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Abstract 

Campylobacter spp. are a major foodborne zoonosis, and poultry slaughterhouses are One 
Health interfaces where animal carriage, environmental reservoirs and worker exposure 
intersect. We performed a comprehensive systematic review and meta-regression to quan-
tify how slaughter stages and in-plant interventions affect Campylobacter concentration 
and prevalence on poultry carcasses and meat. The Scopus literature search engine was 
accessed to collect articles that focused on observational studies and challenge tests, re-
porting results on Campylobacter concentrations or prevalence in both pre-stage/non-inter-
vened and post-stage/intervened groups. From a total of 4080 studies initially retrieved, 
71 were eligible for inclusion in the meta-analysis, yielding 1256 observations. Meta-re-
gression models were adjusted according to the type of outcome measure: log10 reduction 
for concentration outcomes and ln risk ratio (ln RR) for prevalence outcomes. Meta-anal-
ysis showed reductions in Campylobacter counts after scalding (0.898 log10 reduction on 
neck skin p < 0.001), carcass rinsing with water (0.523 log10, p = 0.043), and after sanitisation 
combined with chilling (0.692 log10, p < 0.001). Although significant, chilling was found to 
slightly decrease Campylobacter prevalence by 8% (95% CI: 1–17%; ln RR = 0.082, p = 0.032). 
Intervention strategies reducing Campylobacter concentrations included processing in 
colder climates (autumn and winter) (1.927 log10, p = 0.005), application of plant extracts 
(1.493 log10, p = 0.008), use of organic acids (1.192 log10, p < 0.001) and chemical carcass 
sanitisation (1.031 log10, p < 0.001). Organic acids also reduced the prevalence of Campylo-
bacter in poultry carcass slaughter groups (ln RR = 1.079, p = 0.009), whereas freezing did 
not reach statistical significance (0.740 log10, p = 0.288). Environmental synthesis high-
lighted high pooled prevalence in transport crates (0.833, 95% CI 0.765–0.885) and among 
operators (0.732, 95% CI 0.404–0.917), supporting their role as reservoirs and vectors. 
Meta-regressions demonstrated that the measured effectiveness of slaughter stages and 
intervention strategies were driven by key moderators, namely, sample weight, type of 
sample, type of chemical/organic acid/extract and its concentration, mode of application 
and storage time. Despite substantial heterogeneity and small study effects for concentra-
tion, the evidence supports the implementation of a multi-barrier One Health strategy 
combining the control of incoming contamination, hygiene of equipment and personnel, 
and optimised rinsing/sanitisation and chilling to reduce consumer risks. 
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1. Introduction 
Campylobacteriosis is recognised as the leading cause of diarrheal diseases world-

wide. Indeed, in 2010, of the 600 million cases of illness caused by 31 foodborne infectious 
agents, the majority—550 million cases—were due to diarrheal diseases. Among these, 
Campylobacter species were responsible for 96 million cases [1]. 

Fresh meat from chicken and other poultry species is considered the primary source 
of human campylobacteriosis worldwide [2–4]. This is supported by studies using multi-
locus sequence typing and whole-genome sequencing, which have shown that poultry is 
the primary source of human Campylobacter infections across various geographical con-
texts. The findings of these studies provide a strong case for interventions targeting con-
trols at the slaughter line, while recognizing that transmission can occur at various stages. 
[5–7]. This occurs due to cross-contamination, improper handling, and subsequent con-
sumption of contaminated meat [2,8]. The EFSA (2011) suggested that reducing the num-
ber of Campylobacter in the intestines at slaughter by 3 log10 units could reduce the risk to 
public health by at least 90% [9]. Therefore, numerous risk assessment studies indicate 
that, while challenging, understanding the dynamics of poultry processing stages in 
slaughterhouses is crucial for identifying key risk factors and preventing cross-contami-
nation [10,11]. Additionally, understanding how each stage of the processing line affects 
Campylobacter levels can help reduce the incidence of campylobacteriosis in humans [11]. 

In practice, worldwide poultry slaughterhouses are designed with nine processing 
stages: stunning, bleeding, scalding, plucking or defeathering, evisceration, washing, 
chilling, portioning and packaging, as well as refrigeration [4,12,13]. During processing, 
the prevalence or concentration of Campylobacter changes across stages. For instance, 
scalding helps reduce Campylobacter contamination by applying high temperatures that 
inactivate bacteria on carcasses and wash away contaminants with water [12]. Meanwhile, 
plucking and evisceration are recognised as the most critical stages of the slaughter line, 
as they are associated with elevated levels of Campylobacter [12,14,15]. This is because, 
during the plucking or defeathering stage, cross-contamination of carcasses occurs due to 
the mechanical action of the machines and the tendency of microbial contaminants to dis-
perse in all directions through aerosols [4]. At the same time, since evisceration involves 
removing internal organs from the carcass, it may occasionally occur that faecal contami-
nate the carcasses if the intestines of colonised birds rupture [14]. Furthermore, the micro-
bial load and prevalence continue to decrease in subsequent processing stages [14,16]; 
moreover, during chilling, which is assumed to be the final stage of the slaughter process, 
contamination levels in carcasses decrease significantly, both in terms of microbial load 
and prevalence [12,14]. 

Due to the proximity of carcasses on the processing line, there is a likelihood of cross-
contamination at all stages through aerosols, processing water, contaminated surfaces and 
equipment, as well as the hands of factory workers [4,17]. Therefore, to minimise the risk 
of contamination during processing in slaughterhouses, it is necessary to implement spe-
cific management strategies. These interventions should be based, firstly, on compliance 
with good hygiene practices, aimed at reducing faecal contamination during the slaughter 
process; and, secondly, on decontamination, aimed at reducing the number of Campylo-
bacter through physical, chemical, and biological treatment [13,18–20]. Physical treatments 
include water-based treatments, air chilling, and freezing, while chemical treatments in-
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volve adding organic acids, chlorine-based solutions, phosphate-based compounds, sul-
phate-based compounds, and others to the water [20]. Biological intervention consists of 
applying treatments such as bacteriophages, plant extracts, essential oils, and their deriv-
ative compounds to the carcass, neck skin, and other parts of the poultry [21–24]. 

Despite multiple review studies and meta-analyses have addressed the impact of 
Campylobacter in poultry slaughterhouses [25–28], few have conducted a quantitative syn-
thesis that encompasses the effectiveness of processing steps, carcass interventions, and 
environmental risk factors that may contribute to the spread of this pathogen along the 
processing line. Therefore, this study aims to conduct a comprehensive systematic review 
and meta-analysis to (i) identify the critical processing steps involved in poultry slaughter 
and their effectiveness in reducing Campylobacter levels; (ii) determine the effectiveness of 
currently-implemented and/or proposed intervention strategies in lowering Campylobac-
ter levels in poultry carcasses; and (iii) identify environmental risk factors that contribute 
to the spread of Campylobacter in poultry slaughterhouses. 

2. Materials and Methods 
2.1. Study Design and Research Question 

This systematic review was conducted following the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [29]. The research question 
was formulated using the Population, Intervention, Comparator, and Outcome (PICO) 
framework [30]. As in the meta-analysis conducted by Zefanias et al. [31], the population 
consisted of poultry (chickens, turkeys, and ducks at any stage of slaughter and pro-
cessing. The interventions or treatments included processing stages and intervention 
strategies implemented in slaughterhouses. The comparator refers to the control group, 
understood as the pre-stage group when a processing stage is evaluated; or the non-inter-
vened group when an intervention strategy is assessed. The measured outcomes are the 
concentration or prevalence of Campylobacter on poultry carcasses or poultry meat in the 
pre-stage/non-intervened group (control) and the post-stage/intervened (treated) group. 
Occurrence of Campylobacter in environmental samples of the slaughterhouse was also re-
garded as a measured outcome, although that specific meta-analysis (environmental ele-
ments) was of PO (Population, Outcome) type. 

2.2. Literature Search Strategy 

A targeted literature search was performed in July 2024 using the Scopus electronic 
database to identify original articles published from 1995 onwards. Searches were carried 
out in the title, abstract and keywords fields. Bibliographic searches combined terms re-
lated to Campylobacter infection or colonisation in poultry, on-farm interventions, control 
measures, processing stages, treatments or risk factors, connected by the logical operators 
“AND” and “OR”. 

The following search string was employed: 
((prevalence) OR (“risk factor”) OR (risk) OR (intervention*) OR (strateg*) OR (“ob-

servational study”) OR (“cohort”) OR (“longitudinal study”) OR (cross-sectional) OR 
(“cross sectional”) OR (farm*) OR (source*) OR (colonization) OR (colonisation) OR (“con-
trol measure”) OR (“control measures”) OR (husbandry) OR (management) OR (“free 
range”) OR (free-range) OR (slaughter*) OR (abattoir)) 

AND 
((“avian campylobacteriosis”) OR (“campylobacter infection”) OR (campylobacter) 

OR (campylobacteriosis)) 
AND 
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((poultry OR (broiler) OR (hen*) OR (chicken*) OR (chick*) OR (duck) OR (turkey) 
OR (bird*) OR flock*)). 

2.3. Eligibility and Exclusion Criteria 

All papers retrieved from Scopus were imported into Rayyan software [32] for 
screening. Since only one database was used, no duplicate records were identified. Two 
researchers separately reviewed titles and abstracts of the studies using the pre-defined 
eligibility criteria. Studies were included if they met all of the following conditions: (i) 
written in English, Spanish or Portuguese; (ii) primary and original study; (iii) conducted 
in live (pre-slaughter) chickens, turkeys or ducks, their carcasses or meat produced at 
slaughterhouses anywhere in the world; (iv) reported on the effect of processing stages, 
interventions or treatments aimed at controlling Campylobacter at the slaughterhouse level 
(v) provided data on Campylobacter concentration and/or prevalence in both control and 
treated groups. In this study, the initial stage of the processing line was designated as the 
control group, while the subsequent phase was designated as the treatment group. 

No restrictions were applied regarding type of intervention. Studies were excluded 
if: (i) no processing stage or intervention to control Campylobacter or no explicit environ-
mental risk factor was evaluated; (ii) no sufficient data were provided to calculate the ef-
fect size for Campylobacter concentration or prevalence; or (iii) the article was a review, 
systematic review or meta-analysis. 

In the present systematic review, only papers deemed “not potentially biased” were 
included. This means that articles that were suspicious of having any bias were excluded; 
namely, selection bias (i.e., not random samples such as infected chickens), methodologi-
cal bias (i.e., methods not duly explained or at least referenced), detection bias (e.g., not 
stating the sample weight analyzed) and reporting quality (e.g., discrepancies in results 
between text and tables). Such bias types were defined according to Cochrane reviews’ 
recommendations for assessing risk of bias in a randomised trial [33]. As a consequence, 
there was no need to assess the effect of bias risk on the effect size or to conduct sensitivity 
analyses, since these papers were not included in the meta-analysis in the first place. 

2.4. Data Extraction 

After the preliminary screening, full texts of eligible articles were retrieved, and rel-
evant data were extracted manually into a structured Microsoft Excel spreadsheet. Data 
extraction was performed by one reviewer and independently verified by other two re-
viewers. The following information was recorded for each study: 

(a) Study identification: reference code and full citation. 
(b) Country: country in which the study was conducted. 
(c) Bacterial species: Campylobacter species investigated. 
(d) Bird species carcass/meat: chickens, turkeys or ducks. 
(e) Processing stage: refers to bleeding, scalding, plucking, evisceration, washing, 

chilling, packaging, or any other stage reported in the study. 
(f) Intervention: refers to the intervention strategy or treatment adopted to control Cam-

pylobacter in poultry, such as use chemical sanitisers, organic acids, plant extracts, 
freezing, or any other intervention under investigation in the study. Colder climates 
are defined as processing in autumn and winter, and were included as a risk factor. 

(g) Type of treatment application: it refers to how the intervention/treatment was ap-
plied, for instance, whether immersion or spraying in the case of chemical sanitisa-
tion of carcasses. 

(h) Treatment duration: it refers to contact timing (in minutes) between chemical sanitis-
ers and carcasses at the point of evisceration or rinsing. 
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(i) Treatment concentration: it is the concentration of chemical sanitiser, organic acid or 
plant extract applied in the treatment (g/L or g/kg). 

(j) Temperature: refers to the temperature of water or sanitizing solutions used in stages 
such as scalding, plucking, evisceration or sanitizing. 

(k) Storage time: it refers to the time (days) the meat treated with plant extract or organic 
acids is cold stored before analysis. 

(l) Inoculum size: inoculum concentration in specific cases where studies reported re-
sults in which carcasses were artificially contaminated with Campylobacter strains. 

(m) Sample type: refers to the type of sample used for microbiological analysis; i.e., feath-
ers, neck skin, breast, cloaca, carcass rinse water, scalding water, wings and drum-
sticks. 

(n) Environmental source: refers to one-group samples taken from the slaughterhouse 
environment, such as: live animals (cloaca), scalding tank, plucker, eviscerator, chill 
tank, operator hands/gloves, caecal content, and other miscellaneous. 

(o) Sample weight or volume: employed for Campylobacter analysis either for detection 
or enumeration. 

(p) Count results: consisting of sample size (total number of samples), measures of cen-
tral tendency (mean and/or median concentration in CFU/g, CFU/mL or CFU/car-
cass) and standard deviation for both control and treated groups. When the standard 
error of the mean was reported, the sample standard deviation was derived accord-
ingly. 

(q) Prevalence results: consisting of the sample size and the number of positive samples 
for both control and treated groups. 

Whenever results were only presented graphically, numerical data were extracted 
using Plot Digitizer Software version 5.2 [34]. 

2.5. Meta Regression Models 

The meta-analysis study considered three main effect sizes depending on the type of 
outcome variable: (i) an effect size measured as the log10 reduction attained by a processing 
stage or intervention using Campylobacter counts data; (ii) an effect size measured as the 
log risk ratio of a processing stage or intervention using Campylobacter prevalence data; 
and (iii) an effect size measured as the logit proportion [35] of the presence of Campylobac-
ter in environmental elements from poultry slaughterhouses. 

For concentration outcomes, each effect size was calculated as log10 reduction, that is, 
the logarithm base 10 of the ratio of the concentrations in the control and treated groups: 𝑦௜ = 𝑙𝑜𝑔ଵ଴ 𝐶௖௢௡௧௥௢௟ ௜𝐶௧௥௘௔௧௘ௗ ௜ 
where 𝐶௖௢௡௧௥௢௟ ௜  and 𝐶௧௥௘௔௧௘ௗ ௜   are the mean Campylobacter concentrations (CFU/g, 
CFU/mL, CFU/cm2 or CFU/carcass) in the study i for the control and treated groups, re-
spectively. Positive values of 𝑦௜ indicate a reduction in concentration in the treated group, 
whereas negative values indicate increase in concentration in the treated group. The effect 
size variance, 𝑉ሺ𝑦௜ሻ, for each study i was estimated as 𝑉ሺ𝑦௜ሻ = 𝜎௖௢௡௧௥௢௟ ௜ଶ𝑛௖௢௡௧௥௢௟ ௜ + 𝜎௧௥௘௔௧௘ௗ ௜ଶ𝑛௧௥௘௔௧௘ௗ ௜ 
where  𝜎௖௢௡௧௥௢௟ ௜ and 𝜎௧௥௘௔௧௘ௗ ௜ are the standard deviations of the log10 concentrations of 
Campylobacter in the control and treated group, respectively; and 𝑛௖௢௡௧௥௢௟ ௜ and 𝑛௧௥௘௔௧௘ௗ ௜ 
are the number of samples analyzed in the control and treated groups, respectively. Most 
of the times, 𝑛௖௢௡௧௥௢௟ ௜ and 𝑛௧௥௘௔௧௘ௗ ௜ were the same. 
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Three types of random-effects meta-regression models were fitted to the log10 reduc-
tion effect size data: (i) a meta-regression model utilizing the complete dataset, placing 
processing stage/intervention as moderator, in order to summarise the pooled mean log10 
reduction in Campylobacter load attained by the different stages and interventions; (ii) uni-
variate meta-regressions separately fitted by processing stage/intervention, in which 
quantitative moderators were entered to the model one at a time to explore their associa-
tion with the log10 reduction. The moderators included sample weight, duration of treat-
ment, concentration applied in the treatment, temperature, storage time, and inoculum of 
Campylobacter strain in case of challenge tests; and (iii) multivariable meta-regressions sep-
arately fitted by processing stage/intervention, in which several moderators were now in-
cluded simultaneously to determine the most important ones driving the reductions in 
Campylobacter load. It is worth mentioning that sample weight is not regarded as a mod-
erator that could drive intervention effectiveness, but a covariate that could reflect meth-
odological artifacts. For instance, low sample weights may not have sufficient detection 
sensitivity to point out significant effectiveness of an intervention. 

For prevalence outcomes, the effect size 𝑦௜  comparing post-stage/intervened 
(treated) group with pre-stage/non-intervened (control) group was expressed as the nat-
ural logarithm of the risk ratio (RR), defined as 𝑦௜ = ln𝑅𝑅௜ = ln 𝑝௖௢௡௧௥௢௟ ௜𝑝௧௥௘௔௧௘ௗ ௜ 
where 𝑝௖௢௡௧௥௢௟ ௜  and 𝑝௧௥௘௔௧௘ௗ ௜  are the proportions of Campylobacter-positive samples in 
the control and treated groups, respectively, for study i. Values of 𝑦௜  greater than zero 
indicate a reduction in prevalence in the treated group relative to the control. The effect 
size variance, 𝑉ሺ𝑦௜ሻ, for each study i was estimated as 𝑉ሺ𝑦௜ሻ = 𝑛௖௢௡௧௥௢௟ ௜ − 𝑠௖௢௡௧௥௢௟ ௜𝑛௖௢௡௧௥௢௟ ௜𝑠௖௢௡௧௥௢௟ ௜ + 𝑛௧௥௘௔௧௘ௗ ௜ − 𝑠௧௥௘௔௧௘ௗ ௜𝑛௧௥௘௔௧௘ௗ ௜𝑠௧௥௘௔௧௘ௗ ௜  

where 𝑛௖௢௡௧௥௢௟ ௜  and 𝑛௧௥௘௔௧௘ௗ ௜  are the number of analyzed samples in the control and 
treated group, respectively; and 𝑠௖௢௡௧௥௢௟ ௜ and 𝑠௧௥௘௔௧௘ௗ ௜ are the number of Campylobacter-
positive samples in the control and treated group, respectively. 

The continuity correction used to prevent mathematical errors of dividing by zero or 
taking the logarithm of zero, was the Haldane–Anscombe correction, which consists of 
adding 0.5 to the each of the four cells in the 2 × 2 contingency table for any study that 
contains at least one zero. 

Two types of random-effects meta-regression models were fitted to the log risk ratio 
effect size data: (i) an overall meta-regression model utilising the complete dataset, plac-
ing processing stage/intervention as moderator, in order to summarise the pooled log re-
duction in Campylobacter prevalence attained by the different treatments; and (ii) multi-
variable meta-regressions separately fitted by processing stage/intervention, in which sev-
eral moderators were included simultaneously to determine the most important ones af-
fecting the reductions in Campylobacter prevalence. 

For single-group prevalence outcomes relative to live animals and environmental 
sources (i.e., entrance, scalding and plucking area, evisceration area, chilling room), the 
effect size 𝑦௜ was defined as the logit transformation of the proportion of positive samples 
(𝑝௜) for each source i, 𝑦௜ = ln 𝑝௜(1 − 𝑝௜) 

The effect size variance, 𝑉(𝑦௜), for each study i was estimated as 𝑉(𝑦௜) = 1𝑠௜ + 1𝑛௜ − 𝑠௜ 
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where 𝑛௜ is the total number of samples taken, and 𝑠 ௜ is the number of Campylobacter-
positive samples. For this type of data, one single meta-regression model was fitted to the 
logit proportions, placing source as moderator, in order to summarise the overall Campyl-
obacter prevalence in live birds and environmental sources. In all meta-regressions, effect 
sizes were weighted by the inverse of their sampling variance [36,37]. 

For the three types of effect sizes described above, random-effects meta-regression 
models had the general form: 𝑦௜௝ = 𝛽଴ + ෍ ൫𝛽௞ × 𝑥௞ ௜௝൯௞ +  𝑢௜ + 𝜀௜௝ 
where 𝑦௜௝ is the effect size for observation j belonging to study i, 𝑥௞ ௜௝ are qualitative or 
quantitative moderator variables, 𝛽௞  are fixed-effect coefficients, 𝑢௜  is the study-level 
random effect with variance τ2, and 𝜀௜௝  is the within-study sampling error. In all meta-
regressions—univariate and multilevel, the clustering variable was the primary study, 
and the random effects were placed only in the intercept (𝛽଴). An unstructured covariance 
matrix was used [37] All statistical analyses were performed using RStudio (version 
2025.5.0; Posit Software, PBC) [38], using the metafor package for all meta-regressions and 
graphs [39] and sqldf for data manipulation [40]. 

2.6. Assessment of Heterogeneity, Accuracy and Consistency, and Publication Bias 

As performed in Zefanias et al. [31], heterogeneity analysis was carried out in every 
prevalence and concentration meta-regression. To quantify the impact of this between-
study variability, we used the I2 statistic, which expresses the percentage of total variabil-
ity in observed effect sizes that is attributable to heterogeneity rather than chance 
[28,32,33]. From a null random-effects model, the within-study variance (s2) and the be-
tween-study variance (τ2) were obtained, so that the I2 statistic could be calculated as 𝐼ଶ = 𝜏ଶ(𝜏ଶ + 𝑠ଶ) × 100% 

A value of 0% can be interpreted as no observed heterogeneity, whereas values of 
~25%, 50% and 75% are interpreted as low, moderate and high heterogeneity, respectively 
[41,42]. After fitting meta-regression models with moderators, the residual between-study 
variance (𝜏௥௘௦ଶ ) could be obtained, which allowed for the calculation of R2, defined as the 
proportion of between-study variability explained by the set of moderators: 𝑅ଶ = (𝜏ଶ −  𝜏௥௘௦ଶ )𝜏ଶ  

The accuracy and consistency of the study results were explored using Galbraith (ra-
dial) plots [43,44]. In these plots, the standardised effect size 𝑧௜ for each observation i 
(𝑧௜ = 𝑦௜/𝑆𝐸௜) is plotted on the y-axis against precision (1/𝑆𝐸௜) on the x-axis (SE: standard 
error). Under a homogeneous random-effects model, points are expected to fall within 
approximate 95% reference bands around the regression line. Deviations from this pattern 
and points lying far outside the reference bands are used to visually assess heterogeneity; 
and to identify potential outliers. 

Uncertainty around pooled effects and moderator coefficients was summarised 
through the standard errors reported in the tables, associated p-values, and the confidence 
intervals linked to these statistics. Galbraith plots provided a complementary graphical 
assessment of consistency and possible influential observations and outliers. 

Publication bias [45] were evaluated using two approaches. First, by observing the 
level of asymmetry of funnel plots which points towards publication bias or other small 
study effects [45,46]. Secondly, by including the total sample size as a moderator in meta-
regression models [47]. A statistically significant sample size (p < 0.05) is interpreted as 
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evidence of small study effects that could be compatible with publication bias and was 
considered alongside the funnel plot patterns. 

3. Results 
3.1. Description of the Meta-Analytical Data 

The article selection process for this meta-analysis is compiled in the PRISMA flow 
diagram (Figure 1). A total of 4080 articles were retrieved from the Scopus database. After 
screening titles, abstracts and keywords according to the predefined inclusion and exclu-
sion criteria, seventy-four articles were retained for full-text assessment, and 4006 records 
were excluded. Data was extracted from the 74 selected papers following complete read-
ing. Of these, seventy-one articles met the criteria for inclusion in the meta-analysis, 
whereas the other 3 studies were excluded because effect sizes could not be reliably de-
rived or other methodological concerns, including suspected bias. In total, 1256 effect size 
observations were extracted and were available for analysis. Although the review covered 
chickens, turkeys, and ducks, most intervention studies were conducted in chickens, 
which accounted for 94% of the data. 

 

Figure 1. PRISMA chart describing the steps involved in selecting studies that assess the effect of 
slaughter-level processing stages or intervention strategies on the occurrence of Campylobacter in 
poultry carcasses and meat. 
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Campylobacter concentration data related to processing stages consisted of 435 obser-
vations taken from 41 studies [48–88]; whereas the concentration data on interventions 
comprised 431 observations extracted from 26 papers [49,55,66,68,71,72,79,88–105]. For 
prevalence, the Campylobacter data relative to processing stages consisted of 290 observa-
tions from 41 studies [48,54,57–60,62,64–66,68,71,73,74,76–83,86,87,89,91,106–120]; while 
those of interventions comprised 9 studies with 27 observations [68,71,79,86,94,100–
102,110]. Finally, the meta-analysis of processing sources included 25 studies with 73 ob-
servations [49,59,64,68,71,78,82,86,87,108,112,114,116,118]. Some studies contributed data 
to more than one of these outcome categories. 

3.2. Overall Effects of Processing Stages and Interventions on the Concentration of  
Campylobacter in Poultry 

To estimate the overall effects of processing stages and interventions on Campylobac-
ter concentration in poultry, meta-analyses were adjusted using the full dataset. Pooled 
effect sizes of log10 reduction are presented in Table 1. 

For each processing stage and intervention, the meta-regression model also estimated 
the standard error and p-value, which are useful for comparing the effectiveness of the 
processing stages and interventions. Nonetheless, non-significance can also arise from 
lack of agreement (i.e., high heterogeneity) between studies. 

Considering the results for the processing stages (Table 1), neck cutting and bleeding, 
as well as the evisceration stages yielded mean negative estimates (−0.315 ± 0.400; −0.110 
± 0.195, respectively) although non-statistically significant. This indicates that in some 
studies, these stages contributed to an increase in Campylobacter concentrations. In con-
trast, the sanitisation/chilling and carcass rinsing stages showed a positive, highly signif-
icant effect (p < 0.05), indicating a mean decline in Campylobacter microbial loads of ~0.7 
and ~0.5 log10, respectively. 

Moreover, although the scalding, plucking, and routinary cleaning/disinfection were 
not statistically significant (p > 0.1), they still showed a positive effect. A notable effect was 
observed at the packaging stage, which showed the highest reduction in Campylobacter 
concentrations (0.966 ± 0.570; p = 0.088). 

In general, the intervention strategies attained greater mean log10 reductions that the 
critical processing stages. Positive and highly significant effect (p < 0.05) were the mean 
Campylobacter reductions achieved by the application of plant extracts, organic acids, and 
chemical sanitisation, and colder climates. Interestingly, slaughtering poultry in autumn 
and winter (as opposed to spring and summer) yielded the highest reduction in Campylo-
bacter concentrations, achieving a mean log10 of 1.927 ± 0.695 (p = 0.005). By contrary, chem-
ical sanitisation showed the lowest mean log10 reduction of 1.031 ± 0.278 (p < 0.001). Alt-
hough freezing showed a positive effect (0.740 ± 0.697, p = 0.288), it did not reach statistical 
significance (p > 0.05) due to the few observations (n = 4) available for pooled effect esti-
mation. 

Regarding heterogeneity, the overall meta-analysis revealed an intraclass correlation 
(I2) of 49%, which Higgins and Thompson would classify as moderate [41]. This value 
suggests that most of the variability between studies is due to heterogeneity and not mere 
chance [34]. Furthermore, a fraction of 27% of this heterogeneity (R2) could be explained 
by the stages/interventions. Nevertheless, there are still some unexplained residual heter-
ogeneity (Q-test for residual heterogeneity, p < 0.001). 

The level of heterogeneity could also be inferred from the six-sigma radial plot (Fig-
ure 2, top), where, although most of the standardised effect sizes were concentrated in the 
range xi = <0.6–0.9>, reflecting high precision and a greater contribution to the joint effect. 



Appl. Microbiol. 2026, 6, 77 10 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

Table 1. Mean effects of the slaughter processing stages and interventions on the concentration of 
Campylobacter in poultry, showing heterogeneity analysis performed on the overall meta-regression 
model. 

Stages and Interventions 
Log10 Reduction (Control Group/Treated Group) 

Estimate [SE] p-Value n/N 
Heterogeneity 

Analysis 
Stages     

Neck cutting and bleeding −0.315 [0.400] 0.439 19/6  
Scalding 0.403 [0.329] 0.221 25/9 I2 = 48.7% 
Plucking 0.330 [0.239] 0.163 55/18 p(Q) < 0.001 

Evisceration −0.110 [0.195] 0.583 138/25 R2 = 26.2% 
τres2 = 0.9777 

Carcass rinsing with water 0.523 [0.258] 0.043 35/12  
Sanitisation and chilling 0.692 [0.176] <0.001 137/30  

Packaging and cold storage 0.966 [0.570] 0.088 22/3  
Routinary cleaning/disinfection 0.905 [0.585] 0.118 4/3  

Interventions    Pub.bias 
Colder climate 1.927 [0.695] 0.005 14/2 p < 0.001 

Freezing 0.740 [0.697] 0.288 4/2  
Plant extracts (carcasses/meat cuts) 1.493 [0.563] 0.008 196/3  
Organic acids (carcasses/meat cuts) 1.192 [0.272] <0.001 144/13  

Chemical sanitisation of carcasses 1.031 [0.278] <0.001 73/13  

Furthermore, the Galbraith plot suggests the presence of few outliers and overall 
consistency between the effects, given that the distribution of zi values is mainly within 
the limits of <2; +2>. In relation to publication bias, the funnel plot (Figure 2, bottom) re-
veals certain asymmetry, whereas the p-value (<0.001 in Table 1) confirms the presence of 
strong study size effects on the pooled estimates. These results suggest that it is very likely 
that studies that failed to prove the efficiency of an intervention strategy or a critical stage 
remained unpublished, however, this conclusion should be interpreted with caution. 
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Figure 2. Six-sigma radial plot (top) and funnel plot (bottom) of the overall meta-regression on the 
effect of slaughter processing stages and interventions on the concentration of Campylobacter in poul-
try. Markers symbolise interventions: € = Chilling, ○ = Cleaning and disinfection, ∆ = Evisceration, 
+ = Freezing, × = Neck cutting and bleeding, ◊ = Packaging, ▼ = Plucking,  = Scalding, * = Wash-
ing,  = Chemical sanitisation,  = Colder climates,  = Organic acids,  = Plant extracts. 

3.3. Univariate Analysis of the Effects of Processing Stages and Interventions on the Concentra-
tion of Campylobacter in Poultry 

The univariate analysis aimed at preliminarily identifying potential study character-
istics moderating the effects of effects of processing stages and intervention strategies on 
Campylobacter concentrations in poultry. Table 2 compiles the p-values of the association 
between mean log10 reductions attained by each processing stage/intervention with avail-
able study characteristics. 

Sample weight was consistently found to moderate the estimates of effectiveness of 
stages/interventions, having a direct relationship with the effects of neck cutting and 
bleeding (p = 0.002), plucking (p = 0.010), evisceration (p < 0.001), sanitizing and chilling (p 
= 0.001), and application of organic acids (p < 0.001) and plant extracts (p < 0.001) on Cam-
pylobacter population. In general, higher amounts or extent of the sample analysed in-
creased the likelihood of detecting Campylobacter, leading to greater log10 reductions. 

The duration of treatment also played a role in the impact of processing stages and 
interventions to suppress Campylobacter in poultry. In the processing stages of plucking (p 
= 0.001) and sanitizing and chilling (p < 0.001), the duration of the treatment with chemical 
sanitisers was positively related with the extent of Campylobacter log10 reduction in poultry 
carcasses. Similarly, for the intervention strategies of chemical sanitisation of car-
casses/meat (p = 0.083) and application of organic acids on carcasses/meat (p < 0.001), the 
longer the treatment duration, the higher the observed mean log10 reductions in Campylo-
bacter load (Table 2). 

As encountered with the duration of the treatment with sanitisers, the sanitiser con-
centration was found to have a direct—and consistently strong—impact on the effective-
ness of sanitising and chilling (p = 0.033), chemical sanitisation of carcasses/meat (p < 
0.001), and application of organic acids (p < 0.001), and plant-based extracts (p < 0.001). 
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Table 2. Univariate analysis aiming to identify the potential study characteristics moderating the 
effect of slaughter processing stages and interventions on the concentration of Campylobacter in poul-
try. p-values are shown, and whenever significant (α = 0.10), direct (+) or inverse (−) relationship 
with the quantitative moderator is indicated. 

Quantitative Moderators 
Tested Individually 

Log10 reduction (Control Group–Treated Group)  
Sample 
Weight 

Duration of 
Treatment 

Treatment Con-
centration Temperature Storage 

Time 
Inoculum in 

Challenge Test 
Stages       

Neck cutting and bleeding 0.002 
(+) 

NA NA NA NA NA 

Scalding 0.314 0.152 NA 0.140 NA NA 

Plucking 0.010 
(+) 

0.001 
(+) 

0.666 0.005 
(−) 

NA NA 

Evisceration 
<0.001 

(+) 
0.025 

(−) 0.227 0.723 NA NA 

Carcass rinsing with water 0.574 NA NA NA NA NA 

Sanitizing and chilling 
0.001 

(+) 
<0.001 

(+) 
0.033 

(+) 
<0.001 

(+) NA NA 

Packaging an cold storage NA NA NA NA NA NA 
Routinary cleaning and 

disinfection 
NA NA NA NA NA NA 

Interventions       

Chemical sanitisation 0.552 0.083 
(+) 

<0.001 
(+) 

<0.001 
(−) 

NA 0.576 

Organic acids <0.001 
(+) 

<0.001 
(+) 

<0.001 
(+) 

<0.001 
(+) 

<0.001 
(+) 

0.449 

Plant extracts <0.001 
(+) 

NA <0.001 
(+) 

NA <0.001 
(+) 

0.036 
(−) 

Freezing NA NA NA NA NA NA 
Colder climates NA NA NA NA NA NA 

NA: not applicable; no univariate meta-analysis could be adjusted because quantitative moderator 
was not available in the given stage/intervention dataset. p-values in bold indicate statistically sig-
nificant association between variables. 

The temperature at which the treatment took place was found to be negatively asso-
ciated with the effectiveness of plucking (with sanitisers) (p = 0.005) and of sanitisation 
with chemicals (p < 0.001). This can be understood by the fact that many sanitisers are 
volatile compounds, and when temperature rise above 40–50°C the active ingredient may 
evaporate or decompose before it can eliminate the pathogens. For instance, sodium hy-
pochlorite is very sensitive to heat. At higher temperatures, chlorine dissipates as a gas, 
therefore reducing the concentration of the sanitiser in the water [121,122]. 

In the case of intervention strategies, where studies were experimentally conducted 
through pathogen’s inoculation, chill storage time of poultry carcass/meat treated with 
organic acids (p < 0.001) or plant extracts (p < 0.001) contributed to a greater mean log10 
reduction in Campylobacter. In other words, this finding points out that the concentration 
of Campylobacter in poultry meat treated with organic acids or plant extracts decreases 
during shelf life. This is likely to be a result of cumulative damage. 

Finally, from the univariate analysis, it was found that in challenge studies entailing 
poultry carcasses or meat, the inoculum size can drive the measured effectiveness of an 
intervention. This is the case of the effectiveness of plant extracts, where it was found that 
the greater the concentration of Campylobacter inoculated on/in the meat, the lower the 
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mean log10 reductions quantified. This effect is well known in predictive microbiology and 
is called “active agent saturation”. The effectiveness of compounds like carvacrol or or-
ganic acids depends on the ratio between the number of agent molecules and the number 
of bacterial cells. At low inoculum, there is an excess of molecules for each bacterial cell, 
ensuring rapid death. However at high inoculum, the concentration of the agent can be-
come the limiting factor. If each carvacrol molecule binds to a site on the membrane of a 
bacterium, a massive inoculum can simply sequester the available agent before all cells 
are affected [123,124]. 

3.4. Multilevel Meta-Analysis on the Effects of Processing Stages on the Concentration of  
Campylobacter in Poultry 

Due to the observed heterogeneity in the overall meta-analysis, multilevel meta-re-
gression models were adjusted within specific subgroups to more accurately examine the 
effects of various moderators. The results of these multilevel meta-analysis models on the 
effect of slaughter processing stages are presented in Table 3, and are described below. 

Table 3. Best-fit multilevel meta-analysis models describing the effect of slaughter processing stages 
on the concentration of Campylobacter in poultry. Number of observations (n), heterogeneity analysis 
and p-value of the publication bias test are shown. 

Measure (Log10 Re-
duction) 

Parameter Estimate 
Standard Er-

ror 
p-Value n 

Heterogeneity 
Analysis 1 

Neck cutting and 
bleeding 

Sample weight 0.003 0.001 0.014  s2 = 1.411 
τ2 = 0.0541 
I2 = 3.7% 

p(QE) < 0.001 
R = 0.264 
Pub. bias 
p = 0.941 

Sample type 
Breast feathers 
Neck skin 
Carcass rinse 

 
0.546 
−0.785 
1.135 

 
0.185 
0.348 
0.443 

 
0.003 
0.024 
0.010 

 
17 

Scalding Sample type 
Neck skin 
Carcass rinse 

 
0.898 
1.618 

 
0.245 
0.253 

 
<0.001 
<0.001 

 
 

24 

s2 = 0.8974 
τ2 = 0.5689 
I2 = 38.8% 

p(QE) < 0.001 
R = 0.761 
Pub. bias 
p = 0.129 

Plucking Sample weight 0.003 0.001 0.040  s2 = 1.6707 
τ2 = 1.5963 
I2 = 51.1% 

p(QE) < 0.001 
R = 0.338 
Pub. bias 
p = 0.092 

Treatment with sanitiser 
None 
Chlorine 
Citric acid 
Lactic acid 
Sodium hypochlorite 
Trisodium phosphate 

 
−0.367 
0.053 
0.061 
0.056 
2.172 
−0.182 

 
0.376 
0.424 
1.088 
1.087 
1.189 
1.089 

 
0.328 
0.900 
0.955 
0.959 
0.067 
0.867 

 
 

47 

Evisceration Intercept −0.623 0.194 0.001  s2 = 0.7473 
τ2 = 0.4830 
I2 = 39.3% 

p(QE) < 0.001 
R = 0.506 
Pub. bias 
p = 0.556 

Sample weight 0.003 0.001 <0.001  
Treatment with sanitiser 

Cetylpyridinium chl. 
Citric acid 
Hot water sprayed 
Lactic acid 
Peroxyacetic acid 

 
0.912 
0.923 
1.031 
1.058 
1.025 

 
0.571 
0.800 
0.134 
0.797 
0.568 

 
0.110 
0.249 
<0.001 
0.184 
0.071 

 
99 
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Sodium hypochlorite 
Sodium phosphate 
None 

−0.931 
0.903 

- 

0.816 
0.794 

- 

0.254 
0.258 

Carcass rinsing with 
water (all by immer-

sion) 

Intercept 
Sample type 

Breast skin 
Neck skin 
Carcass rinse 

0.410 
 

0.023 
0.028 
0.001 

0.001 
 

0.011 
0.005 
0.001 

<0.001 
 

0.040 
<0.001 
0.035 

 
 
 

33 

s2 = 0.1121 
τ2 = 0.0247 
I2 = 18.0% 

p(QE) < 0.001 
R = 0.397 
Pub. bias 
p = 0.124 

Sanitizing and 
chilling 

Sample type 
Unknown 
Breast skin 
Neck skin 
Carcass rinse 
Swab 
Thigh skin 

 
1.362 
0.807 
0.506 
1.017 
0.753 
0.292 

 
0.476 
0.459 
0.157 
0.166 
0.444 
0.645 

 
0.004 
0.078 
0.001 
<0.001 
0.089 
0.650 

 
 
 
 
 

130 

s2 = 0.8533 
τ2 = 0.4798 
I2 = 36.0% 

p(QE) < 0.001 
R = 0.644 
Pub. bias 
p = 0.222 

Treatment with sanitiser 
Acidified sodium chl. 
Chlorine 
Hot water sprayed 
Peroxyacetic acid (PA) 
PA + sodium hydroxide 
Sodium thiosulfate 
None 

 
0.578 
−0.860 
−0.121 
0.410 
−0.877 
−1.351 

- 

 
0.125 
0.345 
0.138 
0.102 
0.261 
0.258 

- 

 
<0.001 
0.013 
0.377 
<0.001 
0.001 
<0.001 

- 

 

Packaging Sample type 
Neck skin 
Swab 

 
1.451 
−0.057 

 
0.310 
0.447 

 
<0.001 
0.897 

 
 
 

22 

s2 = 1.1552 
τ2 = 0.6851 
I2 = 37.2% 

p(QE) < 0.001 
R = 0.624 
Pub. bias 
p = 0.403 

Routinary cleaning 
and disinfection 

Environmental swabs 0.879 0.255 <0.001  
 
4 

s2 = 0.2967 
τ2 = 0.1534 
I2 = 34.0% 
Pub. bias 
p < 0.001 

1 Heterogeneity analysis encompasses within-study variability (s2), between-study variability (τ2), 
and intra-class correlation (I2) of the null model, and QE test of residual heterogeneity, and square 
root of the between-study variability explained by significant moderators (R2) from the full model. 

3.4.1. Neck Cutting and Bleeding Stage Meta-Regression Model 

This model was adjusted based on 17 data points for the variables sample weight and 
sample type, both highly significant (p < 0.05; Table 3). The results exhibited a positive 
association between sample weight with estimate effect of 0.003 ± 0.001 and Campylobacter 
reduction during neck cutting/bleeding, suggesting that higher sample amounts enable a 
better measurement of the difference in Campylobacter on pre-bleeding and post-bleeding 
carcasses. This trend is also illustrated in Figure 3 (bottom left), which shows a slight pos-
itive correlation as the sample amount increases. 

Additionally, our measurement of the reduction effect was heavily impacted by the 
type of sample obtained. Microbiological determinations made on carcass rinse (1.135 ± 
0.443) led to higher estimates of Campylobacter reduction in comparison to breast feathers 
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(0.546 ± 0.185; Table 3). By contrary, neck skin (−0.785 ± 0.348) turned out to be the type of 
sample that would more likely show that bird killing increases Campylobacter concentra-
tions in poultry. The impact of sample type can be explained by the greater area for Cam-
pylobacter recovery when sampling a full carcass, and the normally higher contamination 
found in neck skin [125,126]. Neck skin birds is considered the site of highest load of Cam-
pylobacter due to a combination of anatomical, physical, and processing factors [4]. 

  

  

Figure 3. Meta-analytical bubble plots depicting the significant relationship (p < 0.10) between mod-
erators and the effect of slaughter processing stages on the levels of Campylobacter in poultry. Dashed 
lines are 95% confidence bands. Top left: ○ = Breast feathers, ∆ = Neck skin, + = Rinse; Top right: € = 
No sanitiser, ○ = Chlorine, ∆ = Citric acid, + = Lactic acid, × = Sodium hypochlorite, ◊ = Trisodium 
phosphate; Bottom left: € = No sanitiser, ○ = Cetylpyridinium chloride, ∆ = Citric acid, + = Hot water 
sprayed, × = Lactic acid, ◊ = Peroxyacetic acid, ▼ = Sodium hypochlorite,  = Trisodium phosphate; 
Bottom right: € = No sanitiser, ○ = Acidified sodium chlorite, ∆ = Chlorine, × = Peroxyacetic acid, ◊ = 
Peroxyacetic acid and sodium hydroxide. 

In terms of heterogeneity analysis, the neck cutting/bleeding stage meta-regression 
model revealed a low intraclass correlation (I2 = 3.7%), with the two moderators account-
ing for 26% of the variability between studies (R2). However, some unexplained variability 
remains (Q_E test, p < 0.001), likely due to unmeasured variables, such as bird age at 
slaughter and bleeding method (manual or automatic). In addition, the observed p-value 
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(p = 0.941) indicates that there is no evidence of publication bias, suggesting robustness of 
the parameter estimates [42]. 

3.4.2. Scalding Stage Meta-Regression Model 

The meta-regression model examining the effect of scalding stage was fitted using 24 
observations from different sample types, including neck skin and rinsed carcass taken 
before and after scalding. The results demonstrated that the scalding stage is effective in 
reducing Campylobacter regardless of the sample (p < 0.1). However, the overall reduction 
effect depends on the type of sample taken from the poultry carcass. The pooled reduction 
in Campylobacter due to scalding was found to be higher when measured by rinsing the 
entire carcass (1.618 ± 0.253) than when measured in neck skin samples (0.899 ± 0.245). As 
observed in the neck cutting/bleeding meta-regression, this arises from the greater odds 
of recovering Campylobacter from neck skin, even so after scalding, due to the numerous 
folds, crevices and deep follicles. The structure of the neck skin offers a larger surface area 
for bacterial adhesion, facilitating microcolony formation [127]. 

For the scalding stage meta-regression model, between-study heterogeneity was rel-
atively low (I2 = 39%), and type of sample accounted for a high proportion of the variability 
across studies (R2 = 76%). Nevertheless, some variability remains unexplained (Q_E test, 
p < 0.001), because potential moderators such as scalding temperature and time were not 
reported in all studies. However, the model showed no evidence of publication bias (p = 
0.129; Table 3), suggesting robustness of the findings [42]. 

3.4.3. Plucking Stage Meta-Regression Model 

The meta-regression model, designed to identify the study characteristics affecting 
Campylobacter concentration during plucking, retained sample weight and treatment with 
sanitiser as significant moderators. Once again, it was found that as sample weight in-
creased, the measurement uncertainty decreased and the likelihood of detecting Campyl-
obacter increased; consequently, the reduction effect of plucking turned out to be higher 
(0.003 ± 0.001; p = 0.040; Table 3). Such a trend, although slight, can also be visualised in 
Figure 3 (top right). 

According to the primary studies recovered, the chemicals applied during plucking 
were chlorine, citric acid, lactic acid, sodium hypochlorite, and trisodium phosphate. The 
sanitiser chosen to assist plucking was found to have a significant effect on the extent of 
Campylobacter reduction. Among all sanitisers, sodium hypochlorite produced the higher 
reduction (2.172 ± 1.189; p = 0.067) reaching significance. In contrast, chlorine, citric acid 
and lactic acid displayed positive reduction effects about the same order of magnitude 
(0.053–0.061) but did not reach statistical significant (p > 0.1). The effectiveness of sanitisers 
can be influenced by factors beyond temperature, including the chemical agent’s proper-
ties, pH levels, and the presence of organic matter in the solution [128]. For instance, so-
dium hypochlorite is a strong oxidizing agent that acts as hypochlorous acid; therefore, 
its effectiveness against microorganisms increases when the pH is between 7.0 and 7.5, 
near neutral pH values as this facilitates penetration through cell membranes, whereas its 
efficacy decreases at high pH [129]. On the other hand, higher pH levels and the presence 
of organic matter can diminish the effectiveness of certain sanitisers on surfaces [121,130]. 
This reduction in effectiveness may explain the lower efficacy observed with sanitisers 
such as chlorine, citric acid, and lactic acid. 

The heterogeneity measurement from the plucking stage meta-regression revealed 
moderate intraclass correlation (I2 = 51.1%). Sample weight and chemical treatment jointly 
accounted for ~34% of the between-study variability; and further analysis showed that 
there was significant remaining non-explained heterogeneity (Q_E test, p < 0.001). The 
study characteristic sanitiser’s concentration could not be included as moderator due to 
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incomplete reporting. The test for small study effects did not indicate evidence of publi-
cation bias (p = 0.092; Table 3). 

3.4.4. Evisceration Stage Meta-Regression Model 

The meta-regression on the effectiveness of the evisceration stage can be regarded as 
robust as it was based on nearly 100 observations. As in plucking, the evisceration stage 
was able to reduce the Campylobacter populations in poultry only when a chemical treat-
ment (or hot water sprayed) was incorporated. This can be deduced from the significant 
negative intercept (−0.623 ± 0.194; p = 0.001), and the positive ones for the different sani-
tisers (Table 3). Notice that in the variable treatment, the class “none” with a mean of zero 
represents the absence of a sanitiser; and therefore the coefficients reported for each sani-
tiser treatment indicate deviations from this baseline. Based on them, the treatment of car-
casses with hot water spray (1.031 ± 0.134; p < 0.001), peroxyacetic acid (1.025 ± 0.568; p = 
0.071) and cetylpyridinium chlorine (0.912 ± 0.571; p = 0.110 was proven to be effective in 
reducing Campylobacter counts on carcasses in about 1.0 log10. This meta-regression failed 
to prove the efficacy of citric acid, lactic acid, sodium hypochlorite and sodium phosphate 
to control Campylobacter at least at the stage of evisceration. Although all three treatments 
showed similar reductions of ~1 log10, their mechanisms of action differ. For instance, hot 
water spray has both physical and thermal effects that cause protein denaturation and 
rapid partial removal of bacteria from the surface [58]. In contrast, peroxyacetic acid in-
duces intracellular oxidative stress [129], while cetylpyridinium chloride disrupts the bac-
terial membrane via electrostatic interactions [131]. Nevertheless, their effectiveness dur-
ing evisceration may be influenced by contact time, the presence of organic load, and the 
complex structure of poultry skin [129,132]. 

As already seen in bleeding and plucking, sample weight (0.003 ± 0.001; p = 0.001) 
was a significant variable affecting the measured effectiveness of evisceration, because 
large quantities sampled increase the likelihood of obtaining precise microbial concentra-
tion estimates. Reduced sample amounts are associated, on the contrary, with results 
heavily subjected to randomness, and therefore of greater uncertainty. Although there is 
dispersion in the relationship, the corresponding bubble plot shows the positive trend 
between sample amount and mean log10 reduction in Campylobacter (Figure 3, bottom left). 

In this model, the between-study heterogeneity was relatively low (I2 = 39.3%), and 
the two moderators accounted for more than 50% of the variability between studies (R2), 
leaving some residual variability unexplained by the model (Q_E test, p < 0.001). This may 
reflect that other key factors such as concentration, mode of application, and timing of 
contact with the sanitiser, could have explained more variability; yet, they were not avail-
able to the authors. Furthermore, the model’s publication bias was not significant (p = 
0.556), suggesting robustness in the meta-regression estimates [42]. 

3.4.5. Carcass Rinsing Meta-Regression Model 

In the meta-regression on carcass washing data, only type of sample was found to 
drive the measured effectiveness of this stage for controlling Campylobacter. It is worth 
mentioning that this dataset comprised concentrations on pre-wash and post-wash car-
casses only when water was employed. According to the overall model, immersing car-
casses in water reduces Campylobacter concentrations in about 0.5 log10 (Table 1). However, 
such an estimation of reduction is affected by sample type, with neck skin (0.028 ± 0.005) 
and breast skin (0.023 ± 0.011) leading to higher reduction estimates than the carcass rinse 
sampling method (0.001 ± 0.001; Table 3). This can be explained by the fact that neck and 
breast skin are known to accumulate microorganisms such as Campylobacter and Salmo-
nella, because during processing poultry carcasses are hung by their feet, causing wash 
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water and other fluids to run down. Therefore, in pre-wash carcasses, Campylobacter re-
coveries are very likely to be higher in neck and breast skin samples than from carcass 
rinse samples. 

For the stage of carcass rinsing, the publication bias test did not signal any file-drawer 
problem, as evidenced by the p-value of 0.222. Between-study heterogeneity value was 
low (I2 = 18%), but even so sample type accounted for 39% of the variability between stud-
ies (R2), leaving some residual variability unexplained by the model (Q_E test, p < 0.001). 

3.4.6. Sanitisation and Chilling Meta-Regression Model 

The sanitisation/chilling dataset constitutes the stage with the highest number of ob-
servations available (n = 130), and comprises concentrations of Campylobacter in pre-sani-
tised poultry carcasses and post-chill carcasses (taken at ~18–24 h in chill storage). In this 
meta-regression, two moderators were found to affect the reduction effect of sanitisa-
tion/chilling: sample type and sanitiser (Table 3). Once again, the type of sample taken 
from the carcass heavily affected the estimation of the effectiveness of sanitisation/chilling 
for controlling Campylobacter. The greatest reduction was quantified in samples of carcass 
rinse (1.017 ± 0.166; p < 0.001), followed by carcass swab (0.753 ± 0.444; p = 0.089), breast 
skin (0.807 ± 0.459; p = 0.078), and neck skin (0.506 ± 0.157; p = 0.001). It is very likely that 
the sample type codified as “unknown” refers to the carcass rinse sampling method, yet 
it was not clearly specified in the studies. 

The effectiveness of chilling as a key processing stage to reduce Campylobacter popu-
lations was further affected by the sanitiser used during carcass washing. Acidified so-
dium chlorine (0.578 ± 0.125; p < 0.001) and peroxyacetic acid (0.410 ± 0.102; p < 0.001) led 
to greater and comparable Campylobacter reductions, followed by chlorine (−0.860 ± 0.345; 
p = 0.013) and peroxyacetic acid + sodium hydroxide (−0.877 ± 0.261; p = 0.001). Among all 
available sanitisers, sodium thiosulfate appeared as the least effective (−1.351 ± 0.258; p < 
0.001). In this case, the greater effect observed in acidified sodium chlorite and peroxya-
cetic acid can be attributed to their strong oxidative capacity and relative stability even in 
the presence of organic matter [132]. In addition, the cooling process itself may also indi-
rectly increase the effect of these sanitisers by stressing Campylobacter cells. In contrast, the 
low effect observed with chlorine treatments is likely due to the low availability of free 
residual chlorine in chilled water and the high organic load. To note, peroxyacetic acid is 
stable in slightly acidic pH solutions [133]; therefore, its combination with sodium hy-
droxide may have reduced the solution’s antimicrobial efficacy. Notably, sodium thiosul-
fate exhibited the lowest efficacy, consistent with its role as a chlorine-neutralising agent 
rather than an antimicrobial compound [134]. 

Even though, concentration of sanitisers was not retained in the meta-regression 
model, the bubble plot shown in Figure 3 (bottom right) evidences that higher concentra-
tions tended to yield higher Campylobacter reductions, at least for acidified sodium chlo-
rite, peroxyacetic acid and peroxyacetic acid + sodium hydroxide. 

For the sanitisation/chilling meta-regression, the between-study heterogeneity was 
relatively low (I2 = 36%), and the two moderators retained by the model accounted for a 
large proportion of between-study variability (R2 = 64%). Nevertheless, according to the 
Q_E test of heterogeneity, the remaining residual variability was significant (p < 0.001). 
Furthermore, the non-significant p-value for publication bias (p = 0.222; Table 3) indicates 
that the meta-regression estimates can be regarded as robust. 

3.4.7. Packaging Stage Meta-Regression Model 

According to the meta-regression fitted on Campylobacter concentration data obtained 
from poultry meat before packaging in modified atmosphere and after cold storage (5–10 
days), there was a significant pathogen’s reduction of 1.451 ± 0.310 log10 (p < 0.001) when 
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microbiological determinations were carried out in neck skin. In the case of swabs, given 
the few observations available, the results were inconclusive. 

Modified atmosphere packaging (MAP) could reduce the viability of Campylobacter 
if exposed to high oxygen concentrations (60–80%) since those levels cause oxidative 
stress. Studies have shown that mixtures with 80% O2 and 20% CO2 can reduce bacterial 
counts by approximately 0.7 to 1.2 log10 after one week of storage. Furthermore, atmos-
pheres with high O2 can induce Campylobacter to enter a VBNC state. This means that the 
bacteria do not grow in traditional culture media [135], although remain alive and poten-
tially capable of causing infection if ingested. Despite carbon dioxide inhibits spoilage 
bacteria, it has a limited effect on directly eliminating Campylobacter. However, it helps 
extend the shelf life of the product, which indirectly allows for more time for the natural 
reduction in the pathogen through desiccation or cold. 

In this particular meta-regression model, the between-study heterogeneity was rela-
tively low (I2 = 37.2%), and the only moderator retained—sample type—was able to ex-
plain a large proportion of the between-study variance (R2 = 62%). Nevertheless, some 
residual heterogeneity remained (Q_E test, p = 0.001). There was no evidence of publica-
tion bias according to the non-significant test for small study effects (p = 0.403; Table 3). 

3.4.8. Routinary Cleaning and Disinfection Meta-Analysis Model 

For the routinary cleaning and disinfection data, a simple random-effects meta-anal-
ysis was conducted due to the absence of moderators. The good hygiene strategy was able 
to significantly reduce Campylobacter populations by 0.879 ± 0.255 log10 in the environmen-
tal elements of poultry slaughterhouses, as tested by the swabbing method (Table 3). Sev-
eral studies indicate that plucking and evisceration can increase the risk of contamination. 
However, by strictly implementing good manufacturing and hygiene practices, particu-
larly thorough cleaning and disinfection of equipment, the risk of cross-contamination 
between carcasses and meat from colonised batches during slaughter can be significantly 
reduced [9,136], as demonstrated in this meta-analysis. Despite this, there is still a risk that 
certain strains of Campylobacter may form biofilms in the slaughterhouse environment 
[137], likely due to inadequate hygiene. This persistence may explain their continued pres-
ence even after cleaning and disinfection, as noted in the literature [17]. 

The intra-class correlation (I2 = 34%) pointed out the presence of a relatively low be-
tween-study heterogeneity, which was encouraging, given that no moderators were avail-
able to explain such heterogeneity. Nonetheless, the pooled mean reduction estimate must 
be interpreted with caution, since according to the likely presence of publication bias (p = 
0.001; Table 3), some studies encountering that cleaning and disinfection did not decrease 
Campylobacter in the environment may have remained unpublished. 

3.5. Multilevel Meta-Analysis on the Effects of Interventions on the Concentration of Campylo-
bacter in Poultry 

Table 4 compiles the meta-regression estimates of the effect of intervention strategies 
on Campylobacter concentration in poultry carcasses and meat. Pre- and post-intervention 
data were available for chemical sanitisation, organic acids, plant extracts, freezing, and 
colder climate. 
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Table 4. Best-fit multilevel meta-analysis models describing the effect of slaughter-level interven-
tions on the concentration of Campylobacter in poultry. Number of observations (n), heterogeneity 
analysis and p-value of the publication bias test are shown. 

Measure (Log10 Reduc-
tion) 

Parameter Estimate 
Standard Er-

ror 
p-Value n 

Heterogeneity 
Analysis 1 

Chemical sanitisation 
of carcasses 

Form of application 
Immersion 
Spraying 

 
1.839 
1.303 

 
0.254 
0.268 

 
<0.001 
<0.001 

 
 
 
 

68 

s2 = 0.9337 
τ2 = 0.7155 
I2 = 43.4% 

p(QE) < 0.001 
R = 0.559 
Pub. bias 
p = 0.680 

Sample type 
Cloaca 
Carcass (full rinse, neck, 
breast) 

 
−2.267 

- 

 
0.758 

- 

 
0.003 

 

Sanitiser 
Chlorine 
Chlorine dioxide 
Sodium hypochl. 
None (water) 

 
−1.794 
−1.288 
−0.777 
−1.042 

 
0.181 
0.755 
0.259 
0.058 

 
<0.001 
0.088 
0.003 
<0.001 

Sanitiser concentration 
Cetylpyridinium chl. 
Chlorine 
Sodium hypochl. 
Trisodium phosphate 

 
0.047 
17.46 
1.743 
0.009 

 
0.001 
3.993 
2.511 
0.001 

 
<0.001 
<0.001 
0.488 
<0.001 

Organic acids on car-
cass/meat cuts 

Intercept 0.434 0.163 0.008  s2 = 0.6824 
τ2 = 0.3714 
I2 = 35.2% 

p(QE) < 0.001 
R = 0.686 
Pub. bias 
p = 0.004 

Form of application 
Spraying 
Immersion 

 
−0.067 

- 

 
0.028 

- 

 
0.019 

 
Sample type 

Carcass 
Drumsticks 
Swabs 
Wings 
Breast 

 
0.213 
−0.129 
0.419 
0.656 

- 

 
0.178 
0.244 
0.258 
0.238 

- 

 
0.232 
0.598 
0.105 
0.006 

 
 
 

142 

Sanitiser concentration 
Acetic acid 
Blends of OA 
Citric acid 
Lactic acid 
Monocaprin emuls. 
Peroxyacetic acid 
Water 

 
−0.383 
0.036 
0.007 
0.008 
0.104 
1.193 

- 

 
0.081 
0.024 
0.002 
0.002 
0.005 
0.020 

- 

 
<0.001 
0.129 
<0.001 
<0.001 
<0.001 
<0.001 

 

Plant extracts on poul-
try meat 

Intercept −0.174 0.080 0.030  s2 = 0.6553 
τ2 = 0.5131 
I2 = 44.0% 

p(QE) < 0.001 
R = 0.775 
Pub. bias 
p = 0.082 

Sample weight 0.085 0.006 <0.001  
Storage time 0.001 0.001 0.213  
Extract concentration 

Carvacrol 
Carvacrol + Chitosan 
Carvacrol + Gum arabic 
Chitosan 
Cinnamaldehyde 
Linallol 

 
0.074 
0.030 
0.002 
0.012 
0.051 
0.031 

 
0.006 
0.002 
0.001 
0.003 
0.004 
0.008 

 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

 
195 

Freezing (Carcasses) Intercept 0.669 0.100 <0.001 4 
 

s2 = 0.0760 
τ2 = 0.0000 
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 I2 = 0.00% 
Pub. bias 
p = 0.462 

Colder climates 
(Caecal samples) 

Intercept 1.947 1.384 0.159 14 
 
 

s2 = 12.43 
τ2 = 3.816 
I2 = 23.4% 
Pub. bias 
p < 0.001 

1 Heterogeneity analysis encompasses within-study variability (s2), between-study variability (τ2), 
and intra-class correlation (I2) of the null model, and QE test of residual heterogeneity, and square 
root of the between-study variability explained by significant moderators (R2) from the full model. 

3.5.1. Chemical Sanitisation Meta-Regression Model 

The chemical sanitisation to be presented in this subsection differs from that of sani-
tising and chilling (Section 3.4.6) in that whereas the latter combines the results of non-
inoculated poultry samples taken at slaughterhouses, the former combines the experi-
mental results of the efficacy of different sanitisers to decrease Campylobacter in inoculated 
poultry meat. According to the meta-regression for chemical sanitisation, four moderators 
significantly affect its effectiveness in the reduction in Campylobacter in poultry: form of 
application, type of sample obtained, sanitiser and sanitiser concentration, which ex-
plained approximately 56% of the total variability between studies (Table 4). 

The results suggest that the application of sanitiser by immersion leads to a greater 
reduction effect of Campylobacter (1.839 ± 0.254; p < 0.001) in comparison to the spraying 
method (1.303 ± 0.268; p < 0.001). Prolonged contact time could be one of the main reasons 
for this difference. For instance, during immersion, the entire carcass surface is uniformly 
wetted, allowing for greater contact between the sanitiser and the microbial cells. In con-
trast, spraying may be hindered by rapid drying and droplet runoff, which can reduce the 
sanitiser’s effectiveness [138]; although the reduction estimates are affected by the poultry 
zone where a sample is taken. Thus, quantifying Campylobacter in cloaca produces lower 
estimates of reduction due to sanitisation. 

This is an expected outcome since Campylobacter in the poultry cloaca signals primary 
source infection through horizontal transmission (as opposed to post-contamination and 
cross-contamination). Campylobacter are specifically adapted to colonise the mucus layer 
of the lower gastrointestinal tract, particularly the ceca and cloaca; however, quantifying 
Campylobacter in the cloaca may not reflect the true bacterial load in the colonised intestine, 
as the cloaca may become positive due to transport or scalding processes [139]. 

When considering the efficacy of sanitisers, the meta-regression suggested that, on 
average at the usual concentrations applied, sodium hypochlorite leads to the greatest 
reduction effect (−0.777 ± 0.259; p = 0.003), while chlorine produces the smallest (−1.794 ± 
0.181; p < 0.001). Nonetheless, an increase in sanitiser concentration of 1 g/kg causes a 
higher increase in the effectiveness of chlorine (17.46 ± 3.993; p < 0.001) than in sodium 
hypochlorite (p = 0.488). Despite the observable data dispersion (Figure 4, top left), the 
bubble plot between sanitiser concentration and effectiveness of sanitisation can be appre-
ciated for cetylpyridinium chloride, chlorine, and sodium hypochlorite. Notice that most 
observations lay above the y-axis zero line, illustrating the effectiveness of sanitisers. 
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Figure 4. Meta-analytical bubble plots depicting the significant relationship (p < 0.10) between mod-
erators and the effect of slaughter-level intervention strategies on the levels of Campylobacter in poul-
try. Top left: € = Cetylpyridinium chloride, ○ = Chlorine, ∆ = Chlorine dioxide, + = Sodium hypo-
chlorite; Top right: € = Acetic acid, ○ = Blend of OAs, ∆ = Citric acid, + = Lactic acid, × = Monocaprin 
emulsion, ◊ = Peroxyacetic acid; Bottom left and right: € = Carvacrol, ○ = Carvacrol–chitosan, + = 
Chitosan, × = Cinnamaldehyde, ▼ = Linallol. 

Although, in univariate analysis, treatment duration had a significant effect on the 
effectiveness of chemical sanitisers, this moderator was not significant in the multilevel 
meta-analysis. Despite both sodium hypochlorite and chlorine sanitisers have antimicro-
bial activity capable of reducing microbial populations, as described above, their action 
on bacteria is mainly determined by the available chlorine in solution. For example, due 
to its oxidising power, sodium hypochlorite is more active than chlorine. Furthermore, 
sodium hypochlorite is less affected by organic matter than chlorine, which may explain 
the difference in the magnitude of reduction between these two sanitisers [130]. However, 
increasing the concentration of the sanitiser has been shown to reduce the amount of or-
ganic matter [132], which explains the greater efficacy of chlorine with each 1 g/kg added 
to the solution. 

The I2 value of 43.4% in this meta-regression suggests moderate variability between 
studies; however, the four moderators jointly explained ~56% of such variance (R2). Nev-
ertheless, some unexplained residual variability remained (Q_E test, p < 0.001), which re-
flects that other factors such as pH or treatment duration could be important; yet these 
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were not reported in several studies. The test of the effect of small studies was non-signif-
icant (p = 0.680; Table 4), suggesting the absence of publication bias and therefore the reli-
ability of estimates. 

3.5.2. Organic Acid Meta-Regression Model 

The meta-regression model adjusted for organic acids allowed for the evaluation of 
the effectiveness of acetic acid, citric acid, lactic acid, peroxyacetic acid, blends of organic 
acid and monocaprin emulsion in the control of Campylobacter populations in poultry car-
casses. Such effectiveness is driven by the form of application, the sanitiser concentration 
and the type of sample. As in chemical sanitisation, the application of organic acids by 
spraying the solution on the carcass is less effective than by immersing the carcass (−0.067 
± 0.028; p = 0.019 versus immersion as baseline; Table 4). 

In terms of sample type, when Campylobacter was enumerated on breast, the meas-
ured reductions tended to be the lowest (baseline), whereas samples of wings (0.656 ± 
0.238; p = 0.006) and carcass swabs (0.419 ± 0.258; p = 0.105) were associated to greater 
estimates of Campylobacter reduction. Based on water as a reference, peroxyacetic acid ap-
peared as the organic acid that achieved the greatest Campylobacter reduction (1.193 ± 
0.020; p < 0.001), followed by monocaprin emulsion (0.104 ± 0.005; p < 0.001), and blends 
of organic acid (0.036 ± 0.024; p = 0.129). Lactic acid (0.008 ± 0.002; p < 0.001), citric acid 
(0.007 ± 0.002; p < 0.001) and acetic acid (−0.383 ± 0.081; p < 0.001) exhibited the lowest 
efficacy to reduce Campylobacter among all organic acids. The bubble plot shown in Figure 
4 (top right) illustrates the effect of increasing the concentrations of citric acid, lactic acid, 
monocaprin emulsion and peroxyacetic acid on the reduction in Campylobacter on poultry 
carcasses, with the latter two being the most effective sanitisers. It is noteworthy mention-
ing that in univariate analysis, in addition to sanitiser’s concentration, treatment duration 
and temperature exhibited a significant effect on the effectiveness of organic acids, alt-
hough in multilevel meta-analysis these moderators did not reach significance. 

Peroxyacetic acid is exceptionally effective against Campylobacter primarily because 
it acts as a high-level oxidizing agent that physically dismantles the bacteria’s cellular 
structure. Unlike some traditional disinfectants, peroxyacetic acid remains potent even in 
the presence of the organic matter typically found in poultry processing environments 
[129]. Monocaprin emulsions are also highly effective against Campylobacter, during vari-
ous stages of poultry production. Monocaprin (the 1-monoglyceride of capric acid) is a 
natural lipid that acts as a potent microbicidal agent, causing rapid death of the bacteria 
by disrupting their cell membranes [140]. Campylobacter reductions by 2.0–2.7 log10 have 
been reported by immersing contaminated chicken parts in a 0.5% monocaprin emulsion 
for one minute [104]. 

In this data partition, the between-study heterogeneity was relatively low (I2 = 35.2%), 
and the inclusion of moderators explained 69% (R2) of such variability. As often seen in 
meta-regressions, some residual variability remained unexplained (Q_E test, p < 0.001), 
suggesting that the solution pH, temperature and time of contact could have been im-
portant moderators. However, their reporting was limited in several studies. In addition, 
the model revealed evidence of publication bias (p = 0.004; Table 4), suggesting that some 
studies using organic acids may not have been published, in particular if they failed to 
prove a significant action against Campylobacter; however, this conclusion should be inter-
preted with caution. 

3.5.3. Plant Extract Meta-Regression Model 

The meta-regression model presented in this section identified the moderators hav-
ing an impact on the effectiveness of plant extracts as inhibitors of Campylobacter. Sample 
weight and storage time were positively correlated with the effectiveness of plant extracts. 
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This indicates that the larger the amount of sample analysed, the higher the Campylobacter 
reduction estimate (p < 0.001), which is likely to stem from the higher certainty about the 
measurement. In the case of storage time, although there is no statistical significance (p = 
0.213), the positive coefficient would suggest a trend of a progressively greater reduction 
in Campylobacter in poultry treated with extracts over time. This can be appreciated in the 
bubble plot of storage time versus Campylobacter reduction effect shown in Figure 4 (bot-
tom, right). Greater reductions in time can be seen for carvacrol and cinnamaldehyde 
when treated poultry meat is stored for more than 60 h. 

Even though, the compounds derived from the plant extracts were all highly signifi-
cant (p < 0.001), their efficacy varied according to concentration applied, as shown in Table 
4 and Figure 4 (bottom left). The treatment with increasing concentrations of carvacrol 
(0.074 ± 0.006) and cinnamaldehyde (0.051 ± 0.004) resulted in a greater Campylobacter re-
duction effect, followed by linalool (0.031 ± 0.008). Despite being used in combination, 
increasing concentrations of carvacrol and gum-arabic had the lowest reduction effect 
(0.002 ± 0.001) among all compounds. On the other hand, the mixture of carvacrol and 
chitosan had a greater inhibition effect (0.030 ± 0.002) than chitosan alone (0.012 ± 0.003), 
but a lower effect than carvacrol alone. The impact of sanitiser concentration on the effec-
tiveness of the treatment is shown as a bubble plot in Figure 4 (bottom left), where the 
greater inhibitory effects can be appreciated for carvacrol and cinnamaldehyde. 

Both carvacrol and cinnamaldehyde are lipophilic, which allows them to cross and 
destabilise the lipid membrane of Campylobacter. While cinnamaldehyde interacts directly 
with proteins and lipids of the cell wall, compromising the structural integrity of the bac-
terium; carvacrol binds to the membrane, increasing its permeability and causing cell de-
polarisation. This results in the leakage of vital components, such as ions and ATP, leading 
to bacterial death [141]. 

In this meta-regression, the intra-class correlation of 44% implies moderate between-
study heterogeneity. The moderators retained accounted for 78% of the total variability 
between studies (R2), although, as usual, some unexplained variability remained (Q_E 
test, p < 0.001). No publication bias was signalled in this meta-regression (p = 0.082), which 
supports the robustness of the model estimates. 

3.5.4. Freezing and Colder Climate Meta-Analysis Models 

For the freezing data partition, a simple fixed-effects model was adjusted for poultry 
carcasses to a very limited dataset (n = 4) that did not contain moderators. Nonetheless 
the Campylobacter mean log10 reduction due to freezing was significant and estimated at 
0.669 ± 0.100 log10 (p < 0.001). There was no quantifiable between-study variability, nor 
likelihood of publication bias (p = 0.462; Table 4). 

The freezing process and, especially, the thawing process generate free radicals (such 
as superoxides). Campylobacter is particularly sensitive to oxidative stress, which damages 
its DNA and cellular structures, hindering its recovery after freezing [142]. 

Although not an intervention strategy per se but a risk factor, the effect of processing 
poultry in autumn and winter (defined as colder climates) on the concentration of Cam-
pylobacter of caecal contents could be assessed. Fourteen observations were available for 
this analysis, and the absence of moderators led us to the choice of a random-effects meta-
analysis model. Although not statistically significant (p = 0.159), there is a trend that 
slaughterhouses in colder climates could positively influence the reduction in Campylobac-
ter infection (caecal contents) (1.947 ± 1.384; Table 4). 

The test for small study effects indicates evidence of publication bias (p < 0.001), likely 
to arise from the fact that only two studies related to colder climates were available for the 
model. 
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Unlike other bacteria that only enter a hibernation state, Campylobacter is a fragile 
bacterium outside its host, and has a natural sensitivity against low temperatures. Cam-
pylobacter lacks certain cold shock proteins (CspA homologs), which explains its inability 
to grow below 30 °C [136]. On the other hand, Campylobacter survives better in the cold 
than at ambient temperature. In humid and chilled conditions, it can remain viable in 
chicken meat for weeks. The prolonged survival at 4 °C compared to 20–25 °C is due to a 
reduced metabolic rate and protection against oxidative stress [143–145]. 

3.6. Summarisation of the Effect of Processing Stages and Interventions on the Prevalence of 
Campylobacter in Poultry 

Table 5 presents the overall effects of each processing stage and intervention in poul-
try slaughterhouses on Campylobacter prevalence across all included studies. The amount 
of extracted data available for prevalence of Campylobacter in pre-stage/non-intervened 
(control) and post-stage/intervened (treated) groups were much lower (Table 5) than those 
available for concentrations (Table 3). This is due to the fact that, unlike other pathogens 
such as Salmonella and Listeria monocytogenes, analysis of Campylobacter in poultry caecal 
contents, carcasses and meat is performed through quantification. Furthermore, all the 
experiments assessing intervention strategies are conducted on spiked samples, where 
their effectiveness is measured by quantitative analysis. 

Table 5. Overall effects of slaughter processing stages and interventions on the prevalence of Cam-
pylobacter in poultry, showing heterogeneity analysis of the meta-regression. 

Stages and Interventions 
Log of Risk Ratio (Control Group/Treated Group) 

Estimate [SE] p-Value n/N Heterogeneity 
Analysis 

Stages     
Neck cutting and bleeding −0.144 [0.086] 0.094 34/5 I2 = 3.8% 

Scalding 0.019 [0.101] 0.847 14/5  
Plucking 0.085 [0.060] 0.150 38/16 p(Q) < 0.001 

Evisceration −0.071 [0.050] 0.152 75/19 R2 = 20.2% 
τres2 = 0.0309 

Carcass rinsing with water 0.028 [0.063] 0.646 24/12  
Chilling 0.082 [0.038] 0.032 96/31  

Packaging and cold storage −0.076 [0.093] 0.415 9/4  
Interventions    Pub. bias 

Colder climate 0.045 [0.137] 0.741 8/2 p = 0.619 
Freezing 0.358 [0.269] 0.462 7/3  

Organic acids (carcasses/meat cuts) 1.079 [0.422] 0.009 7/2  
Chemical sanitisation of carcasses 0.128 [0.264] 0.627 5/2  

In comparison to the concentration data, fewer processing stages and intervention 
strategies were represented by prevalence data, namely: neck cutting and bleeding, scald-
ing, plucking, evisceration, carcass rinsing with water, chilling, packaging and storage, 
colder climate, freezing, organic acids and chemical sanitisation of carcasses. Taking to-
gether all data in a single meta-regression, the stage of neck cutting and bleeding (−0.144 
± 0.086; p = 0.094) was found to increase by 15% the prevalence of Campylobacter in slaugh-
ter groups of birds. Although the effect of chilling is significant (p = 0.032), it has a limited 
effectiveness in reducing Campylobacter prevalence (mean 8% and 95% CI: 1–17%; calcu-
lated from log RR of 0.082 ± 0.038). Plucking may also have a significant action in reducing 
the proportion of Campylobacter-contaminated birds in slaughter groups, although contra-
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dictory results prevented to reach statistical significance (p = 0.150). Among the interven-
tion strategies assessed, only the application of organic acids in carcasses and meat cuts 
was found to significantly reduce the prevalence of Campylobacter approximately by a fac-
tor of 3 (1.079 ± 0.422; p = 0.009), although this overall estimate was calculated with basis 
on only two primary studies. In contrast, the remaining interventions, such as colder cli-
mate, freezing, and chemical sanitisation, although they showed a positive effect, did not 
achieve statistical significance (p > 0.05). 

In terms of between-study heterogeneity, this meta-analysis showed that, despite a 
very low (I2 = 3.8%) between-study heterogeneity was present, the moderators accounted 
for about 20% of the variability between studies (R2). The low heterogeneity between effect 
sizes can be in the six-sigma radial plot (Figure 5, top), which shows that the studies oc-
cupy almost the full range (xi = 0.8 to 4.2), reflecting high precision and the presence of 
only a few outliers. The overall consistency among the effects is maintained, as most of 
the zi values fall within the limits of <−2; + 2>. Additionally, the test for small study effects 
in this global meta-regression show no evidence of publication bias (p = 0.619; Table 5), 
which can be visually appreciated by the symmetry of the funnel plot (Figure 5, bottom). 

3.7. Multilevel Meta-Analysis on the Effects of Processing Stages on the Prevalence of  
Campylobacter in Poultry 

To estimate the effect of each processing stage and intervention on Campylobacter 
prevalence, multilevel random-effects meta-regression models were fitted individually by 
each moderator, and the results are illustrated in Table 6 and described in detail below. 

3.7.1. Neck Cutting and Bleeding Stage Meta-Regression Model 

According to this meta-regression, neck cutting and bleeding was found to increase 
the proportion of Campylobacter in slaughter birds, only when the pathogen was quantified 
in cloaca (−0.726 ± 0.155) (p < 0.001; Table 6). When samples were obtained from breast 
feathers and neck skin, the prevalence of Campylobacter in both groups were not signifi-
cantly different (p > 0.1). 

Regarding between-study heterogeneity, this meta-regression model indicated a 
very low intraclass correlation (I2 = 8.5%), with sample type accounting for 27% of the 
variability between studies (R2) in the significant moderators from the full model. The 
small study test did not reveal existence of publication bias, as indicated by the p-value of 
0.905 (Table 6). 

3.7.2. Plucking Stage Meta-Regression Model 

According to the meta-regression, the plucking stage yielded a reduction in the prev-
alence of Campylobacter, only when quantified by swabs (0.379 ± 0.098; p < 0.001) or by the 
carcass rinse method (0.635 ± 0.085; p < 0.001). However, the negative and significant co-
efficient for sample weight (−0.002 ± 0.001; p < 0.001) suggests that the apparent efficacy of 
plucking may be influenced by methodological factors since for higher sample weight, the 
measured estimates fade out. Probably for being sites of greater dirt accumulation, sam-
ples taken from breast skin and neck skin did not reveal any effect of plucking (p > 0.10). 

Although the variability in effect size across studies was low (I2 = 7.4%), still the two 
included moderators explained 65% of the variance (R2). Nonetheless, some caution must 
be taken in the interpretation of the estimates, as the current dataset likely suffers from 
publication bias (p = 0.024). It is likely that studies that failed to show a significant effect 
of plucking in the prevalence of slaughtered birds remained unpublished. It is noteworthy 
to mention that the current results for plucking contain data only for defeathering without 
the aid of chemical sanitisers. So it is probable that plucking does not have any positive 
effect on the prevalence of Campylobacter in groups of poultry. 
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Figure 5. Six-sigma radial plot (top) and funnel plot (bottom) of the overall meta-regression on the 
effect of slaughter processing stages and interventions on the prevalence of Campylobacter in poultry. 
Markers symbolise interventions: € = Evisceration, ○ = Freezing, ∆ = Neck cutting and bleeding, + = 
Packaging, × = Plucking, ◊ = Scalding, ▼ = Washing,  = Chemical sanitisation, * = Colder climates, 

 = Organic acids. 

In fact, defeathering is considered one of the most critical points for increasing the 
prevalence and bacterial load of Campylobacter during poultry processing. Although prior 
scalping can reduce some of the surface load, mechanical defeathering often reverses this 
effect because the pressure exerted by the rubber “fingers” of the defeathering machines 
on the birds’ bodies can force the expulsion of intestinal and cloacal contents, which are 
often highly loaded with Campylobacter. This material spreads rapidly across the skin of 
multiple carcasses [146]. 
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Table 6. Best-fit multilevel meta-analysis models describing the effect of slaughter processing stages 
and interventions on the prevalence of Campylobacter in poultry. Number of observations (n), heter-
ogeneity analysis and p-value of the publication bias test are shown. 

Measure (Log Risk Ra-
tio) 

Parameter Estimate 
Standard 

Error 
p-Value n 

Heterogeneity 
Analysis 1 

Neck cutting and 
bleeding 

Sample type 
Breast feathers 
Cloaca 
Neck skin 

 
0.005 
−0.726 
−0.010 

 
0.067 
0.155 
0.029 

 
0.936 
<0.001 
0.724 

 
 

32 

s2 = 0.8981 
τ2 = 0.0837 
I2 = 8.5% 

p(QE) = 0.063 
R = 0.274 
Pub. bias 
p = 0.905 

Plucking (no added 
sanitiser) 

Sample weight −0.002 0.001 <0.001  s2 = 1.2052 
τ2 = 0.0959 
I2 = 7.4% 

p(QE) < 0.001 
R = 0.653 
Pub. bias 
p = 0.024 

Sample type 
Breast skin 
Neck skin 
Carcass rinse 
Swabs 

 
−0.016 
−0.017 
0.635 
0.379 

 
0.036 
0.058 
0.085 
0.098 

 
0.654 
0.766 
<0.001 
<0.001 

 
 

32 

Evisceration (no added 
sanitiser) 

Intercept 0.001 0.013 0.938  s2 = 0.7301 
τ2 = 0.0440 
I2 = 5.6% 

p(QE) = 0.010 
R = 0.152 
Pub. bias 
p = 0.344 

Sample weight −0.001 0.001 <0.001  
Treatment 

Hot water sprayed 
None 

 
0.263 

- 

 
0.121 

- 

 
0.030 

 
71 

Sanitising and chilling Treatment 
Chlorine 
Hot water sprayed 
Ice water 
Salt 
Peroxyacetic acid 
None 

 
0.017 
0.074 
0.157 
−0.142 
−0.085 
0.000 

 
0.045 
0.160 
0.070 
0.074 
0.062 
0.026 

 
0.711 
0.645 
0.022 
0.053 
0.175 
0.999 

 
 
 
 
 

78 

s2 = 0.6341 
τ2 = 0.1160 
I2 = 15.5% 

p(QE) < 0.001 
R = 0.458 
Pub. bias 
p < 0.001 

Sample type 
Neck skin 
Rinse 
Swab 
Breast skin 

 
−0.001 
0.231 
0.090 

- 

 
0.030 
0.040 
0.033 

- 

 
0.977 
<0.001 
0.007 

 

Chemical sanitisation 
of carcasses 

(all chlorine by immer-
sion) 

Intercept 0.932 0.890 0.295 5 
 
 

s2 = 2.2738 
τ2 = 1.2121 
I2 = 34.8% 
Pub. bias 
p = 0.006 

Organic acids in meat 
cuts (by spraying per-

oxyacetic acid) 

Intercept 1.049 0.401 0.009 7 
 
 

s2 = 0.2745 
τ2 = 0.0000 
I2 = 0.00% 
Pub. bias 
p = 0.138 

Freezing Intercept 0.372 0.257 0.147 7 
 
 

s2 = 0.5502 
τ2 = 0.1418 
I2 = 20.5% 
Pub. bias 
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p = 0.515 
Colder climates Intercept 0.029 0.029 0.324 8 

 
 

s2 = 0.3134 
τ2 = 0.000 
I2 = 0.00% 
Pub. bias 
p = 0.371 

1 Heterogeneity analysis encompasses within-study variability (s2), between-study variability (τ2), 
and intra-class correlation (I2) of the null model, and QE test of residual heterogeneity, and square-
root of the between-study variability explained by significant moderators (R2) from the full model. 

3.7.3. Evisceration Stage Meta-Regression Model 

The observed effect of evisceration on the prevalence of Campylobacter in poultry 
groups was found to be determined by sample weight and type of treatment. The spray 
of hot water significantly increase the odds of reducing the prevalence of Campylobacter in 
poultry carcasses (0.263 ± 0.121; p = 0.030). Nonetheless, as found in plucking, the extent 
of the prevalence reduction effect depends on sample weight, with higher amounts of 
sample analysed leading to lower estimates. 

It is likely that the effectiveness of hot water spray against Campylobacter during evis-
ceration is highly variable, not only because of the temperature and exposure time ap-
plied, but also because the pathogen has the ability to lodge in skin follicles and folds [58]. 
Even the decontamination tends to be more pronounced in poultry carcasses having high 
initial contamination levels [146]. 

Evisceration was one of the stages for which extensive prevalence data were available 
(n = 71). Despite the many publication sources, the between-study heterogeneity was 
nearly negligible (I2 = 5.6%), and still the two moderators jointly accounted for 15% of the 
variability between studies (R2). Furthermore, the small study test did not show evidence 
of publication bias (p = 0.344; Table 6), which supports the reliability in the meta-regres-
sion estimates. 

3.7.4. Sanitising and Chilling Meta-Regression Model 

This particular meta-regression was based on the highest number of prevalence ob-
servations available (n = 78). Despite the multiple primary sources, the between-study 
variability was relatively low (15.5%), yet two study characteristics—chemical applied 
and sample type—were able to explain 45.8% of the between-study variability. 

Among all the treatments available (chlorine, hot water sprayed, ice water, salt and 
peroxyacetic acid), only rinsing carcasses with ice water (0.157 ± 0.070; p = 0.022) was 
proven to reduce the proportion of contaminated poultry carcasses after 18–24 h chilling. 
The other treatments did not reach statistical significance. Greater reductions in the prev-
alence of Campylobacter due to sanitizing and chilling were estimated when the microbial 
enumeration was carried out in carcass rinses (0.231 ± 0.040; p < 0.001), followed by 
swabbed carcasses (0.090 ± 0.033; p = 0.007) and breast skin (baseline). As earlier found in 
the plucking meta-regression, when samples are taken from the neck skin (and even breast 
skin), there is lower odds of arriving to the conclusion that chilling effectively decreases 
the prevalence of Campylobacter in poultry carcasses. 

This happens because bird skin has feather follicles and deep crevices that serve as 
safe havens for bacteria. During scalding and plucking, these follicles open, allowing for 
Campylobacter to enter. Furthermore, subsequent cooling can cause the follicles to close, 
therefore trapping the bacteria and protecting them from cleaning agents and environ-
mental stress. Furthermore, Campylobacter is extremely sensitive to desiccation. The skin, 
especially on the neck, retains layers of water and organic matter that maintain the moist 
environment necessary for its survival, even when the outer surface appears cold [50,83]. 
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Regarding between-study heterogeneity, the model revealed a low I2 value (15.5%), 
with 46% of the variability across studies (R2) being explained by the two moderators. 
Nevertheless, some variability remains unexplained by the model (Q_E test, p < 0.001). 
Furthermore, the small study test revealed publication bias, as assessed by the value (p < 
0.001; Table 6), suggesting that some small studies on the effectiveness of chilling on the 
Campylobacter prevalence in poultry carcasses may have remained unpublished due to 
non-significant outcomes; however, some caution should be taken when interpreting this 
conclusion.  

3.8. Multilevel Meta-Analysis on the Effects of Interventions on the Prevalence of Campylobacter 
in Poultry 

Unlike the data available for intervention strategies based on Campylobacter concen-
tration, the data available for prevalence was very limited and no study characteristic 
could be coded to allow for the adjustment of meta-regressions. Thus, for the Campylobac-
ter prevalence data on interventions (e.g., chemical sanitisation of carcasses, use of organic 
acids, freezing and colder climates), only simple random-effect meta-analysis models 
(without moderators) could be fitted (Table 6). 

According to these models, neither immersing poultry carcasses in chlorine solution 
(p = 0.295) nor slaughtering poultry in colder climates (p = 0.324) could be demonstrated 
to reduce the prevalence of Campylobacter in poultry meat. However, the strategy of spray-
ing peroxyacetic acid in meat cuts can decrease the Campylobacter prevalence by a factor 
of ~3 (1.049 ± 0.401; p = 0.009). This finding is in line with the previous meta-regression 
output (Section 3.5.2) that purports peroxyacetic acid as the most effective sanitising solu-
tion to decrease Campylobacter population in poultry carcasses and meat. 

In the case of poultry meat freezing, at a p-value of 0.147, there is a trend of freezing 
of decreasing the probability of recovery of Campylobacter in thawed carcasses. Freezing 
and thawing would decrease such probability by half (0.372 ± 0.257). The action of freezing 
and cold temperatures on the viability of Campylobacter has been discussed in Section 3.5.4. 

Regarding between-study heterogeneity, the intra-class correlation values indicated 
from negligible to relatively low between-study variability (I2 = 0.00–34.8%). The small 
study test detected publication bias for the chemical sanitisation intervention by immer-
sion in chlorine (p = 0.006; Table 6), likely to arise from the availability of only 2 studies 
furnishing data for this meta-analysis; therefore, the corresponding meta-analysed out-
come must be interpreted with caution. 

3.9. Multilevel Meta-Analysis on the Prevalence of Campylobacter in the  
Slaughterhouse Environment 

Table 7 compiles the pooled prevalence of Campylobacter in slaughterhouse environ-
mental elements by processing areas, including also in live animals cloaca and carcass 
caecal contents, for comparison. To pinpoint the main elements playing a role in the 
spread of Campylobacter in poultry slaughterhouses, a multilevel random-effects meta-
analysis was conducted. Environmental sources included processing equipment and ar-
eas such as the entrance, scalding and plucking, evisceration, and chilling, as well as op-
erator and other elements.  

Overall, the pooled findings on Campylobacter prevalence indicated that all evaluated 
environmental sources represent the risk of contamination to be considered in slaughter-
houses; however, incidence rates vary widely. Among all sources, the highest incidence, 
with a 95% confidence interval (CI) of 83% (76.6–88.5%), was found at the entrance to 
slaughterhouses, particularly in transport crates. Operators showed a prevalence of Cam-
pylobacter on hands/gloves of 73% (95% CI: 40.4–91.7), the second-highest contamination 
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rate. This was followed by evisceration equipment at 68% (95% CI: 43.4–85.2) and miscel-
laneous items at 67% (95% CI: 52.1–80.1). Miscellaneous refers to environmental samples 
collected from the floor, table surfaces, and vent cutters. On the contrary, the lowest prev-
alence was observed in the chill tank at 23% (95% CI: 6.7–54.2). Interestingly, the pooled 
Campylobacter prevalence in caecal contents from eviscerated carcasses was lower (26.5%; 
95% CI: 4.3–74.2) than in most of the environmental elements. 

Table 7. Pooled prevalence of Campylobacter sampled from live animals and environmental elements 
in poultry slaughterhouses, showing heterogeneity analysis. 

Processing Area 
Source 

Pooled 
Prevalence 

95% CI n/N 
Heterogeneity 

Analysis 
Entrance     

Live animals (cloaca) 0.384 [0.205–0.602] 8/5 I2 = 37% 
Transport crates 0.833 [0.765–0.885] 4/2 p(Q) < 0.001 

Scalding and plucking area     
Scalding tank 0.320 [0.160–0.537] 5/3 R2 = 13.6% 

Plucker 0.422 [0.136–0.773] 2/1 τres2 = 3.852 
Evisceration area    

 Caecal 0.265 [0.043–0.742] 19/5 
Eviscerator 0.678 [0.434–0.852] 6/2 

Chilling room    Publication bias 
Chill tank 0.226 [0.067–0.542] 15/3 

Unknown    
p = 0.619 Miscellaneous 0.677 [0.521–0.801] 6/2 

Operators 0.732 [0.404–0.917] 8/2 

Several studies on poultry slaughterhouses have reported higher levels of Campylo-
bacter due to cross-contamination of carcasses by equipment. Indeed, transport crates are 
recognised as a major source of pathogen introduction into processing plants, even after 
cleaning and disinfection [17,147,148]. Additionally, a risk analysis study highlighted en-
vironmental surfaces, evisceration machines, and workers’ hands as key points for the 
transmission of Campylobacter along the broiler slaughter [149]. Although chilling may re-
duce bacterial loads, water tanks can also facilitate bacterial transfer between carcasses 
due to inadequate hygiene [150]. Regarding between-study heterogeneity, the pooled 
prevalence data displayed a relatively low intraclass correlation (I2 = 37%), with sources 
accounting for 14% of the variability between studies (R2). The relatively low heterogene-
ity was corroborated by the radial plot (Figure 6, top) which shows symmetry in the dis-
tribution of points and absence of extreme points. Likewise, the symmetrical distribution 
of the effect sizes in the funnel plot (Figure 6, bottom) is in agreement with the non-signif-
icant p-value of 0.619 (Table 7), both indicating the absence of publication bias. 
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Figure 6. Six-sigma radial plot (top) and funnel plot (bottom) of the meta-analysis of prevalence of 
Campylobacter sampled from live animals and environmental elements in poultry slaughterhouses. 
Markers symbolise sample sources: € = Caecal contents, ○ = Chill tank, ∆ = Eviscerator, + = Live 
animals (cloaca), × = Miscellaneous elements, ◊ = Operators, ▼ = Pluckers,  = Scalding tank. 

4. Discussion 
4.1. Effectiveness of Processing Stages in the Reduction in Campylobacter on Poultry 

The general results of this meta-analysis indicate that the effectiveness of processing 
stages varies in terms of Campylobacter concentration and prevalence. Based on the overall 
meta-analysis, Campylobacter contamination in poultry carcasses increases significantly 
during cutting/bleeding, as reflected in the average values of bacterial load and preva-
lence. On the contrary, when evaluated with moderators, the effect of cutting/bleeding is 
determined by sample weight. Larger quantities allow for more accurate measurement 
and a higher likelihood of detecting Campylobacter, potentially leading to greater esti-
mated reductions. Furthermore, the results showed that the sample type also determined 
this reduction. Greater reductions were observed in the carcasses rinse, whereas the neck 
skin and the cloaca showed a tendency toward increased counts and prevalence during 
cutting/bleeding. These findings are consistent with previous observational studies, 
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which suggested cross-contamination during this process [151], likely due to the use of 
automated equipment; consequently, carcass contamination may arise from the accumu-
lation of organic debris on equipment or from inadequate cleaning of environmental ele-
ments workers’ hands in slaughterhouses [12,152]. 

After bleeding, the carcasses are scalded in hot water, typically between 50 and 65°C, 
depending on the type of slaughterhouse. This process loosens the feathers, making the 
subsequent plucking stage easier [12,153]. At the same time, hot water helps eliminate 
microorganisms from the carcass surface, thereby reducing the bacterial population 
[16,154]. 

The overall decrease in Campylobacter counts observed in this meta-analysis under-
scores the effectiveness of the scalding process in reducing bacterial load. The reason for 
this reduction is that Campylobacter is heat-sensitive, meaning roughly 1 log10 may drop at 
temperatures above 52 °C [155,156]. This suggests that the success of this process relies 
heavily on maintaining the temperature of the scalding water, as outlined in previous 
studies [17,157,158]. 

The most significant reduction in bacterial load of Campylobacter observed in the car-
cass rinse compared to neck skin and scalding water suggests that the scalding water’s 
high temperature effectively removed a large portion of the bacterial population from the 
carcasses, preventing its accumulation in the water [153]. This also explains the low re-
covery of bacteria from hot water. In contrast, the limited reduction observed on the neck 
skin is probably due to its characteristic structure, which consists of folds and crevices that 
tend to accumulate residual organic matter such as fat, feathers, mucus, and faeces during 
the scalding process [127], which may physically protect Campylobacter from heat and wa-
ter flow [127,153]. 

Similar findings were found with other investigators [159]. In that work, the authors 
observed C. jejuni counts of 1.39 ± 0.70 log10 CFU in the scalding water and 2.93 ± 0.31 log10 
CFU in the carcasses after scalding at a pH of 8.0. They concluded that, in addition to 
maintaining high water temperatures, it is essential to supply clean water to dirty scalding 
tanks to minimise C. jejuni contamination in the scalding water. This step is critical to 
prevent cross-contamination of carcasses, a common issue during scalding [153,158,159]. 

As mentioned above, scalding is a critical step in preparing poultry for plucking; 
Plucking is the removal of feathers from poultry carcasses [12]. As this process involves 
mechanised equipment, the risk of cross-contamination between carcasses is also to be 
expected [12]. This may explain the 42% prevalence (95% CI: 13.6–77.3) detected on the 
equipment (plucker) in this study. One major contributing factor is worn or cracked rub-
ber fingers, which may allow for bacteria to penetrate surfaces where practices such as 
cleaning and disinfection are inadequate [12]. Furthermore, bacteria can be transferred to 
birds and enter the feather follicles during removal, before the openings are sealed 
[12,160]. 

Another factor contributing to cross-contamination is the escape of small amounts of 
intestinal contents from the cloaca, as noted in an experimental study conducted in labor-
atory processing facilities [161]. That study reported a significant increase in contamina-
tion prevalence, from 0.8% to 79%, with bacterial counts ranging from 2.9 to 3 log10 CFU 
on the breast skin of naturally contaminated chickens before and after plucking [161]. Sim-
ilar to previous studies [27], the present meta-analysis found a substantial increase in the 
prevalence of Campylobacter, particularly on breast and neck skin when sanitiser was not 
applied; however, the difference was not statistically significant. In contrast, studies ex-
amining Campylobacter concentrations during the plucking process observed a decrease in 
the microbial population, particularly when sodium hypochlorite was used to sanitise the 
equipment. Therefore, to minimise cross-contamination during plucking, it is essential to 
ensure the complete removal of faecal material from carcasses and proper sanitisation of 
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equipment [20,26]. While decontamination after plucking and before evisceration may not 
be entirely practical, it can help reduce contamination levels. 

Evisceration is the process of removing the internal organs from a poultry carcass 
[12]. This stage is considered the most critical in terms of contamination risk, as high-
lighted in various studies [17,27,162]. This is often observed when the viscera of colonised 
birds rupture during the removal of intestinal contents, thus allowing for faeces to and 
contaminate the carcasses [157]. However, the risk of contamination during evisceration 
may be less significant if the gastrointestinal contents of the slaughtered birds are less 
contaminated [17]. Despite all this, the results of this meta-analysis show that significant 
reductions in Campylobacter concentrations and prevalence can be achieved when chemi-
cal sanitisers or hot water spray are used as interventions during the carcass evisceration 
process. The higher prevalence of Campylobacter found in the eviscerator compared to the 
caecal content in the evisceration area indicates that special attention should be paid dur-
ing this process to ensure the safety of the final product. 

After evisceration, carcasses are typically washed to eliminate debris, loose tissue, 
residual blood, and some microorganisms [12]. Washing with water is one of the physical 
interventions used to decontaminate carcasses during the poultry slaughtering process 
[20]. However, the effectiveness of this process depends on several factors, including wa-
ter temperature, pressure, nozzle type and arrangement, line speed, and the use of chem-
ical additives, with chlorine being the most widely used in the processing industry 
[12,118,163]. The studies included in this meta-analysis generally demonstrated that 
washing poultry carcasses with water by immersion helps lower levels of both the preva-
lence and counts of Campylobacter. This finding confirms previous reports from other 
meta-analyses, which showed reductions in Campylobacter levels after carcass washing 
[25,27,157]. 

The final stage of processing in poultry slaughterhouses is rapid chilling until 4 °C, a 
critical step that reduces microbial growth, improves carcass appearance, and increases 
overall shelf life before packaging or distribution to consumers [12]. Overall, the studies 
included in this meta-analysis showed reductions in both counts and prevalence of Cam-
pylobacter, suggesting that sanitisation/chilling is a valuable approach to suppress micro-
bial growth. Interestingly, for reductions in concentrations, a greater overall effect was 
observed when acidified sodium chlorine and peroxyacetic acid were used as treatment. 
In contrast, for reductions in prevalence levels, a greater effect was observed in treatment 
with ice water. Leone et al. in their systematic review reported similar results [28]. In that 
study, comparing post-chill interventions, they found significant reductions in popula-
tions after treatment with chlorine immersion, peroxyacetic acid immersion, and peroxy-
acetic spraying. Nonetheless, the effectiveness of peroxyacetic acid could not be proven at 
prevalence level, as data could be obtained from only two studies. 

Additionally, in this meta-analysis the chilling process led to higher Campylobacter 
reductions when samples were obtained by rinsing carcasses than other samples, such as 
breast and neck skin. This suggests a high microbial load on the neck skin, which is en-
countered by many authors who report that, after chilling, the neck skin was more con-
taminated than other areas of the skin and the entire rinsed carcass [125,164,165]. In addi-
tion, given that poultry neck skin consists of multiple folds and follicles where bacteria 
lodge, physical or temperature-based interventions, such as cooling, would appear to be 
less effective than on smooth/or rinsed surfaces. This is because chilling with cold air dries 
the skin, leading to stronger binding of bacteria to the skin surface, whereas rinsing only 
removes the loosely adherent fraction of bacteria from the skin [125]. 

Although relatively moderate, the prevalence observed in the chilling tank in this 
meta-analysis was expected. This is because during chilling, cross-contamination occurs 
through the transfer of bacteria population from carcasses into the tank, with subsequent 
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acquisition by other carcasses [150]. Therefore, chemical additives such as chlorine should 
be added to the cooler water, particularly in countries where legislation permits the addi-
tion of chemical additives during the processing of poultry carcasses, as they can reduce 
cross-contamination by killing bacteria suspended in the water [163,166]. 

Additionally, the positive effects on packaging and cold storage as well as regular 
cleaning and disinfection identified in this meta-analysis suggest that improving hygiene 
management through standardised procedures and cleaning slaughter equipment can 
substantially reduce pathogen levels in the facilities, thereby helping to minimise the oc-
currence of foodborne illnesses. 

4.2. Effectiveness of Slaughter-Level Interventions in the Reduction in Campylobacter on Poultry 

Although processing stages such as scalding, washing, and chilling tend to reduce 
bacterial populations in carcasses, their effectiveness is partial; therefore, depending spe-
cifically on governmental regulation, additional interventions such as chemical sub-
stances, are applied during and after slaughter to reduce the number and/or prevalence 
of pathogenic microorganisms [20,167]. 

In general terms, the antimicrobial activity of chemical substances used in poultry 
processing is based on the destruction of cell membranes, other cell constituents and phys-
iological processes [20,132]. These mechanisms are particularly relevant for Campylobacter 
spp., which have a structurally thin and fragile Gram-negative cell wall, an outer mem-
brane that is very sensitive to oxidation, and low stress tolerance, all of which contribute 
to their high sensitivity to these substances [168,169]. 

In this meta-analysis, interventions targeting Campylobacter on poultry at the slaugh-
ter level, were grouped into chemical sanitisation, organic acid, plant extracts, cold versus 
warm climate, as well as freezing. Overall, all interventions were effective in reducing 
Campylobacter concentrations. For prevalence outcomes, only organic acid had a signifi-
cant effect against Campylobacter. However, plant extracts, chemical sanitisation, colder 
climate, and freezing did not reach statistical significance effect. Nevertheless, the results 
revealed that treatment efficacy varies across interventions and may also be influenced by 
other factors, including sanitiser type, concentration applied, method of application, and 
the quantified sample amount. 

As can be seen, the chemical sanitisers included in this meta-analysis are largely chlo-
rine-based. Chlorine-based sanitisers are commonly used to reduce the microbial load on 
the surface of meat and poultry and to sanitise food contact surfaces [132,170]. To note, 
the effectiveness of chlorine-based sanitisers depends on various factors such as, temper-
ature, pH, concentration, and the amount of organic material present [132,171]. 

As chlorine-based compounds act by oxidation, their effectiveness on poultry car-
casses is generally limited because the organic material on the skin quickly neutralises the 
active chlorine. As a result, their antimicrobial effect against Campylobacter is usually lower 
and less consistent under commercial processing conditions [9,132,167]. 

In this meta-analysis, among the chemical sanitisation moderators, sodium hypo-
chlorite proved more efficient against Campylobacter, while chlorine was the least. This 
was to be expected, since, compared to sodium hypochlorite and chlorine dioxide, chlo-
rine is more affected by pH and organic material, thereby reducing its effectiveness [130]. 
The results presented here disagree with those reported previously, demonstrating that 
spray washing by sodium hypochlorite was less effective than electrolyzed oxidizing wa-
ter in reducing total aerobic bacteria, E. coli, Campylobacter, and Salmonella levels [172]. In 
addition, a more recent study found that sodium hypochlorite was less effective at reduc-
ing the enumeration of total viable microorganisms and Campylobacter, as well as lowering 
the proportion of Salmonella, compared to peroxyacetic acid and acidified sodium chlorine 
in carcasses washed inside and outside [173]. 
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Moreover, among the methods of application in this meta-analysis, immersion was 
more effective than spraying. These findings are consistent with those reported by other 
researchers [138]. In that study, evaluating immersion and spraying applications for re-
ducing C. jejuni on chicken wings, they found reductions of 0.5 to 1.2 log10 with spraying. 
In contrast, immersion reduced initial pathogen levels by 1.7 to 2.2 log10. 

Additionally, the results from this meta-analysis showed that increasing the concen-
trations of chemical sanitiser significantly improved the treatment’s effectiveness. How-
ever, the greater effectiveness observed for chlorine rather than cetylpyridinium chloride, 
sodium hypochlorite, and trisodium phosphate for each 1 g/kg increase is unclear, since 
the last three sanitisers have greater antimicrobial activity than chlorine [132,174]. Fur-
thermore, other studies indicate that cetylpyridinium chloride and trisodium phosphate 
are more effective, with reductions that are relevant from a public health perspective. For 
instance, concentrations of 0.5% cetylpyridinium chloride achieved reductions of C. jejuni 
of 1.5 and 4.2 log10 on inoculated chicken skin [175,176]. On the other hand, 10% trisodium 
phosphate reduced Campylobacter counts on chicken skin by 1.63 and 2.3 log10 [175,177]. 
Likewise, among the chemical treatments evaluated in the meta-analysis by Dogan and 
colleagues, cetylpyridinium chloride, acidified sodium chlorine, and trisodium phosphate 
produced higher estimates, with a combined average reduction of 1.9 log10 [27]. 

The results related to chemical sanitiser also indicate that the treatment was more 
effective when Campylobacter was quantified on the carcass rather than in the cloaca. This 
result aligns with findings from our previous meta-analysis [31], which assessed the ef-
fectiveness of chemical treatments against Campylobacter in litter, feed, and caecal content. 
Our analysis indicated that chemical agents tend to be more effective on surfaces where 
Campylobacter is more exposed, rather than in the cecum, where the intestinal mucosa of-
fers protection. This may also explain the higher effectiveness of chemical sanitisers on 
carcasses than in the cloaca. 

In this meta-analysis, the interventions related to organic acids include acetic acid, 
citric acid, lactic acid, monocaprin emulsion, and peroxyacetic acid. Among them, perox-
yacetic acid was the most effective in reducing the enumeration and prevalence of Cam-
pylobacter. In contrast, acetic acid was less effective in suppressing microbial growth. 
These findings are consistent with previous meta-analyses, which reported greater reduc-
tions in both counts and prevalence of Campylobacter after using peroxyacetic acid treat-
ment [162,178,179]. 

To note, the inactivation mechanism of organic acids against Campylobacter involves 
penetration into bacterial cells in their undissociated form and reduction in intracellular 
pH [180,181]. This acidification disrupts enzyme activity, interferes with nutrient 
transport, and causes metabolic failure [182]. Since Campylobacter is sensitive to acid stress, 
its effectiveness varies depending on the type of acid, contact conditions, microorganism 
species, contamination level, concentration, pH, part/location of the carcass or meat to 
which it is applied, and mode of application [128]. For example, in this meta-analysis, it 
was found that across sample types, treatment efficacy was higher when Campylobacter 
was quantified in wings and lower when quantified in drumsticks. However, this obser-
vation should be interpreted with caution, as it may be due to several factors, including 
methodological variability among the included studies and/or the morphology of the car-
cass parts, treatment contact conditions, or contamination levels. 

While most chemicals used to treat meat typically do not leave residue, there are 
concerns about potential oxidation products in the final product. Therefore, in response 
to concerns about conventional chemicals, several investigators [23,24,183–188] have ex-
tensively investigated plant extracts and essential oils, and their derived compounds, for 
controlling foodborne pathogens, including Campylobacter. These alternatives have shown 
promising potential to reduce Campylobacter contamination and enhance poultry safety. 
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It is important to note that all data used in this meta-analysis and related to the effi-
cacy of plant extracts, essential oils, or their compounds against Campylobacter were ob-
tained under laboratory conditions following artificial contamination of the microorgan-
ism on the neck skin or other parts of the carcass and/or meat. 

The results from this meta-analysis indicate that although all plant extracts tested 
have a reducing effect, carvacrol compound had greater effectiveness in reducing Campyl-
obacter concentrations. In contrast, carvacrol and gum-arabic combined showed little ef-
fect. This result can be interpreted in two ways. For example, because carvacrol is lipo-
philic when applied directly, it will be more readily available to interact with the cell and 
act directly on the cell membrane, disrupting it [189,190], which may explain the greater 
effect observed. On the other hand, the reduced effect observed when carvacrol was com-
bined with gum-arabic may be due to decreased availability of the active compound, re-
sulting from encapsulation or delayed release [191]. However, this conclusion should be 
interpreted with caution, as the 96 observations in this meta-analysis come from only three 
primary studies; therefore, the results should not be generalised. These results can be com-
pared with those from an experimental study that compared the efficacy of peroxyacetic 
acid with carvacrol [192]. Peroxyacetic acid with 3.3 log10 on chicken skin and 0.5 to 0.9 
log10 on chicken breast resulted in greater efficacy after 48 h and 24 h of refrigerated stor-
age, respectively. At the same time, carvacrol showed reductions, but these could not be 
maintained after 24 to 48 h. When peroxyacetic acid was combined with carvacrol, efficacy 
was drastically reduced to 0.4 log10 on chicken breast. The authors attributed this phenom-
enon to differences in properties and mechanisms of action between the two substances 
[192]. 

Meta-analyses carried out on the application of antimicrobial substances showed, ei-
ther in univariate or multilevel meta-regressions, that concentration, duration treatment 
or contact time, treatment temperature, and storage time post-treatment have a direct and 
significant impact on the effectiveness of the antimicrobial substances. These findings 
should inform plant Standard Operating Procedures (SOPs) and validation studies. 

Freezing was evaluated in this meta-analysis as a method to reduce bacterial contam-
ination after poultry carcasses are slaughtered. The results indicated that the freezing pro-
cess decreased both the concentration and prevalence of Campylobacter in poultry car-
casses. Similar reductions due to freezing were also found in the meta-analysis by Dogan 
and colleagues [27]. In that analysis, the authors reported mean reductions of 1.29 log10 
(95% CI: 1.10–1.48) and a mean prevalence reduction of 0.12 (95% CI: 0.03–0.54). However, 
unlike the present meta-analysis, they found high heterogeneity between studies. 

Numerous experimental and review studies have also shown that freezing carcasses, 
neck skin, or poultry parts at temperatures between −25 and −18 °C, followed by long-
term storage for 21 to 35 days, can lead to significant reductions in Campylobacter levels, 
typically 0.5 to 3.4 log10 [17,193–196]. The most substantial reductions, approximately 1 
log10, are generally observed within the first 24 h of freezing [194,196]. Extending the stor-
age period beyond 3 to 5 weeks yields minimal additional reductions in Campylobacter 
levels, as negligible changes occur afterward [197]. It is important to note that freezing 
does not completely eliminate the pathogen; therefore, surviving Campylobacter cells can 
persist even after prolonged storage and remain detectable qualitatively and quantita-
tively [196,197]. However, according to EFSA [9], proper freezing practices for 2–3 weeks 
can significantly reduce the risk of campylobacteriosis in humans by more than 90%.  

The last variable evaluated in this meta-analysis was the effect of climate, which es-
sentially involved comparing reductions in Campylobacter levels in poultry carcasses be-
tween colder and warmer climates. The results showed that colder climates were associ-
ated with reductions in both concentration and prevalence of Campylobacter, although the 
prevalence reduction was not significant. However, this result should be interpreted with 
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caution, given the small number of studies (n = 2), which yielded 14 concentration out-
comes and 8 prevalence outcomes. These results support previous reports describing cor-
relations between seasonality, climatic conditions, and the survival and spread of Campyl-
obacter [198,199]. Several studies [200–202] have reported a higher incidence of Campylo-
bacter on poultry during the spring and summer months, which correspond to tempera-
tures around 42 °C—optimal for growth under laboratory conditions [156] and similar to 
the body temperature of birds [203]. In contrast, the incidence of Campylobacter generally 
decreases in the autumn and winter months. Rosenquist et al. [204] reported a high inci-
dence of Campylobacter (78%) in broiler chickens slaughtered in warm weather, and a 
lower incidence in colder weather. Similarly, another study evaluating the influence of 
temperature, humidity, and precipitation on poultry slaughter found a higher prevalence 
of Campylobacter in warmer climates than in colder ones [205]. In that study, the overall 
prevalence found in positive batches was 63.8% (95% CI 59.6–67.9%, n = 542). Each 1 °C 
increase in average monthly temperature up to 26 °C resulted in a 16.4% increase. In ad-
dition, for each 10 mm increase in total monthly precipitation up to 300 mm, positive 
batches increased significantly by 0.8%. Already, for every 1% increase in relative humid-
ity up to 80%, positive batches increased by 4.2%. 

From a “One Health” perspective, the findings of this study are significant for anti-
microbial resistance (AMR). Although this study did not directly evaluate resistance pro-
files, the observed reduction in Campylobacter contamination at poultry slaughter could 
indirectly decrease human exposure to antimicrobial-resistant strains, while responsible 
management of antibiotics in poultry primary production upstream remains fundamental 
[205]. 

5. Conclusions 
In conclusion, this meta-analysis emphasised the significant effects of processing 

stages and interventions on Campylobacter contamination in poultry slaughterhouses. The 
fact that this meta-analysis identified cutting/bleeding and evisceration as the two critical 
stages for increased concentration and prevalence of Campylobacter suggests that special 
attention should be paid to these stages during poultry carcass processing to control cross-
contamination. Nevertheless, this meta-analysis highlighted that Campylobacter reduc-
tions during these two processing stages can be achieved through chemical interventions, 
with sodium hypochlorite, acidified sodium chlorine, and peroxyacetic acid being the 
most promising. On the other hand, scalding, carcass washing, and chilling were high-
lighted as the leading stages that reduce Campylobacter levels, both in concentration and 
prevalence. In general, for all stages of processing, the greatest reductions in both concen-
tration and prevalence were estimated when samples were obtained by carcass rinses ra-
ther than sampling breast and neck skin. Moreover, the interventions/treatments exam-
ined in this meta-analysis were generally effective at reducing Campylobacter levels in 
poultry. However, their effectiveness varied according to several factors, including the 
type of intervention, mode of application, concentration, and the sample measured. For 
instance, among all sanitisers, sodium hypochlorite was the most effective, while chlorine 
was the least effective. When comparing application methods, immersion proved to be 
more effective than spraying. Additionally, treatments were deemed as more effective 
when Campylobacter was quantified from the carcass rather than from the cloaca. Among 
organic acids, peroxyacetic acid was the most effective at reducing Campylobacter enumer-
ation and prevalence, while acetic acid was less effective in suppressing microbial growth. 
The efficacy of treatments also varied according to the sampled part of the poultry; it was 
higher when quantifying Campylobacter in wings and lower when quantifying in drum-
sticks. Additionally, among plant extract interventions, carvacrol was the most effective 
at reducing Campylobacter levels, whereas the combination of carvacrol and gum-arabic 
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had lower effect. Furthermore, freezing and poultry processing in colder climates led to 
lower concentrations and prevalence of Campylobacter in poultry carcasses, although the 
prevalence reduction did not reach significance in cold climates. In environmental meta-
analyses, the highest risk factor for Campylobacter was observed at the entrance to slaugh-
terhouses, notably in transport crates, while the lowest prevalence was observed in the 
chill tank. 

Overall, the findings of this meta-analysis can inform decision-making tools and op-
timisation frameworks, facilitating the data-driven selection of effective intervention strat-
egies in poultry processing. At the same time, given that no single method could fully 
eliminate Campylobacter from poultry carcasses, the results of this meta-analysis also high-
light the need for a multi-barrier approach that combines controlled processing steps, ef-
fective intervention/treatment measures between processing steps, optimised packaging, 
and routine cleaning/disinfection to ensure the safety of the final product. High-preva-
lence environmental nodes (transport crates, operator hands/gloves) underscores the need 
for targeted hygiene interventions and training. 

Author Contributions: Conceptualisation, V.C. and U.G.-B.; methodology, O.Z., V.C. and U.G.-B.; 
software, V.C. and U.G.-B.; validation, V.C. and U.G.-B.; formal analysis, O.Z., V.C. and U.G.-B.; 
investigation, O.Z., V.C. and U.G.-B.; resources, O.Z., V.C. and U.G.-B.; data curation, O.Z., V.C. and 
U.G.-B.; writing—original draft preparation, O.Z., V.C. and U.G.-B.; writing—review and editing, 
O.Z., A.N.B., V.C. and U.G.-B.; visualisation, A.N.B., V.C. and U.G.-B.; supervision, A.N.B., V.C. and 
U.G.-B.; project administration, V.C. and U.G.-B.; funding acquisition, O.Z., V.C. and U.G.-B. All 
authors have read and agreed to the published version of the manuscript. 

Funding: This work was supported by national funds through FCT/MCTES (PIDDAC): CIMO, 
UIDB/00690/2020 (DOI: 10.54499/UIDB/00690/2020) and UIDP/00690/2020 (DOI: 10.54499/UIDP 
/00690/2020); and SusTEC, LA/P/0007/2020 (DOI: 10.54499/LA/P/0007/2020); and by the PAS-AGRO-
PAS project (PRIMA/0014/2022). O. Zefanias acknowledges the financial support provided by FCT 
through the Ph.D. grant PRT/BD/154751/2022. DOI: https://doi.org/10.54499/PRT/BD/154751/2022. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Compiled meta-analytical datasets can be accessed upon request pro-
vided credits are given. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Havelaar, A.H.; Kirk, M.D.; Torgerson, P.R.; Gibb, H.J.; Hald, T.; Lake, R.J.; Praet, N.; Bellinger, D.C.; de Silva, N.R.; Gargouri, 

N.; et al. World Health Organization Global Estimates and Regional Comparisons of the Burden of Foodborne Disease in 2010. 
PLoS Med. 2015, 12, e1001923. https://doi.org/10.1371/journal.pmed.1001923. 

2. EFSA Panel (BIOHAZ). Scientific Opinion on Quantification of the Risk Posed by Broiler Meat to Human Campylobacteriosis 
in the EU. EFSA J. 2010, 8, 1437. https://doi.org/10.2903/j.efsa.2010.1437. 

3. Bahrndorff, S.; Rangstrup-Christensen, L.; Nordentoft, S.; Hald, B. Foodborne Disease Prevention and Broiler Chickens with 
Reduced Campylobacter Infection. Emerg. Infect. Dis. 2013, 19, 425–430. https://doi.org/10.3201/eid1903.111593. 

4. World Health Organization; Food and Agriculture Organization of the United Nations. Risk Assessment of Campylobacter spp. in 
Broiler Chickens: Technical Report; World Health Organization: Geneva, Switzerland, 2009. 

5. Wainaina, L.; Merlotti, A.; Remondini, D.; Henri, C.; Hald, T.; Njage, P.M.K. Source Attribution of Human Campylobacteriosis 
Using Whole-Genome Sequencing Data and Network Analysis. Pathogens 2022, 11, 645. https://doi.org/10.3390/patho-
gens11060645. 



Appl. Microbiol. 2026, 6, 77 40 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

6. Cody, A.J.; Maiden, M.C.; Strachan, N.J.; McCarthy, N.D. A Systematic Review of Source Attribution of Human Campylobac-
teriosis Using Multilocus Sequence Typing. Euro Surveill. 2019, 24, 1800696. https://doi.org/10.2807/1560-
7917.ES.2019.24.43.1800696. 

7. Thépault, A.; Méric, G.; Rivoal, K.; Pascoe, B.; Mageiros, L.; Touzain, F.; Rose, V.; Béven, V.; Chemaly, M.; Sheppard, S.K. Ge-
nome-Wide Identification of Host-Segregating Epidemiological Markers for Source Attribution in Campylobacter jejuni. Appl. 
Environ. Microbiol. 2017, 83, e03085-16. https://doi.org/10.1128/AEM.03085-16. 

8. Cardoso, M.J.; Ferreira, V.; Truninger, M.; Maia, R.; Teixeira, P. Cross-Contamination Events of Campylobacter spp. in Domestic 
Kitchens Associated with Consumer Handling Practices of Raw Poultry. Int. J. Food Microbiol. 2021, 338, 108984. 

9. EFSA Panel (BIOHAZ). Scientific Opinion on Campylobacter in Broiler Meat Production: Control Options and Performance Ob-
jectives and/or Targets at Different Stages of the Food Chain. EFSA J. 2011, 9, 2105. https://doi.org/10.2903/j.efsa.2011.2105. 

10. Nauta, M.; Hill, A.; Rosenquist, H.; Brynestad, S.; Fetsch, A.; Van Der Logt, P.; Fazil, A.; Christensen, B.; Katsma, E.; Borck, B.; 
et al. A Comparison of Risk Assessments on Campylobacter in Broiler Meat. Int. J. Food Microbiol. 2009, 129, 107–123. 
https://doi.org/10.1016/j.ijfoodmicro.2008.12.001. 

11. Dogan, O.B.; Clarke, J.; Mattos, F.; Wang, B. A Quantitative Microbial Risk Assessment Model of Campylobacter in Broiler Chick-
ens: Evaluating Processing Interventions. Food Control 2019, 100, 97–110. https://doi.org/10.1016/j.foodcont.2019.01.003. 

12. Barbut, S. The Science of Poultry and Meat Processing; University of Guelph: Guelph, Ontario, 2016; ISBN 978-0-88955-626-3. 
13. CODEX ALIMENTARIUS FAO-WHO. Guidelines for the Control of Campylobacter and Salmonella in Chicken Meat. Available 

online: https://www.fao.org/fao-who-codexalimentarius/codex-texts/guidelines/en/ (accessed on 31 October 2025). 
14. Habib, I.; Mohamed, M.-Y.I.; Lakshmi, G.B.; Al Marzooqi, H.M.; Afifi, H.S.; Shehata, M.G.; Khan, M.; Ghazawi, A.; Abdalla, A.; 

Anes, F. Quantitative Assessment and Genomic Profiling of Campylobacter Dynamics in Poultry Processing: A Case Study in the 
United Arab Emirates Integrated Abattoir System. Front. Microbiol. 2024, 15, 1439424. 
https://doi.org/10.3389/fmicb.2024.1439424. 

15. Berrang, M.E.; Dickens, J.A. Presence and Level of Campylobacter spp. on Broiler Carcasses Throughout the Processing Plant. J. 
Appl. Poult. Res. 2000, 9, 43–47. https://doi.org/10.1093/japr/9.1.43. 

16. Svobodová, I.; Borilová, G.; Hulanková, R.; Steinhauserová, I. Microbiological Quality of Broiler Carcasses During Slaughter 
Processing. Acta Vet. Brno. 2012, 81, 37-42. doi:10.2754/avb201281010037. 

17. Rasschaert, G.; De Zutter, L.; Herman, L.; Heyndrickx, M. Campylobacter Contamination of Broilers: The Role of Transport and 
Slaughterhouse. Int. J. Food Microbiol. 2020, 322, 108564. https://doi.org/10.1016/j.ijfoodmicro.2020.108564. 

18. Rosenquist, H.; Boysen, L.; Borck, B. Interventions to Control Campylobacter in the Broiler Production: Report of an International Expert 
Consultation, Copenhagen, Denmark, 26–27 November 2007, 1st ed.; National Food Institute, Department of Microbiology and Risk 
Assessment: Søborg, Denmark, 2008; ISBN 978-87-92158-16-1. 

19. Hugas, M.; Tsigarida, E. Pros and Cons of Carcass Decontamination: The Role of the European Food Safety Authority. Meat Sci. 
2008, 78, 43–52. https://doi.org/10.1016/j.meatsci.2007.09.001. 

20. Loretz, M.; Stephan, R.; Zweifel, C. Antimicrobial Activity of Decontamination Treatments for Poultry Carcasses: A Literature 
Survey. Food Control 2010, 21, 791–804. https://doi.org/10.1016/j.foodcont.2009.11.007. 

21. Atterbury, R.J.; Connerton, P.L.; Dodd, C.E.R.; Rees, C.E.D.; Connerton, I.F. Application of Host-Specific Bacteriophages to the 
Surface of Chicken Skin Leads to a Reduction in Recovery of Campylobacter jejuni. Appl. Environ. Microbiol. 2003, 69, 6302–6306. 
https://doi.org/10.1128/AEM.69.10.6302-6306.2003. 

22. Goode, D.; Allen, V.M.; Barrow, P.A. Reduction of Experimental Salmonella and Campylobacter Contamination of Chicken Skin 
by Application of Lytic Bacteriophages. Appl. Environ. Microbiol. 2003, 69, 5032–5036. https://doi.org/10.1128/AEM.69.8.5032-
5036.2003. 

23. Micciche, A.; Rothrock, M.J.; Yang, Y.; Ricke, S.C. Essential Oils as an Intervention Strategy to Reduce Campylobacter in Poultry 
Production: A Review. Front. Microbiol. 2019, 10, 1058. https://doi.org/10.3389/fmicb.2019.01058. 

24. Wagle, B.R.; Donoghue, A.M.; Jesudhasan, P.R. Select Phytochemicals Reduce Campylobacter jejuni in Postharvest Poultry and 
Modulate the Virulence Attributes of C. Jejuni. Front. Microbiol. 2021, 12, 725087. https://doi.org/10.3389/fmicb.2021.725087. 

25. Guerin, M.T.; Sir, C.; Sargeant, J.M.; Waddell, L.; O’Connor, A.M.; Wills, R.W.; Bailey, R.H.; Byrd, J.A. The Change in Prevalence 
of Campylobacter on Chicken Carcasses during Processing: A Systematic Review. Poult. Sci. 2010, 89, 1070–1084. 
https://doi.org/10.3382/ps.2009-00213. 

26. Gichure, J.N.; Kamau Njage, P.M.; Wambui, J.M.; Dykes, G.A.; Buys, E.M.; Coorey, R. Systematic-Review and Meta-Analysis 
on Effect of Decontamination Interventions on Prevalence and Concentration of Campylobacter spp. during Primary Processing 
of Broiler Chickens. Food Microbiol. 2022, 102, 103923. 



Appl. Microbiol. 2026, 6, 77 41 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

27. Dogan, O.B.; Aditya, A.; Ortuzar, J.; Clarke, J.; Wang, B. A Systematic Review and Meta-analysis of the Efficacy of Processing 
Stages and Interventions for Controlling Campylobacter Contamination during Broiler Chicken Processing. Comp. Rev. Food Sci. 
Food Safe 2022, 21, 227–271. https://doi.org/10.1111/1541-4337.12860. 

28. Leone, C.; Xu, X.; Mishra, A.; Thippareddi, H.; Singh, M. Interventions to Reduce Salmonella and Campylobacter during Chilling 
and Post-Chilling Stages of Poultry Processing: A Systematic Review and Meta-Analysis. Poult. Sci. 2024, 103, 103492. 
https://doi.org/10.1016/j.psj.2024.103492. 

29. Haddaway, N.R.; Page, M.J.; Pritchard, C.C.; McGuinness, L.A. PRISMA2020: An R Package and Shiny App for Producing 
PRISMA 2020-compliant Flow Diagrams, with Interactivity for Optimised Digital Transparency and Open Synthesis. Campbell 
Syst. Rev. 2022, 18, e1230. https://doi.org/10.1002/cl2.1230. 

30. McKenzie, J.E.; Brennan, S.E.; Ryan, R.E.; Thomson, H.J.; Johnston, R.V.; Thomas, J. Chapter 3: Defining the Criteria for Includ-
ing Studies and How They Will Be Grouped for the Synthesis. Cochrane Handbook for Systematic Reviews of Interventions 
Version 6.5. Cochrane. Available online: https://www.cochrane.org/authors/handbooks-and-manuals/handbook/current/chap-
ter-03#section-3-2 (accessed on 8 August 2025). 

31. Zefanias, O.; Gonzales-Barron, U.; Cadavez, V. Effectiveness of Interventions and Control Measures in the Reduction of Cam-
pylobacter in Poultry Farms: A Comprehensive Meta-Analysis. Foods 2026, 15, 307. https://doi.org/10.3390/foods15020307. 

32. Ouzzani, M.; Hammady, H.; Fedorowicz, Z.; Elmagarmid, A. Rayyan—A Web and Mobile App for Systematic Reviews. Syst. 
Rev. 2016, 5, 210. https://doi.org/10.1186/s13643-016-0384-4. 

33. Deeks, J.J.; Higgins, J.P.T.; Altman, D.G.; McKenzie, J.E.; Veroniki, A.A. Chapter 10: Analysing Data and Undertaking Meta-
Analyses. Cochrane Handbook for Systematic Reviews of Interventions Version 6.5. Cochrane. Available online: 
https://www.cochrane.org/authors/handbooks-and-manuals/handbook/current/chapter-03#section-3-2 (accessed on 28 April 
2025). 

34. Rohatgi, A. WebPlotDigitizer. Version 5.2. Available online: https://automeris.io/v4/ (accessed on 1 August 2025). 
35. Silva, B.N.; Cadavez, V.; Teixeira, J.A.; Gonzales-Barron, U. Meta-Analysis of the Incidence of Foodborne Pathogens in Vegeta-

bles and Fruits from Retail Establishments in Europe. Curr. Opin. Food Sci. 2017, 18, 21–28. 
https://doi.org/10.1016/j.cofs.2017.10.001. 

36. Wang, N. Conducting Meta-Analyses of Proportions in R. JBDS 2023, 3, 64–126. https://doi.org/10.35566/jbds/v3n2/wang. 
37. Borenstein, M.; Hedges, L.V.; Higgins, J.P.T.; Rothstein, H.R. Introduction to Meta-Analysis; John Wiley & Sons: Hoboken, NJ, 

USA, 2011; ISBN 978-1-119-96437-7. 
38. Posit Team. RStudio Integrated Development Environment for R. Posit Software, PBC, Boston, MA, USA. Available online: 

http://www.posit.co/ (accessed on 13 October 2025). 
39. Viechtbauer, W. Conducting Meta-Analyses in R with the Metafor Package. J. Stat. Soft. 2010, 36, 1–48. 

https://doi.org/10.18637/jss.v036.i03. 
40. Grothendieck, G. sqldf: Manipulate R Data Frames Using SQL, version 0.4-11; R Project: Vienna, Austria, 2007. 
41. Higgins, J.P.T.; Thompson, S.G. Quantifying Heterogeneity in a Meta-analysis. Stat. Med. 2002, 21, 1539–1558. 

https://doi.org/10.1002/sim.1186. 
42. Higgins, J.P.T. Measuring Inconsistency in Meta-Analyses. BMJ 2003, 327, 557–560. https://doi.org/10.1136/bmj.327.7414.557. 
43. Galbraith, R.F. Graphical Display of Estimates Having Differing Standard Errors. Technometrics 1988, 30, 271–281. 
44. Galbraith, R. Some Applications of Radial Plots. J. Am. Stat. Assoc. 1994, 89, 1232–1242. 

https://doi.org/10.1080/01621459.1994.10476864. 
45. Borenstein, M. Common Mistakes in Meta-Analysis and How to Avoid Them; Biostat, Inc: Englewood, NJ, USA, 2019; ISBN 978-1-

7334367-0-0. 
46. Crocetti, E. Systematic Reviews with Meta-Analysis: Why, When, and How? Emerg. Adulthood 2016, 4, 3–18. 

https://doi.org/10.1177/2167696815617076. 
47. Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in Meta-Analysis Detected by a Simple, Graphical Test. BMJ 1997, 315, 

629–634. https://doi.org/10.1136/bmj.315.7109.629. 
48. Beterams, A.; Püning, C.; Wyink, B.; Grosse-Kleimann, J.; Gölz, G.; Schönknecht, A.; Alter, T.; Reich, F. Status Quo: Levels of 

Campylobacter spp. and Hygiene Indicators in German Slaughterhouses for Broiler and Turkey. Int. J. Food Microbiol. 2024, 414, 
110610. 

49. De Villena, J.F.; Vargas, D.A.; Bueno López, R.; Chávez-Velado, D.R.; Casas, D.E.; Jiménez, R.L.; Sanchez-Plata, M.X. Bio-Map-
ping Indicators and Pathogen Loads in a Commercial Broiler Processing Facility Operating with High and Low Antimicrobial 
Intervention Levels. Foods 2022, 11, 775. https://doi.org/10.3390/foods11060775. 



Appl. Microbiol. 2026, 6, 77 42 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

50. Hutchison, M.L.; Harrison, D.; Tchòrzewska, M.A.; González-Bodí, S.; Madden, R.H.; Corry, J.E.L.; Allen, V.M. Quantitative 
Determination of Campylobacter on Broilers along 22 United Kingdom Processing Lines to Identify Potential Process Control 
Points and Cross-Contamination from Colonized to Uncolonized Flocks. J. Food Prot. 2022, 85, 1696–1707. 
https://doi.org/10.4315/JFP-22-204. 

51. Jainonthee, C.; Chaisowwong, W.; Ngamsanga, P.; Meeyam, T.; Sampedro, F.; Wells, S.J.; Pichpol, D. Exploring the Influence of 
Slaughterhouse Type and Slaughtering Steps on Campylobacter jejuni Contamination in Chicken Meat: A Cluster Analysis Ap-
proach. Heliyon 2024, 10, e32345. https://doi.org/10.1016/j.heliyon.2024.e32345. 

52. Ae Kim, S.; Hong Park, S.; In Lee, S.; Owens, C.M.; Ricke, S.C. Assessment of Chicken Carcass Microbiome Responses During 
Processing in the Presence of Commercial Antimicrobials Using a Next Generation Sequencing Approach. Sci. Rep. 2017, 7, 
43354. https://doi.org/10.1038/srep43354. 

53. Kingsbury, J.M.; Horn, B.; Armstrong, B.; Midwinter, A.; Biggs, P.; Callander, M.; Mulqueen, K.; Brooks, M.; van der Logt, P.; 
Biggs, R. The Impact of Primary and Secondary Processing Steps on Campylobacter Concentrations on Chicken Carcasses and 
Portions. Food Microbiol. 2023, 110, 104168. 

54. Iannetti, S.; Calistri, P.; Di Serafino, G.; Marotta, F.; Alessiani, A.; Antoci, S.; Neri, D.; Perilli, M.; Iannitto, G.; Iannetti, L.; et al. 
Campylobacter jejuni and Campylobacter Coli: Prevalence, Contamination Levels, Genetic Diversity and Antibiotic Resistance in 
Italy. Vet. Ital. 2020, 56, 23–34. https://doi.org/10.12834/VetIt.1819.9596. 

55. Mead, G.C.; Hudson, W.R.; Hinton, M.H. Effect of Changes in Processing to Improve Hygiene Control on Contamination of 
Poultry Carcasses with Campylobacter. Epidemiol. Infect. 1995, 115, 495–500. 

56. Pacholewicz, E.; Swart, A.; Schipper, M.; Gortemaker, B.G.M.; Wagenaar, J.A.; Havelaar, A.H.; Lipman, L.J.A. A Comparison of 
Fluctuations of Campylobacter and Escherichia coli Concentrations on Broiler Chicken Carcasses during Processing in Two Slaugh-
terhouses. Int. J. Food Microbiol. 2015, 205, 119–127. 

57. Seliwiorstow, T.; Baré, J.; Van Damme, I.; Uyttendaele, M.; De Zutter, L. Campylobacter Carcass Contamination throughout the 
Slaughter Process of Campylobacter-Positive Broiler Batches. Int. J. Food Microbiol. 2015, 194, 25–31. 
https://doi.org/10.1016/j.ijfoodmicro.2014.11.004. 

58. Zhang, L.; Singh, P.; Lee, H.C.; Kang, I. Effect of Hot Water Spray on Broiler Carcasses for Reduction of Loosely Attached, 
Intermediately Attached, and Tightly Attached Pathogenic (Salmonella and Campylobacter) and Mesophilic Aerobic Bacteria. 
Poult. Sci. 2013, 92, 804–810. https://doi.org/10.3382/ps.2012-02504. 

59. Althaus, D.; Zweifel, C.; Stephan, R. Analysis of a Poultry Slaughter Process: Influence of Process Stages on the Microbiological 
Contamination of Broiler Carcasses. Ital. J. Food Saf. 2017, 6, 7097. https://doi.org/10.4081/ijfs.2017.7097. 

60. Chen, S.H.; Fegan, N.; Kocharunchitt, C.; Bowman, J.P.; Duffy, L.L. Changes of the Bacterial Community Diversity on Chicken 
Carcasses through an Australian Poultry Processing Line. Food Microbiol. 2020, 86, 103350. 
https://doi.org/10.1016/j.fm.2019.103350. 

61. Lehner, Y.; Reich, F.; Klein, G. Influence of Process Parameter on Campylobacter spp. Counts on Poultry Meat in a Slaughterhouse 
Environment. Curr. Microbiol. 2014, 69, 240–244. https://doi.org/10.1007/s00284-014-0575-y. 

62. Perez-Arnedo, I.; Gonzalez-Fandos, E. Prevalence of Campylobacter spp. in Poultry in Three Spanish Farms, a Slaughterhouse 
and a Further Processing Plant. Foods 2020, 8, 111. 

63. Seliwiorstow, T.; Baré, J.; Van Damme, I.; Algaba, I.G.; Uyttendaele, M.; De Zutter, L. Transfer of Campylobacter from a Positive 
Batch to Broiler Carcasses of a Subsequently Slaughtered Negative Batch: A Quantitative Approach. J. Food Prot. 2016, 79, 896–
901. 

64. Zweifel, C.; Althaus, D.; Stephan, R. Effects of Slaughter Operations on the Microbiological Contamination of Broiler Carcasses 
in Three Abattoirs. Food Control 2015, 51, 37–42. https://doi.org/10.1016/j.foodcont.2014.11.002. 

65. Allen, V.M.; Bull, S.A.; Corry, J.E.L.; Domingue, G.; Jørgensen, F.; Frost, J.A.; Whyte, R.; Gonzalez, A.; Elviss, N.; Humphrey, 
T.J. Campylobacter spp. Contamination of Chicken Carcasses during Processing in Relation to Flock Colonisation. Int. J. Food 
Microbiol. 2007, 113, 54–61. https://doi.org/10.1016/j.ijfoodmicro.2006.07.011. 

66. Berrang, M.E.; Bailey, J.S.; Altekruse, S.F.; Patel, B.; Shaw, W.K., Jr.; Meinersmann, R.J.; Fedorka-Cray, P.J. Prevalence and Num-
bers of Campylobacter on Broiler Carcasses Collected at Rehang and Postchill in 20 U.S. Processing Plants. J. Food Prot. 2007, 70, 
1556–1560. 

67. Boysen, L.; Nauta, M.; Rosenquist, H. Campylobacter spp. and Escherichia coli Contamination of Broiler Carcasses across the 
Slaughter Line in Danish Slaughterhouses. Microb. Risk Anal. 2016, 2–3, 63–67. https://doi.org/10.1016/j.mran.2016.05.005. 

68. Franchin, P.R.; Ogliari, P.J.; Batista, C.R.V. Frequency of Thermophilic Campylobacter in Broiler Chickens during Industrial Pro-
cessing in a Southern Brazil Slaughterhouse. Br. Poult. Sci. 2007, 48, 127–132. https://doi.org/10.1080/00071660701261286. 



Appl. Microbiol. 2026, 6, 77 43 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

69. Gruntar, I.; Biasizzo, M.; Kušar, D.; Pate, M.; Ocepek, M. Campylobacter jejuni Contamination of Broiler Carcasses: Population 
Dynamics and Genetic Profiles at Slaughterhouse Level. Food Microbiol. 2015, 50, 97–101. https://doi.org/10.1016/j.fm.2015.03.007. 

70. Hauge, S.J.; Johannessen, G.S.; Haverkamp, T.H.A.; Bjørkøy, S.; Llarena, A.K.; Spilsberg, B.; Leithaug, M.; Økland, M.; Holthe, 
J.; Røtterud, O.-J.; et al. Assessment of Poultry Process Hygiene and Bacterial Dynamics along Two Broiler Slaughter Lines in 
Norway. Food Control 2023, 146, 109526. 

71. Huang, J.; Zang, X.; Zhai, W.; Guan, C.; Lei, T.; Jiao, X. Quantitative Analysis of Campylobacter spp. Contamination in Chicken 
Slaughtering Lines by “Label Tracking Method” in Eastern China. Food Control 2017, 80, 67–73. https://doi.org/10.1016/j.food-
cont.2017.03.052. 

72. Meredith, H.; McDowell, D.; Bolton, D.J. An Evaluation of Trisodium Phosphate, Citric Acid and Lactic Acid Cloacal Wash 
Treatments to Reduce Campylobacter, Total Viable Counts (TVC) and Total Enterobacteriaceae Counts (TEC) on Broiler Car-
casses during Processing. Food Control 2013, 32, 149–152. https://doi.org/10.1016/j.foodcont.2012.11.026. 

73. Rosenquist, H.; Sommer, H.; Nielsen, N.; Christensen, B. The Effect of Slaughter Operations on the Contamination of Chicken 
Carcasses with Thermotolerant Campylobacter. Int. J. Food Microbiol. 2006, 108, 226–232. https://doi.org/10.1016/j.ijfoodmi-
cro.2005.12.007. 

74. Vargas, D.A.; Betancourt-Barszcz, G.K.; Chávez-Velado, D.R.; Sánchez, A.; Bueno López, R.; Sanchez-Plata, M.X. Bio-Mapping 
of Microbial Indicators and Pathogen Quantitative Loads in Commercial Broiler Processing Facilities in South America. Foods 
2023, 12, 3600. https://doi.org/10.3390/foods12193600. 

75. Vinueza-Burgos, C.; Cevallos, M.; Cisneros, M.; Van Damme, I.; De Zutter, L. Quantification of the Campylobacter Contamination 
on Broiler Carcasses during the Slaughter of Campylobacter Positive Flocks in Semi-Industrialized Slaughterhouses. Int. J. Food 
Microbiol. 2018, 269, 75–79. https://doi.org/10.1016/j.ijfoodmicro.2018.01.021. 

76. Berrang, M.E.; Gamble, G.R.; Bowker, B.C.; Meinersmann, R.J.; Cox, N.A.; Knapp, S.W. Cetylpyridinium Chloride and Peracetic 
Acid to Lessen Campylobacter, Escherichia coli, and Total Aerobic Bacterial Contamination on Chicken Liver. J. Appl. Poult. Res. 
2021, 30, 100212. https://doi.org/10.1016/j.japr.2021.100212. 

77. Feye, K.M.; Dittoe, D.K.; Shi, Z.; Woitte, J.; Owens, C.M.; Kogut, M.H.; Ricke, S.C. The Reduction of Pathogen Load on Ross 708 
Broilers When Using Different Sources of Commercial Peracetic Acid Sanitizers in a Pilot Processing Plant. Microorganisms 2019, 
7, 503. https://doi.org/10.3390/microorganisms7110503. 

78. Figueroa, G.; Troncoso, M.; López, C.; Rivas, P.; Toro, M. Occurrence and Enumeration of Campylobacter spp. during the Pro-
cessing of Chilean Broilers. BMC Microbiol. 2009, 9, 94. https://doi.org/10.1186/1471-2180-9-94. 

79. Zhang, L.; Jeong, J.Y.; Janardhanan, K.K.; Ryser, E.T.; Kang, I. Microbiological Quality of Water Immersion-Chilled and Air-
Chilled Broilers. J. Food Prot. 2011, 74, 1531–1535. https://doi.org/10.4315/0362-028X.JFP-11-032. 

80. Bashor, M.P.; Curtis, P.A.; Keener, K.M.; Sheldon, B.W.; Kathariou, S.; Osborne, J.A. Effects of Carcass Washers on Campylobacter 
Contamination in Large Broiler Processing Plants. Poult. Sci. 2004, 83, 1232–1239. https://doi.org/10.1093/ps/83.7.1232. 

81. Blevins, R.E.; Dittoe, D.K.; Feye, K.M.; Bench, L.; Bench, B.J.; Ricke, S.C. Campylobacter and Salmonella Levels and Chemical 
Composition of Commercial Whole Bird Carcass Pre-Chiller Rinses. J. Agric. Food Res. 2020, 2, 100041. 
https://doi.org/10.1016/j.jafr.2020.100041. 

82. De Castro Burbarelli, M.F.; Do Valle Polycarpo, G.; Deliberali Lelis, K.; Granghelli, C.A.; Carão De Pinho, A.C.; Ribeiro Almeida 
Queiroz, S.; Fernandes, A.M.; Moro De Souza, R.L.; Gaglianone Moro, M.E.; De Andrade Bordin, R.; et al. Cleaning and Disin-
fection Programs against Campylobacter jejuni for Broiler Chickens: Productive Performance, Microbiological Assessment and 
Characterization. Poult. Sci. 2017, 96, 3188–3198. https://doi.org/10.3382/ps/pex153. 

83. Emanowicz, M.; Meade, J.; Bolton, D.; Golden, O.; Gutierrez, M.; Byrne, W.; Egan, J.; Lynch, H.; O’Connor, L.; Coffey, A.; et al. 
The Impact of Key Processing Stages and Flock Variables on the Prevalence and Levels of Campylobacter on Broiler Carcasses. 
Food Microbiol. 2021, 95, 103688. https://doi.org/10.1016/j.fm.2020.103688. 

84. McWhorter, A.R.; Weerasooriya, G.; Kumar, S.; Chousalkar, K.K. Comparison of Peroxyacetic Acid and Acidified Sodium Chlo-
rite at Reducing Natural Microbial Contamination on Chicken Meat Pieces. Poult. Sci. 2023, 102, 103009. 

85. Stella, S.; Tirloni, E.; Bernardi, C.; Grilli, G. Evaluation of Effect of Chilling Steps during Slaughtering on the Campylobacter Sp. 
Counts on Broiler Carcasses. Poult. Sci. 2021, 100, 100866. 

86. Borges, K.A.; Cisco, I.C.; Furian, T.Q.; Tedesco, D.C.; Rodrigues, L.B.; Do Nascimento, V.P.; Dos Santos, L.R. Detection and 
Quantification of Campylobacter spp. in Brazilian Poultry Processing Plants. J. Infect. Dev. Ctries. 2020, 14, 109–113. 
https://doi.org/10.3855/jidc.11973. 



Appl. Microbiol. 2026, 6, 77 44 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

87. Morgan, R.B.; Sierra–Arguello, Y.M.; Perdoncini, G.; Borges, K.A.; Furian, T.Q.; Gomes, M.J.P.; Lima, D.; Salle, C.T.P.; Moraes, 
H.L.S.; Nascimento, V.P. Comparison of Transport Crates Contamination with Campylobacter spp. before and after the Cleaning 
and Disinfection Procedure in Broiler Slaughterhouses. Poult. Sci. 2022, 101, 101909. https://doi.org/10.1016/j.psj.2022.101909. 

88. Vaddu, S.; Kataria, J.; Belem, T.S.; Sidhu, G.; Moller, A.E.; Leone, C.; Singh, M.; Thippareddi, H. On-Site Generated Peroxy Acetic 
Acid (PAA) Technology Reduces Salmonella and Campylobacter on Chicken Wings. Poult. Sci. 2021, 100, 101206. 
https://doi.org/10.1016/j.psj.2021.101206. 

89. Bechstein, D.-V.; Popp, J.; Sudhaus-Joern, N.; Krischek, C. Effect of Ethyl-Lauroyl-Arginate Hypochloride in Combination with 
High Hydrostatic Pressure Processing on the Microbial Load and Physico-Chemical Characteristics of Minced and Portioned 
Chicken Breast Meat. Poult. Sci. 2019, 98, 966–976. https://doi.org/10.3382/ps/pey427. 

90. Kumar, S.; Singh, M.; Cosby, D.E.; Cox, N.A.; Thippareddi, H. Efficacy of Peroxy Acetic Acid in Reducing Salmonella and 
Campylobacter spp. Populations on Chicken Breast Fillets. Poult. Sci. 2020, 99, 2655–2661. https://doi.org/10.1016/j.psj.2019.12.045. 

91. Li, K.; Lemonakis, L.; Glover, B.; Moritz, J.; Shen, C. Impact of Built-up-Litter and Commercial Antimicrobials on Salmonella 
and Campylobacter Contamination of Broiler Carcasses Processed at a Pilot Mobile Poultry-Processing Unit. Front. Vet. Sci. 
2017, 4, 88. https://doi.org/10.3389/fvets.2017.00088. 

92. Smith, J.; Corkran, S.; McKee, S.R.; Bilgili, S.F.; Singh, M. Evaluation of Post-Chill Applications of Antimicrobials against Cam-
pylobacter jejuni on Poultry Carcasses. J. Appl. Poult. Res. 2015, 24, 451–456. https://doi.org/10.3382/japr/pfv046. 

93. Berrang, M.E.; Meinersmann, R.J.; Cox, N.A.; Fedorka-Cray, P.J. Application of Chlorine Dioxide to Lessen Bacterial Contami-
nation during Broiler Defeathering. J. Appl. Poult. Res. 2011, 20, 33–39. https://doi.org/10.3382/japr.2010-00178. 

94. Giombelli, A.; Gloria, M.B.A. Prevalence of Salmonella and Campylobacter on Broiler Chickens from Farm to Slaughter and 
Efficiency of Methods to Remove Visible Fecal Contamination. J. Food Prot. 2014, 77, 1851–1859. https://doi.org/10.4315/0362-
028X.JFP-14-200. 

95. Nagel, G.M.; Bauermeister, L.J.; Bratcher, C.L.; Singh, M.; McKee, S.R. Salmonella and Campylobacter Reduction and Quality 
Characteristics of Poultry Carcasses Treated with Various Antimicrobials in a Post-Chill Immersion Tank. Int. J. Food Microbiol. 
2013, 165, 281–286. 

96. Park, S.; Harrison, M.A.; Berrang, M.E. Postchill Antimicrobial Treatments to Control Salmonella, Listeria, and Campylobacter 
Contamination on Chicken Skin Used in Ground Chicken. J. Food Prot. 2017, 80, 857–862. 

97. Vetchapitak, T.; Shinki, T.; Sasaki, S.; Taniguchi, T.; Luangtongkum, T.; Misawa, N. Evaluation of Chemical Treatment Com-
bined with Vacuum and Ultrasonication with a Water Resonance System for Reducing Campylobacter on Naturally Contami-
nated Chicken Carcasses. Food Control 2020, 112, 107087. https://doi.org/10.1016/j.foodcont.2020.107087. 

98. Zakariene, G.; Serniene, L.; Malakauskas, M. Effects of Lactic Acid, Linalool and Cinnamaldehyde against Campylobacter jejuni 
in Vitro and on Broiler Breast Fillets. Vet. Zootech. 2015, 72, 45–52. 

99. Zhang, L.; Garner, L.J.; Mckee, S.R.; Bilgili, S.F. Effectiveness of Several Antimicrobials Used in a Postchill Decontamination 
Tank against Salmonella and Campylobacter on Broiler Carcass Parts. J. Food Prot. 2018, 81, 1134–1141. 
https://doi.org/10.4315/0362-028X.JFP-17-507. 

100. Hue, O.; Le Bouquin, S.; Laisney, M.-J.; Allain, V.; Lalande, F.; Petetin, I.; Rouxel, S.; Quesne, S.; Gloaguen, P.-Y.; Picherot, M.; 
et al. Prevalence of and Risk Factors for Campylobacter spp. Contamination of Broiler Chicken Carcasses at the Slaughterhouse. 
Food Microbiol. 2010, 27, 992–999. 

101. Reich, F.; Atanassova, V.; Haunhorst, E.; Klein, G. The Effects of Campylobacter Numbers in Caeca on the Contamination of 
Broiler Carcasses with Campylobacter. Int. J. Food Microbiol. 2008, 127, 116–120. 

102. Bertram, R.; Kehrenberg, C.; Seinige, D.; Krischek, C. Peracetic Acid Reduces Campylobacter spp. On Turkey Skin: Effects of a 
Spray Treatment on Microbial Load, Sensory and Meat Quality during Storage. PLoS ONE 2019, 14, e0220296. 

103. Shrestha, S.; Wagle, B.R.; Upadhyay, A.; Arsi, K.; Upadhyaya, I.; Donoghue, D.J.; Donoghue, A.M. Edible Coatings Fortified 
with Carvacrol Reduce Campylobacter jejuni on Chicken Wingettes and Modulate Expression of Select Virulence Genes. Front. 
Microbiol. 2019, 10, 583. https://doi.org/10.3389/fmicb.2019.00583. 

104. Thormar, H.; Hilmarsson, H.; Thráinsson, J.H.; Georgsson, F.; Gunnarsson, E.; Dadadóttir, S. Treatment of Fresh Poultry Car-
cases with Emulsions of Glycerol Monocaprate (Monocaprin) to Reduce Contamination with Campylobacter and Psychrotrophic 
Bacteria. Br. Poult. Sci. 2011, 52, 11–19. https://doi.org/10.1080/00071668.2010.537308. 

105. Shrestha, S.; Wagle, B.R.; Upadhyay, A.; Arsi, K.; Donoghue, D.J.; Donoghue, A.M. Carvacrol Antimicrobial Wash Treatments 
Reduce Campylobacter jejuni and Aerobic Bacteria on Broiler Chicken Skin. Poult. Sci. 2019, 98, 4073–4083. 
https://doi.org/10.3382/ps/pez198. 



Appl. Microbiol. 2026, 6, 77 45 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

106. Hansson, I.; Ederoth, M.; Andersson, L.; Vagsholm, I.; Olsson Engvall, E. Transmission of Campylobacter spp. to Chickens during 
Transport to Slaughter. J. Appl. Microbiol. 2005, 99, 1149–1157. https://doi.org/10.1111/j.1365-2672.2005.02689.x. 

107. Perez-Arnedo, I.; Cantalejo, M.J.; Martínez-Laorden, A.; Gonzalez-Fandos, E. Effect of Processing on the Microbiological Quality 
and Safety of Chicken Carcasses at Slaughterhouse. Int. J. Food Sci. Technol. 2021, 56, 1855–1864. 

108. Bouhamed, R.; Hamdi, T.M. Campylobacter spp. at Different Stages of the Poultry Slaughtering Line in Algeria: Evaluation of 
Direct and Indirect Modified ISO 10272:2017 Detection Methods and Characterization of the Isolates. Arch. Razi Inst. 2023, 78, 
1657–1667. https://doi.org/10.32592/ARI.2023.78.5.1657. 

109. Ellerbroek, L.I.; Lienau, J.-A.; Klein, G. Campylobacter spp. in Broiler Flocks at Farm Level and the Potential for Cross-Contam-
ination during Slaughter. Zoonoses Public Health 2010, 57, e81–e88. 

110. Khalafalla, F.A.; Abdel Atty, N.S.; Nasef, S.; Hanafy, A. Reduction of Microbial Contamination of Whole Broiler Chicken Car-
casses During Processing. J. Appl. Vet. Sci. 2019, 4, 5–12. https://doi.org/10.21608/javs.2019.62670. 

111. Stearns, R.; Bowen, K.; Taylor, R.L.; Moritz, J.; Matak, K.; Tou, J.; Freshour, A.; Jaczynski, J.; Boltz, T.; Li, X.; et al. Microbial 
Profile of Broiler Carcasses Processed at a University Scale Mobile Poultry Processing Unit. Poult. Sci. 2024, 103, 103576. 

112. Jozwiak, A.; Reichart, O.; Laczay, P. The Occurrence of Campylobacter Species in Hungarian Broiler Chickens from Farm to 
Slaughter. J. Vet. Med. B Infect. Dis. Vet. Public Health 2006, 53, 291–294. https://doi.org/10.1111/j.1439-0450.2006.00958.x. 

113. Thames, H.T.; Fancher, C.A.; Colvin, M.G.; McAnally, M.; Tucker, E.; Zhang, L.; Kiess, A.S.; Dinh, T.T.N.; Sukumaran, A.T. The 
Prevalence of Salmonella and Campylobacter on Broiler Meat at Different Stages of Commercial Poultry Processing. Animals 2022, 
12, 2460. https://doi.org/10.3390/ani12182460. 

114. Zhang, X.; Tang, M.; Zhou, Q.; Zhang, J.; Yang, X.; Gao, Y. Prevalence and Characteristics of Campylobacter Throughout the 
Slaughter Process of Different Broiler Batches. Front. Microbiol. 2018, 9, 2092. https://doi.org/10.3389/fmicb.2018.02092. 

115. Yushina, Y.; Bataeva, D.; Makhova, A.; Zayko, E. Prevalence of Campylobacter spp. in a Poultry and Pork Processing Plants. 
Potravin. Slovak J. Food Sci. 2020, 14, 815–820. https://doi.org/10.5219/1422. 

116. Berndtson, E.; Danielsson-Tham, M.-L.; Engvall, A. Campylobacter Incidence on a Chicken Farm and the Spread of Campylobacter 
during the Slaughter Process. Int. J. Food Microbiol. 1996, 32, 35–47. https://doi.org/10.1016/0168-1605(96)01102-6. 

117. Logue, C.M.; Sherwood, J.S.; Elijah, L.M.; Olah, P.A.; Dockter, M.R. The Incidence of Campylobacter spp. on Processed Turkey 
from Processing Plants in the Midwestern United States. J. Appl. Microbiol. 2003, 95, 234–241. https://doi.org/10.1046/j.1365-
2672.2003.01969.x. 

118. Rejab, S.B.M.; Zessin, K.-H.; Fries, R.; Patchanee, P. Campylobacter in Chicken Carcasses and Slaughterhouses in Malaysia. South-
east. Asian J. Trop. Med. Public Health 2012, 43, 96–104. 

119. Takeuchi-Storm, N.; Andersen, J.K.; Viglundsson, T.I.; Kristjansson, J.K.; Abhervé-Gueguen, L.; Jensen, A.N. Reduction of Cam-
pylobacter on Broiler Carcasses Using Slurry Ice. LWT 2024, 197, 115906. https://doi.org/10.1016/j.lwt.2024.115906. 

120. Bourassa, D.V.; Lapidus, J.L.; Kennedy-Smith, A.E.; Morey, A. Efficacy of Neutralizing Buffered Peptone Water for Recovery of 
Salmonella, Campylobacter, and Enterobacteriaceae from Broiler Carcasses at Various Points along a Commercial Immersion 
Chilling Process with Peroxyacetic Acid. Poult. Sci. 2019, 98, 393–397. https://doi.org/10.3382/ps/pey361. 

121. CDC Factors Affecting the Efficacy of Disinfection and Sterilization. Available online: https://www.cdc.gov/infection-con-
trol/hcp/disinfection-sterilization/efficacy-factors.html (accessed on 11 February 2026). 

122. Rhee, C.H.; Lee, H.; Yun, H.; Lee, G.-H.; Kim, S.-J.; Song, S.; Lee, M.-H.; Her, M.; Jeong, W. Chemical Stability of Active Ingre-
dients in Diluted Veterinary Disinfectant Solutions under Simulated Storage Conditions. Front. Chem. 2023, 11, 1204477. 
https://doi.org/10.3389/fchem.2023.1204477. 
Skandamis, P.N.; Tsigarida, E.; Nychas, G.J. The Effect of Oregano Essential Oil on Survival/Death of Salmonella Typhimurium 
in Meat Stored at 5 ºC under Aerobic, VP/MAP Conditions. Food Microbiol. 2002, 19, 97-103. 
https://doi.org/10.1006/fmic.2001.0447. 

123. Rattanachaikunsopon, P.; Phumkhachorn, P. Antimicrobial activity of basil (Ocimum basilicum) oil against Salmonella enteritidis 
in vitro and in food. Biosci. Biotechnol. Biochem. 2010, 74, 1200–1204. https://doi.org/10.1271/bbb.90939. 

124. Wyink, B.; Kirse, A.; Reich, F. Research Note: Evaluation of Microbial Contamination on Broiler Carcasses—An Investigation 
of Body Parts and Sampling Methods. Poult. Sci. 2025, 104, 105538. https://doi.org/10.1016/j.psj.2025.105538. 

125. Baré, J.; Uyttendaele, M.; Habib, I.; Depraetere, O.; Houf, K.; De Zutter, L. Variation in Campylobacter Distribution on Different 
Sites of Broiler Carcasses. Food Control 2013, 32, 279–282. https://doi.org/10.1016/j.foodcont.2012.11.011. 

126. Zhang, X.; Peng, Z.; Li, P.; Mao, Y.; Shen, R.; Tao, R.; Diao, X.; Liu, L.; Zhao, Y.; Luo, X. Complex Internal Microstructure of 
Feather Follicles on Chicken Skin Promotes the Bacterial Cross-Contamination of Carcasses During the Slaughtering Process. 
Front. Microbiol. 2020, 11, 571913. https://doi.org/10.3389/fmicb.2020.571913. 



Appl. Microbiol. 2026, 6, 77 46 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

127. Rossi, G.A.M.; Link, D.T.; Bertolini, A.B.; Tobias, F.L.; Mioni, M. de S.R. A Descriptive Review of the Use of Organic Acids and 
Peracetic Acid as a Decontaminating Strategy for Meat. eFood 2023, 4, e104. https://doi.org/10.1002/efd2.104. 

128. Cano, C.; Meneses, Y.; Chaves, B.D. Application of Peroxyacetic Acid for Decontamination of Raw Poultry Products and Com-
parison to Other Commonly Used Chemical Antimicrobial Interventions: A Review. J. Food Prot. 2021, 84, 1772–1783. 
https://doi.org/10.4315/JFP-21-107. 

129. Kotula, K.L.; Kotula, A.W.; Rose, B.E.; Pierson, C.J.; Camp, M. Reduction of Aqueous Chlorine by Organic Material. J. Food Prot. 
1997, 60, 276–282. https://doi.org/10.4315/0362-028X-60.3.276. 

130. Yegin, Y.; Oh, J.K.; Akbulut, M.; Taylor, T. Cetylpyridinium Chloride Produces Increased Zeta-Potential on Salmonella Typhi-
murium Cells, a Mechanism of the Pathogen’s Inactivation. npj Sci. Food 2019, 3, 21. https://doi.org/10.1038/s41538-019-0052-x. 

131. Oyarzabal, O.A. Reduction of Campylobacter spp. by Commercial Antimicrobials Applied during the Processing of Broiler 
Chickens: A Review from the United States Perspective. J. Food Prot. 2005, 68, 1752–1760. https://doi.org/10.4315/0362-028x-
68.8.1752. 

132. Kitis, M. Disinfection of Wastewater with Peracetic Acid: A Review. Environ. Int. 2004, 30, 47–55. https://doi.org/10.1016/S0160-
4120(03)00147-8. 

133. Kemp, G.; Schneider, K. Validation of Thiosulfate for Neutralization of Acidified Sodium Chlorite in Microbiological Testing. 
Poult. Sci. 2001, 79, 1857–1860. https://doi.org/10.1093/ps/79.12.1857. 

134. Okada, A.; Hossain, J.; Fuyuki, A.; Inoshima, Y. High Oxygen-Modified Atmosphere Packaging Induces a Viable but Non-
Culturable State of Campylobacter jejuni in Chicken Meat. J. Vet. Med. Sci. 2025, 87, 713–717. https://doi.org/10.1292/jvms.25-0085. 

135. Food Standards Agency Risk of Campylobacteriosis from Low-Throughput Poultry Slaughterhouses: Risk Characterisation. 
Available online: https://www.food.gov.uk/research/risk-of-campylobacteriosis-from-low-throughput-poultry-slaughter-
houses-risk-characterisation (accessed on 14 February 2026). 

136. Araújo, P.M.; Batista, E.; Fernandes, M.H.; Fernandes, M.J.; Gama, L.T.; Fraqueza, M.J. Assessment of Biofilm Formation by 
Campylobacter spp. Isolates Mimicking Poultry Slaughterhouse Conditions. Poult. Sci. 2022, 101, 101586. 
https://doi.org/10.1016/j.psj.2021.101586. 

137. Gonzalez, S.V.; Geornaras, I.; Nair, M.N.; Belk, K.E. Evaluation of Immersion and Spray Applications of Antimicrobial Treat-
ments for Reduction of Campylobacter jejuni on Chicken Wings. Foods 2021, 10, 903. https://doi.org/10.3390/foods10040903. 

138. El-Saadony, M.T.; Saad, A.M.; Yang, T.; Salem, H.M.; Korma, S.A.; Ahmed, A.E.; Mosa, W.F.A.; Abd El-Mageed, T.A.; Selim, S.; 
Al Jaouni, S.K.; et al. Avian Campylobacteriosis, Prevalence, Sources, Hazards, Antibiotic Resistance, Poultry Meat Contamina-
tion, and Control Measures: A Comprehensive Review. Poult. Sci. 2023, 102, 102786. https://doi.org/10.1016/j.psj.2023.102786. 

139. Thormar, H.; Hilmarsson, H.; Bergsson, G. Stable Concentrated Emulsions of the 1-Monoglyceride of Capric Acid (Monocaprin) 
with Microbicidal Activities against the Food-Borne Bacteria Campylobacter jejuni, Salmonella spp., and Escherichia coli. Appl. En-
viron. Microbiol. 2006, 72, 522–526. https://doi.org/10.1128/AEM.72.1.522-526.2006. 

140. Kollanoor Johny, A.; Darre, M.J.; Donoghue, A.M.; Donoghue, D.J.; Venkitanarayanan, K. Antibacterial Effect of Trans-Cin-
namaldehyde, Eugenol, Carvacrol, and Thymol on Salmonella Enteritidis and Campylobacter jejuni in Chicken Cecal Contents in 
Vitro1. J. Appl. Poult. Res. 2010, 19, 237–244. https://doi.org/10.3382/japr.2010-00181. 

141. Eriksson, D.; Råhlén, E.; Bergenkvist, E.; Skarin, M.; Fernström, L.-L.; Rydén, J.; Hansson, I. Survival of Campylobacter jejuni in 
Frozen Chicken Meat and Risks Associated with Handling Contaminated Chicken in the Kitchen. Food Control 2023, 145, 109471. 
https://doi.org/10.1016/j.foodcont.2022.109471. 

142. Hazeleger, W.C.; Wouters, J.A.; Rombouts, F.M.; Abee, T. Physiological Activity of Campylobacter jejuni Far below the Minimal 
Growth Temperature. Appl. Environ. Microbiol. 1998, 64, 3917–3922. https://doi.org/10.1128/aem.64.10.3917-3922.1998. 

143. Murphy, C.; Carroll, C.; Jordan, K. n. Environmental Survival Mechanisms of the Foodborne Pathogen Campylobacter jejuni. J. 
Appl. Microbiol. 2006, 100, 623–632. https://doi.org/10.1111/j.1365-2672.2006.02903.x. 

144. Lee, A.; Smith, S.C.; Coloe, P.J. Survival and Growth of Campylobacter jejuni after Artificial Inoculation onto Chicken Skin as a 
Function of Temperature and Packaging Conditions. J. Food Prot. 1998, 61, 1609–1614. https://doi.org/10.4315/0362-028X-
61.12.1609. 

145. Latt, K.M.; Urata, A.; Shinki, T.; Sasaki, S.; Taniguchi, T.; Misawa, N. Effect of Morphological Changes in Feather Follicles of 
Chicken Carcasses after Defeathering and Chilling on the Degree of Skin Contamination by Campylobacter Species. J. Vet. Med. 
Sci. 2018, 80, 49–54. https://doi.org/10.1292/jvms.17-0534. 

146. Slader, J.; Domingue, G.; Jørgensen, F.; McAlpine, K.; Owen, R.; Bolton, F.; Humphrey, T. Impact of Transport Crate Reuse and 
of Catching and Processing on Campylobacter and Salmonella Contamination of Broiler Chickens. Appl. Environ. Microbiol. 2002, 
68, 713–719. https://doi.org/10.1128/AEM.68.2.713-719.2002. 



Appl. Microbiol. 2026, 6, 77 47 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

147. Hastings, R.; Colles, F.M.; McCarthy, N.D.; Maiden, M.C.J.; Sheppard, S.K. Campylobacter Genotypes from Poultry Transporta-
tion Crates Indicate a Source of Contamination and Transmission. J. Appl. Microbiol. 2011, 110, 266–276. 
https://doi.org/10.1111/j.1365-2672.2010.04883.x. 

148. Zhao, G.; Huang, X.; Zhao, J.; Liu, N.; Li, Y.; Wang, L.; Gao, Y.; Wang, J.; Qu, Z.; Liu, J.; et al. Risk Prevention and Control Points 
Through Quantitative Evaluation of Campylobacter in a Large Broiler Slaughterhouse. Front. Vet. Sci. 2020, 7, 172. 
https://doi.org/10.3389/fvets.2020.00172. 

149. Smith, D.P.; Cason, J.A.; Berrang, M.E. Effect of Fecal Contamination and Cross-Contamination on Numbers of Coliform, Esch-
erichia coli, Campylobacter, and Salmonella on Immersion-Chilled Broiler Carcasses†. J. Food Prot. 2005, 68, 1340–1345. 
https://doi.org/10.4315/0362-028X-68.7.1340. 

150. Rouger, A.; Tresse, O.; Zagorec, M. Bacterial Contaminants of Poultry Meat: Sources, Species, and Dynamics. Microorganisms 
2017, 5, 50. https://doi.org/10.3390/microorganisms5030050. 

151. World Health Organization. Risk Assessment of Campylobacter spp. in Broiler Chickens: Technical Report; World Health Organiza-
tion, Food and Agriculture Organization of the United Nations, Eds.; Microbiological Risk Assessment Series; World Health 
Organization: Geneva, Switzerland; Food and Agriculture Organization of the United Nations: Geneva, Switzerland, 2009; ISBN 
978-92-4-154736-9. 

152. Osiriphun, S.; Tuitemwong, P.; Koetsinchai, W.; Tuitemwong, K.; Erickson, L.E. Model of Inactivation of Campylobacter jejuni in 
Poultry Scalding. J. Food Eng. 2012, 110, 38–43. https://doi.org/10.1016/j.jfoodeng.2011.12.011. 

153. Belluco, S.; Barco, L.; Roccato, A.; Ricci, A. Escherichia coli and E Nterobacteriaceae Counts on Poultry Carcasses along the 
Slaughterline: A Systematic Review and Meta-Analysis. Food Control 2016, 60, 269–280. https://doi.org/10.1016/j.food-
cont.2015.07.033. 

154. Habib, I.; Zutter, L.D.; Uyttendaele, M. Eleven Campylobacter Species. In Food Microbiology; Doyle, M.P., Diez-Gonzalez, F., Hill, 
C., Eds.; ASM Press: Washington, DC, USA, 2019; pp. 263–287, ISBN 978-1-68367-047-6. 

155. Donnison, A.M.; Ross, C.M. Microbiological Safety of Meat|Thermotolerant Campylobacter. In Encyclopedia of Meat Sciences; Else-
vier: Amsterdam, The Netherlands, 2014; pp. 382–388, ISBN 978-0-12-384734-8. 

156. Ntakiyisumba, E.; Tanveer, M.; Won, G. Integrating Meta-Analysis with a Quantitative Microbial Risk Assessment Model to 
Investigate Campylobacter Contamination of Broiler Carcasses. Food Res. Int. 2024, 178, 113983. https://doi.org/10.1016/j.food-
res.2024.113983. 

157. Goksoy, E.O.; Kirkan, S.; Kok, F. Microbiological Quality of Broiler Carcasses during Processing in Two Slaughterhouses in 
Turkey. Poult. Sci. 2004, 83, 1427–1432. https://doi.org/10.1093/ps/83.8.1427. 

158. Osiriphun, S.; Iamtaweejaloen, P.; Kooprasertying, P.; Koetsinchai, W.; Tuitemwong, K.; Erickson, L.E.; Tuitemwong, P. Expo-
sure Assessment and Process Sensitivity Analysis of the Contamination of Campylobacter in Poultry Products. Poult. Sci. 2011, 
90, 1562–1573. 

159. Buhr, R.J.; Berrang, M.E.; Cason, J.A. Bacterial Recovery from Breast Skin of Genetically Feathered and Featherless Broiler Car-
casses Immediately Following Scalding and Picking. Poult. Sci. 2003, 82, 1641–1647. https://doi.org/10.1093/ps/82.10.1641. 

160. Berrang, M.E.; Buhr, R.J.; Cason, J.A.; Dickens, J.A. Broiler Carcass Contamination with Campylobacter from Feces during De-
feathering. J. Food Prot. 2001, 64, 2063–2066. https://doi.org/10.4315/0362-028x-64.12.2063. 

161. Rivera, R.E.; Wang, J.; Mishra, A.; Thippareddi, H.; Kumar, S.; Singh, M. Exposure Assessment Model of Campylobacter Concen-
tration in United States Broiler Processing Plants. Poult. Sci. 2025, 104, 105758. https://doi.org/10.1016/j.psj.2025.105758. 

162. Northcutt, J.K.; Smith, D.P.; Musgrove, M.T.; Ingram, K.D.; Hinton, A., Jr. Microbiological Impact of Spray Washing Broiler 
Carcasses Using Different Chlorine Concentrations and Water Temperatures. Poult. Sci. 2005, 84, 1648–1652. 

163. Hutchison, M.L.; Tchórzewska, M.A.; Harrison, D.; Madden, R.H.; Corry, J.E.L. Consequences of Using Two Types of Skin 
Samples from Chilled Chicken Broiler Carcasses to Measure the Degree of Contamination by Campylobacter spp. J. Food Prot. 
2019, 82, 1124–1129. https://doi.org/10.4315/0362-028X.JFP-18-559. 

164. Langkabel, N.; Merle, R.; Ellerbroek, L. Comparative Examination of Neck and Breast Skin Samples of Broilers after Chilling. J. 
Food Saf. Food Qual. 2019, 70, 135–137. https://doi.org/10.31083/0003-925X-70-135. 

165. Sukted, N.; Tuitemwong, P.; Tuitemwong, K.; Poonlapdecha, W.; Erickson, L.E. Inactivation of Campylobacter during Immersion 
Chilling of Chicken Carcasses. J. Food Eng. 2017, 202, 25–33. https://doi.org/10.1016/j.jfoodeng.2017.02.007. 

166. Corry, J.; Jørgensen, F.; Purnell, G.; James, C.; Pinho, R.; James, S.J. Reducing Campylobacter Cross-Contamination during Poultry 
Processing|Food Standards Agency. Research Report. Available online: https://www.food.gov.uk/research/foodborne-dis-
ease/reducing-campylobacter-cross-contamination-during-poultry-processing (accessed on 8 December 2025). 



Appl. Microbiol. 2026, 6, 77 48 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

167. Dykes, G.E.; He, Y.; Jin, T.; Fan, X.; Lee, J.; Reed, S.; Capobianco, J. Transcriptomic Analysis of Campylobacter jejuni Following 
Exposure to Gaseous Chlorine Dioxide Reveals an Oxidative Stress Response. Int. J. Mol. Sci. 2025, 26, 3254. 
https://doi.org/10.3390/ijms26073254. 

168. Kim, S.-H.; Chelliah, R.; Ramakrishnan, S.R.; Perumal, A.S.; Bang, W.-S.; Rubab, M.; Daliri, E.B.-M.; Barathikannan, K.; Elahi, F.; 
Park, E.; et al. Review on Stress Tolerance in Campylobacter jejuni. Front. Cell Infect. Microbiol. 2021, 10, 596570. 
https://doi.org/10.3389/fcimb.2020.596570. 

169. European Food Safety Authority (EFSA). Opinion of the Scientific Panel on Food Additives, Flavourings, Processing Aids and 
Materials in Contact with Food (AFC) Related to Treatment of Poultry Carcasses with Chlorine Dioxide, Acidified Sodium 
Chlorite, Trisodium Phosphate and Peroxyacids. EFSA J. 2006, 4, 297. https://doi.org/10.2903/j.efsa.2006.297. 

170. CDC Chemical Disinfectants. Available online: https://www.cdc.gov/infection-control/hcp/disinfection-sterilization/chemical-
disinfectants.html (accessed on 17 January 2026). 

171. Northcutt, J.; Smith, D.; Ingram, K.D.; Hinton, A.; Musgrove, M. Recovery of Bacteria from Broiler Carcasses after Spray Wash-
ing with Acidified Electrolyzed Water or Sodium Hypochlorite Solutions. Poult. Sci. 2007, 86, 2239–2244. 
https://doi.org/10.1093/ps/86.10.2239. 

172. McWhorter, A.R.; Weerasooriya, G.; Willson, N.-L.; Chousalkar, K.K. Peroxyacetic Acid and Acidified Sodium Chlorite Reduce 
Microbial Contamination on Whole Chicken Carcasses Obtained from Two Processing Points. Food Microbiol. 2022, 106, 104035. 
https://doi.org/10.1016/j.fm.2022.104035. 

173. Chen, X.; Hung, Y.-C. Effects of Organic Load, Sanitizer pH and Initial Chlorine Concentration of Chlorine-Based Sanitizers on 
Chlorine Demand of Fresh Produce Wash Waters. Food Control 2017, 77, 96–101. https://doi.org/10.1016/j.foodcont.2017.01.026. 

174. Arritt, F.M.; Eifert, J.D.; Pierson, M.D.; Sumner, S.S. Efficacy of Antimicrobials Against Campylobacter jejuni on Chicken Breast 
Skin. J. Appl. Poult. Res. 2002, 11, 358–366. https://doi.org/10.1093/japr/11.4.358. 

175. Riedel, C.T.; Brøndsted, L.; Rosenquist, H.; Haxgart, S.N.; Christensen, B.B. Chemical Decontamination of Campylobacter jejuni 
on Chicken Skin and Meat. J. Food Prot. 2009, 72, 1173–1180. https://doi.org/10.4315/0362-028X-72.6.1173. 

176. Koolman, L.; Whyte, P.; Meade, J.; Lyng, J.; Bolton, D. Use of Chemical Treatments Applied Alone and in Combination to Reduce 
Campylobacter on Raw Poultry. Food Control 2014, 46, 299–303. https://doi.org/10.1016/j.foodcont.2014.05.041. 

177. De Rezende, H.C.; De Lima, M.; Santos, L.D. Peracetic Acid Application as an Antimicrobial and Its Residual (HEDP): A Holistic 
Approach on the Technological Characteristics of Chicken Meat. Poult. Sci. 2023, 102, 103003. 
https://doi.org/10.1016/j.psj.2023.103003. 

178. Rivera, R.E.; Wang, J.; Mishra, A.; Thippareddi, H.; Kumar, S.; Singh, M. Exposure Assessment of Campylobacter in United States 
Broiler Processing Plants—Part 2: Prevalence Model. Poult. Sci. 2025, 104, 106011. https://doi.org/10.1016/j.psj.2025.106011. 

179. Gerzilov, V.; Hristakieva, P. Organic Acids Supplementation in Poultry Nutrition: A Review. Open Vet. J. 2025, 15, 3448–3458. 
https://doi.org/10.5455/OVJ.2025.v15.i8.8. 

180. Tugnoli, B.; Giovagnoni, G.; Piva, A.; Grilli, E. From Acidifiers to Intestinal Health Enhancers: How Organic Acids Can Improve 
Growth Efficiency of Pigs. Animals 2020, 10, 134. https://doi.org/10.3390/ani10010134. 

181. Sorathiya, K.B.; Melo, A.; Hogg, M.C.; Pintado, M. Organic Acids in Food Preservation: Exploring Synergies, Molecular Insights, 
and Sustainable Applications. Sustainability 2025, 17, 3434. https://doi.org/10.3390/su17083434. 

182. Gürbüz, M.; Ercan, A.; Omurtag-Korkmaz, B.İ. The Antimicrobial Effect of Eugenol against Campylobacter jejuni on Experimental 
Raw Chicken Breast Meat Model. J. Food Saf. 2024, 44, e13104. https://doi.org/10.1111/jfs.13104. 

183. Kovačević, Z.; Čabarkapa, I.; Šarić, L.; Pajić, M.; Tomanić, D.; Kokić, B.; Božić, D.D. Natural Solutions to Antimicrobial Re-
sistance: The Role of Essential Oils in Poultry Meat Preservation with Focus on Gram-Negative Bacteria. Foods 2024, 13, 3905. 
https://doi.org/10.3390/foods13233905. 

184. Pires, H.M.; Bastos, L.M.; Da Silva, E.F.; Fonseca, B.B.; Sommerfeld, S.; De Oliveira Junior, R.J.; Ribeiro, L.N.D.M. Antimicrobial 
Activity of Essential-Oil-Based Nanostructured Lipid Carriers against Campylobacter spp. Isolated from Chicken Carcasses. Phar-
maceutics 2024, 16, 922. https://doi.org/10.3390/pharmaceutics16070922. 

185. Wagle, B.R.; Arsi, K.; Shrestha, S.; Upadhyay, A.; Upadhyaya, I.; Bhargava, K.; Donoghue, A.; Donoghue, D.J. Eugenol as an 
Antimicrobial Wash Treatment Reduces Campylobacter jejuni in Postharvest Poultry. J. Food Saf. 2019, 39, e12704. 
https://doi.org/10.1111/jfs.12704. 

186. Wagle, B.R.; Arsi, K.; Upadhyay, A.; Shrestha, S.; Venkitanarayanan, K.; Donoghue, A.M.; Donoghue, D.J. β-Resorcylic Acid, a 
Phytophenolic Compound, Reduces Campylobacter jejuni in Postharvest Poultry. J. Food Prot. 2017, 80, 1243–1251. 



Appl. Microbiol. 2026, 6, 77 49 of 49 
 

https://doi.org/10.3390/applmicrobiol6070077 

187. Wagle, B.R.; Upadhyay, A.; Shrestha, S.; Arsi, K.; Upadhyaya, I.; Donoghue, A.M.; Donoghue, D.J. Pectin or Chitosan Coating 
Fortified with Eugenol Reduces Campylobacter jejuni on Chicken Wingettes and Modulates Expression of Critical Survival Genes. 
Poult. Sci. 2019, 98, 1461–1471. https://doi.org/10.3382/ps/pey505. 

188. Ultee, A.; Bennik, M.H.J.; Moezelaar, R. The Phenolic Hydroxyl Group of Carvacrol Is Essential for Action against the Food-
Borne Pathogen Bacillus Cereus. Appl. Environ. Microbiol. 2002, 68, 1561–1568. https://doi.org/10.1128/AEM.68.4.1561-1568.2002. 

189. Wijesundara, N.M.; Lee, S.F.; Cheng, Z.; Davidson, R.; Langelaan, D.N.; Rupasinghe, H.P.V. Bactericidal Activity of Carvacrol 
against Streptococcus Pyogenes Involves Alteration of Membrane Fluidity and Integrity through Interaction with Membrane 
Phospholipids. Pharmaceutics 2022, 14, 1992. https://doi.org/10.3390/pharmaceutics14101992. 

190. Sun, J.; Cheng, Y.; Zhang, T.; Zang, J. Microencapsulation of Carvacrol by Complex Coacervation of Walnut Meal Protein Isolate 
and Gum Arabic: Preparation, Characterization and Bio-Functional Activity. Foods 2022, 11, 3382. 
https://doi.org/10.3390/foods11213382. 

191. Bogun, K.; Peh, E.; Siekmann, L.; Plötz, M.; Kittler, S. Combining Antimicrobial Substances for Campylobacter Post Harvest Mit-
igation on Chicken Breast Fillet and Chicken Skin—Any Synergistic Effects? J. Appl. Microbiol. 2023, 134, lxad209. 
https://doi.org/10.1093/jambio/lxad209. 

192. Bhaduri, S.; Cottrell, B. Survival of Cold-Stressed Campylobacter jejuni on Ground Chicken and Chicken Skin during Frozen 
Storage. Appl. Environ. Microbiol. 2004, 70, 7103–7109. https://doi.org/10.1128/AEM.70.12.7103-7109.2004. 

193. Georgsson, F.; Þorkelsson, Á.E.; Geirsdóttir, M.; Reiersen, J.; Stern, N.J. The Influence of Freezing and Duration of Storage on 
Campylobacter and Indicator Bacteria in Broiler Carcasses. Food Microbiol. 2006, 23, 677–683. 
https://doi.org/10.1016/j.fm.2005.10.003. 

194. Harrison, D.; Corry, J.E.L.; Tchórzewska, M.A.; Morris, V.K.; Hutchison, M.L. Freezing as an Intervention to Reduce the Num-
bers of Campylobacters Isolated from Chicken Livers. Lett. Appl. Microbiol. 2013, 57, 206–213. https://doi.org/10.1111/lam.12098. 

195. Sampers, I.; Habib, I.; De Zutter, L.; Dumoulin, A.; Uyttendaele, M. Survival of Campylobacter spp. in Poultry Meat Preparations 
Subjected to Freezing, Refrigeration, Minor Salt Concentration, and Heat Treatment. Int. J. Food Microbiol. 2010, 137, 147–153. 
https://doi.org/10.1016/j.ijfoodmicro.2009.11.013. 

196. Sandberg, M.; Hofshagen, M.; Østensvik, Ø.; Skjerve, E.; Innocent, G. Survival of Campylobacter on Frozen Broiler Carcasses as 
a Function of Time. J. Food Prot. 2005, 68, 1600–1605. https://doi.org/10.4315/0362-028x-68.8.1600. 

197. Hofshagen, M.; Kruse, H. Reduction in Flock Prevalence of Campylobacter spp. in Broilers in Norway after Implementation of 
an Action Plan. J. Food Prot. 2005, 68, 2220–2223. https://doi.org/10.4315/0362-028X-68.10.2220. 

198. Lake, I.; Colón-González, F.; Takkinen, J.; Rossi, M.; Sudre, B.; Dias, J.G.; Tavoschi, L.; Joshi, A.; Semenza, J.; Nichols, G. Explor-
ing Campylobacter Seasonality across Europe Using the European Surveillance System (TESSy), 2008 to 2016. Euro Surveill. 2019, 
24, 1800028. https://doi.org/10.2807/1560-7917.ES.2019.24.13.180028. 

199. Vandeplas, S.; Dubois-Dauphin, R.; Palm, R.; Beckers, Y.; Thonart, P.; Théwis, A. Prevalence and Sources of Campylobacter spp. 
Contamination in Free-Range Broiler Production in the Southern Part of Belgium. Biotechnol. Agron. Soc. Environ. 2010, 14, 279–
288. 

200. Ozbey, G.; Tasdemir, B. Seasonality and Antibiotic Resistance of Campylobacter in Turkish Chicken Meat. Vet. Ital. 2014, 50, 277–
283. 

201. Boysen, L.; Vigre, H.; Rosenquist, H. Seasonal Influence on the Prevalence of Thermotolerant Campylobacter in Retail Broiler 
Meat in Denmark. Food Microbiol. 2011, 28, 1028–1032. 

202. Prinzinger, R.; Preßmar, A.; Schleucher, E. Body Temperature in Birds. Comp. Biochem. Physiol. Part A Physiol. 1991, 99, 499–506. 
https://doi.org/10.1016/0300-9629(91)90122-S. 

203. Rosenquist, H.; Boysen, L.; Galliano, C.; Nordentoft, S.; Ethelberg, S.; Borck, B. Danish Strategies to Control Campylobacter in 
Broilers and Broiler Meat: Facts and Effects. Epidemiol. Infect. 2009, 137, 1742–1750. https://doi.org/10.1017/S0950268809002684. 

204. Kalupahana, R.S.; Mughini-Gras, L.; Kottawatta, S.A.; Somarathne, S.; Gamage, C.; Wagenaar, J.A. Weather Correlates of Cam-
pylobacter Prevalence in Broilers at Slaughter under Tropical Conditions in Sri Lanka. Epidemiol. Infect. 2018, 146, 972–979. 

205. European Food Safety Authority (EFSA); European Centre for Disease Prevention and Control (ECDC). The European Union 
Summary Report on Antimicrobial Resistance in Zoonotic and Indicator Bacteria from Humans, Animals and Food in 2023–
2024. EFS2 2026, 24, e9887. https://doi.org/10.2903/j.efsa.2026.9887. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


