this flock and two isolates from a carcass 
rinsate sample from the first cut of the control flock (differing by 1–2 cgMLST loci). In 
another cluster, two carcass rinsate isolates from the final cut were indistinguishable 
from a catcher module sample from the second cut of the study flock. Although ST50 
was isolated from the shed environment at depopulation of the previous flock, this 
isolate differed by at least 146 cgMLST loci from any other isolates in the study. Distinct 
clusters of ST50 isolates were also shown in the principal component analysis (PCA) 
representation based on pangenome analyses (Fig. S3C). However, all ST50 isolates form 
a single lineage together with the ST53 isolate based on rhierBAPS analysis (Fig. S4).

There were also two distinct clusters of C. jejuni ST45, which differed by 248 MLST 
loci (Fig. 2). One cluster of 11 isolates was from rabbit and wild bird feces and worker 
apron swabs sampled at a flock age of 20 days. The second cluster of 13 isolates was from 
catching crew and equipment samples from the second and third cuts of the study flock. 
This ST was not detected from the broiler shed environment, and there was no evidence 
of flock colonization of this ST (cloacal swabs, cecal contents, or carcass rinsate samples). 
Consistent with the core genome MLST analysis, two separate lineages of ST45 isolates 
were also seen in the phylogeny tree based on rhierBAPS analysis (Fig. S4).

TABLE 3 Multi-locus sequence types of C. jejuni isolates stratified by sample category

ST Isolates from flocks (cloacal swabs, ceca, and carcass 

rinsates) Catching crew 

and equipment

Internal environment (insects, 

boot socks, annex, and 

drinkers)

External environment

(worker apron, wild bird, and 

rabbit feces)

Total

Study flock Control flock Previous flock

6964 44 25 11 19 4 2 105a

50 27 2 1 21 9 0 60

45 0 0 0 13 2 9 24

3105 3 0 0 1 0 0 4

12269b 0 0 0 0 2 2 4

25 0 0 0 1 0 0 1

53 0 0 0 1 0 0 1

Total 74 27 12 56 17 13 199
aOne isolate included in the total was actually a single locus variant of ST6964. Although this isolate has been designated a new MLST designation (ST12270), the isolate was 
considered as ST6964 for the purposes of the study and clustered with the main lineage of ST6964 isolates. A further isolate was typed as ST6964, but the genome was not 
included in genomic analyses due to poor quality sequence.
bC. jejuni ST12269 differed from ST3663 at a single allele and was assigned a new ST by PubMLST.
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In silico analysis of antimicrobial resistance

The 198 C. jejuni genomes were interrogated for the presence of known antimicrobial 
resistance genes and alleles (Fig. 3). The only resistance gene identified was tetO, which 
was present in all ST6964 isolates, including the C. jejuni RM1221 reference strain, as 
well as a single ST50 isolate obtained from a cloacal swab from the current flock. In 
addition, only ST6964 isolates contained the C257T mutation in gyrA that results in the 
T86I functional mutation that confers fluoroquinolone resistance, also found in earlier 
isolates of this ST (36). No isolates contained the 23S rRNA A2075G allele that confers 
macrolide resistance.

FIG 2 Minimum spanning tree of the C. jejuni isolates based on core genome multi-locus sequencing typing profiles, showing the sequence types (A), sample 

categories (B), and the number of allele differences between isolates. The size of the circle indicates the number of isolates, and the branch lengths are on a log 

scale.

Full-Length Text Applied and Environmental Microbiology

September 2025  Volume 91  Issue 9 10.1128/aem.01206-2512

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
28

 S
ep

te
m

be
r 

20
25

 b
y 

20
01

:4
53

0:
2:

a0
10

:f
ff

f:
ff

ff
:f

ff
f:

fe
bf

.

https://doi.org/10.1128/aem.01206-25


Analysis of C. jejuni ST6964 lineages

Previously, two major poultry company-specific clades of C. jejuni ST6964 were identified 
that differed by the presence of a plasmid housing a type IV secretion operon that 
included the virulence determinant traC (36). To further characterize the lineage of C. 
jejuni ST6964 isolates present in the flock, genomes were also searched for the presence 
of traC. Isolates within the predominant cluster of C. jejuni ST6964 isolates were positive 
for traC (note that the reference strain also contained the plasmid gene). This cluster 
contained isolates from the previous flock, as well as multiple isolates from birds of 
the main study flock, and included isolates from carcass rinsates following processing. 
However, the four isolates within the distinct ST6964 cluster (discussed earlier) were 
negative for this plasmid gene. The only other ST to contain traC was the newly assigned 
C. jejuni ST12269, which had a different allele than the ST6964 isolates. Additional 
analyses to confirm the plasmid presence were not conducted.

To gain further insights into the population diversification of the C. jejuni ST6964 
isolates from this study, isolate pangenomes from this study were compared with those 

FIG 3 Circular maximum likelihood tree based on single nucleotide polymorphism distance displaying sequence types (outermost band), sample time/cut, and 

sample type. The colored inner bands depict the presence and allele type of the plasmid-associated traC gene, and presence or absence of the tetO tetracycline 

resistance gene and gyrA C257T mutation conferring fluoroquinolone resistance. The reference genome was C. jejuni RM1221 (ST354).
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from other C. jejuni ST6964 isolates from New Zealand poultry and human clinical 
samples from 2014 to 2016 (230 isolates [2]) and from 2019 (64 isolates [3]), as well 
as four human clinical isolates from other countries. As represented by PCA plotting, 
most isolate genomes from this study formed a tight cluster that overlapped with isolate 
genomes from 2019, while a small number of isolates formed a distinct cluster with other 
isolates from that study and also clustered closely, but did not overlap, with isolates from 
2014 to 2016 (Fig. S5). Phylogenetic analyses placed the 402 ST6964 isolates into three 
distinct lineages, with the majority of isolates from this study falling within lineage 2, and 
the remainder within lineage 1 (Fig. S6).

DISCUSSION

The longitudinal survey tested multiple environmental samples for Campylobacter from 
outside and inside the broiler raising shed, catching crew and equipment, and breeder 
and broiler flock samples over the life cycle of a New Zealand broiler flock. WGS of 
Campylobacter isolates was then implemented to link sources and vectors with the 
strains colonizing flocks. Isolates from the broiler flock were found to be indistinguisha­
ble or closely linked to those from the previous flock and an age-matched flock on the 
same farm, as well as some isolates from catching equipment, but no linkages were 
found with isolates from wild birds or animals, the breeder flock, water, or feed. The roles 
for the different sources and vectors tested in this study are depicted in Fig. 4.

The close genetic linkages between C. jejuni ST6964 isolates colonizing the farm flocks 
support a role for carryover from the previous flock or another on-farm reservoir in 
contaminating the current flocks. Assessments have determined that a contaminated 
barn environment due to inadequate disinfection and cleaning between flocks carries 
a high risk for contaminating the new broiler flock (7, 18). Indeed, a study detected 
Campylobacter from floors, feeders, drinkers, vents, and fans of New Zealand broiler 
sheds sampled post-cleanout and sanitation, albeit at a lower prevalence and concentra­
tion than from samples prior to cleanout (42), highlighting the challenges in completely 
eliminating Campylobacter from sheds between flocks. Interestingly, in the current study, 
all 31 samples taken from the raising shed post cleanout, sanitation, and drying (swabs 
from potential harborage sites, water lines and drinkers, water samples, and boot socks 
following litter addition) tested negative for Campylobacter. The results suggest that 
cleaning and sanitation were effective, but it remains possible that Campylobacter 
was still present in low concentrations or in other protected niches within the shed. 
Campylobacter colonization of chickens under 2–3 weeks of age is rarely detected by 
culture due, in part, to the protective effect of maternal antibodies, although very low 
levels of Campylobacter DNA have been detected from chicken feces within the first 
week of age (43–48). However, once present in the shed and initial chicken colonization 
has occurred, transmission through the flock is rapid (9). Had transmission resulted 
from flock carryover, flock colonization might have been expected to occur at an earlier 
age than was observed. Instead, Campylobacter was not isolated from any samples 
from within the shed, and there was no evidence of flock colonization until after the 
first cut, when the broiler flock was 35 days old. Given that the age-matched control 
flock was also colonized with indistinguishable strains, the source of the strains might 
instead include current flocks on the same farm or external unidentified reservoirs such 
as standing water, with transmission occurring reservoir-to-shed or shed-to-shed on 
worker clothing, or via other biosecurity breaches. Indeed, C. jejuni ST45, which was 
indistinguishable from rabbit and wild bird feces isolates from outside the shed, was 
isolated from worker clothing on day 20 (at a stage where the flock remained Campylo­
bacter-negative). Furthermore, C. jejuni ST50 and ST6964 isolates that matched those 
from the flock and C. jejuni ST12269 isolates that matched those from rabbit feces were 
also isolated from the shed annex; thus, shed ingress and egress of Campylobacter via 
workers are likely to occur.

Thinning or partial depopulation is a practice whereby a subset of the flock is 
harvested for slaughter and processing days or weeks before the remainder of the 
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flock. The procedure maximizes stocking density, thereby increasing economic yield,
and allows the provision of different-sized chickens to suit market requirements. Two 
to four cuts per flock are common practice in New Zealand. The close genetic match, 
high Campylobacter prevalence in catching samples, and the timing of flock infection 
occurring closely following the first cut with catcher presence in the shed all support that 
catchers and their equipment might have cross-contaminated the raising shed and flock 
from prior flocks that they visited. There were six STs among the catcher C. jejuni isolates 
sequenced, and both C. jejuni and C. coli were isolated from catcher samples. While C. 
coli and some STs present in catcher samples were not isolated from the flocks, the 
catching crew and equipment nonetheless have the potential to introduce new strains 
to farms and flocks. The results are consistent with other studies and reviews highlight­
ing that thinning is a major risk factor for Campylobacter ingress into sheds because 
it breaches the biosecurity barrier with the catching crews collecting chickens using 
catching equipment (e.g., cages, modules, trucks, and forklift) and clothes that have been 
at other farms and/or at the slaughterhouse (7, 21, 22, 49–51). Equipment that enters 
the shed during catching may also introduce Campylobacter from the external farm 
environment, such as on the wheels of forklifts. The practice of thinning can cause stress 
for both the captured and remaining chickens, although there are procedures designed 
to minimize chicken stress set out in the New Zealand Ministry for Primary Industries’ 
Code of Welfare: Meat Chickens (52). Elevation of the stress hormone noradrenaline in 
the gastrointestinal tract may promote the growth, proliferation, invasion, and virulence 
of Campylobacter (53). The effect of thinning-induced stress may also explain results 
from another study. Although enhanced biosecurity practices reduced Campylobacter 
colonization of flocks after the first cut, carcasses from flocks that were thinned were 
twice as likely to have Campylobacter than those that were not (21).

Due to the economic drivers associated with thinning, eliminating the practice of 
thinning is not seen as a viable option for reducing Campylobacter colonization of flocks 
in New Zealand. Current industry practices require catching crews to change into clean 
clothes (including hats, beard covers, footwear, and gloves) prior to each site visit (54). 
In this study, although boots were cleaned and sanitized (via boot dip) between farms, it 
was noted that the sanitizer required 15 minutes of contact time for maximum efficacy,

FIG 4 The longitudinal survey tested potential transmission routes and sources for Campylobacter colonization of a broiler flock. Roles were found for an on-farm 

reservoir and catchers and their equipment. The same strains colonizing chickens were also isolated following primary processing and thus may be present in the 

product at retail and pose a risk for consumers.
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which was not typically observed, and Campylobacter was detected from most boot 
swabs. All equipment used during harvesting is required to be cleaned to a visibly 
clean standard (no fecal material, litter, or feathers) and sanitized (completely wetted 
with sanitizer) between sites, crates should also be dried where practicable, and vehicle 
interiors should be kept clean. However, in this study, there was a high prevalence of 
Campylobacter from equipment swabs, including from swabs of fecal material visible on 
crates. Therefore, mitigation options may include improving or ensuring adherence to 
biosecurity practices during thinning.

Wild and livestock animals proximal to broiler sheds are also a recognized risk factor 
for Campylobacter colonization of chicken flocks (7, 23–25, 55). Although Campylobacter 
isolated from rabbit and wild bird feces proximal to the raising shed did not match 
isolates from the chicken flocks, there was potential for these to be transmitted into 
the shed (as discussed above). The role of rodents was not tested because none were 
trapped over the duration of the experiment, and no rodent droppings were detected 
around traps, which suggests that rodent control was effective on the farm. Other studies 
have also reported that crawling and flying insects that commonly frequent broiler 
sheds, such as darkling beetles and flies, may act as vectors for Campylobacter ingress 
into broiler sheds (26, 56–64). Peak fly presence in summer has been hypothesized to 
play a role in the seasonal peak of Campylobacter prevalence in flocks (61, 65, 66). 
No flypaper samples tested positive despite pilot experiments determining this to be 
a sensitive sample type. However, the overwhelming majority of insects captured on 
flypaper were midges, with fewer small flies and moths, and flies were infrequently 
observed from sheds. Although both C. jejuni ST50 and ST6964 isolates matching isolates 
from the flock were detected from darkling beetles and larvae, this only occurred 
following flock colonization when other shed samples also tested positive; thus, it is likely 
that the flock contaminated the insects, rather than the converse. However, if Campylo­
bacter were to enter the shed via just a few darkling beetles, it would be extremely 
challenging to detect this event because the Arends tubes only collect a small subset of 
beetles that would be present. Darkling beetles have been reported to persist in sheds 
following cleaning and disinfection (58, 67). Therefore, the detection of Campylobacter in 
darkling beetles is relevant because they have the potential to transmit Campylobacter to 
subsequent flocks or between sheds.

No evidence was found for vertical transmission of Campylobacter in this study. This 
was based on the absence of Campylobacter detection from samples taken from the 
rearing farm for breeder birds, from the breeder birds 2 weeks post-entry to the breeder 
facility, or from the chick papers and chick transport equipment during placement in 
the rearing shed. Although C. lari was detected from the breeder birds at the time 
that the eggs were laid for the study flock, this species was not detected from broiler 
flocks. Campylobacter-contaminated feces from the breeder flocks could contaminate 
freshly laid fertile eggs, and evidence has been reported that Campylobacter can enter 
egg contents through both transovarian and trans-shell mechanisms, which could be 
a source of contamination of newly hatched chicks (68). However, Campylobacter is 
isolated very infrequently from chick meconium, fluff, papers, hatchery samples, or from 
birds younger than 2–3 weeks of age, as discussed elsewhere (69–71). Additionally, 
sequence types from broiler flocks do not typically match those from their parent 
breeder flocks, and recent assessments still consider that there remains little to no strong 
evidence to support egg-borne transmission of Campylobacter from the breeder flock (7, 
43, 72).

Of the sequence types identified, the most abundant one detected in the study was 
C. jejuni ST6964 (105 isolates), which was found in isolates from the previous, current, and 
control flocks, as well as catching samples and shed samples once the flock had been 
colonized. ST6964 was also the predominant ST obtained from carcass rinsates following 
primary processing and thus has the potential to be present on poultry meat at retail 
and be relevant from a public health perspective. C. jejuni ST6964 was first identified in 
New Zealand in May 2014 through sentinel surveillance in two retail poultry carcasses 
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sampled in Palmerston North, Manawatu, New Zealand, and emerged contemporane­
ously in three poultry companies in the North Island of New Zealand (36). Although 
uncommon in other countries, this ST has since become one of the most frequently 
isolated from New Zealand poultry flocks and human cases in recent years (5, 36, 73). 
In a 2019 New Zealand source attribution study, ST6964 was overwhelmingly the most 
common C. jejuni ST from poultry (44 isolates, followed by 24 each for ST45 and ST48) 
and the fourth most common from human cases (41 cases compared with 119 cases for 
the most common, ST45) (5). A study that investigated the transmission dynamics of the 
C. jejuni ST6964 lineage through New Zealand poultry flocks reported that the transpor­
tation of feed within the commercial poultry industry, as well as other local contacts 
between flocks, such as the movements of personnel, may have played a significant 
role in the spread of this strain (73). Although Campylobacter was not detected from 
feed itself in the current study, Greening et al. (73) noted that transportation of feed 
may be a proxy for other contact networks that were not captured in their analysis. 
For example, the farms that share the same feed companies may also share the same 
catching companies, which may result in similarities between the networks (i.e., the 
movement of transporting feed vehicles and the movement of catching companies).

In this study, there was a high degree of clonality between most ST6964 isolates, 
consistent with selection (evolutionary bottleneck) from the diverse population in the 
previous flock, followed by amplification of a successful/escaped clone in the subsequent 
flock. A minor lineage with only four isolates containing a recombinant region was also 
present. Indeed, the isolates fit within two of the three distinct lineages identified in 
an analysis that included genomes from other ST6964 isolates from outside this study, 
originating predominantly from New Zealand poultry and clinical sources. Two clades 
of C. jejuni ST6964 that were specific to the different poultry companies and differed 
by the presence of a plasmid (15AR0984-m) were previously identified (36). The authors 
hypothesized that the tetO gene and a phage were inserted into the chromosome 
from a plasmid after conjugation, leaving a remnant plasmid that was lost from one 
clade; isolates with the missing plasmid all arose from the same poultry company 
involved in this study. Plasmid 15AR0984-m contains an operon, including the gene 
traC, which encodes components of a type IV secretion system belonging to the VirB5 
family of proteins, responsible for delivering virulence effectors (proteins or protein-DNA 
complexes) to eukaryotic cell targets (36, 74). Interestingly, while the small cluster of 
four isolates from the present analysis was missing the plasmid-associated gene traC, 
the predominant ST6964 cluster of isolates was positive for traC, suggesting that they 
did not evolve from the same lineage as the same parent company reported earlier. 
Although no antimicrobial testing was performed in the current study, C. jejuni ST6964 
was previously reported to be fluoroquinolone and tetracycline-resistant. All tetracy­
cline-resistant isolates carried a tetO allele, which was also found in all ST6964 isolates 
from this study. As described previously for ciprofloxacin-resistant ST6964 isolates (36), 
ST6964 isolates from this study also had the C257T (T86I) mutation in gyrA, associated 
with fluoroquinolone resistance (75).

Of the other common sequence types in this study, C. jejuni ST50 was also isolated 
from chickens and C. jejuni ST45 from a range of other sample types, and both are 
commonly isolated from poultry and clinical cases in New Zealand and worldwide (5, 
76–78). There were distinct clusters among both C. jejuni ST45 and ST50 isolates. The 
presence of two distinct clades within ST50 has been previously reported, and New 
Zealand poultry isolates were identified from both clades in a 2019 source attribution 
study (5, 76). Phylogenetic analyses have also identified a wide diversity among ST45 
isolates from different countries and sources (77).

Taken together, this study identifies key areas where the poultry industry might 
focus on-farm risk management practices to reduce colonization of broiler flocks by 
Campylobacter. The most important areas of focus include farm transmission routes such 
as carryover from the previous flock or between current flocks and contamination from 
chicken catching crews and equipment. While the study was carried out on a single farm, 
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the shed design and operating procedures are common or standard throughout the 
industry, and farm distribution networks (for example, feed, breeder farm and hatchery, 
catcher company, primary processing plant) supply multiple farms. As such, our findings 
will likely be representative of transmission routes on other farms and provide key 
areas for more directed future focus. However, transmission routes for Campylobacter 
contamination of flocks will also vary to some degree by farm location, seasonality, and 
housing system. Therefore, analogous longitudinal surveys on different broiler farms 
might identify additional relevant areas for interventions by the poultry industry, toward 
the goal of reducing the food safety risk for poultry consumers.
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