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The increasing resistance of bacteria to antimicrobials is a major threat to public health. This study 
investigates the prevalence of antimicrobial resistance, both phenotypic and genotypic, among 
Campylobacter isolates from Australian meat chickens in 2022, as a follow up to investigate trends 
since the last national surveillance undertaken in 2016. Isolates (n = 186) were obtained at slaughter 
from 200 pooled cecal samples taken from 1,000 meat chickens. The majority of C. jejuni (68.7%) and 
C. coli (88.9%) isolates were susceptible to all the antibiotics that were tested, and no multi-drug 
resistance was found. Resistance to ciprofloxacin (fluoroquinolone) was detected in 24.4% of the C. 
jejuni and 3.2% of the C. coli isolates. Whole genome sequencing revealed a diverse range of sequence 
types (STs). These included 32 previously reported STs for C. jejuni and 13 for C. coli, as well as four and 
seven previously undescribed STs for each species, respectively. The STs containing fluoroquinolone-
resistant isolates were ST2083, ST10130, ST2895, ST7323, ST2398, and ST1078 for C. jejuni, and 
ST860 and ST894 for C. coli. Although fluoroquinolones are not used in animal production in Australia, 
resistance amongst C. jejuni isolates was high (24.4%). This finding emphasizes the need for enhanced 
surveillance and regular sampling along the food chain to understand the source of the isolates and to 
mitigate risks of antimicrobial resistance to protect public health.
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Species of the bacterial genus Campylobacter are commonly found in the gut of warm-blooded animals, with 
some being important foodborne zoonotic pathogens worldwide1,2. Campylobacter jejuni and Campylobacter 
coli are the predominant species that cause gastrointestinal infections in humans3. Infections are most frequently 
attributed to the consumption of undercooked/raw chicken4, but other factors such as direct contact with live 
birds, consumption of cross-contaminated food, as well as drinking untreated milk and water also present 
risks for infection4,5. In affected individuals, symptoms include acute watery or bloody diarrhea, fever, weight 
loss, and cramps, while on rare occasions infections can result in neurological sequelae such as Guillain-Barre 
syndrome5. Campylobacteriosis is notifiable in countries such as Australia, where reports from the National 
Notifiable Disease Surveillance System highlight a notification rate of 143.5 cases per 100,000 in 2019 4. They 
further stated that the Australian notification rate is increasing as compared to some other Organisation for 
Economic Co-operation and Development (OECD) countries such as the United Kingdom (96.8 cases in 2017), 
the USA (19.5 cases in 2018) and the European Union (59.7 cases in 2019)6.
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Campylobacteriosis is usually self-limiting and antimicrobial treatment is often only required in severe 
cases or in patients with a compromised immune status. In such instances, fluoroquinolones (e.g. ciprofloxacin) 
and macrolides (e.g. erythromycin) are recommended for treatment7. Globally, the rates of resistance to highly 
important antimicrobials (e.g. tetracyclines), critically important antimicrobials (e.g. macrolides) and highest 
priority critically important antimicrobials (e.g. fluoroquinolones) have been increasing, and that constitutes 
a major public health concern8–11. For this reason, the World Health Organization, the World Organization 
for Animal Health and other international agencies have recommended the monitoring and surveillance of 
emerging antimicrobial resistance (AMR) in order to understand possible areas of risk for the development 
of resistance as well as acting as a guide for interventions and risk management strategies12–14. Globally, the 
emergence of resistance to critically important antimicrobials in zoonotic pathogens in livestock is thought to be 
directly attributed to selection pressures arising from their use in livestock production systems15.

Unexpectedly, an Australian national survey of AMR in Campylobacter isolates from Australian meat 
chickens conducted in 2016 identified the emergence of fluoroquinolone resistance among C. jejuni (14.8%) and 
C. coli (5.4%) in the absence of direct fluoroquinolone use16. The predominant sequence types (STs) containing 
fluoroquinolone-resistant (FQ-R) isolates were ST2083, ST2343, and ST7323 for C. jejuni and ST860 for C. coli, 
which indicate a putative population overlap with those found in humans and animals in other international 
studies. Consequently, due to the absence of fluoroquinolone use in poultry production, it was hypothesized that 
FQ-R Campylobacter spp. likely have been introduced into Australian poultry by contact with sources such as 
humans, pest species and wild animals. Since 2016, there has been no further investigation into fluoroquinolone-
resistant Campylobacter in the Australian poultry industry, leaving uncertainty about the persistence of these 
resistant strains16, and it is unclear if these organisms are still present in Australian meat chickens in the absence 
of direct selection pressure. Given the increasing global concerns regarding antimicrobial resistance and the 
lack of recent data on fluoroquinolone-resistant Campylobacter in Australian meat chickens, a follow-up study 
was undertaken to assess whether these resistant strains have persisted or changed over time. Understanding 
the current prevalence and genetic characteristics of these isolates is critical for identifying potential sources 
of resistance and informing food safety policies. To address this knowledge gap, this study aimed to evaluate 
the current prevalence of antimicrobial resistance (phenotypic and genotypic) among Campylobacter isolates 
from Australian meat chickens. Additionally, we investigated the genetic diversity and relationships among the 
isolates, with a focus on FQ-R and fluoroquinolone-susceptible (FQ-S) isolates of C. jejuni and C. coli.

Results
Numbers of isolates and characterization of antimicrobial resistance
A total of 186 individual Campylobacter isolates (123 C. jejuni and 63 C. coli) were obtained from the 200 pooled 
cecal samples, of which 178 gave clear minimum inhibitory concentration (MIC) results and so passed this 
quality control interpretation step. Of these 178 isolates, 115 were identified as C. jejuni and 63 as C. coli based 
on phenotypic characterization. Antimicrobial resistance patterns based on epidemiological cut-off values 
(termed resistant or susceptible) are shown in Fig. 1A and B. The MIC distribution is shown in Tables S1 and 
S2 (Supplemental Material). All isolates were susceptible to azithromycin, erythromycin, chloramphenicol, 
clindamycin, gentamicin, telithromycin, florfenicol, and gentamicin.

AMR in Campylobacter jejuni
Overall, 79 (68.7%) of the 115 C. jejuni isolates showed no phenotypic resistance to any of the antimicrobials 
tested, and none of the resistant isolates were classified as being multidrug resistant (MDR) (Table 1). The highest 
rates of resistance were to the fluoroquinolone ciprofloxacin (24.4%), the quinolone nalidixic acid (21.7%), and 
to tetracycline (18.3%). Only four antimicrobial resistance profiles were detected, these being resistance to 
aminoglycosides; quinolones; tetracyclines; and quinolones and tetracyclines.

AMR in Campylobacter coli.
No phenotypic resistance was detected in 56 (88.9%) of the 63 C. coli isolates. Of the isolates where resistance 
was detected, this was to nalidixic acid (n = 3; 4.8%), ciprofloxacin (n = 2; 3.2%), streptomycin (n = 2; 3.2%), and 
tetracycline (n = 1; 1.6%) (Fig. 1B). These rates were all highly significantly lower than for C. jejuni (p < 0.01), 
with corrected Chi-square values of 7.6, 11.6 and 8.9 for the three antimicrobials, respectively. Three resistance 
profiles were identified (aminoglycosides, quinolones and tetracyclines), and as with C. jejuni, no MDR 
phenotype was detected (Table 1).

Comparison of resistance rates in 2016 and 2022
The C. jejuni resistance rates for ciprofloxacin and nalidixic acid in the 2022 survey were higher than, but not 
significantly different from the rates in the 2016 survey (Fig. 2A). No significant differences in resistance rates 
were found between the C. coli isolates from the two surveys (Fig. 2B).

Genomic analysis of Campylobacter isolates.
Of the 186 Campylobacter isolates that were subjected to whole genomic sequencing, 177 generated sufficient 
reads for useful analysis. Of these, 117 were identified as C. jejuni and 60 as C. coli using Barrnap and Kraken. On 
average, the genome sizes and GC contents in this collection were 1.41 Mb and 30.9% for C. jejuni, and 1.95 Mb 
and 30.3% for C. coli.

Campylobacter jejuni AMR determinants
A total of 19 AMR determinants were identified from the pooled genomic data for the 117 sequenced C. 
jejuni isolates (Supplementary Fig. 1). These included a large collection of genes associated with beta-lactam 
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resistance, including blaOXA, blaOXA−61, blaOXA−184, blaOXA−193, blaOXA−449, blaOXA−452, blaOXA−460, blaOXA−461, 
blaOXA−466, blaOXA−591, blaOXA−592, blaOXA−625, and blaOXA−785. Resistance determinants for other drug classes 
including macrolides (i.e., mutations in the 50 S rRNA gene), tetracyclines (i.e., presence of tet(O/M/O) and 
tet(O) genes), and fluoroquinolones (i.e., mutations in the DNA gyrase A subunit gene gyrA) were also detected. 
The genes acr3 and arsP, encoding efflux pump (resistance to roxarsone) and methylarsenite efflux permease, 
respectively16, were also identified. Isolates identified as FQ-R had a single mutation, T86I, in the quinolone 
resistance-determining region (QRDR) of the gyrA, which is known to decrease the sensitivity of Campylobacter 
spp. to quinolones. The C. jejuni AMR gene determinant data aligned with the antimicrobial susceptibility 
results for the drugs that were selected for testing in the study.

Species No. of resistances Resistance No. of isolates % of total

C. jejuni

0 no resistance 79 68.7

1 aminoglycosides 1 0.9

1 quinolones 14 12.2

1 tetracycline 7 6.1

2 quinolones & tetracycline 14 12.2

C. coli

0 no resistance 56 88.9

1 aminoglycosides 2 3.2

1 quinolones 4 6.3

1 tetracycline 1 1.6

Table 1.  Antimicrobial resistance profiles of Campylobacter jejuni isolates (n = 115) and Campylobacter coli 
isolates (n = 63).

 

Fig. 1.  Resistance patterns for Campylobacter jejuni (n = 115) (1 A) and Campylobacter coli (n = 63) (1B) based 
on ECOFF breakpoints. The proportion of susceptible isolates is shown in blue and the resistant proportion in 
red.
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Campylobacter jejuni sequence types and AMR determinants.
The 117 sequenced C. jejuni isolates belonged to 32 known sequence types (STs), with the dominant ones being 
ST10143 (n = 16; 14%), ST48 (n = 12; 10%), ST2083 (n = 11; 9%), ST46 (n = 6; 5%) and ST583 (n = 6; 5%) (Table 2). 
The STs and the respective resistance gene patterns of the isolates are shown in Fig. 3. The most dominant ST 
(ST10143) accounted for 33% of isolates and these were neither resistant nor had beta-lactamase oxacillinase 
(blaOXA) resistance genes. Overall, 29 C. jejuni isolates showed an T86I mutation (24.8%) in the QRDR of the 
gyrA, which is known to decrease the sensitivity of Campylobacter spp. to quinolones. These isolates belonged 
to ST2083 (n = 11), ST10130 (n = 4), ST2895 (n = 4), ST7323 (n = 4), ST2398 (n = 4), and ST1078 (n = 2). Among 
the 11 isolates from the second most dominant ST, ST2083 (9.2%), ten carried a gyrA mutation linked to FQ-R. 
The STs with isolates showing dual resistance determinants (fluoroquinolone and tetracycline) were ST1078 
(n = 2), ST2083 (n = 3), ST10130 (n = 3), ST2398 (n = 4), and ST2895 (n = 4). While isolates belonging to ST2083 
previously were detected in the 2016 survey, as well as in human cases of gastroenteritis16, the other STs were 
only detected in the current 2022 survey collection.

Campylobacter jejuni phylogenetic relationships.
The relationship between the C. jejuni isolates was initially assessed using core genome phylogeny (Fig. 3). The 
different STs clustered individually but were widely dispersed across the phylogenetic tree, reflecting the high 

Fig. 2.  Comparison of resistance to selected antimicrobials in C. jejuni (2 A: Previous study (2016) n = 108, 
current study n = 115) and C. coli (2 B: Previous study (2016) n = 96, current study n = 63) isolated from 
Australian chicken ceca in 2016 and 2022. The percent resistance refers to breakpoints. Only antimicrobials 
used in both studies with breakpoints available were included. Error bars refer to 95% confidence intervals.
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diversity of C. jejuni isolates in this study. Genomic analysis demonstrated that the FQ-R strains belonged to a 
small subgroup of strains (ST2083, ST2398, ST7323 and ST2895) (Fig. 3). Of these, only ST2895 was assigned to 
a previously described ST574 complex. The dominant ST recorded among the C. jejuni genomes was ST10143 
(of the ST353 complex), but this did not contain any FQ-R strains.

The relatedness of the C. jejuni population was further investigated by core genome SNP analysis 
(Supplementary Fig.  2). The analysis showed clustering of 13 complexes, which encompassed 33 different 
STs. The distribution of various STs and their related complexes demonstrated the diversity of this collection. 
The FQ-R strains were mainly found in ST2083, ST7323 and ST2398, which are yet to be assigned with any 
complexes. Among the FQ-R strains residing within these STs, those of ST2083 and ST7323 appeared to be 
situated in different clades (Supplementary Fig. 2). Apart from these STs, other FQ-resistant strains were found 
clustering within known complexes such as the ST52, ST574 and ST443 complexes. The genomes of most of the 
C. jejuni isolates belonging to any given ST were conserved and clustered together, despite the overall diversity 
of the collection. There were no fixed patterns in the resistome at the cluster level.

Campylobacter coli AMR determinants.
Twelve AMR determinants were detected amongst the pooled genomic data for the 60 C. coli isolates that passed 
quality control (Supplementary Fig. 1). Compared to C. jejuni, the C. coli genomes had fewer genes responsible 
for beta-lactam resistance (only blaOXA, blaOXA−193, blaOXA−489, blaOXA578, and blaOXA−784 were recorded). 

C. jejuni C. coli

ST n FQ-R ST n FQ-R

10,130 4 4 1017 3

10,143 16 1181 1

1078 2 2 1243 1

128 1 4175 5

1301 1 583 1

137 4 6775 4

161 1 825 14

190 2 827 18

1911 2 828 1

2083 11 11 829 1

21 2 860 3 1

2347 1 894 1 1

2349 2 9419 5

2398 4 4 14,147 1

2895 4 4 14,148 1

4187 1

42 1

45 1

46 6

48 12

2896 2

50 8

51 3

52 2

520 2

525 1

528 2

538 3

567 1

583 6

699 1

7323 4 4

14,150 1

14,152 1

14,153 1

13,668 1

Table 2.  Sequence types (STs) detected among Campylobacter jejuni and Campylobacter coli isolates from this 
study. FQ-R - Fluroquinolone resistant isolates, ST- Sequence type.
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Apart from mechanisms for macrolide resistance (50 S), tetracycline resistance (tet(O)) and fluoroquinolone 
resistance (gyrA), which were identified in both datasets, the genomes of C. coli also contained other resistance 
determinants (Supplementary Fig. 1). These included mutations in the 23 S rRNA gene that contributing to 
macrolide resistance, the aad9 gene responsible for aminoglycoside resistance, the lnu(C) gene responsible 
for lincosamide resistance, and the rpsL gene associated with streptomycin resistance. The C. coli AMR gene 
determinant data aligned with the antimicrobial susceptibility results for the drugs that were selected for testing 
in the current study.

Campylobacter coli STs and AMR determinants.
Thirteen STs were identified amongst the 60 sequenced C. coli isolates in this study, with the most predominant 
being ST827 (n = 17; 28%) and ST825 (n = 15; 25%). Other STs identified were ST9419 (n = 5), ST6775 (n = 4), 

Fig. 3.  Relatedness of the different sequence types (STs) of the Campylobacter jejuni strains based on shared 
alleles, presented as a midpoint rooted phylogenetic tree was constructed by IQTree option in Gubbins. 
Graphical visualization of the phylogenetic tree generated was performed via the Interactive Tree of Life 
(iTOL). Red circles highlight clusters which harbour FQ-R strains.
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ST1017 (n = 3), ST583 (n = 1), ST828 (n = 1), ST829 (n = 1), ST860 (n = 2), ST894 (n = 1), ST1181 (n = 1), ST1243 
(n = 1), ST4175 (n = 1), and seven novel STs. A comparison of the number of STs identified for the C. jejuni 
and C. coli isolates is shown in Table 2. The most prevalent blaOXA genes associated with C. coli isolates were 
blaOXA−193 (n = 18), blaOXA−489 (n = 17) and blaOXA−784 (n = 5). While neither fluoroquinolone nor tetracycline 
resistance genes were associated with ST827, all the isolates in this ST carried an associated blaOXA−489. Only 
two of the 60 C. coli isolates (3.3%) were resistant to fluoroquinolone (ciprofloxacin), with both having the same 
T86I mutation in gyrA as found in the 29 FQ-R C. jejuni isolates. The FQ-R C. coli belonged to ST860 and ST894 
(Supplementary Fig. 3), of which ST860 previously has been identified in chickens and humans from the United 
Kingdom and Germany16.

Campylobacter coli phylogenetic relationships.
As with C. jejuni, the relationship between the C. coli isolates was initially assessed using core genome phylogeny 
that indicated a diverse genetic background cluster based on STs (Fig.  4). Fluroquinolone resistant C. coli 
belonged to two distinct STs (ST860 and ST894) that are part of globally disseminated C. coli clonal complex 
(CC) CC828. Subsequent core SNP analysis confirmed diversity amongst the C. coli strains (Supplementary 
Fig. 3), and although most were CC ST828 (n = 42, 70%), there were no apparent clusters among the local strains.

Discussion
This study reports on the phenotypic AMR and genomic characteristics of Campylobacter spp. isolated in 2021–
2022 from Australian meat chickens, and compares these to results obtained in a national survey undertaken 
in 2016. Low rates (< 5%) of single drug resistance towards ciprofloxacin, nalidixic acid and tetracycline were 
observed in C. coli, while the rates for C. jejuni were significantly higher (24.4% to ciprofloxacin, 21.7% to nalidixic 
acid and 18.6% to tetracycline). Importantly, these rates were not significantly different from the previously 
reported rates for 2016 16. No multidrug resistance was found for either species. The Campylobacter isolates 
were diverse, as indicated by the presence of 32 STs for C. jejuni and 13 STs for C. coli, results similar to those 
in the previous Australian study, where 32 STs and 10 STs were recorded for C. jejuni and C. coli respectively16. 

Fig. 4.  A midpoint rooted phylogenetic tree of 60 Campylobacter coli isolates constructed using the IQTree 
option in Gubbins. Graphical visualization of the phylogenetic tree generated was performed via the Interactive 
Tree of Life (iTOL). Each node on the end of a branch represents an individual C. coli sample in this study. Red 
color represents fluoroquinolone-resistant (FQ-R) strains.
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This suggests the persistence of specific strains amongst Australian meat chickens between 2016 and 2022 in the 
absence of selective pressure from fluoroquinolone use.

The low levels of fluoroquinolone resistance (3.2%) among C. coli isolates in this study were similar to 
reports from other studies in Australia16–18 and Denmark19; however, a relatively high FQ-R rate (24.4%) was 
found for C. jejuni. In earlier studies in Australia, no ciprofloxacin resistance was found among isolates from 
intensively raised meat chickens or free-range egg layers18, while in isolates from retail chicken meat, resistance 
to fluoroquinolones was found in over 7.5% of C. coli and in 11.5% of C. jejuni isolates20. In contrast, higher 
rates have been reported in the EU where ciprofloxacin resistance was 61.5% and 61.2% for C. jejuni and C. 
coli, respectively21. These levels may be reflective of problems with the efficiencies of national policies on the 
use of fluoroquinolones. Quinolone resistance by Campylobacter in chickens in Australia remains relatively low, 
presumably due to the regulatory prohibition on the use of fluoroquinolones in food-producing animals, strict 
border regulations and the unique isolated geographical location4,22,23. Therefore, the observed fluoroquinolone 
resistance may have been introduced into chicken farms by sources such as wild animals or birds, pest species, 
human movement, and/or vehicles16,24. Additionally, feed could be a potential source of Campylobacter on 
farms as the bacteria can survive and multiply in foods under different storage temperatures; hence, enhanced 
biosecurity practices are the most appropriate ways to decrease infection at the flock level24.

Even though the resistance rates to fluoroquinolone amongst Australian C. jejuni isolates were higher in 
2022 compared to 2016, this difference was not significant. The persistence of fluoroquinolone resistance was 
unexpected as fluoroquinolones are not permitted for use in animal production in Australia, and hence, a decline 
in resistance rates was anticipated, as seen with other antimicrobials such as tetracycline and erythromycin. The 
fact that this did not occur may reflect the key roles that the birds and their environment play in amplifying 
and disseminating the pathogen in commercial farms, thereby complicating control25. More specifically, 
fluoroquinolone-resistant C. jejuni with a specific gyrA point mutation (T86I) have been reported to be fitter 
than wild-type strains in their ability to colonize and persist in the chicken gut9,26. The key mechanism behind 
this situation might be the alteration of DNA supercoiling activity (after the T86I gyrA point mutation occurs), 
which further affects the fitness cost in C. jejuni27. However, in agreement with the results of the current study, 
this effect was not observed in C. coli in the in vitro part of a study by Zeitouni and Kempf, despite the presence 
of the same gyrA point mutation (T86I)27. The micromolecular mechanism(s) that may be associated with this 
variation between species (such as DNA supercoiling activity) should be further studied to obtain a more detailed 
explanation of these differences. Screening of antimicrobial genes from whole genome sequencing data detected 
the blaOXA genes in a large proportion of C. jejuni and C. coli. However, the clinical significance is limited, as 
beta-lactams particularly penicillin and narrow-spectrum cephalosporins are intrinsically resistant in due to 
the alterations in membrane structure, porin proteins, and the efflux pump system28,29. Consequently, beta-
lactams are not included in routine phenotypic AMR testing, and no clinical breakpoints for human infections 
and animals exist. Antimicrobial resistant genomic screenings in Campylobacter spp. should be interpreted 
cautiously, as they may not reflect intrinsic resistances and could lead to misinterpretation in antimicrobial 
resistant curation.

In this study, the genetic diversity of Campylobacter was emphasized by the high number of different STs 
detected. Some STs, such as ST860, ST825 and ST2083, which contained FQ-R C. jejuni isolates, previously have 
been identified in humans, poultry and pigs in the United Kingdom, Germany and Japan30,31, and are frequently 
reported in cases of human campylobacteriosis32. ST10130 and ST10143 have only been identified in Australia. 
In the previous survey from 2016 16, FQ-R strains also were found in ST2083 and ST7323, suggesting that they 
have persisted at least since then. However, in the current study FQ-resistant strains also were found in ST2398, 
which was previously undetected. The emergence of ST2398 with FQ-R, distantly located from ST2083 and 
ST7323 (Supplementary Fig. 2), may indicate that these are a new group of C. jejuni with recently developed 
fluoroquinolone resistance. Fluoroquinolone resistance mostly arises from a mutation in the QRDR of the 
gyrA gene (T86I mutation)33,34, and this was detected in FQ-R isolates from both species in this study. These 
mutations are similar to those found in human clinical isolates where they confer high ciprofloxacin resistance35. 
Additionally, the tet(O) gene responsible for tetracycline resistance was detected in both C. jejuni and C. coli. 
This gene has previously been reported in C. jejuni and C. coli isolates from Australia16,20,36. Furthermore, the 
fact that most of the C. coli genomes in this study (n = 42, Fig. 4) were categorised to the same CC suggested that 
there may have been spread of international clones among the Australian chickens. Hence, the detection of FQ-R 
strains may be the result of imported resistance from human carriage and/or other wildlife introduced into the 
Australian ecosystem.

In summary, the current Australian national survey from 2022 showed that antimicrobial resistance rates in 
C. jejuni and C. coli from the ceca of meat chickens remain relatively low and have not significantly changed in 
the last six years. Importantly, rates of resistance to fluoroquinolones in C. jejuni have not declined since 2016 
despite the absence of fluoroquinolone use by the poultry industry.

The study confirmed the existence of considerable genetic diversity among the C. jejuni and the C. coli isolates 
that were collected. Some clonal overlaps were identified across the two surveys, suggesting the persistence 
of individual clonal groups over the six-year period. This study emphasizes the need for national surveillance 
programs on Campylobacter spp. to better understand the epidemiology of the pathogen, particularly in the 
poultry industry. Continuous monitoring is required to manage risks associated with the presence and persistence 
of resistant strains amongst chicken flocks. Finally, further studies into the persistence of fluoroquinolone 
resistance in the absence of use will be important to aid secure public health.
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Materials and methods
Study design
The samples were collected at slaughter from 20 processing plants that supply most of the chicken meat in 
Australia (> 90%), in proportion to the number of birds processed at each facility. The design followed the 
previous Australian study to allow for a direct comparison of findings16. Briefly, 190 samples (pools of five whole 
cecal pairs) from approximately four to seven-week-old meat chickens were collected at slaughter as part of a 
structured survey of all major Australian broiler chicken producers undertaken between September 2021 and 
May 2022. Twenty processing plants representing 95% of national production were sampled, with one cecal pool 
collected from each processing batch. Only viscera that were not visibly contaminated with digesta were sampled 
with their intact cecal pair, as per the protocol described by NARMS, USA37.

Each cecal pair was removed from the viscera using sterile scissors at the sphincter between the ceca and the 
small intestine and one cecum from each cecal pair was placed into a labelled 70 mL sterile screw top container. 
This continued until each container held a total of five individual ceca from a single processing batch. Each pool 
of five ceca represented one sample. Consignments of samples were packed with icepacks and dispatched to the 
Birling Avian Laboratory in New South Wales, Australia, for processing. Any samples that arrived more than 
24 h after collection or at a temperature > 8 °C were deemed unacceptable and discarded. In these instances, the 
collection staff at the processing plant were notified and sent additional sampling kits to collect replacement 
samples. Only one sample from any single farm being processed on each day of sampling was collected, with 
duplicate collections from the same farm to be avoided. The exception was for situations were sample numbers 
required from a processing plant exceeded the number of farms supplying that plant during the study period. In 
these cases, an additional sample was collected from the farm but from a different batch of chickens.

Bacterial isolation and identification
Campylobacter spp. were isolated as per the AS 5013.6–2015 method38 using Campylobacter selective Bolton 
broth (Thermo Fisher Scientific).

Each pooled sample (five ceca per pool) was homogenized in another container, and the cecal homogenate 
was added to Bolton broth at a 1:10 ratio and shaken on a rotator (Compact Digital Mini Rotator, Thermo Fisher 
Scientific) at 180 rpm for 3 min. For samples that were < 12 h post-sampling, 100 µl was streaked directly from 
Bolton broth/homogenate onto CSK (Skirrow, BioMerieux) and CFA (Campy Food Agar, BioMerieux) agar and 
incubated at 42 °C for 48 h under microaerophilic conditions. For samples that were > 12 h post-sampling, the 
direct streaking method was performed along with a preliminary incubation of the Bolton broth/homogenate 
sample at 42 °C for 48 h under microaerophilic conditions, prior to streaking onto CSK and CFA agar. At least 3 
putative Campylobacter colonies were picked for species identification. If the identification resulted in duplicate 
species, one strain was randomly retained. However, if different species were identified (e.g., one C. jejuni and 
one C. coli), both non-duplicate strains were kept for further analysis.The Campylobacter isolates were speciated 
using VITEK 2 (BioMerieux) followed by Matrix-Assisted Laser Desorption Ionization Time of Flight Mass 
Spectrometry (MALDI-TOF MS; Bruker Biotyper Microflex; Bremen Germany) at the Antimicrobial Resistance 
and Infectious Diseases Laboratory, Murdoch University, WA, Australia, as per the manufacturer’s instructions.

Antimicrobial susceptibility testing
Each bacterial suspension was streaked onto Columbia sheep blood agar (CSBA; Edwards Group) and 
incubated microaerobically for 24 h at 42 °C. A single colony was selected and streaked onto a second CSBA 
plate and incubated microaerobically for 24 h at 42 °C. Antimicrobials were prepared on a robotic antimicrobial 
susceptibility platform using the method of Truswell, et al.39, while antimicrobial sensitivity testing was conducted 
using the broth microdilution method according to the guidelines of the Clinical and Laboratory Standards 
Institute40. The MIC results were captured using the Vision System (Trek; Thermo Scientific). Isolates were tested 
against eleven antimicrobials (Merck), namely azithromycin, chloramphenicol, ciprofloxacin, clindamycin, 
erythromycin, florfenicol, gentamicin, nalidixic acid, streptomycin, tetracycline, and telithromycin, using C. 
jejuni isolate ATCC 33,560 as a control. Results were interpreted using the epidemiologic cut-off values (ECOFF) 
recommended by the European Committee on Antimicrobial Susceptibility Testing (EUCAST, ​h​t​t​p​s​:​/​/​w​w​w​.​e​
u​c​a​s​t​.​o​r​g​/​c​l​i​n​i​c​a​l​_​b​r​e​a​k​p​o​i​n​t​s​​​​​)​. Isolates categorized as non-wild type or wild type were recorded as resistant 
or susceptible, respectively. Isolates resistant to three or more classes of antibiotics were categorized as being 
MDR41.

DNA extraction and library Preparation
DNA extraction was performed on 123 C. jejuni and 63 C. coli isolates using the MagMAX Multi-Sample Kit 
(Thermofisher Scientific, USA), as per the manufacturer’s instructions. Library preparation was conducted using 
a Celero DNA-Seq library preparation kit (NuGEN-Tecan), while library preparations were sequenced via the 
Illumina Nextseq platform with a 300 cycle High Output Reagent Kit.

DNA sequencing and analysis
Sequencing was carried as described by O’Dea, et al.42, and the genome sequences were de novo assembled 
using the Unicycler pipeline. Bacterial species were identified using Barrnap ​(​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​t​s​e​e​m​a​n​n​
/​b​a​r​r​n​a​p​) and Kraken (https://anaconda.org/bioconda/kraken).Assembled genomes were investigated for 
their STs using the multilocus sequence typing (MLST) tool (https://github.com/tseemann/mlst), and new 
STs that were identified using the PubMLST Campylobacter jejuni/coli scheme (https://pubmlst.org/bigsdb? 
db=pubmlst_campylobacter_seqdef) were deposited in PubMLST. AMR determinants and their corresponding 
mutations were identified via AMRFinderPlus ​(​h​t​t​p​s​​:​/​/​w​w​w​​.​n​c​b​i​.​​n​l​m​.​n​i​​h​.​g​o​v​/​p​a​t​h​o​g​e​n​s​/​a​n​t​i​m​i​c​r​o​b​i​a​l​-​r​e​s​i​s​t​a​
n​c​e​/​A​M​R​F​i​n​d​e​r​/​)​. Relationships between the STs were investigated through the construction of a mid-point 
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rooted phylogenetic tree based on core single nucleotide polymorphisms (SNPs) analysis of the strains. This 
was as carried out using Snippy (available from https://github.com/tseemann/snippy), with subsequent filtering 
for putative recombinations using Gubbins (available from https://github.com/nickjcroucher/gubbins) and a 
phylogenetic tree was generated with IQTree option in Gubbins. Graphical visualization of the phylogenetic tree 
generated was performed via the Interactive Tree of Life (iTOL) (https://itol.embl.de/).

Data analysis
MIC data were processed using custom scripts for converting plate reader output into MIC tables. Proportions 
of colonies with traits of interest and the corresponding 95% exact binomial confidence intervals were derived 
using the Clopper-Pearson method. All analysis was performed using Stata version 15.1 (StataCorp LLC, College 
Station, TX). The Chi-square test with Yates correction was used to compare differences in resistance rates 
between species, and between isolates from the current and the previous Australian survey16.

Data availability
All the datasets used during the study are available from the corresponding author of the manuscript on rea-
sonable request and Sequence data that support the findings of this study have been deposited in the National 
Center for Biotechnology Information with the BioProject ID: PRJNA1207248 ​(​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​
b​i​o​p​r​o​j​e​c​t​/​1​2​0​7​2​4​8​)​.​​
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