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ARTICLE INFO ABSTRACT

Keywords: Campylobacter jejuni (C. jejuni), a foodborne pathogen, poses notable hazards to human health and

Bac}<yard has significant economic implications for poultry production. This study aimed to assess C. jejuni

12roﬂerl . L contamination levels in chicken carcasses from both backyard and commercial slaughterhouses in
ampylobacter jejunt Chiang Mai province, Thailand. It also sought to examine the effects of different slaughtering

Cluster analysis . o . . .

Enumeration practices on contamination levels and to offer evidence-based recommendations for reducing

K-modes clustering C. jejuni contamination. Through the sampling of 105 chicken carcasses and subsequent

Slaughterhouse enumeration of C. jejuni, the study captured the impact of various slaughtering practices. Utilizing
k-modes clustering on the observational and bacterial count data, the research identified distinct
patterns of contamination, revealing higher levels in backyard operations compared to com-
mercial ones. The application of k-modes clustering highlighted the impact of critical slaughtering
practices, particularly chilling, on contamination levels. Notably, samples with the lowest bac-
terial counts were typically from the chilling step, a practice predominantly found in commercial
facilities. This observation underpins the recommendation for backyard slaughterhouses to
incorporate ice in their post-evisceration soaking process. Mimicking commercial practices, this
chilling method aims to inhibit C. jejuni growth by reducing carcass temperature, thereby
enhancing food safety. Furthermore, the study suggests backyard operations adopt additional
measures observed in commercial settings, like segregating equipment for each slaughtering step
and implementing regular cleaning protocols. These strategic interventions are pivotal in
reducing contamination risks, advancing microbiological safety in poultry processing, and
aligning with global food safety enhancement efforts.
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1. Introduction

Foodborne diseases pose a significant threat to global public health, with bacterial infections being of particular concern.
Campylobacter jejuni, one of these bacterial pathogens, is a leading cause of gastroenteritis worldwide [1-3]. C. jejuni has been
identified as a significant reservoir in poultry [4,5], which is a staple protein source in many cultures. As a crucial link in the food
manufacturing and supply chain, slaughterhouses could substantially influence the spread of these pathogens. It is evident that C. jejuni
infection mostly occurs on farms, while contamination of poultry carcasses occurs during primary processing [6,7]. Therefore, the
procedures and practices at these facilities may have implications for pathogen control, food safety, and public health. This context is
enriched by considering the variation between various types of slaughterhouses, such as small-scale backyard operations versus larger,
industrial-scale commercial facilities. Understanding these dynamics could facilitate the identification of key determinants of
contamination and pave the way for the development of more effective food safety interventions.

Previous research has unquestionably improved our comprehension of C. jejuni infection in poultry and contamination in chicken
carcasses by clarifying its biology, pathogenicity, and transmission routes [8-10]. However, our understanding of the influence of
slaughtering practices on C. jejuni contamination in various categories of slaughterhouses remains limited. Although there is a wide
range of research examining the prevalence of the bacteria at various phases of the production chain [11-15] and the impact of
slaughtering practices on the contamination of poultry meat with Campylobacter [16-18], there is still a need for a more comprehensive
investigation into the specific contributions of different types of slaughterhouses and individual steps in the slaughtering process to the
contamination of chicken meat with C. jejuni. In addition, the existing literature tends to neglect backyard slaughterhouses, where
biosecurity measures may vary and differ significantly from commercial operations. This gap in knowledge has prevented a holistic
approach to the problem, hampering the design of comprehensive and effective control strategies. The present study is designed to fill
this gap by comparing contamination levels in chicken carcasses from backyard and commercial slaughterhouses, considering their
slaughtering practices, and examining the impact of these practices on C. jejuni contamination. The results are anticipated to improve
our comprehension of the differential routes of contamination in various settings, thereby informing more targeted interventions.

As one of the world’s leading exporters of poultry meat, Thailand plays a vital role in the international food supply chain. The
country’s poultry industry consists of a complex mosaic of commercial and backyard slaughterhouses, each of which caters to distinct
market demands. Commercial slaughterhouses process poultry meat primarily for high-end markets, such as supermarkets and in-
ternational export, thereby establishing stringent hygiene and food safety standards. However, Thailand’s local consumption includes
both commercial and domestic slaughterhouse products. Typically, smaller and less regulated, backyard operations serve local markets
and rural communities. This diverse landscape of poultry production and slaughtering practices in Thailand presents unique challenges
in controlling C. jejuni contamination, making it a compelling context for this study.

To address the problem of C. jejuni contamination in chicken carcasses, an innovative analytical strategy that goes beyond
descriptive and inferential statistics is necessary. This study applies k-modes clustering [19], a potent machine learning technique, to
this intricate problem. Typically utilized in data mining, k-modes clustering allows us to classify observations into clusters based on
patterns of categorical variables [20]. In the context of our study, this methodology permits us to categorize various slaughtering
practices according to their similarities and analyze how these groupings correspond to C. jejuni contamination levels. By doing so, we
can identify distinct contamination patterns across various slaughtering practices and between different types of slaughterhouses. This
nuanced, data-driven strategy is anticipated to yield insights that could result in more precise and efficient measures to mitigate
C. jejuni contamination.

The primary objective of this study was to compare and contrast the operational procedures and practices of backyard slaugh-
terhouses and commercial slaughterhouses in Chiang Mai province, Thailand, and to evaluate their impact on C. jejuni contamination
levels in chicken carcasses. Using k-modes clustering, this study aimed to determine the relationship between specific slaughtering
steps, slaughterhouse types, and C. jejuni counts in chicken carcasses. By revealing potential contributory factors to contamination at
various slaughtering steps and across different types of slaughterhouses, this study aims to provide insights that can enhance
contamination control measures and hygiene practices, ultimately improving public health and poultry industry standards.

2. Materials and methods
2.1. Study area and categorization of slaughterhouses

Chiang Mai province, the highest poultry production in the upper northern region of Thailand, was chosen as the study area. In
order to collect carcass samples, the study defined two categories of slaughterhouses: backyard slaughterhouses and commercial
slaughterhouses. Depending on consumer demand, a backyard slaughterhouse provides a small quantity of chicken slaughtering ca-
pacity (less than 50 birds per day). The vendors typically use their home or a nearby home to operate the slaughtering process. The
majority of the chickens supplied to this form of slaughterhouse comes from small farms and backyard rearing, and distribution of meat
products was concentrated in rural fresh markets. A commercial slaughterhouse is a facility that has the capacity to slaughter more
than 5000 birds per day. This variety of slaughterhouse has made substantial infrastructure and equipment investments. The majority
of broilers comes from farms owned by commercial broiler companies or contract farms with moderate to high biosecurity. Com-
mercial chicken meat products are distributed to urban fresh markets, supermarkets, restaurants, hotels, and company retail stores in
Chiang Mai and other provinces in the upper northern region of Thailand. The slaughterhouses were selected using a convenience
sampling of all eligible slaughterhouses, with each slaughterhouse agreeing to participate in the study voluntarily. The selection of
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backyard slaughterhouses was contingent on receiving approval from the proprietors, while the selection of commercial slaughter-
houses was contingent on receiving approval from the managers.

2.2. Slaughterhouse profiles

Based on inquiries, the total slaughtering capacity of commercial slaughterhouses was 31,000 birds per day. Approximately 8370
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Fig. 1. Workflow diagram of the study, showing the inclusion of slaughterhouses through convenience sampling and outlining subsequent research
steps, from the initial collection of chicken carcass samples and data gathering to microbiological methods and data analyses. For details on the
specific points where samples were collected at each step in each slaughterhouse, refer to Fig. 2.
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Fig. 2. Chicken slaughter process of each slaughter facility. BS represents a backyard slaughterhouse and CS represents a commercial slaughter-
house. The asterisks (*) indicate steps where carcass samples were collected.

chicken carcasses, accounting for 27 % of the daily commercial production, were transported to Chiang Mai on a daily basis. The
remaining carcasses were distributed to various provinces in the upper northern region of Thailand, including Chiang Rai, Nan,
Phayao, Phrae, Mae Hong Son, Lampang, and Lamphun. Based on data collected from four backyard slaughterhouses, it was deter-
mined that the average daily slaughtering capacity of these facilities was 18 birds. Additionally, experts from the Department of
Livestock Development (DLD) estimated that there were approximately 60 backyard slaughterhouses in Chiang Mai. This estimation
was made due to the non-compliance of most backyard facilities with the DLD’s slaughtering registration regulations. The estimated
daily output of backyard chicken carcasses was 1080 birds per day.

This investigation included two commercial slaughterhouses and four backyard slaughterhouses. The workflow of the study,
illustrating the process of engaging slaughterhouses through convenience sampling and outlining the subsequent research steps, is
depicted in Fig. 1. Additionally, Fig. 2 illustrates the slaughtering process at each slaughterhouse. Observations and inquiries were
made to gather more information about slaughtering practices and slaughterhouse operations.

2.3. Sample collection

From June to October 2016, a total of 105 carcass samples were collected from backyard and commercial slaughterhouses. Each
commercial slaughterhouse was sampled three times, whereas each backyard slaughterhouse was sampled only once. Using a random
sampling technique, three samples per step were selected at random within each slaughterhouse. Thirty-three carcasses were randomly
collected from four backyard slaughterhouses along the slaughter line at three critical steps: post-killing, post-evisceration, and before
distribution to markets. In one backyard plant, three samples were excluded from the sampling plan because evisceration was the final
step of operation. The remaining samples (n = 72) were collected from two commercial slaughterhouses along the slaughter line at four
critical steps: post-killing, post-evisceration, post-washing, and post-chilling (presumed final product prior to distribution). In this
investigation, external fecal contamination during transportation was not evaluated. Separately, a carcass sample was collected in a
sterile plastic container. After collection, carcass samples were stored at temperatures below 4 °C in ice cases and transported within 3
h to the Central Laboratory of the Faculty of Veterinary Medicine, Chiang Mai University.

2.4. Microbiological methods

2.4.1. Sample preparation

A total of 10 g of cecal content was extracted aseptically from intact ceca of carcasses collected post-killing, following laboratory
transport. Then, 10 g of cecal content was combined with 90 ml of phosphate buffered saline (PBS) and homogenized by a stomacher
for 2 min. Using a stomacher, 10 ml of the diluent was combined with 90 ml of Bolton selective enrichment broth (Oxoid, UK)
containing 5 % (v/v) laked horse blood (Thermo Scientific, UK) for 2 min. The initial diluent preparation was 10_1, which was then
serially diluted 10-fold using PBS to yield 1072 and 10~ dilutions. Three dilutions of the sample were prepared to detect and count
C. jejuni using the direct plating method.

In order to prepare the rinse solution, the rinse method (ISO 17604:2003) [21] was applied to a chicken carcass collected after
evisceration, washing, and chilling (final product) in a sterile plastic bag and manually shaken in 200 ml PBS for 5 min. The rinse
solution was homogenized for 2 min using a stomacher, then poured into a sterile container. Then, 25 ml of the solution was combined
with 225 ml of Bolton selective enrichment broth containing 5 % (v/v) laked horse blood and homogenized by a stomacher for 2 min.
The initial formulation of the solution was 10!, which was then serially diluted 10-fold with PBS to yield dilutions of 102 and 102,
Three dilutions of the sample were prepared for C. jejuni detection and enumeration using the direct plating method.

2.4.2. Bacterial isolation

Detection of C. jejuni was modified from ISO 10272-1:2006 [22] by using multiplex PCR (mPCR) instead of biochemical assays for
species confirmation. The initial solution in a sterile container was incubated at 37 °C for 6 h and 41.5 °C for 42 h, respectively, in a
microaerobic atmosphere containing 5 % Os, 10 % COs, and 85 % N generated with a CampyGen™ 2.5L (Oxoid, UK). At 41.5 °C for
42 h, a single loopful of culture was streaked on selectively modified charcoal cefoperazone deoxycholate agar (mCCDA; Oxoid, UK).
Then, five presumptive Campylobacter colonies were streaked on non-selective Columbia blood agar (CBA; Oxoid, UK) supplemented
with 5 % (v/v) sterile defibrinated sheep blood (Clinag, Thailand) and incubated at 41.5 °C for 42 h under microaerobic conditions.
After incubation, colonies on CBA were preserved for DNA extraction in 1 ml of PBS. Minimum of five per sample were confirmed by
mPCR.

2.4.3. Direct plating technique

From the chicken carcass rinse, duplicate 10-fold serial dilutions ranging from 10! to 103 were prepared, and 100 pl of each
dilution was spread in duplicate on mCCDA and incubated at 41.5 °C for 42 h under microaerobic conditions. Prior to use, the agar
plates were dried for 30 min to avoid swarming of the colonies. After incubation, all colonies with a metallic, flat, and moist grayish
appearance were enumerated, and the number of colonies at each dilution was recorded. Five presumed Campylobacter colonies of each
dilution were then separately streaked onto CBA supplemented with 5 % (v/v) sterile defibrinated sheep blood and incubated at
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41.5 °C for 42 h under microaerobic conditions. Following incubation, colonies on CBA were screened with oxidase and catalase tests,
swabbed, and preserved in 1 ml of PBS for DNA extraction. Minimum of five per sample were confirmed by mPCR.

2.4.4. DNA extraction and mPCR confirmation

Pure culture preserved in 1 ml PBS was centrifuged at 10,000 rpm for 5 min to extract DNA using the boiling method, and the
supernatant was removed. The pellet was resuspended in 200 pl of distilled water. The sample was centrifuged for 5 min at 10,000 rpm,
and the supernatant was removed. The pellet was resuspended in 500 pl of distilled water. The bacterial suspension was boiled for 10
min at 100 °C in a heat block and then chilled for 10 min at 0 °C in an icebox. The sample was then centrifuged at 14,000 rpm for 1 min.
Before use, the supernatant was transferred to a new microcentrifuge tube and stored at —20 °C.

Identification of 16S rRNA, mapA and ceuE genes were performed using a mPCR assay utilizing primers previously published by
Denis et al. (1999) [23]. The primers were designed for identification and differentiation of C. jejuni and C. coli. The forward primer for
Campylobacter genus (targeted 16S rRNA gene) was 5-ATCTAATGGCTTAACCATTAAAC-3’ (CCCJ609-F), the reverse primer was
5-GGACGGTAACTAGTTTAGTATT-3’ (CCCJ609-R). The forward primer for jejuni species (targeted mapA gene) was 5-CTATTT-
TATTTTTGAGTGCTTGTG-3’ (mapA-F), the reverse primer was 5-GCTTTATTTGCCATTTGTTTTATTA-3’ (mapA-R). The forward
primer for coli species (targeted ceuE gene) was 5-AATTGAAAATTGCTCCAACTATG-3’ (ceuE-F), the reverse primer was
5-TGATTTTATTATTTGTAGCAGCG-3’ (ceuE-R). The 15-ul PCR reaction mixtures contained 1.5 pl DNA template, 7.5 pl Quick Tag™
HS DyeMix PCR reagent (Toyobo, Japan), 0.11 pM CCCJ609-F and CCCJ609-R primers, 0.42 pM mapA-F, mapA-R, ceuE-F and ceuE-R
primers. The final volume was adjusted to 15 pl. The amplification reactions were performed on a thermocycler with the following
program: an initial denaturation step at 95 °C for 10 min, amplification consisting of 95 °C for 30 s, 59 °C for 1.5 min, 72 °C for 1 min,
then repeat amplification to 35 cycles followed by final extension at 72 °C for 10 min. The temperature was held at 4 °C. PCR products
were analyzed by 1.5 % agarose gel electrophoresis for 30 min at 110V. Regarding the primer pairs used for mPCR experiments, the
product sizes were 857 bp, 589 bp, 462 bp for Campylobacter genus, jejuni, and coli species, respectively. Only samples positive for
C. jejuni were included in data analysis.

2.4.5. C. jejuni enumeration

Positive DNA samples for C. jejuni were identified by the presence of 16s rRNA and mapA genes. The quantity of C. jejuni was
determined by tracing to the recorded dilution and number of typical colonies. The colony count of each sample was determined using
ISO 10272-2:2006 [24]. Counts of C. jejuni were log-transformed prior to data analysis. Calculated bacterial counts for the samples
were expressed as log CFU/unit (log CFU/g for the cecal sample and log CFU/ml for the carcass rinse sample). The detection limit for
enumeration was 100 CFU/g for cecal samples and 10 CFU/ml for carcass rinse samples [18,25]. Half of the enumeration limit was
designated as counts for samples that were below the enumeration limit or tested negative [26]. For the backyard slaughterhouse
where evisceration was the final step, the counts from samples collected at that step were repetitive used as the final products for data
analysis.

2.5. Data Preprocessing

C. jejuni counts and additional observational variables representing the sample and the slaughtering practices were input into a
spreadsheet before analyzing. Observational data collected during a slaughterhouse visit were recorded as binary inputs, including the
practice of resting chickens before killing (0 = Slaughter immediately after transport to a slaughterhouse, 1 = Rest for at least 30 min
before killing), feeding (0 = No feeding, 1 = Feeding chickens before killing), soaking (a practice of gathering chicken carcasses into a
water container before the step of sample collecting; 0 = No, 1 = Yes), washing (a practice of individual carcass washing, manually or
by a washing machine before the step of sample collecting; 0 = No, 1 = Yes), chilling (a cooling process to reduce the temperature of
the chicken carcass by applying chilled water to the whole carcass; 0 = No, 1 = Yes), water source (1 = Tap water, 2 = Ground
chlorine-treated water). Additionally, the ambient temperature or average carcass temperature (if applicable) was recorded prior to
sample collection and input as a variable representing the temperature before a step of sample collection.

After exploring the influence of each variable, soaking was removed since all carcasses collected from post-evisceration to final
products were processed using a different type of soaking, namely scalding or carcass chilling. In addition, water source was also
removed from the analysis due to insignificant influence on counts and unknown concentration of chlorine treated for tap water. Value
input was considered from only the variables involving the carcass before it was collected, e.g. for the samples collected at post-
evisceration, only the variables of ‘count’, ‘rest’, ‘feed’, and ‘soak’ were input depended on actual practices in the slaughterhouse,
while the other variables were input as zero. Thus, for cecal samples, the variables of ‘count’, ‘rest’, and ‘feed” were considered for the
analysis while ‘count’, ‘rest’, ‘feed’, ‘wash’, ‘chill’, and ‘temperature’ were considered for carcass rinse samples.

The data was preprocessed to prepare for k-modes clustering [19], which was used for clustering categorical variables. Specifically,
the continuous variable ‘count’ and ‘temperature’ were transformed into categorical variables ‘count_cat’ and ‘temp_cat’, respectively.
For ‘count’, it was divided into three categories: ‘Low’, ‘Medium’, and ‘High’, based on its quantile distribution. The division was done
using the numpy. quantile and pandas. cut functions in Python, which created bins based on the 33rd and 67th percentiles of the count
distribution. Similarly, ‘temperature’ was divided into five categories: ‘Very Low’, ‘Low’, ‘Medium’, ‘High’, and ‘Very High’, based on
its quantile distribution. The division for ‘temperature’ created bins based on the 20th, 40th, 60th, and 80th percentiles of the tem-
perature distribution.



C. Jainonthee et al. Heliyon 10 (2024) e32345

Fig. 3. Photos of (A, B) backyard slaughterhouses; (C) chicken transportation from smallholders to a backyard plant; (D) scalding tank; (E)
defeathering machine; (F) carcass soaking; (G) carcass evisceration process; (H) carcass packed with a plastic bag; (I) a modified, unused refrigerator
filled with ice used for the storage of carcasses prior to distribution to the local market.
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2.6. Data analyses

A descriptive analysis was performed to provide a profile of contamination for each slaughterhouse, including mean counts for each
processing step and differences in counts between steps. On the basis of sample type and sample preparation methods, groups of cecal
and carcass rinse samples were separated for analysis as previously described in Data Preprocessing section.

The recorded C. jejuni count data were first examined for normality using the Shapiro-Wilk test, as this determined the appropriate
statistical tests for comparison. This was done in order to provide a general comparison of the samples taken from commercial and
backyard plants. When comparing two groups, if the data from both groups were normally distributed and homoscedastic, an inde-
pendent samples t-test was used. If the data were not normally distributed or the groups had unequal variances by performing a
Levene’s test, a non-parametric alternative, the Mann-Whitney U test, was used instead. In the study, four comparisons were made as
follows between backyard and commercial slaughterhouses: (1) the count at the post-killing step; (2) the count at the post-evisceration
step; (3) the count at the final product step; and (4) the total rinse sample counts (combining post-evisceration, post-washing, and final
product). All analyses were performed in Python, using the ‘SciPy’ package for statistical testing. The level of significance for all
statistical tests was set at 0.05.

In order to determine the influence of practices on the contamination of C. jejuni in chicken carcasses, samples from the same
preparation method were combined into the same dataset for analyses, regardless of slaughterhouse type. The k-modes clustering
algorithm was applied on the dataset to identify distinct clusters within the data. The number of clusters was set to three with an aim to
find differences between clusters of low, medium, and high counts. The clustering algorithm was initialized using the ‘Huang’ method,
which is suitable for categorical data. The algorithm was run with 10 different centroid initializations (n_init parameter set to 10) and
the best clustering result in terms of the cost function was chosen. To better understand the characteristics of the clusters, the dis-
tribution of each feature within each cluster was visualized using bar plots. All data analyses were performed in Python. The ‘pandas’
library was used for data manipulation. The ‘numpy’ was used for numerical computations and creating bins for categorizing
continuous variables. The k-modes clustering was conducted using the ‘kmodes’ library. Additionally, ‘matplotlib’ and ‘seaborn’ were
used for data visualization.

3. Results
3.1. Slaughtering practices

Backyard slaughterhouses, often using areas within the owners’ homes for the slaughtering process (Fig. 3A and B), typically serve
as a source of supplemental income for farmers due to the small daily production volume and the composition of chickens supplied for
slaughtering. The majority of chickens supplied for slaughtering are either hens retired from layer chicken farms after completing their
laying cycle or native chickens raised in backyards for additional household income. Suppliers for backyard slaughterhouses generally
transport chickens from the rearing sites using motorcycles (Fig. 3C). In some cases, the slaughterhouse owners personally visit the
farms to collect the chickens themselves. In contrast, the purpose of the commercial plants is to produce poultry meat products in large
quantities for distribution in the province’s urban areas and the northern region. The chickens are sourced directly from commercial
broiler farms or contract farms. As the stated objective of the commercial plants, the basic concept of good manufacturing practices
(GMPs) has been systematically adopted, such as biosecurity and worker personal hygiene, which can lead the slaughterhouses to
pursue accreditation by government authorities and promote their commercialization to sell meat products at a higher price to higher
markets, such as supermarkets, company’s retail shops, and hotels. The number of estimated total backyard slaughterhouses in the
study area may be underestimated due to the fact that the database for backyard slaughterhouses is out of date because there is no law
or regulation requiring owners to register with the system. Some backyard plants are operating illegally because their proprietors used
their homes or private property without registering with local authorities.

The slaughtering process and apparatus utilized (Fig. 3D and E) depend on the proprietors’ knowledge and experience. As shown in
Fig. 2, one of the most distinguishing practices between backyard and commercial plants is the killing method, where commercial
plants have a standard to follow by using electrical stunning and bleeding, whereas backyard plants rely on the inhumane (no
stunning) slaughter practices based on plant owner’s expertise, e.g. neck hanging, throat cutting, and cervical dislocation without
stunning. At the scalding and defeathering steps of backyard plants, half of the plants required employees to manually operate the
steps, while the other half used a machine for defeathering. As the operation is primarily for generating additional income for the
household, adapted equipment was utilized to reduce production costs, such as the use of a basin as a large container to soak the
carcasses for the purposes of removing bloodstain and dirt as well as reducing carcass temperature (Fig. 3F and G). In the majority of
cases, each chicken carcass is first packed in a plastic bag (Fig. 3H) and then placed in an unused refrigerator filled with ice (Fig. 31),
which has been modified to preserve the carcasses prior to sale.

For commercial plants, the majority of the processing steps were identical, with the exception of the temperatures observed at each
step, and the washing and chilling steps. The CS1 was equipped with an automatic washer that washed the carcasses inside and outside
after evisceration, whereas the CS2 combined manual and automated procedures. At the immersion chilling step, the CS1 utilized the
overflow system to reduce carcass temperature and then cleaned the equipment at the end of each day’s operations. The CS2 employed
a static system (no water flow) in which water and ice were replaced at the end of each shift.
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3.2. Sample profiles

Table 1 displays counts of C. jejuni contamination by type of slaughterhouse and by slaughtering step using mean, standard de-
viation (SD), 2.5th percentile, and 97.5th percentile. The count data exhibited a minor right skewness (skewness = 0.255), signifying
that there were slightly more high-count values than low-count values. In commercial plants, the average C. jejuni count was highest at
the post-evisceration step, whereas in backyard plants, it was highest at the post-killing step. In summary, the samples collected from
commercial slaughterhouses exhibited a greater range of counts than those collected from backyard plants, as evidenced by the violin-
shaped plots (Fig. 4). In addition, samples from commercial plants tended to have lower counts at each step than backyard plants, as
evidenced by the lower medians and modes.

The Mann-Whitney U test showed a significant difference between the counts of samples collected at both the post-killing step (p-
value = 0.01) and the final step (p-value = 0.04). Nevertheless, between commercial and backyard plants, the comparison of post-
evisceration counts revealed no significant difference (p-value = 0.96) according to the independent t-test, and the comparison of
total rinse sample counts revealed no significant difference (p-value = 0.20) according to the Mann-Whitney U test. As shown by these
statistical tests, the analyses are intended to provide contamination profiles of the samples based on the type of slaughterhouse. Fig. 4
illustrates the distribution and probability density of C. jejuni counts at different steps of the process in both commercial and backyard
slaughterhouses, and highlights the steps at which significant differences in bacterial counts were observed. Due to a lack of tracked
samples, this investigation did not compare steps within the same type of slaughterhouse. Due to the aforementioned limitation, this
does not provide conclusive evidence of contamination increment or reduction caused by a step within plants.

3.3. Cluster profiles

The k-modes clustering algorithm is utilized to classify data points into various clusters. As this type of machine learning is un-
supervised and does not require a training process, it provides data insights by grouping data elements according to their categorical
attributes. Because of the nature of the data acquired for this study, the majority of variables of interest are categorical. The imple-
mentation of k-modes clustering rather than k-means is therefore considered. Unlike k-means, which clusters continuous data using
distance measures of the data points, k-modes uses dissimilarities between the data points. The closer together the data points are, the
smaller the dissimilarities. Each cluster is characterized by its mode, which is the cluster’s most frequent categorical value. For the
‘count’ of C. jejuni and ‘temperature’ at the collection step which are continuous data, four and six edges of the bins are the most
appropriate numbers that can split data points into three categories for ‘count’ and five categories for ‘temperature’, respectively in
order to transform continuous data into categorical. The categories for the ‘count’ variable in the cecal samples dataset would be
defined as [1.7, 3.21), [3.21, 4.72), and [4.72, 6.23] for ‘Low’, ‘Medium’, and ‘High’ counts, respectively. The categories for the ‘count’
variable in the carcass rinse samples dataset would be defined as [0.7, 2.0), [2.0, 3.54), and [3.54, 6] for ‘Low’, ‘Medium’, and ‘High’
counts, respectively and the categories for the ‘temperature’ variable would be defined as [3.7, 5.1), [5.1, 22), [22, 26.8), [26.8, 42),
and [42, 50.1] for ‘Very Low’, ‘Low’, ‘Medium’, ‘High’, and ‘Very High’ temperatures, respectively. The square brackets [] indicate that
the endpoint is included in the set, while the parentheses (.) indicate that the endpoint is excluded from the set.

This study’s data were divided into two datasets based on the sample types collected: cecal samples and carcass rinse samples. The
elbow method was used to find the optimal number of clusters. As a result, we found that neither the cecal samples dataset nor the
carcass rinse samples dataset had a distinct point of elbow. Thus, the number of clusters was set to three (K = 3) with the intention that
the algorithm will cluster the data points based on counts (i.e. ‘Low,” ‘Medium,’ and ‘High’) so that we could identify the patterns of
practices that contributed to the different levels of contamination. As k-modes clustering is a type of unsupervised algorithm, we could
not define its purpose explicitly. Therefore, if the clustering results did not meet our study objectives, we investigated and discussed
other insights from the results.

Cluster profiles of cecal samples and carcass rinse samples were illustrated with bar plots in Figs. 5 and 6, respectively. For cecal
samples clustering, the groups were defined with clusters of Low, Medium, and High C. jejuni counts (Fig. 5A). From cluster distri-
bution provided in Table 2, it could be implied that samples with low contamination of C. jejuni were from the commercial slaugh-
terhouse (77.8 % of all samples in the cluster) while in the medium-count category, most of the samples were from backyard plants (80
%). However, based on count categories, types of slaughterhouses could not be comparable in terms of effectiveness of practices before
a killing step, since there were close numbers of samples from both types of slaughterhouses in the high-count category. Additionally,

Table 1
Counts of C. jejuni contamination in chicken carcass “.
Type Step Mean SD 2.5th percentile 97.5th percentile
Commercial Post-killing 2.61 1.68 1.70 6.17
Post-evisceration 2.95 1.60 0.70 5.42
Post-washing 2.61 1.56 0.70 4.58
Final product 2.00 1.70 0.70 5.62
Backyard Post-killing 3.89 1.25 1.89 5.66
Post-evisceration 2.98 1.01 0.98 4.04
Final product 3.08 1.10 0.98 4.56

@ Log CFU/g for cecal samples; log CFU/ml for carcass rinse samples. Final carcass products from commercial plants were carcasses that passed a
chilling step. SD: standard deviation.
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Fig. 4. Violin plots showing probability density of the counts. Wider sections of the violin plot represent a higher probability that members of the
samples will take on the given value; the skinnier sections represent a lower probability. The white dot represents the median, the thick black bar in
the center represents the interquartile range, the thin black line represents the rest of the distribution, except for points that are determined to be
outliers. The asterisks (*) above the violin plots indicate significant differences in counts (p-value <0.05) at that step between the commercial and
backyard slaughterhouses.

practices of chicken resting before killing and feeding the chickens after transportation from farms to a slaughterhouse were not
obviously identified between those three clusters, since the modes of those variables pointed to the same categories of chicken resting
before killing (Fig. 5B) and fasting (no feed) of chickens after transportation to the slaughterhouse (Fig. 5C). Furthermore, for the
variable ‘feeding’, only one backyard plant performed the practice of feeding the chickens before killing (Fig. 2). The proportions of
chickens fed against those not fed were 10 % and 90 %, respectively. There were insufficient samples in this group to detect variations
in feeding patterns or any insights from clustering. When dividing the counts into two categories, Low and High, and using K values of
2, no additional insight into the observed practices was acquired because no obvious resting or feeding behaviors were observed.
Similar results were obtained when attempting to divide the counts into five categories (‘Very Low,” ‘Low,” ‘Medium,’ ‘High,” and ‘Very
High’) and employing K values of 5 (data not shown). In addition, fewer variables were considered for these samples, as this was the
very first step of the slaughtering process; consequently, only limited clustering information was obtained.

For clustering carcass rinse samples, samples were classified into three clusters based on the most frequent value or mode (Fig. 6).
Depending on the count categories, we discovered that the clusters can be divided into three categories (Fig. 6A). For the low-count
cluster, all samples were collected from commercial plants, the majority of which (78.3 %) were collected post-chilling and represented
as the final product. As shown in Table 3, the samples in this cluster were collected at very low and low temperatures. In the medium-
count cluster, the majority of samples (84.2 %) were from backyard plants, and the modes indicated that neither the poultry nor their
carcasses were rested, fed, washed, or chilled (Fig. 6B-E). The samples in the group were collected at a range of temperatures, with the
majority collected at moderate temperatures (22-26.8 °C). Intriguingly, in the high-count cluster, the majority of samples (77.8 %)
came from commercial plants, and the majority were collected after evisceration (55.6 %) and washing (33.3 %), respectively. The
modes of practice included no pre-slaughter resting of poultry (100 %), no feeding (94.4 %), and no washing of carcasses (58.3 %). In
addition, the majority of these samples were collected at elevated temperatures (26.8-42 °C) (Fig. 6F).

4. Discussion

The purpose of this investigation was to improve understanding of the differences between backyard and commercial slaughtering
practices in food hygiene. Due to the implementation of good manufacturing practices (GMPs), we hypothesized that commercial
slaughterhouses performed better than backyard slaughterhouses. However, because of the limitations of slaughterhouse access,
particularly for backyard plants, the quantity of samples gathered was limited, preventing us from directly comparing the operations of
the two types of slaughterhouses. In addition, in order to analyze the risk of C. jejuni contamination in chicken meat as part of the
project, the carcass rinsing technique was used to quantify the contamination of whole carcasses. Therefore, sample tracking was not
utilized in the study. Following the collection of samples and data, we utilized the benefits of machine learning to gain insight.

As C. jejuni bacteria grow and multiply in the chicken’s lower gastrointestinal tract [27,28], chicken carcasses are contaminated
with cecal content during critical slaughtering steps, such as defeathering and evisceration [29-32], and reach consumers. Thus, the
primary level of production, i.e. farms, is the primary source of contamination, and minimizing the number of the bacteria in carcasses
prior to processing and distributing should ideally be targeted at this level [5,6,33]. However, controlling contamination at farms is
difficult due to the horizontal transmission of the bacteria in broiler flocks from vectors during rearing [6,31], including contamination
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Fig. 5. Distribution of various features within each identified cluster of cecal samples dataset. The bar plots show the frequency of the categorical
values of the different features for each cluster, indicated by distinct colors. Each subplot corresponds to a different feature, e.g., (A) count category,
(B) chicken resting, and (C) feeding practice after transportation, and the x-axis represents the categories of that feature (0 = No, 1 = Yes), while the
y-axis shows the frequency of instances within each category. The distinct color-coded bars within each category represent the proportion of in-
stances within each cluster. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

of feed and water and cross-contamination during chicken transportation to the slaughterhouse [34]. C. jejuni contamination in
chicken meat is of less concern than other foodborne pathogens, such as Salmonella spp., because the level of contamination is not
rigorously regulated for domestic consumption in the country. However, due to the potentially detrimental public health effects of
campylobacteriosis [1], slaughtering interventions are necessary to reduce the level of C. jejuni contamination in carcasses prior to
distribution for human consumption.

Due to the lack of step-by-step traceability of the samples used in this study, it is challenging to determine which slaughterhouse
type is more effective in terms of best practices. Individual carcasses were collected at each step. We utilized the benefits of carcass
rinsing to provide a more comprehensive assessment of the bacterial contamination, as the sample collected and the technique
employed represent the entire carcass contamination, as opposed to using neck skin samples. There were significant differences be-
tween counts of C. jejuni in cecal samples collected from backyard and commercial plants, with backyard plants having approximately
1 log CFU/g more C. jejuni contamination. The mean counts of C. jejuni in ceca observed in this study in both commercial and backyard
plants were lower than those reported by Giombelli and Gloria (2014) and Stern et al. (1995), who reported mean counts of 5.43 log
CFU/g and 6.15 log CFU/g, respectively [13,35]. This could be due to the randomness of samples or differences in factors that
contributed to the lower number of C. jejuni, such as the season of sample collection, age at slaughter, feed withdrawal time, trans-
portation time, or other farm management factors, including biosecurity, age of houses, downtime, and flock size [36,37]. In this study,
the cecal samples were representative of C. jejuni colonization in poultry from farms and other sources of rearing. Backyard or
free-range poultry are exposed to an outdoor environment with less control over Campylobacter contamination than chickens raised in
a conventional system with biosecurity measures and a controlled environment [38]. As chickens supplied to backyard slaughter-
houses come from spent laying hens or hens processed for meat after egg production declines, as well as native chickens from
households, the significantly longer period of rearing in several months, compared to 6-7 weeks for the conventional system [39],
makes them longer exposed to multiple sources of contamination, namely other farms and wild animals as well as soil [11,33,38], and
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Fig. 6. Distribution of various features within each identified cluster of carcass rinse samples dataset. The bar plots show the frequency of the
categorical values of the different features for each cluster, indicated by distinct colors. Each subplot corresponds to a different feature, e.g., (A)
count category, (B) chicken resting, (C) feeding practice after transportation, (D) carcass washing, (E) carcass chilling, and (F) temperature category
at the step of sample collection, and the x-axis represents the categories of that feature (0 = No, 1 = Yes), while the y-axis shows the frequency of
instances within each category. The distinct color-coded bars within each category represent the proportion of instances within each cluster. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

reinfection with C. jejuni, resulting in elevated levels of the pathogen. Counts of C. jejuni at the final step revealed that the average
counts of C. jejuni in samples collected from commercial plants were approximately 1 log CFU/g lower than those from backyard
plants. However, we did not find any statistically significant differences in the counts of samples collected at subsequent steps after
killing, and sample tracking was not implemented in this study; therefore, additional analysis was conducted to gain more insight into
slaughtering practices and C. jejuni contamination.
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Table 2
Cluster profiles of cecal samples dataset based on count category .
Count category Low Medium High
Number of samples in cluster 18 5 7
Count range [1.7,3.21) ° [3.21, 4.72) [4.72, 6.23]
Cluster ID " 2 0 1
Type of slaughterhouse 4 (22.2 %) 4 (80 %) 4 (57.1 %)
Backyard 14 (77.8 %)° 1 (20 %) 3 (42.9 %)
Commercial
Chicken resting 2 (11.1 %) 2 (40 %) 2 (28.6 %)
No rest 16 (88.9 %) 3 (60 %) 5 (71.4 %)
Rest
Chicken feeding 18 (100 %) 4 (80 %) 5(71.4 %)
No feed 0 1 (20 %) 2 (28.6 %)
Feed

@ The square brackets [] indicate that the endpoint is included in the set, while the parentheses (.) indicate that the endpoint is excluded from the
set.
b Cluster ID is referred to bar plots in Fig. 5.% a description of the clusters of each feature, bold indicates the most common value.

Table 3
Cluster profiles of carcass rinse samples dataset based on count category.

Count category Low Medium High

Number of samples in cluster 23 19 36

Count range [0.7,2)° [2, 3.54) [3.54, 5.93]

Cluster ID 2 0 1

Type of slaughterhouse 0 16 (84.2 %) 8 (22.2 %)
Backyard 23 (100 %)3 3 (15.8 %) 28 (77.8 %)
Commercial

Step - 10 (52.6 %) 20 (55.6 %)
Post-evisceration 5 (21.7 %) 1 (5.3 %) 12 (33.3 %)
Post-washing 18 (78.3 %) 8 (42.1 %) 4 (11.1 %)
Final product

Chicken resting 0 12 (63.2 %) 0
No rest 23 (100 %) 7 (36.8 %) 36 (100 %)
Rest

Chicken feeding 23 (100 %) 15 (78.9 %) 34 (94.4 %)
No feed 0 4 (21.1 %) 2 (5.6 %)
Feed

Carcass washing 0 15 (78.9 %) 21 (58.3 %)
No wash 23 (100 %) 4 (21.1 %) 15 (41.7 %)
Wash

Carcass chilling 5(21.7 %) 19 (100 %) 36 (100 %)
No chill 18 (78.3 %) 0 0
Chill

Temperature before collection 18 (78.3 %) 3(15.8 %) 0
Very Low [3.7, 5.1) 5 (21.7 %) 3(15.8 %) 7 (19.4 %)
Low [5.1, 22) 0 11/(57.9 %) 1(2.8 %)
Medium [22, 26.8) 0 0 21 (58.3 %)
High [26.8, 42) 0 2 (10.5 %) 7 (19.4 %)

Very High [42, 50.1]

2 The square brackets [] indicate that the endpoint is included in the set, while the parentheses (.) indicate that the endpoint is excluded from the
set.
b Cluster ID is referred to bar plots in Fig. 6.% a description of the clusters of each feature, bold indicates the most common value.

This is the first study to our knowledge that employs k-modes clustering to analyze the relationship between various slaughtering
practices and the level of C. jejuni contamination in chicken carcasses, providing novel insights into the significance of each slaugh-
tering step. Due to the categorical nature of the majority of the variables of interest in our dataset, we opted for k-modes clustering. K-
modes is optimal for categorical data because it measures dissimilarity between data points rather than distance, making it more
applicable for this data type [40]. In contrast to k-means, which is widely used for clustering continuous data, k-modes does not require
the calculation of the mean of variables. The k-means method calculates the centroid of clusters by calculating the mean of all elements
within a cluster [41], which is neither applicable nor meaningful when working with categorical variables. K-modes, on the other
hand, designate a mode for each cluster that corresponds to the most prevalent category of variables within that cluster, making it more
appropriate for categorical data. By choosing k-modes over k-means, we aimed to obtain more precise and informative clusters,
thereby obtaining a deeper understanding of our data and its patterns.

The clustering results of cecal samples are consistent with the descriptive analysis, indicating that samples from commercial plants
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were less contaminated than those from the backyard, as the majority of samples in the low-count category were from commercial
plants. As the rest of the variables (resting and feeding) were not comparable because the modes are the same for the three clusters,
differences in counts in cecal samples may refer to the management of chicken rearing as previously mentioned rather than the
practices of resting and feeding/fasting the chickens prior to slaughter as these take a short amount of time and may not have a
noticeable effect on contamination increment or reduction. This is also evident in the clustering of carcass rinse samples, where the
practices of poultry feeding and resting cannot be distinguished between the low-, medium-, and high-count groups.

Based on the cluster profiles of carcass rinse samples, it is evident that all of the samples in the low-count group passed the washing
process and the majority were chilled in the final production step. As evidenced by other studies, it can be inferred that chilling is the
crucial step for reducing and maintaining the lower level of contamination [42-46]. High loads of C. jejuni at the entering step of
slaughter operations or high loads of C. jejuni colonization from farms have an effect on the number of bacteria at subsequent steps.
Reich et al. (2008) and Hue et al. (2010) found a positive correlation between the number of C. jejuni in the ceca and the number of the
pathogen found on processed carcasses [47,48]. In addition, it is hypothesized that a higher initial level of C. jejuni contamination
results in less reduction after processing and, thus, a higher level of the bacteria in the final products [43]. Consequently, the final step
of slaughtering prior to the distribution of meat products is crucial in determining the level of contamination and poses a threat to
consumer safety. As commercial facilities employ immersion chilling, if the step of reducing contamination exists as the very last stage
of processing, it can help reduce the number of C. jejuni contaminations prior to distribution to retailers and consumers, respectively.
Note that for the ‘chill’ variable used for clustering, all of the samples collected as final products from the backyard plants are coded as
zero because they were collected immediately after packaging. Therefore, it is recommended that practices for preserving carcasses at
low temperatures prior to sale be implemented in backyard slaughterhouses and that further research be conducted on the efficiency of
low temperature carcass preservation as well as the tracking of samples from the initial to final critical steps to determine whether
carcass preservation techniques reduce C. jejuni contamination. Immersion chilling, which is utilized in commercial plants, can also
assist in reducing C. jejuni loads because it encourages the washing of carcasses with adequate chlorine concentrations and reduces
carcass temperature to an unsuitable level for C. jejuni growth [44]. Further investigation is warranted to assess the impact of various
chilling parameters, including chilling rate, duration, chlorine concentration, and carcass weight, on the reduction of C. jejuni. These
aspects are comprehensively reviewed in the work by James et al. (2006) [49]. Understanding these variables is pivotal for the
refinement of chilling protocols, which could significantly contribute to enhancing the microbial safety of poultry production.

Notably, nearly half of the samples in the cluster with the highest count also passed the washing process, but not the chilling step.
As previously reported in the study by Bashor et al. (2004), a washing step has a minor effect on the reduction of C. jejuni numbers
compared to the chilling step, which could significantly reduce the number of C. jejuni [50]. This may be due to the washing step,
which dilutes the concentration of C. jejuni. However, cross-contamination of the bacteria by machinery or personnel may be occurring
during the process [51]. Additionally, carcass washing at commercial slaughterhouses in this study was performed with chlorinated
treated water at normal concentrations for human consumption (0.5-1 ppm), which may have been less effective in reducing C. jejuni
than the use of chlorinated water with higher concentrations [52] and the application of processing aids such as trisodium phosphate
(TSP) and acidified sodium chlorite (ASC) spraying [47]. Furthermore, C. jejuni prefers elevated temperatures, as the bacteria requires
a growth temperature range of 30-47 °C [53]. This is consistent with the clustering results indicating that the majority of samples in
the cluster with high counts were collected at high temperatures (26.8-42 °C).

Due to the predominantly categorical nature of our data set, we utilized the k-modes clustering technique in our study. This
method, in contrast to k-means, does not rely on the calculation of means; instead, it concentrates on the modes of categories, thus
meeting our specific requirements. Despite the fact that the efficacy of the k-modes algorithm is not intrinsically dependent on sample
size, the accuracy, stability, and interpretability of our clustering results can be affected by the number of samples used. Smaller sample
sizes may not capture the complete complexity and underlying structure of the data, potentially compromising the robustness of the
findings.

However, there are some limitations to our investigation that must be acknowledged. The limited number of participating
slaughterhouses resulted in a small sample size, which is the primary limitation. As a result, it became impossible to subcategorize
backyard slaughterhouses based on slightly differences of practices at some steps. In addition, the types of samples collected at the
initial step differed from those collected at later steps, as our goal was to determine the initial contamination of C. jejuni from rearing
prior to implementing other crucial operational steps. A step prior to evisceration, specifically pre- or post-scalding and defeathering,
should be considered to establish a baseline contamination level of the carcass for a more comprehensive understanding of contam-
ination levels. This would enable for a more accurate comparison of the effects of different slaughterhouse intervention methods. For
future studies, it is suggested that a more detailed system for tracking samples throughout the processing chain would provide more
granular insight into variations in contamination levels. Identifying specific actions with substantial effects on C. jejuni contamination
could pave the way for targeted interventions to improve sanitation and lower pathogen levels.

In consideration of future research, we identified patterns and classifications that could serve as the basis for future studies. There
may be additional factors influencing the level of C. jejuni contamination in chicken carcasses that were not addressed by our research,
despite the fact that our study has yielded significant insights. A deeper examination of the characteristics defining these clusters and
their interactions with various slaughtering practices would be beneficial. In addition, more extensive research could isolate and
evaluate the impact of specific practices or conditions that contribute to variations in C. jejuni counts. Furthermore, future research
would benefit greatly from implementing other machine learning techniques, such as supervised learning algorithms, to predict
contamination levels based on the variables identified in this study.

Additionally, as suggested by our clustering results, future research could concentrate on effective methods for implementing
improved practices in both backyard and commercial slaughterhouses. A trial evaluating interventions intended at reducing C. jejuni
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counts, particularly at stages where high contamination levels were detected, could be beneficial. Lastly, while our study was pre-
dominately based on categorical attributes, future research could consider continuous attributes, where applicable, and use other
clustering methods such as k-means or hierarchical clustering for a more comprehensive view. This could uncover new data re-
lationships and provide additional insights.

5. Conclusion

This study revealed a significant difference in C. jejuni contamination between commercial and backyard poultry slaughterhouses,
emphasizing the critical role of enhanced slaughtering practices in controlling bacterial contamination. The findings demonstrate the
significance of chilling in reducing C. jejuni levels and the need for improved practices, particularly in backyard operations. Backyard
operations could benefit from adopting practical measures seen in commercial slaughterhouses, such as the segregation of equipment
at each critical step. Employing separate basins for soaking carcasses before and after evisceration, coupled with regular equipment
cleaning, may potentially mitigate the risk of cross-contamination. Additionally, given the clustering results that indicate a decrease in
C. jejuni levels, integrating ice into the post-evisceration soaking process is advisable. This approach not only lowers the carcass
temperature but also helps to reduce the concentration of C. jejuni, thereby enhancing the meat’s safety before it reaches consumers.
Utilizing k-modes clustering provided an innovative method for interpreting complex data in the context of food safety. Additional
research is required to refine strategies and interventions for reducing C. jejuni contamination and to leverage machine learning to
predict contamination levels based on operational practices. These findings should motivate efforts to improve poultry slaughterhouse
management and reduce foodborne illnesses.

Funding

This research was funded by the Excellent Center of Veterinary Public Health, Chiang Mai University (R000016652). The funder
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Ethical approval statement

Review and/or approval by an ethics committee was not needed for this study because it focused solely on the collection of chicken
carcass samples for bacterial enumeration and the gathering of observational data at slaughterhouses, without any direct interaction or
manipulation of live animals. The samples were obtained following the standard slaughter process, and data were collected through
observation of slaughterhouse operations, not involving human subjects in a manner requiring ethical review. Prior consent for carcass
sampling and photography was obtained verbally from slaughterhouse owners. Care was taken to ensure that photographs did not
compromise personal identification, further supporting the determination that formal ethics approval was not required.

Data availability statement
Data will be made available on request.
CRediT authorship contribution statement

Chalita Jainonthee: Writing — review & editing, Writing — original draft, Visualization, Software, Investigation, Formal analysis,
Data curation. Warangkhana Chaisowwong: Writing — review & editing, Supervision, Project administration, Methodology, Funding
acquisition, Conceptualization. Phakamas Ngamsanga: Writing — review & editing, Investigation. Tongkorn Meeyam: Writing —
review & editing, Supervision, Methodology, Conceptualization. Fernando Sampedro: Writing — review & editing, Validation, Su-
pervision, Conceptualization. Scott J. Wells: Writing — review & editing, Validation, Supervision. Duangporn Pichpol: Writing —
review & editing, Validation, Supervision, Resources, Project administration, Methodology, Funding acquisition, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal relationships which may be considered as potential competing in-
terests:Duangporn Pichpol reports article publishing charges was provided by Chiang Mai University. If there are other authors, they
declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work
reported in this paper.

Acknowledgments

This research, part of the project “Risk Assessment of Campylobacter jejuni in Chicken Meat Production in Northern Thailand”
(R000012692), was supported by Chiang Mai University and the University of Minnesota. The authors are particularly grateful to the
Veterinary Public Health and Food Safety Centre for the Asia Pacific, Faculty of Veterinary Medicine, Chiang Mai University for

providing laboratory facilities. We thank the Chiang Mai Livestock Office for providing list of slaughterhouses and facilitating

15



C. Jainonthee et al. Heliyon 10 (2024) e32345

slaughterhouse access.

References

[1]
(2]
[31

[4]
[5]

[6]

71

[8]
[91

[10]
[11]
[12]
[13]

[14]

[15]
[16]
[17]

[18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]

[33]

[34]
[35]

[36]

N.O. Kaakoush, N. Castano-Rodriguez, H.M. Mitchell, S.M. Man, Global epidemiology of Campylobacter infection, Clin. Microbiol. Rev. 28 (2015) 687-720,
https://doi.org/10.1128/cmr.00006-15.

A.O. Coker, R.D. Isokpehi, B.N. Thomas, K.O. Amisu, C.L. Obi, Human campylobacteriosis in developing countries, Emerg. Infect. Dis. 8 (2002) 237-244,
https://doi.org/10.3201/eid0803.010233.

L. Garcia-Sanchez, B. Melero, J. Rovira, Campylobacter in the food chain, Adv. Food Nutr. Res. 86 (2018) 215-252, https://doi.org/10.1016/bs.
afnr.2018.04.005.

M.B. Skirrow, Campylobacter enteritis: a "new" disease, Br. Med. J. 2 (1977) 9-11, https://doi.org/10.1136,/bmj.2.6078.9.

C.P.A. Skarp, M.L. Hanninen, H.I.K. Rautelin, Campylobacteriosis: the role of poultry meat, Clin. Microbiol. Infect. 22 (2016) 103-109, https://doi.org/
10.1016/j.cmi.2015.11.019.

S. Prachantasena, P. Charununtakorn, S. Muangnoicharoen, L. Hankla, N. Techawal, P. Chaveerach, P. Tuitemwong, N. Chokesajjawatee, N. Williams,

T. Humphrey, et al., Distribution and genetic profiles of Campylobacter in commercial broiler production from breeder to slaughter in Thailand, PLoS One 11
(2016) e0149585, https://doi.org/10.1371/journal.pone.0149585.

I. Perez-Arnedo, E. Gonzalez-Fandos, Prevalence of Campylobacter spp. in poultry in three Spanish farms, a slaughterhouse and a further processing plant, Foods
8 (2019), https://doi.org/10.3390/foods8030111.

D.J. Bolton, Campylobacter virulence and survival factors, Food Microbiol. 48 (2015) 99-108, https://doi.org/10.1016/j.fm.2014.11.017.

M.J. Blaser, Epidemiologic and clinical features of Campylobacter jejuni infections, J. Infect. Dis. 176 (Suppl 2) (1997) S103-S105, https://doi.org/10.1086/
513780.

J. Posch, G. Feierl, G. Wuest, W. Sixl, S. Schmidt, D. Haas, F.F. Reinthaler, E. Marth, Transmission of Campylobacter spp. in a poultry slaughterhouse and genetic
characterisation of the isolates by pulsed-field gel electrophoresis, Br. Poultry Sci. 47 (2006) 286-293, https://doi.org/10.1080/00071660600753763.

J. Anderson, B.J. Horn, B.J. Gilpin, The prevalence and genetic diversity of Campylobacter spp. in domestic "backyard’ poultry in Canterbury, New Zealand,
Zoonoses Public Health 59 (2012) 52-60, https://doi.org/10.1111/j.1863-2378.2011.01418.x.

F.M. Colles, N.D. McCarthy, R. Layton, M.C. Maiden, The prevalence of Campylobacter amongst a free-range broiler breeder flock was primarily affected by flock
age, PLoS One 6 (2011) e22825, https://doi.org/10.1371/journal.pone.0022825.

A. Giombelli, M.B. Gloria, Prevalence of Salmonella and Campylobacter on broiler chickens from farm to slaughter and efficiency of methods to remove visible
fecal contamination, J. Food Protect. 77 (2014) 1851-1859, https://doi.org/10.4315/0362-028x.Jfp-14-200.

B. Garin, M. Gouali, M. Wouafo, A.M. Perchec, M.T. Pham, N. Ravaonindrina, F. Urbeés, M. Gay, A. Diawara, A. Leclercq, et al., Prevalence, quantification and
antimicrobial resistance of Campylobacter spp. on chicken neck-skins at points of slaughter in 5 major cities located on 4 continents, Int. J. Food Microbiol. 157
(2012) 102-107, https://doi.org/10.1016/j.ijfoodmicro.2012.04.020.

A. Osimani, L. Aquilanti, M. Pasquini, F. Clementi, Prevalence and risk factors for thermotolerant species of Campylobacter in poultry meat at retail in Europe,
Poultry Sci. 96 (2017) 3382-3391, https://doi.org/10.3382/ps/pex143.

M.E. Berrang, R.J. Buhr, J.A. Cason, J.A. Dickens, Broiler carcass contamination with Campylobacter from feces during defeathering, J. Food Protect. 64 (2001)
2063-2066, https://doi.org/10.4315/0362-028x-64.12.2063.

S. Stella, E. Tirloni, C. Bernardi, G. Grilli, Evaluation of effect of chilling steps during slaughtering on the Campylobacter sp. counts on broiler carcasses, Poultry
Sci. 100 (2021) 100866, https://doi.org/10.1016/j.psj.2020.11.043.

C. Vinueza-Burgos, M. Cevallos, M. Cisneros, I. Van Damme, L. De Zutter, Quantification of the Campylobacter contamination on broiler carcasses during the
slaughter of Campylobacter positive flocks in semi-industrialized slaughterhouses, Int. J. Food Microbiol. 269 (2018) 75-79, https://doi.org/10.1016/j.
ijfoodmicro.2018.01.021.

Z. Huang, Extensions to the k-means algorithm for clustering large data sets with categorical values, Data Min. Knowl. Discov. 2 (1998) 283-304, https://doi.
org/10.1023/A:1009769707641.

A. Chaturvedi, P.E. Green, J.D. Caroll, K-modes clustering, Appl. Environ. Microbiol. 18 (2001) 35-55, https://doi.org/10.1007/s00357-001-0004-3.

ISO 17604, Microbiology of Food and Animal Feeding Stuffs — Carcass Sampling for Microbiological Analysis, 2003.

ISO 10272-1, Microbiology of food and animal feeding stuffs — horizontal method for detection and enumeration of Campylobacter spp. — Part 1: Detection
Method, 2006.

M. Denis, C. Soumet, K. Rivoal, G. Ermel, D. Blivet, G. Salvat, P. Colin, Development of a m-PCR assay for simultaneous identification of Campylobacter jejuni and
C. coli, Lett. Appl. Microbiol. 29 (1999) 406-410, https://doi.org/10.1046/j.1472-765x.1999.00658.x.

ISO 10272-2, Microbiology of Food and Animal Feeding Stuffs — Horizontal Method for Detection and Enumeration of Campylobacter Spp. — Part 2: Colony-
Count Technique, 2006.

T. Seliwiorstow, J. Baré, I. Van Damme, M. Uyttendaele, L. De Zutter, Campylobacter carcass contamination throughout the slaughter process of Campylobacter-
positive broiler batches, Int. J. Food Microbiol. 194 (2015) 25-31, https://doi.org/10.1016/j.ijfoodmicro.2014.11.004.

H. Rosenquist, H.M. Sommer, N.L. Nielsen, B.B. Christensen, The effect of slaughter operations on the contamination of chicken carcasses with thermotolerant
Campylobacter, Int. J. Food Microbiol. 108 (2006) 226-232, https://doi.org/10.1016/].ijfoodmicro.2005.12.007.

D. Hermans, K. Van Deun, A. Martel, F. Van Immerseel, W. Messens, M. Heyndrickx, F. Haesebrouck, F. Pasmans, Colonization factors of Campylobacter jejuni in
the chicken gut, Vet. Res. 42 (2011) 82, https://doi.org/10.1186/1297-9716-42-82.

J.T. Beery, M.B. Hugdahl, M.P. Doyle, Colonization of gastrointestinal tracts of chicks by Campylobacter jejuni, Appl. Environ. Microbiol. 54 (1988) 2365-2370,
https://doi.org/10.1128/aem.54.10.2365-2370.1988.

S.E. Wirz, G. Overesch, P. Kuhnert, B.M. Korczak, Genotype and antibiotic resistance analyses of Campylobacter isolates from ceca and carcasses of slaughtered
broiler flocks, Appl. Environ. Microbiol. 76 (2010) 6377-6386, https://doi.org/10.1128/aem.00813-10.

T. Seliwiorstow, J. Baré, D. Berkvens, I. Van Damme, M. Uyttendaele, L. De Zutter, Identification of risk factors for Campylobacter contamination levels on broiler
carcasses during the slaughter process, Int. J. Food Microbiol. 226 (2016) 26-32, https://doi.org/10.1016/j.ijfoodmicro.2016.03.010.

J. Robyn, G. Rasschaert, F. Pasmans, M. Heyndrickx, Thermotolerant Campylobacter during broiler rearing: risk factors and intervention, Compr. Rev. Food Sci.
Food Saf. 14 (2015) 81-105, https://doi.org/10.1111/1541-4337.12124.

1. Gruntar, M. Biasizzo, D. Kusar, M. Pate, M. Ocepek, Campylobacter jejuni contamination of broiler carcasses: population dynamics and genetic profiles at
slaughterhouse level, Food Microbiol. 50 (2015) 97-101, https://doi.org/10.1016/j.fm.2015.03.007.

K. Rivoal, C. Ragimbeau, G. Salvat, P. Colin, G. Ermel, Genomic diversity of Campylobacter coli and Campylobacter jejuni isolates recovered from free-range
broiler farms and comparison with isolates of various origins, Appl. Environ. Microbiol. 71 (2005) 6216-6227, https://doi.org/10.1128/aem.71.10.6216-
6227.2005.

J. Mota-Gutierrez, L. Lis, A. Lasagabaster, 1. Nafarrate, I. Ferrocino, L. Cocolin, K. Rantsiou, Campylobacter spp. prevalence and mitigation strategies in the
broiler production chain, Food Microbiol. 104 (2022) 103998, https://doi.org/10.1016/.fm.2022.103998.

N.J. Stern, M.R. Clavero, J.S. Bailey, N.A. Cox, M.C. Robach, Campylobacter spp. in broilers on the farm and after transport, Poultry Sci. 74 (1995) 937-941,
https://doi.org/10.3382/ps.0740937.

B. Borck Hgg, H.M. Sommer, L.S. Larsen, A.L. Sgrensen, B. David, M. Hofshagen, H. Rosenquist, Farm specific risk factors for Campylobacter colonisation in
Danish and Norwegian broilers, Prev. Vet. Med. 130 (2016) 137-145, https://doi.org/10.1016/j.prevetmed.2016.04.002.

16


https://doi.org/10.1128/cmr.00006-15
https://doi.org/10.3201/eid0803.010233
https://doi.org/10.1016/bs.afnr.2018.04.005
https://doi.org/10.1016/bs.afnr.2018.04.005
https://doi.org/10.1136/bmj.2.6078.9
https://doi.org/10.1016/j.cmi.2015.11.019
https://doi.org/10.1016/j.cmi.2015.11.019
https://doi.org/10.1371/journal.pone.0149585
https://doi.org/10.3390/foods8030111
https://doi.org/10.1016/j.fm.2014.11.017
https://doi.org/10.1086/513780
https://doi.org/10.1086/513780
https://doi.org/10.1080/00071660600753763
https://doi.org/10.1111/j.1863-2378.2011.01418.x
https://doi.org/10.1371/journal.pone.0022825
https://doi.org/10.4315/0362-028x.Jfp-14-200
https://doi.org/10.1016/j.ijfoodmicro.2012.04.020
https://doi.org/10.3382/ps/pex143
https://doi.org/10.4315/0362-028x-64.12.2063
https://doi.org/10.1016/j.psj.2020.11.043
https://doi.org/10.1016/j.ijfoodmicro.2018.01.021
https://doi.org/10.1016/j.ijfoodmicro.2018.01.021
https://doi.org/10.1023/A:1009769707641
https://doi.org/10.1023/A:1009769707641
https://doi.org/10.1007/s00357-001-0004-3
http://refhub.elsevier.com/S2405-8440(24)08376-2/sref21
http://refhub.elsevier.com/S2405-8440(24)08376-2/sref22
http://refhub.elsevier.com/S2405-8440(24)08376-2/sref22
https://doi.org/10.1046/j.1472-765x.1999.00658.x
http://refhub.elsevier.com/S2405-8440(24)08376-2/sref24
http://refhub.elsevier.com/S2405-8440(24)08376-2/sref24
https://doi.org/10.1016/j.ijfoodmicro.2014.11.004
https://doi.org/10.1016/j.ijfoodmicro.2005.12.007
https://doi.org/10.1186/1297-9716-42-82
https://doi.org/10.1128/aem.54.10.2365-2370.1988
https://doi.org/10.1128/aem.00813-10
https://doi.org/10.1016/j.ijfoodmicro.2016.03.010
https://doi.org/10.1111/1541-4337.12124
https://doi.org/10.1016/j.fm.2015.03.007
https://doi.org/10.1128/aem.71.10.6216-6227.2005
https://doi.org/10.1128/aem.71.10.6216-6227.2005
https://doi.org/10.1016/j.fm.2022.103998
https://doi.org/10.3382/ps.0740937
https://doi.org/10.1016/j.prevetmed.2016.04.002

C. Jainonthee et al. Heliyon 10 (2024) e32345

[37] M.M. Hasan, S. Talukder, A.K. Mandal, S.T. Tasmim, M.S. Parvin, M.Y. Ali, M.H. Sikder, M.T. Islam, Prevalence and risk factors of Campylobacter infection in
broiler and cockerel flocks in Mymensingh and Gazipur districts of Bangladesh, Prev. Vet. Med. 180 (2020) 105034, https://doi.org/10.1016/].
prevetmed.2020.105034.

[38] B. Lassen, B. Helwigh, C. Kahl Petersen, J. Ellis-Iversen, Systematic review of products with potential application for use in the control of Campylobacter spp. in
organic and free-range broilers, Acta Vet. Scand. 64 (2022) 24, https://doi.org/10.1186/513028-022-00644-z.

[39] C.C. Kpomasse, O.E. Oke, F.M. Houndonougbo, K. Tona, Broiler production challenges in the tropics: a review, Vet. Med. Sci. 7 (2021) 831-842, https://doi.
org/10.1002/vms3.435.

[40] D. de Chiusole, L. Stefanutti, A. Spoto, A class of k-modes algorithms for extracting knowledge structures from data, Behav. Res. Methods 49 (2017) 1212-1226,
https://doi.org/10.3758/513428-016-0780-7.

[41] X. Jin, J. Han, K-means clustering, in: C. Sammut, G.I. Webb (Eds.), Encyclopedia of Machine Learning, Springer US, Boston, MA, 2010, pp. 563-564, https://
doi.org/10.1007/978-0-387-30164-8_425.

[42] N.J. Stern, M.C. Robach, Enumeration of Campylobacter spp. in broiler feces and in corresponding processed carcasses, J. Food Protect. 66 (2003) 1557-1563,
https://doi.org/10.4315/0362-028x-66.9.1557.

[43] V.M. Allen, S.A. Bull, J.E. Corry, G. Domingue, F. Jgrgensen, J.A. Frost, R. Whyte, A. Gonzalez, N. Elviss, T.J. Humphrey, Campylobacter spp. contamination of
chicken carcasses during processing in relation to flock colonisation, Int. J. Food Microbiol. 113 (2007) 54-61, https://doi.org/10.1016/j.
ijfoodmicro.2006.07.011.

[44] G. Figueroa, M. Troncoso, C. Lopez, P. Rivas, M. Toro, Occurrence and enumeration of Campylobacter spp. during the processing of Chilean broilers, BMC
Microbiol. 9 (2009) 94, https://doi.org/10.1186,/1471-2180-9-94.

[45] S. Sevilla-Navarro, C. Marin, V. Cortés, C. Garcia, P. Catala-Gregori, Campylobacter prevalence and risk factors associated with exceeding allowable limits in
poultry slaughterhouses in Spain, Vet. Rec. 186 (2020) 415, https://doi.org/10.1136/vr.105558.

[46] M.E. Berrang, J.S. Bailey, S.F. Altekruse, B. Patel, W.K. Shaw Jr., R.J. Meinersmann, P.J. Fedorka-Cray, Prevalence and numbers of Campylobacter on broiler
carcasses collected at rehang and postchill in 20 U.S. processing plants, J. Food Protect. 70 (2007) 1556-1560, https://doi.org/10.4315/0362-028x-70.7.1556.

[47] F.Reich, V. Atanassova, E. Haunhorst, G. Klein, The effects of Campylobacter numbers in caeca on the contamination of broiler carcasses with Campylobacter, Int.
J. Food Microbiol. 127 (2008) 116-120, https://doi.org/10.1016/j.ijfoodmicro.2008.06.018.

[48] O. Hue, V. Allain, M.J. Laisney, S. Le Bouquin, F. Lalande, I. Petetin, S. Rouxel, S. Quesne, P.Y. Gloaguen, M. Picherot, et al., Campylobacter contamination of
broiler caeca and carcasses at the slaughterhouse and correlation with Salmonella contamination, Food Microbiol. 28 (2010) 862-868, https://doi.org/10.1016/
j.fm.2010.11.003.

[49] C.James, C. Vincent, T.I. de Andrade Lima, S.J. James, The primary chilling of poultry carcasses—a review, Int. J. Refrig. 29 (2006) 847-862, https://doi.org/
10.1016/j.ijrefrig.2005.08.003.

[50] M.P. Bashor, P.A. Curtis, K.M. Keener, B.W. Sheldon, S. Kathariou, J.A. Osborne, Effects of carcass washers on Campylobacter contamination in large broiler
processing plants, Poultry Sci. 83 (2004) 1232-1239, https://doi.org/10.1093/ps/83.7.1232.

[51] J.M. Kingsbury, B. Horn, B. Armstrong, A. Midwinter, P. Biggs, M. Callander, K. Mulqueen, M. Brooks, P. van der Logt, R. Biggs, The impact of primary and
secondary processing steps on Campylobacter concentrations on chicken carcasses and portions, Food Microbiol. 110 (2023) 104168, https://doi.org/10.1016/j.
fm.2022.104168.

[52] Y.Li, H. Yang, B.L. Swem, Effect of high-temperature inside-outside spray on survival of Campylobacter jejuni attached to prechill chicken carcasses, Poultry Sci.
81 (2002) 1371-1377, https://doi.org/10.1093/ps/81.9.1371.

[53] L. Duffy, G.A. Dykes, Growth temperature of four Campylobacter jejuni strains influences their subsequent survival in food and water, Lett. Appl. Microbiol. 43
(2006) 596-601, https://doi.org/10.1111/§.1472-765X.2006.02019.x.

17


https://doi.org/10.1016/j.prevetmed.2020.105034
https://doi.org/10.1016/j.prevetmed.2020.105034
https://doi.org/10.1186/s13028-022-00644-z
https://doi.org/10.1002/vms3.435
https://doi.org/10.1002/vms3.435
https://doi.org/10.3758/s13428-016-0780-7
https://doi.org/10.1007/978-0-387-30164-8_425
https://doi.org/10.1007/978-0-387-30164-8_425
https://doi.org/10.4315/0362-028x-66.9.1557
https://doi.org/10.1016/j.ijfoodmicro.2006.07.011
https://doi.org/10.1016/j.ijfoodmicro.2006.07.011
https://doi.org/10.1186/1471-2180-9-94
https://doi.org/10.1136/vr.105558
https://doi.org/10.4315/0362-028x-70.7.1556
https://doi.org/10.1016/j.ijfoodmicro.2008.06.018
https://doi.org/10.1016/j.fm.2010.11.003
https://doi.org/10.1016/j.fm.2010.11.003
https://doi.org/10.1016/j.ijrefrig.2005.08.003
https://doi.org/10.1016/j.ijrefrig.2005.08.003
https://doi.org/10.1093/ps/83.7.1232
https://doi.org/10.1016/j.fm.2022.104168
https://doi.org/10.1016/j.fm.2022.104168
https://doi.org/10.1093/ps/81.9.1371
https://doi.org/10.1111/j.1472-765X.2006.02019.x

	Exploring the influence of slaughterhouse type and slaughtering steps on Campylobacter jejuni contamination in chicken meat ...
	1 Introduction
	2 Materials and methods
	2.1 Study area and categorization of slaughterhouses
	2.2 Slaughterhouse profiles
	2.3 Sample collection
	2.4 Microbiological methods
	2.4.1 Sample preparation
	2.4.2 Bacterial isolation
	2.4.3 Direct plating technique
	2.4.4 DNA extraction and mPCR confirmation
	2.4.5 C. jejuni enumeration

	2.5 Data Preprocessing
	2.6 Data analyses

	3 Results
	3.1 Slaughtering practices
	3.2 Sample profiles
	3.3 Cluster profiles

	4 Discussion
	5 Conclusion
	Funding
	Ethical approval statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


