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In the United Arab Emirates, no previous research has investigated the dynamics of the foodborne pathogen Campylobacter in broiler abattoir processing. This study conducted in one of the largest poultry producers in the UAE, following each key slaughter stage—defeathering, evisceration, and final chilling—five broiler carcasses were collected from 10 slaughter batches over a year. Additionally, one caecum was obtained from 15 chickens in each slaughter batch to evaluate the flock colonization. In total, 300 samples (150 carcasses and 150 caeca) were collected and enumerated for Campylobacter using standard methods. Campylobacter was pervasive in caecal samples from all slaughter batches, with 86% of carcasses post-defeathering and evisceration stages and 94% post-chilling tested positive for Campylobacter. Campylobacter coli predominates in 55.2% of positive samples, followed by Campylobacter jejuni in 21%, with both species co-existing in 23.8% of the samples. Campylobacter counts in caecal contents ranged from 6.7 to 8.5 log10 CFU/g, decreasing post-defeathering and evisceration to 3.5 log10 CFU/g of neck skin and further to 3.2 log10 CFU/g of neck skin post-evisceration. After chilling, 70% of carcasses exceeded 3 log10 CFU/g of neck skin. Whole-genome sequencing (WGS) of 48 isolates unveiled diverse sequence types and clusters, with isolates sharing the same clusters (less than 20 single nucleotide polymorphisms) between different farms, different flocks within the same farm, as well as in consecutive slaughter batches, indicating cross-contamination. Multiple antimicrobial resistance genes and mutations in gyrA T86I (conferring fluoroquinolone resistance) and an RNA mutation (23S r.2075; conferring macrolide resistance) were widespread, with variations between C. coli and C. jejuni. WGS results revealed that selected virulence genes (pglG, pseD, pseI, flaA, flaB, cdtA, and cdtC) were significantly present in C. jejuni compared to C. coli isolates. This study offers the first insights into Campylobacter dynamics in poultry processing in the UAE. This work provides a base for future research to explore additional contributors to Campylobacter contamination in primary production. In conclusion, effective Campylobacter management demands a comprehensive approach addressing potential contamination sources at every production and processing stage, guided by continued microbiological surveillance and genomic analysis to safeguard public health and food safety.
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1 Introduction

Campylobacter spp. stands as the predominant foodborne bacterial pathogen behind human gastroenteritis globally, with broiler meat identified as a significant transmission source (Hansson et al., 2018; Habib et al., 2021). In the United States, contaminated broiler meat contributes to approximately 30% of foodborne campylobacteriosis cases, while in the European Union, an estimated 20–30% of campylobacteriosis instances are linked to the handling, preparation, and consumption of broiler meat (CDC, 2019; EFSA, 2020). Despite implementing rigorous general biosecurity measures at the farm level, preventing Campylobacter infection in broiler flocks towards the end of the rearing phase remains challenging (Pacholewicz et al., 2024). Additionally, despite efforts to minimize contamination during slaughter and processing, such as adherence to good manufacturing practices and stringent hygiene measures, carcass contamination remains a concern, particularly during evisceration, where intestinal rupture can occur (Zhang et al., 2018; Lassen et al., 2023).

Slaughter processing represents the final stage in the production process before chicken meat reaches consumers. Risk assessment studies suggest that the most effective short-term strategy for reducing human infections could be achieved by diminishing Campylobacter counts in contaminated slaughtered batches (Robyn et al., 2015; Foddai et al., 2022). Therefore, monitoring Campylobacter contamination and its dynamics throughout the slaughter processing is vital for pinpointing critical contamination points and preventing cross-contamination of chicken meat (Hakeem and Lu., 2021). Utilizing whole genome sequencing (WGS) could help provide in-depth insight into Campylobacter contamination in chicken abattoirs, facilitating precise identification of strains and transmission pathways (Foddai et al., 2022; Xiao et al., 2023). These advances in the sequence-based technique enable tracking of contamination sources and cross-contamination events with enhanced resolution, revealing genetic diversity, antimicrobial resistance, and virulence determinants, thus informing targeted intervention strategies to ensure safer poultry production (Foddai et al., 2022; Xiao et al., 2023).

The United Arab Emirates (UAE) is one of the top consumers of chicken meat in the Middle East, registering an annual consumption of approximately 50 kg per capita (USDA, 2021). In the UAE, the local poultry sector is primarily dominated by a small number (about six) of integrated businesses overseeing hatching facilities, farms, abattoirs, and distribution channels across the country (Habib et al., 2022). A previous retail-level study in the UAE found Campylobacter spp. present in 28.6% of fresh/chilled chicken carcasses, with 7% showing contamination levels of ≥3 log10 CFU/g (Habib et al., 2022). However, despite this considerable prevalence, there has been a notable absence of research focusing on Campylobacter at the abattoir or primary production levels in chicken slaughterhouses in the UAE. This gap presents a significant challenge for effectively monitoring and mitigating contamination risks, potentially compromising food safety standards and public health.

This study addresses this gap by presenting the first comprehensive examination of Campylobacter in the UAE abattoir setting. Employing a longitudinal approach, we sampled multiple abattoir batches over several months from a major integrated poultry production and processing establishment in the Emirate of Abu Dhabi in the UAE. Through detailed analysis of Campylobacter contamination dynamics and utilizing whole genome sequencing (WGS), we gained insights into genotypic diversity, antimicrobial resistance, and virulence determinants of Campylobacter clusters. This study enhances the understanding of Campylobacter epidemiology within UAE poultry processing and provides valuable data to the regional and global knowledge of this significant foodborne pathogen.



2 Materials and methods


2.1 Study site and sample collection

Samples were procured from a commercial slaughterhouse owned by a poultry establishment company in the Abu Dhabi Emirate of the UAE. This facility has the capacity to process 6,000 broiler carcasses per hour, employing the Halal slaughter method without stunning. The establishment maintains its own farms within a radius of fewer than 10 kilometers from the processing plant. Furthermore, the company contracts with various local farms to meet market demands, and provide them with one-day-old chicks, feed, and veterinary oversight. The company-owned slaughterhouse subsequently slaughters and processes the resulting flocks from these external farms. The company sources its one-day-old chicks from a broiler breeder in neighboring Oman. The water temperature in the scald tank ranges between 54°C and 55°C. Carcass chilling utilizes an air chilling system, with chiller air temperatures maintained between 2 and 5°C for 90 min.

A slaughter batch was defined as a group of birds from the same farm, raised in a broiler house during the same period (Seliwiorstow et al., 2015). During 10 visits from May to October 2023, we sampled 10 slaughter batches from seven flocks housed in internal farms and three flocks sourced from external farms. Five broiler carcasses were aseptically collected for each slaughter batch during each visit, from the following key slaughter step: defeathering, evisceration, and final chilling (Zhang et al., 2018). Additionally, one caecum was gathered from 15 chickens from each slaughter batch (Vinueza-Burgos et al., 2018). Initial samples were collected half an hour after the commencement of batch slaughter, with sample collection extending consecutively over 3 h (of which 1.5 h awaited to sample post-chill carcasses). All samples were carefully placed in sterile plastic bags, promptly cooled on-site using ice bricks, and transported to the laboratory under controlled cooling conditions. The slaughter process in this company predominantly occurs during the night, typically starting around 10:00 PM; hence, the samples were analyzed the subsequent day.



2.2 Campylobacter enumeration and identification

A total of 300 samples (comprising 150 carcasses and 150 caeca) were collected throughout this investigation. From the carcasses, approximately 10 grams of neck skin per carcass was incised using sterile scissors for the enumeration of Campylobacter (Seliwiorstow et al., 2015; Habib et al., 2019). Regarding the caeca (15 units per slaughter batch), each unit underwent immersion in ethanol, followed by the evaporation of ethanol, and subsequently, around 1 gram of content was squeezed into a sterile plastic cup, pooling the contents in an aseptic manner (Pacholewicz et al., 2015). Subsequently, all samples (both carcasses and caeca) were homogenized with 0.1% peptone water at a ratio of 1:10, followed by further serial dilutions (up to 10−3 for carcasses and 10−6 for caeca) and plating onto both mCCDA [modified charcoal cefoperazone deoxycholate agar (Neogen, United States)] and Rapid Campylobacter Agar (Bio-Rad, USA). These plates were then incubated under microaerobic conditions at 41.5°C for 48 h (ISO, 2017). After incubation, colonies exhibiting characteristic Campylobacter morphology were enumerated, with up to five colonies per sample being subjected to species-level confirmation utilizing Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) methodology, employing the Autobio ms1000 instrument according to the manufacturer’s instructions (Autobio Diagnostics, China).



2.3 Whole-genome sequencing and computational analysis

For whole genome sequencing (WGS), a total of 50 isolates were chosen from seven slaughter batches that tested positive for Campylobacter. The samples were selected to reflect variability in farms (internal and external flocks) and in slaughter steps across positive batches. Genomic DNA extraction was performed using the Wizard® Purification Kit (Promega, United States), followed by quality assessment with a Quantus fluorometer (Promega, United States).

Library preparation for WGS was performed using the Illumina NexTera XT kit (Illumina, United States) with 2×150 bp read length. Sequencing was performed using short-read technology (Illumina, NovaSeq) by a professional service provider (Novogene, the United Kingdom). The bioinformatics analysis was conducted using Solu, a cloud platform for real-time genomic pathogen surveillance (Moilanen et al., 2024). Solu integrates various tools and packages for analyzing WGS data, including BactInspector (Available at: https://gitlab.com/antunderwood/bactinspector) for species identification and MLST (Available at: https://github.com/tseemann/mlst) for determining multi-locus sequence types. AMR genes, and mutations, and virulence associated genes in bacterial genomes were annotated with AMRFinderPlus (Feldgarden et al., 2021), implemented via the Solu platform with default settings, where the threshold for gene identification was set at 90% (Moilanen et al., 2024). Additionally, A phylogenetic tree was constructed using the neighbor-joining algorithm, on the online platform SOLU (Solu Healthcare, Inc., Finland, https://platform.solu.bio/; accessed on 9th of May 2024) to visually represent evolutionary relationships among the isolates. The phylogeny results were computed using whole-genome SNPs, and is computed using a reference-free method (Available at “ska align”; https://github.com/simonrharris/SKA) that does not require a reference genome. This involved hierarchical grouping of similar genomes based on pairwise single-nucleotide polymorphism (SNP) distances, as elucidated by Fourment and Gibbs (2006). Clustering was defined by samples with ≤20 SNP pairwise distance (Hasan et al., 2021). Sequencing data generated in this study are available at the National Center for Biotechnology Information (BioProject no. PRJNA1112130).



2.4 Data analysis

The enumeration limit for Campylobacter was established at 10 colony-forming units per gram (CFU/g) for neck skin samples and 100 CFU/g for caeca samples (Rosenquist et al., 2013). When skin samples fell below the enumeration limit, quantification was adjusted to half of the enumeration threshold (Seliwiorstow et al., 2015). Before analysis, Campylobacter counts underwent a logarithmic transformation (log10) to approximate the data to normality for descriptive analysis (Habib et al., 2019).

Statistical analyses were conducted utilizing commercial software (Stata/MP 16, StataCorp LP, College Station, TX) with a significance level set at 5%. Differences in Campylobacter counts across sampling sites were assessed per batch employing the general linear model, specifically negative-binomial regression. Additionally, the degree of correlation between microbial counts was explored using linear regression for continuous data.




3 Results


3.1 Campylobacter status across slaughter batches

The findings presented in Table 1 reveal that Campylobacter colonization was pervasive across all examined slaughter batches, as indicated by positive detection in pooled caecal samples. Subsequent analysis showed that 86% of carcasses tested post-defeathering and evisceration stages, and 94% of carcasses sampled after final chilling were also positive for Campylobacter (Table 1). Campylobacter species were identified using the MALDI-TOF technique, revealing Campylobacter coli as the predominant species in 55.2% of the positive samples from various sampling sites, followed by Campylobacter jejuni in 21% of cases. Notably, both species co-existed in 23.8% of the positive samples.



TABLE 1 Campylobacter detection across processing steps of different slaughter batches.
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3.2 Dynamics of Campylobacter counts across processing steps

The data depicted in Figure 1A illustrates a notable load of Campylobacter colonization in caecal contents across slaughter batches, ranging from a minimum of 6.7 log10 CFU/g to 8.5 log10 CFU/g. Following the defeathering step, the average Campylobacter count on carcasses was 3.5 log10 CFU/g (with a standard deviation (SD) of ±1.4 log10 CFU/g), while after evisceration, the average count decreased slightly to 3.2 log10 CFU/g (SD ±1.2 log10 CFU/g). Figure 1B shows that carcass samples taken post-chilling had an average Campylobacter count of 3.4 log10 CFU/g, with the narrowest distribution (SD of ±0.9 log10 CFU/g), indicating a more consistent reduction in Campylobacter counts after chilling.

[image: Figure 1]

FIGURE 1
 Comparison of Campylobacter counts (log10 CFU/g) presented individually across each of the 10 slaughter batches (A) and violin plot view of the distribution of counts across four different abattoir processing stages (B).


The violin plot (Figure 1B) visually represents the overall trend, demonstrating reduction and stabilization as processing progresses from the caecum pool to the chilling stage. Chicken carcasses with Campylobacter counts surpassing 3 log10 (1,000) CFU/g constituted 74% after defeathering, 62% after evisceration, and 70% after chilling (Figure 1B).

Figure 2 presents the Pearson correlation coefficient between Campylobacter counts in the caecal pool and post-chill carcasses, which was calculated as −0.052. This value suggests a very weak negative correlation between the two variables. Consequently, the weak correlation implies that the Campylobacter load in the caecal pool does not strongly predict the Campylobacter counts in post-chill carcasses.

[image: Figure 2]

FIGURE 2
 Scatter plot with a regression line showing the correlation between the Campylobacter load in the caecal pool and the Campylobacter load in postchill carcasses.




3.3 Clusters and diversity based on WGS analysis

Of the 50 isolates selected for further WGS, two were found to be contaminated with mixed species and were consequently excluded from the subsequent analysis. Figure 3 illustrates two phylogenomics trees, one for Campylobacter coli (n = 32) isolates and the other for Campylobacter jejuni (n = 16) isolates. Among the C. coli isolates, four multilocus sequence types (STs) and six clusters (CC1 to CC6) were identified (Figure 3A). CC1 (ST-11152) and CC3 (ST-1770) were associated with isolates recovered from externally contracted farms. CC2 (ST-11394) included isolates from two different slaughter batches originating from separate internal farms (F4_H24 and F2H10), indicating a potential cross-contamination between these farms. Moreover, CC4, CC5, and CC6 all had the same sequence type (ST-12250) and contained isolates from the same farm but different flock houses (F5_H30 and F5_H35), which suggests that contamination could have spread within the farm and then to slaughter batches. The detailed single nucleotide polymorphism (SNP) distance matrix among C. coli isolates is available in Supplementary Table S1.
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FIGURE 3
 Single-nucleotide polymorphism (SNP) phylogenomics tree of 32 whole-genome sequenced Campylobacter coli (A) and 16 Campylobacter jejuni (B) isolates recovered from chicken carcasses sampled from different farms and abattoir processing stages (DF, defeathering; EV, evisceration; FINAL, after final chilling; CAECA, pooled caeca). Any two samples that have less than 20 SNP distance will be considered a cluster.


For C. jejuni, SNP phylogeny revealed four clusters (CJ1 to CJ4), with CJ1 and CJ2 aligned to ST-2229 (Figure 3B). However, CJ1 originated from a unique internal farm and slaughter batch, whereas cluster CJ2 included isolates from both external and internal farms, appearing in slaughter batches 2, 5, and 10. This observation potentially indicates a cluster of cross-contaminated isolates, that likely persisted in the abattoir environment. The detailed SNP distance matrix among C. jejuni isolates is presented in Supplementary Table S2.



3.4 Genome insight on antimicrobial resistance and virulence factors

Figure 4 illustrates the detection of multiple antimicrobial resistance genes in C. coli and C. jejuni, with 10 and 9 genes identified, respectively. Several aminoglycoside resistance genes were prevalent among the isolates, with aph(3′)- IIIa being the most frequently encountered gene, found in 100% (32/32) of C. coli and 68.7% (11/16) of C. jejuni isolates. The streptomycin resistance gene (aadE) was present in 25% of C. coli isolates but absent in C. jejuni. Additionally, the blaOXA–61 gene, conferring resistance to β-lactamases, was observed in 50% (n = 8) of C. jejuni isolates but not in C. coli, whereas blaOXA–193, another ampicillin resistance gene, was found in 58.3% (n = 21) of C. coli and 50% (n = 8) of C. jejuni isolates. The catA gene, associated with phenicol resistance, was detected in 25% (n = 8) of C. coli but was absent in C. jejuni. Conversely, the methylarsenite efflux permease (ArsP gene), conferring resistance to organoarsenicals, was present in 50% (8/16) of C. jejuni isolates but not in C. coli (Figure 4).
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FIGURE 4
 Distribution of antimicrobial resistance genes and mutations across whole genome sequenced Campylobacter coli (n = 32) and Campylobacter jejuni (n = 16) detected in chicken carcasses sampled from different farms and abattoir processing stages.


A single point mutation (T86I) in the housekeeping gene gyrA, conferring resistance to (fluoro) quinolones, was identified in 96.8% of C. coli and all C. jejuni isolates. An RNA mutation (23S r.2075), associated with macrolide resistance (nucleotide change, A - > G), was present in 84.3% (27/32) of characterized C. coli isolates compared to 31.2% (5/16) of C. jejuni isolates (Figure 4).

Regarding virulence factors (Figure 5), WGS revealed notable variation between C. coli and C. jejuni isolates in the distribution of virulence factors. Genes associated with O-linked protein glycosylation (pglG), biosynthesis of pseudaminic acid (pseD and pseI), flagellin structural genes (flaA and flaB), and genes encoding the cytolethal distending toxin (cdtA and cdtC) were more prevalent in C. jejuni compared to C. coli (Figure 5). These differences were statistically significant (p-value <0.05), as determined by logistic regression analysis. Moreover, plasmid-mediated virulence genes, including virB-D encoding the Type IV secretion system, along with other virB gene clusters, were absent in the genomes of all isolates. Additionally, several genes of the motility accessory factor (maf) family, related to flagellar biosynthesis and phase variation, were also absent from all isolates.
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FIGURE 5
 Virulence factors found in whole-genome sequenced Campylobacter coli (red coded isolated) and Campylobacter jejuni (blue coded isolates) recovered from chicken carcasses sampled from different farms and abattoir processing stages. The heatmap visualizes the presence or absence of specific genes across different isolates grouped by Campylobacter species, as indicated by the sample codes on the Y-axis. Each row represents an isolate, and each column corresponds to a specific gene. The color in the heatmap indicates whether a gene is present (yellow color) or absent (blue color) in an isolate.





4 Discussion

Campylobacter infection is the leading cause of bacterial gastroenteritis in both developed and developing countries (CDC, 2019; EFSA, 2020). Despite the United Arab Emirates (UAE) ranking among the prominent consumer markets for chicken meat, limited data on Campylobacter exists, particularly during broiler production. To the best of our knowledge, no previous research in the UAE has assessed Campylobacter dynamics and prevalence during abattoir processing, underscoring the significance of the present study. Focusing on one of the major producers of fresh chicken meat in the UAE, we examined the contamination rate of Campylobacter in samples collected across the slaughter line, ranging from the caecum in freshly slaughtered birds to post-chill carcasses.

In the present study, Campylobacter counts exceeding 6.5 log10 CFU/g were detected in pooled caecal content samples, consistent with findings from previous research (Allen et al., 2007; Vinueza-Burgos et al., 2018). Following defeathering, the mean Campylobacter count on neck skin across various slaughter batches was 3.5 log10 CFU/g, slightly elevated compared to findings in other industrial slaughterhouse studies (Seliwiorstow et al., 2015; Vinueza-Burgos et al., 2018). While evisceration is traditionally identified as a critical stage for Campylobacter contamination of carcasses, inconsistent increases in Campylobacter counts during this step have been reported by other researchers (Pacholewicz et al., 2015; Lassen et al., 2023). In our investigation, the average Campylobacter count post-evisceration (3.2 log10 CFU/g on neck skin) was comparable to the average counts after defeathering. This finding possibly suggests that intestinal leakage during evisceration in our study site may have minimal impact on Campylobacter contamination. Furthermore, we found that the distribution of Campylobacter counts becomes narrower post-evisceration, indicating a potential role of efficient evisceration practices in consistently reducing counts compared to earlier stages across the processing line (Keener et al., 2004). After chilling, we observed the most constrained distribution of Campylobacter counts on carcasses tested in this study, indicating a desirable uniform reduction in counts. The air chilling protocol employed in this facility (90 min at 4°C to 5°C) appears to be a critical contributor to diminishing and stabilizing Campylobacter counts across diverse slaughter batches (Leone et al., 2024).

The weak correlation coefficient observed between Campylobacter counts in the caecal content and post-chill carcasses suggests the influence of additional factors on post-chill Campylobacter levels, a phenomenon also noted in previous studies elsewhere (Seliwiorstow et al., 2015; Foddai et al., 2022). These factors may encompass variations in processing methods, effectiveness of chilling systems, risks of cross-contamination, and differences in handling and sanitation protocols (Nagel et al., 2013; Pacholewicz et al., 2015; Leone et al., 2024). Thus, addressing Campylobacter contamination at the current study site requires a comprehensive approach that considers multiple factors beyond reducing only the initial bacterial load in the caecal pool. Notably, our study revealed that 70% of post-chill carcasses were contaminated with more than 1,000 CFU of Campylobacter per gram of neck skin, likely due to the origin of all slaughter batches from Campylobacter-colonized flocks from both internal and external farms to the poultry establishment. Given the established association between highly contaminated broiler carcasses and the risk of human Campylobacter infection (Duarte and Nauta, 2015), the prevalence of such highly contaminated carcasses in the present poultry establishment is concerning.

The analysis of 48 genomes in this study revealed three sequence types within C. jejuni and four within C. coli. Notably, C. coli ST-12250 was previously unrecognized and identified for the first time exclusively in the UAE, and we reported it before in Campylobacter samples from retail carcasses across four other companies (brands) (Habib et al., 2023). This highlights the importance of regional variations in Campylobacter sequence types, with the unique identification of C. coli ST-12250 in the UAE extending its presence across diverse local poultry businesses. Furthermore, examination of the Campylobacter PubMLST database [https://pubmlst.org/organisms/campylobacter-jejunicoli, (accessed May 13, 2024)] indicates that the majority of sequence types identified in this study have been documented in other countries, across Europe and in the United States, and have been associated with both chicken and human sources. This underscores the global distribution and interconnectedness of Campylobacter sequence types and the potential for zoonotic transmission of the identified sequence types in both C. coli and C. jejuni originating from the investigated poultry establishment.

This study showcases the potential of whole-genome sequencing (WGS) as a vital tool for elucidating the intricate epidemiology of Campylobacter cross-contamination in chicken slaughter and abattoir processing, offering detailed genetic insights into transmission dynamics and pinpointing potential contamination sources (Prendergast et al., 2022). Epidemiological investigations commonly employ SNP analysis, which compares isolates at the nucleotide level and offers high discriminatory power, to evaluate relatedness among isolates (Hasan et al., 2021; Foddai et al., 2022). Within the scope of this study, some clusters (displaying fewer than 20 SNP differences) were identified in pooled caecal samples, originating from both same-farm and different-farm flocks, and were also found on chicken carcasses from the respective flocks. Furthermore, genomic similarities between isolates from pooled ceca and those of carcasses across various processing stages and slaughter batches suggest that a considerable portion of carcass contamination may have originated within the slaughterhouse itself (Rossler et al., 2020; Prendergast et al., 2022).

Another notable finding in this study is the identification of shared clusters on carcasses from consecutively processed batches, indicating the transmission of strains between successive slaughter batches (Prendergast et al., 2022; Awad et al., 2023), previously documented but now illustrated for the first time in the UAE through genomic evidence. Nonetheless, some of this contamination may have arisen from fecal matter potentially contaminating external surfaces such as feathers during transportation from the farm to the slaughterhouse or slaughtering (Rasschaert et al., 2020). Additionally, Campylobacter contamination of crates could have further contaminated birds during transportation (Normand et al., 2008).

Interestingly, within one of the C. jejuni clusters (CJ2), we observed a relatedness between carcasses from flocks originating from both internal farms owned by the company and external farms contracted by the company. Upon further examination of the rearing conditions of these farms, it became apparent that they shared commonalities, such as the supply of one-day-old chicks, feed from the same mill, and supervision by the company’s veterinary team on externally contracted farms. This suggests a hypothesis that Campylobacter contamination in flocks from both internal and external farms may have originated from a shared source, such as the hatchery, feed mill, transportation trucks, or personnel (Normand et al., 2008). Some researchers have also suggested the potential for external sources of Campylobacter contamination, including hatcheries, breeder hens, or transportation (Normand et al., 2008; Rasschaert et al., 2020). Considering the hypothesized pathways of cross-contamination between internal and external farms, alongside the genomic evidence presented in this work, it is evident that effective Campylobacter management in broiler production and slaughterhouses requires a comprehensive, multi-faceted approach that addresses potential contamination sources at every stage of the poultry production and processing chain (Prendergast et al., 2022).

The genomic data provided further insights into resistance and virulence factors among a representative subset of Campylobacter isolates from various slaughter batches. Although most cases of campylobacteriosis are self-limiting, ciprofloxacin and erythromycin are recommended for empirical therapy in severe cases (Asuming-Bediako et al., 2019). The prevalence of the gyrA T86I mutation observed among these isolates aligns with previous reports, indicating its widespread occurrence as one of the primary mechanisms of quinolones (e.g., ciprofloxacin) resistance in Campylobacter strains from both animal and human sources (Nelson et al., 2007; Zhang et al., 2003). Alongside the gyrA mutation, an RNA mutation at 23S r.2075, associated with macrolide (e.g., erythromycin) resistance, was prominently detected in the characterized C. coli isolates (Figure 3). This specific point mutation is recognized as the predominant genetic determinant responsible for high levels of erythromycin resistance in Campylobacter, particularly prevalent in C. coli compared to C. jejuni (Vinueza-Burgos et al., 2017). The findings of this study are consistent with our previous observations in UAE retail chicken, highlighting concerns regarding the emergence of AMR genetic markers in Campylobacter from chicken, particularly against fluoroquinolones in C. jejuni and notably against erythromycin in C. coli (Habib et al., 2023). Multiple reports have indicated a high level of agreement (>95%) between resistance genotypes and phenotypes, particularly for (fluoro) quinolone and macrolide classes of antimicrobials (Zhao et al., 2015; Dahl et al., 2021; Habib et al., 2023). Therefore, adopting WGS-based approaches to identify genetic markers associated with phenotypic resistance to clinically significant antimicrobials should be strongly considered in national and regional antimicrobial monitoring programs for Campylobacter at the human-food-animal interface.

The WGS results revealed a diverse array of virulence factors, with certain factors prevalent across all isolates. These findings align with previous studies reporting the widespread presence of such genes in strains linked to food and clinical cases (Tegtmeyer et al., 2021; Prendergast et al., 2022). Conversely, specific virulence genes were notably more abundant (and, in some cases, exclusive) among C. jejuni isolates. For instance, essential flagellin structural genes governing motility and adhesion, such as flaA and flaB, were absent in all C. coli and a few C. jejuni isolates examined in this study. This echoes findings from a study in China utilizing WGS to characterize Campylobacter from chickens, indicating the scarcity of these genes in C. coli compared to their prevalence in C. jejuni isolates (Xiao et al., 2023). However, it is crucial to interpret these results cautiously, as they may not reflect species-specific features but instead could be associated with prevailing clonal groups (STs) in different settings. Additionally, we noted that certain known virulence factors were absent from all isolates, such as genes related to the type IV secretion system (virB gene cluster). In a previous study in the UAE, approximately half [53.3% (24/45)] of characterized C. coli genomes were found to harbor type IV secretion system genes, including virB4, virB8, virB9, virB10, and virD4 (Habib et al., 2023). This study brings attention to the variability in the presence of some virulence factors among Campylobacter isolates, underscoring the need for further investigation into the factors influencing their distribution and potential implications for pathogenicity. Campylobacter-induced gastroenteritis is multifactorial, where sometimes the precise contributions of identified virulence genes to disease development remain incompletely understood (Prendergast et al., 2022).

While this study provides the first insights into Campylobacter dynamics and prevalence during abattoir processing in the UAE, several limitations warrant consideration and offer avenues for future research. Firstly, the study was conducted in a specific poultry establishment, potentially limiting the generalizability of findings to other facilities with differing processing practices and environmental conditions. Future studies are in progress to encompass a broader range of slaughterhouses to capture variability across the industry. Additionally, the study primarily focused on Campylobacter contamination rates and genomic characteristics, leaving room for further exploration of other potential contributors to contamination, such as biofilm formation or environmental reservoirs. Moreover, longitudinal studies tracking Campylobacter prevalence over time (e.g., consecutive farm production cycles) could offer a more comprehensive understanding of temporal trends and the efficacy of intervention strategies.



5 Conclusion

Campylobacter infection stands as a significant food safety and public health concern globally, and this study represents a crucial step toward addressing the dearth of data on Campylobacter dynamics in the UAE poultry industry. By examining contamination rates and genomic characteristics across slaughter line stages and batches, we shed light on the multifactorial nature of Campylobacter contamination and underscored the importance of a comprehensive approach to mitigate its spread. Furthermore, the identification of shared clusters between consecutive slaughter batches, alongside genomic evidence of cross-contamination, emphasizes the need for stringent hygiene practices and targeted interventions at every stage of broiler production and processing. Moving forward, continued microbiological surveillance efforts, coupled with advances in genomic technologies, will be essential in guiding effective Campylobacter management strategies to safeguard public health and ensure the safety of chicken meat products in the UAE and beyond. To manage antimicrobial use in poultry production and curb the spread of resistant Campylobacter strains, several strategies should be implemented. These include the reduction of prophylactic antibiotic use, promoting alternatives such as probiotics and prebiotics, and improving biosecurity measures. Additionally, policy recommendations for antimicrobial stewardship should encompass stricter regulations on antibiotic use, mandatory surveillance programs, and the promotion of responsible use practices among veterinarians and farmers. Implementing these strategies at both national and regional levels is crucial to mitigate the development and spread of antimicrobial resistance in Campylobacter and ensure the continued efficacy of existing antimicrobials.
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