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Abstract

Predictive modelling is used in microbiological risk assessment to quantify the growth and
inactivation of microorganisms through the use of mathematical models. Campylobacter jejuni is
one of the main foodborne pathogens and broiler meat is considered as the most important source
of human campylobacteriosis. The purpose of this study was to assess the effects of heating and
chilling during the poultry slaughter process on inactivation kinetics of Campylobacter jejuni
during chilled storage in order to predict its contamination level prior to preparation and
consumption in the consumer’s home, and then to assess the compliance to a Performance
Objective (PO). Three strains of C. jejuni were submitted to consecutive heat (54°C for 3 min)
and cold (3°C for 2 h) stresses, mimicking the two main slaughtering steps, i.e. scalding and
chilling, by inoculating chicken fillets with three different concentrations (4, 6 and 8 logio
CFU/g). Fillets were then stored at 6°C during 17 days under the modified atmosphere currently
used by food processors (70% Oz / 30% CO.). For all strains, bacterial log reduction was the
lowest when inoculated at 8 logio CFU/g. One strain showed an enhanced resistance during cold
storage after application of stressing steps, suggesting an impact of the cell history on further
bacterial resistance. Taking strain variability into account, after six days of storage, predictions
showed compliance of ready-to-be-cooked chicken meat with an hypothetical PO of 2.55 logio
CFU/g, value set before the meat enters the consumer’s home by the ICMSF (International
Commission on Microbiological Specifications for Foods). This study opens the path to assess
the compliance to a PO of Campylobacter jejuni in poultry meat and more generally provides
inputs to refine microbiological risk assessment by taking into account the cell history and more

particularly the impact of stressful steps on the subsequent inactivation at consumer’s home.

Keywords: Foodborne pathogen; Food safety; Prediction; Slaughter process; Cell history
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1. Introduction

All food-related companies need to ensure microbiological food safety (Regulation
"General Food Law" 178/2002). The implementation of prerequisite programs including Good
Hygiene Practices (GHP) and application of the Hazard Analysis and Critical Control Point
(HACCP) system are the main procedures to ensure food safety. In support of these measures,
Regulation EC No 2073/2005 of the European Parliament laid down microbiological criteria for
food. Approaches based on the estimation of the risk caused by microorganisms in the food chain
are part of the Microbiological Risk Assessment (MRA) described by the Codex Alimentarius
Commission (Codex Alimentarius Commission, Adopted 1999-Amendments 2012 and 2014).

MRA is a scientific discipline determining the public health risk associated with
biological hazards. This discipline is generally encouraged by national food safety organizations,
particularly to support decision making. However, this procedure is also of interest to
manufacturers, in particular for determining the shelf life of foodstuffs, process optimisation or
the development of new formulations. To assess microbiological risks, predictive microbiology is
a widely used procedure, especially since the early 2000s. It is a discipline that aims to quantify
the contamination level of microorganisms (following growth or inactivation) through the use of
mathematical models. Besides, predictive microbiology is a major tool in the design of HACCP
plans by identifying hazards and critical control points and specifying limits and corrective
actions (Miles and Ross, 1999; Ross and McMeekin, 1997).

Since 1999, the Codex Alimentarius provided guidelines for the conduct of
microbiological risk and recommended that industry and control authorities adopt new risk
management metrics referred to as Food Safety Objective (FSO), Performance Objective (PO),
and Performance Criterion (PC) (Codex Alimentarius Commission, Adopted 1999-Amendments

2012 and 2014; ICMSF, 2018). The ICMSF noted FSOs/POs as “the scientific basis for industry
3
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to select and implement measures that control the hazard(s) of concern in specific foods or food
operations, for control authorities to develop and implement inspection procedures to assess the
adequacy of control measures adopted by industry, and for quantifying the equivalence of
inspection procedures in different countries”. However, distinction has to be made between PO
and FSO. A PO is “the maximum tolerable level of a relevant hazard in the food at a specific
point in the food supply chain. FSO is defined as “the maximum tolerable level of a relevant
hazard in the food at the point of consumption.”

In this context, industry and other stakeholders of the poultry sector are focused on the
foodborne pathogen Campylobacter that is the most common cause of bacterial gastroenteritis in
Europe in humans (EFSA and EDC, 2018). Largely under-estimated, in 2017 “the number of
reported confirmed cases of campylobacteriosis was 246,158 with an EU notification rate of 64.8
per 100,000 population” (EFSA and EDC, 2018). Usually, infection with Campylobacter jejuni
are self-limiting but in some cases, infection can lead to chronic sequelae, such as Guillain-Barré
syndrome (Nyati and Nyati, 2013).

The main reservoir of Campylobacter is poultry, and this pathogen is able to survive
slaughtering steps with a high prevalence and level of contamination in poultry carcasses (EFSA,
2010; EFSA and EDC, 2018). In addition, it was shown recently that in liquid cultures, stress
induced by heating or chilling steps have an impact on log reduction of C. jejuni during storage at
refrigerated temperature and modified atmosphere (Duqué et al., 2019). Several MRA have been
performed on Campylobacter to develop practical risk management strategies (ICMSF, 2018).
However, variability associated with the bacterial behavior, especially due to the steps previously
encountered by the bacteria, i.e. cell history, is not always considered, especially when using
experimental laboratory approaches. Indeed, it has been reported in other bacteria that exposure

to a stress could increase resistance to a subsequent stress, which might require new generation of
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predictive models (Den Besten et al., 2010; Desriac et al., 2013). Several studies conducted on C.
Jjejuni also highlighted the impact of cell history on the pathogen behavior (Duqué et al., 2019;
Klancnik et al., 2009; Murphy et al., 2003a; Murphy et al., 2003b; Oh et al., 2015; Reid et al.,
2008); nevertheless these works were mainly performed on synthetic culture media, which
reinforces the need to take into account the cell history on C. jejuni behavior on food matrices. In
the current study, three strains of C. jejuni inoculated on chicken fillets at different
concentrations, were submitted to successive stresses close to those encountered during slaughter
(Duqué et al., 2019). The objective of this study was i) to assess the effect of poultry slaughter
process on the subsequent log reduction of C. jejuni during cold storage in order to predict the
contamination level prior to preparation and consumption in the consumer’s home, ii) to assess
the compliance to a Performance Objective, for this purpose the value of 2.55 logio CFU/g before

the chicken enters the consumer’s home, set by ICMSF was chosen as reference.

2. Materials and methods

2.1 Bacterial strains and culture conditions

The culture conditions used were described previously (Duqué et al., 2019). Briefly, three
strains from poultry origin were used: C. jejuni COOMILT205, C. jejuni RM1221 and C. jejuni
C97anses 640 (Fouts et al., 2005; Guyard-Nicodeme et al., 2015; Guyard-Nicodeme et al., 2013).
Strains were previously selected according to their behavior under stressful conditions and their
ST-Clonal Complex in order to have three distinct, but representative, strains to cover the
variability of our collection. From cultures stored at -80°C in brain heart infusion (BHI,
Biomérieux, Marcy I’Etoile, France) supplemented with 20% (v/v) glycerol, C. jejuni strains

were cultured on Karmali (Oxoid, Dardilly, France) agar plates at 42°C for 48-72 h under
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microaerobic conditions. Then, two successive cultures were incubated in Mueller-Hinton broth
(MH, Oxoid, Dardilly, France) for 20h and 18h under microaerobic atmosphere and under

agitation. Finally, a decimal dilution was carried out to obtain the final culture.

2.2 Experimental procedure

Chicken fillets without skin provided by a French poultry slaughterhouse were frozen at
-20°C before use. Thawed chicken fillet cuts of 10 g (£1 g) were put in resealable plastic bags.
The pieces were surface inoculated with C. jejuni at a final concentration of 104, 10° or 103
CFU/g by adding 0.5 mL of bacterial suspensions, respectively at 5, 7 or 9 logio CFU/mL directly
into the bag. To ensure that the inoculation was homogeneous, the bags were kneaded for a few
moments and allowed to stand for thirty minutes in order to facilitate the adherence of the
bacteria to the meat (Eideh and Al-Qadiri, 2011; Haughton et al., 2012; Meredith et al., 2013;
Nair et al., 2014). For each experiment, two control pieces were inoculated with sterile
physiological water to quantify C. jejuni cells naturally contaminating the chicken fillets.

Stresses mimicking scalding and chilling steps of chicken slaughtering process, considered
as stressful for C. jejuni, were applied as previously described (Duqué et al., 2019). Inoculated
chicken pieces were subjected to successive steps mimicking, at laboratory scale, scalding (heat
stress), chilling (cold stress) and the storage steps, according to a full experimental design. In
parallel, chicken fillets were subjected only to the storage step in order to be able to compare
stressed and unstressed cells. The chicken fillets were placed in plastic bags;

,a Bags were immersed in
a water bath at 54°C for 3 minutes (assimilated to scalding), 54°C was chosen as it was the

maximal observed temperature of scalding baths during our visit of French chicken
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slaughterhouses. Fillets were then cooled in a water bath for 5 min at 22°C, corresponding to the
ambient conditions that occur between scalding and chilling steps in slaughterhouse. In both
cases, the surface temperature was measured

, the temperature was achieved within 10 s. Then, the chicken pieces were removed from
the bags and placed in Petri dish to be incubated in a refrigerated and ventilated incubator at 3°C
for 2 hours (assimilated to chilling) in order to maximize air circulation. The temperature of 3°C
was chosen because it represents the targeted core temperature of poultry carcasses during the
chilling step. To finish, Petri dishes were placed in jars under modified atmosphere (70% O,
30% CO») and stored in a cold room at 6°C, i.e. approximatively the average temperature of
consumer refrigerators (Roccato et al., 2017). The practical indicated shelf life of chicken fillets
is 14 days. It was then decided to acquire data a little beyond this duration, i.e. up to 17 days of
storage. During the storage stage, the gas composition of the jars was measured with Oxybaby
M+ (WITT-GASETECHNIK GmbH & Co, Witten, Germany). This control was carried out
immediately after filling the jars and regularly during the 17 days of storage to check the stability
of the gas content.

After each step (scalding, chilling), enumeration of culturable C. jejuni cells was carried
out in order to determine the viability loss resulting from the application of each stressing step
and during storage (0, 2, 3, 6, 10 and 17 days). For that purpose, the poultry pieces were
individually introduced in a 60-um porous stomacher bag with 10 mL of physiological water and
crushed with a stomacher for one minute. Serial decimal dilutions were carried out, inoculated on
Casa medium, a selective medium for Campylobacter, (Biomérieux, Dardilly, France) with the
Spiral seeder (EasySpiral Interscience, Saint Nom, France). Plates were incubated for 48 hours at

42°C under microaerobic conditions (5% O2 — 10% CO»). Loss of viability of C. jejuni was
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assessed and expressed in logio. A total of 54 experiments (3 strains x 3 independent biological
replicates x 3 inocula x stressed vs unstressed) were conducted.
During the study, the pH value was not measured. We assumed that change during storage, if

any, was similar for all strains and inoculum levels.

2.3 Statistical analysis

Log reduction data were fitted using Weibull models with nls tools package of R (version
3.5.1) using the RStudio interface (version 1.1.463). The quality of model adjustment was
checked by determining Root Mean Square Error (RMSE) and Akaike Information Criterion
(AIC). ANOVA (a = 5%) analyses were performed with XLSTAT software (version 16.16.10) to
determine significant differences between factors.

Predictions of C. jejuni level of contamination after six days of storage were estimated by
combining probability density obtained after scalding and chilling steps in slaughterhouses
previously analysed (Duqué et al., 2018) with Uniform distributions based on raw data collected
in this present study. The probabilistic model was straightforward: level of contamination (in
logi0 CFU/g) after six days was estimated to be equal to the level at slaughterhouse release minus
log reduction after retail storage. In the model, variability and uncertainty associated with log
reduction were implemented as follows. A Uniform distribution was built using the lowest and
highest strain log reduction as bounds (Minstrain-low, MaXstrain-high), Where the bounds depended on
uncertainty estimated using replicates: Minggainlow = Uniform(Minmin, Minmax), MaXstrain-high =
Uniform(Maxmin, Maxmax). To propagate strain variability and uncertainty separately into the

models, the mc2d package of R was used.
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3. Results

3.1 Effect of heat and cold stress on C. jejuni log reduction

The initial quantification of control pieces showed that the natural contamination of C.
Jejuni was not significant: all values were under the detection limit of 0.4 logio CFU/g (data not
shown). From the pre-culture with an initial concentration of 8; 6 and 4 logio CFU/g, the mean C.
Jjejuni log reduction due to heat and cold stress were calculated (Table 1). However, whatever the
strain and initial concentration, little or no mean log reduction was observed. Indeed, mean log

reduction varied only from 0.00 to 0.28 logio CFU/g (Table 1).

3.2 Effect of strain and inoculum concentration on the log reduction during cold

storage

Enumeration was performed after different storage points in order to obtain kinetics of log
reduction. Overall, kinetics of log reduction appeared to be similar whatever the strains (Fig. 1).
To assess the effect of strain and inoculum concentration, ANOVA analysis was performed at
each time (data not shown) except day-17 (numerous values below the detection limit). At day-
10, only few values were below the detection limit, and values were set to O to enable the
ANOVA analysis.

The ANOVA pointed out that for the same inoculum, there was no significant difference
between strains. However, inoculum concentration had a significant impact on the log reduction.
Indeed, from the sixth day, the inactivation level (all strains combined) was significantly higher
at the lowest concentration of 4 logio CFU/g (2.23, standard deviation, £, 0.61 logio CFU/g),
compared to the concentration of 6 and 8 logio CFU/g (1.64 + 1.14 and 0.61 + 0.22 logio CFU/g

respectively).
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3.3 Effect of stress on the log reduction during cold storage

Whatever the strain, no significant difference in C. jejuni log reduction during storage was
observed between unstressed and stressed bacteria at inoculum concentration of 4 and 6 logio
CFU/g, meaning no impact of cell history under these conditions. However, a cell history effect
was observed at the highest concentration of 8 logio CFU/g for the strain CO9IMILT205
(p<0.001), indeed these stressed bacteria appeared to be more resistant at day-10 during storage
when previously subjected to heat and cold temperature (Fig 1b). For instance, after ten days, the
log reduction reached 3.19 + 0.23 logio CFU/g and 1.57 + 0.66 logio CFU/g for unstressed and

stressed bacteria, respectively.

3.4 Data fitting using primary models
For each experimental condition (3 strains x 3 inocula), three biological replicates were carried
out, that means in total 27 log reduction curves for stressed conditions, 27 for unstressed ones.
The Weibull model was used to fit log reduction kinetics. The Weibull model takes into account
the parameter p, corresponding to the shape of the curve (concave for p>1 or convex for p<1) and

0 (decimal reduction rate). The equation is described below.

t\P
logio(N) = logio(No) = (5)  (Eq D)
Where logio(N) is the bacterial concentration at time t (days) in CFU/g and logi0(No) is the initial

bacterial concentration in CFU/g.

First of all, the Weibull model was applied with parameters p and 6 estimated for each log
reduction curve. In this way, each curve was associated with one value of p and one value of 9.

However, for a given microbial population, at the same physiological state, the Weibull model

10
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shape parameter p value should be constant (Couvert et al., 2005). In this study, even between
biological replicates, this parameter was shown to vary greatly, associated either with concave or
convex shapes of the log reduction curves (Supplementary Material Table 1). For instance, for
the strain C97anses640 at a concentration of 4 logio CFU/g, p varied between 0.52 and 1.21.
Nevertheless, an attempt was done to impose the same p value in the model for each independent
replicate (same strain and level of inoculum, same stress condition). The quality of model
adjustment was checked by determining Root Mean Square Error (RMSE) and AIC. Both
goodness of fit criteria showed clearly that a model adjusted to the data considering p constant for
replicated conditions was not suitable to our dataset (Supplementary Material Table 1). It was
then decided to estimate the log reduction after storage under chilled conditions using the raw

data themselves instead of using estimated values based on Weibull model.

3.5 Prediction of C. jejuni level at the end of the chilled storage

It was decided to predict the contamination level of C. jejuni at a specific storage point,
i.e. day-6, because this point was associated with no censored data (no data below the detection
limit) and also because it was assumed to be representative of a reasonable time of storage either
at retail and/or at home. The contamination level of C. jejuni on chicken carcasses after the
chilling step, (Npost-chilling) Was recovered from previous published work (Duqué et al., 2018).
Only June to December data (worst-case level of contamination) were kept in the present
analysis. Likewise, data collected on chicken legs were used as considered more representative
from a French consumer point of view. The mean value of Npostchiling Was estimated to be 2.06
logio CFU/g (Fig. 2), the 2.5™ percentile to 0.15 logio CFU/g and the 97.5™ percentile to 3.97

logio CFU/g.
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In our present study, it was shown that the application of stressing steps could have an
impact on the log reduction, depending on the initial concentration of C. jejuni. Indeed, log
reduction of stressed cells, all strains combined, was shown to get higher for the concentration of
4 logio CFU/g compared to other concentrations. Therefore, to reflect as much as possible the
reality of the level of contamination on carcasses, the log reduction data observed on chicken
fillets inoculated with the lowest concentration, i.e. 4 logio CFU/g, were used for predictions. In
other words, it was assumed that the inactivation after 6 days observed with the inoculum of 4
logio CFU/g was an acceptable proxy for predicting what would be the log reduction with an
initial contamination varying from 0.15 to 3.97 logio CFU/g. After 6 days of storage, depending
on the strain, the mean log reduction varied from 2.00 to 2.68 logio CFU/g (Table 2).

Finally, predictions of C. jejuni level at the end of the chilled storage was done by
combining probability density obtained at slaughterhouses (Duqué et al., 2018) with Uniform
distributions set up from raw data collected on chicken in this present study (Table 2). Results are
presented in Figure 2. In the variability dimension the contamination varied, after a cold storage
under modified atmosphere of six days, from -2.38 logio CFU/g (2.5 percentile) to +1.59 logio
CFU/g (97.5™ percentile). The mean contamination level, in logio, was estimated to be -0.38 with

a 95% uncertainty interval of [-0.92, +0.14] (Fig. 2).

4. Discussion

The objective of this study was to assess the effect of poultry slaughter process on the log
reduction of C. jejuni during cold storage in order to predict the contamination level prior to
preparation and consumption in the consumer’s home.

Steps inducing stress from slaughterhouses were identified and then reproduced in laboratory.

Food matrix was used to assess the log reduction under chilled storage. This enabled to better
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reflect the reality as it is known that the log reduction of C. jejuni is different between food
matrix and lab medium (Membré et al., 2013). In a previous work conducted in our laboratory
facilities, the same experiments were carried out using lab medium instead of food product
(Duqué et al., 2019). In lab medium, depending of the strain, at a concentration of 8 logio
CFU/mL, log reduction after 7 days of chilled storage could reach 3.3 logio CFU/mL, results
similar to those obtained by Garénaux et al. (2008). In contrast, on chicken fillets, in the present
study, the log reduction rate did not exceed 1.75 logio CFU/g for a concentration of 8 logio
CFU/g even after 10 days of chilled storage.

In laboratory medium, the effect of cell history was highlighted, i.e. the influence of heat
and cold stress applied successively on the consecutive log reduction during cold storage under
modified atmosphere (Duqué et al., 2019). Moreover, log reduction during chilled storage was
shown to be strain dependent, whereas on chicken fillets, no strain effect could be observed.
When the three strains of C. jejuni were exposed to different stresses (heat, cold and oxidative) in
a synthetic medium, C. jejuni C97anses640 appeared to be less resistant than the two other strains
(Duqué et al., 2019). Besides, it was also shown that log reduction during chilled storage was
higher if cells had been previously submitted to heat treatment, especially at the highest
temperature tested, as opposed to unstressed cells. In contrast, in this study, it appeared that only
the strain CO9OMIJLT205 became more resistant during cold storage than the unstressed strain.
This difference is related to the cellular history of bacteria. After undergoing stress, such as heat
stress, bacteria may adapt and become more resistant in order to survive the next stressing step. It
is also important to notice that the difference of response between stressed and unstressed
bacterial cells appeared only with the highest inoculum concentration. Increased resistance
observed in dense bacterial suspensions might be expected from higher frequency of resistant

cells in denser cell suspensions (Fernandez et al., 2012; Hansen and Riemann, 1963). EI-Shibiny

13



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

et al. (2009) hypothesized that the presence of one strain may affect the survival of another in
situations where the campylobacters are not actively growing. Campylobacter are generally not
high competitors with regard to the other bacteria naturally present on the chicken fillet.
However, Hilbert et al. (2010) highlighted that this interaction depends on the predominant
microbiota after two weeks of storage. Indeed, after this time, the interaction was advantageous
for C. jejuni. Besides, El-Shibiny et al. (2009) also indicated that the detrimental presence of
competing microbiota to Campylobacter may be strain dependent. These findings highlighted the
importance of considering strain variability in exposure assessment and to conduct tests in food
rather than in broth. Altogether, our results reinforce the fact that bacterial behaviour observed at
the laboratory scale cannot always be extrapolated to real conditions, i.e. low contamination level
in food matrix with various strains. They point out that there may be non-negligible consequences
on food safety and risk assessment.

Beyond differences between food matrix and lab medium, results were also shown to differ
from other studies using poultry meat. Indeed, log reduction induced by thermal stress was lower
in this study compared to previous work on thermal inactivation (Berrang and Dickens, 2000;
Blankenship and Craven, 1982; Duffy et al., 2014; Koidis and Doyle, 1983; Osiriphun et al.,
2012). This difference could be explained by the experimental setup. Indeed, chicken fillets were
either put in resealable bag or in a petri dish depending on the stress applied, which can enhance
protection regarding desiccation. Bacteria were neither in direct contact with water during heat
stress nor to air during cold stress. Indeed, during the scalding step, water could play a role in the
detachment of cells. In addition, chilling step can induce stress linked to water activity and air
flow. During this study, even if fillets were exposed to air chilling, the ventilation was quite low
compared to chilling room from slaughterhouses while it is known that desiccation plays a role

on bacterial inactivation. For instance, some studies aimed to assess the log reduction of Listeria
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monocytogenes and C. jejuni during the chilling step using a miniaturized chilling room
prototype. These studies highlighted the impact of the relative humidity and the air flow on log
reduction (Rivoal et al., 2005; Zoz et al., 2016).

One attempt to use predictive microbiology to predict the contamination level of C. jejuni at
the consumer’s home was performed. However, we faced a high variability associated with the
Weibull p parameter even between biological replicates while p is generally reported to be
constant when the same conditions are applied (Couvert et al., 2005). The parameter p can be
considered constant for a given strain in a given physiological state if the environmental
conditions are constant. In our study, the chicken fillet cannot be considered having perfectly
identical environmental conditions as they are biological materials. A small change of
composition could affect the meat buffer effect and then slightly the pH value of the meat for
instance. Besides, although much lower in concentration than the inoculated cells, the natural
Campylobacter strains present on chicken are likely better adapted to chicken and more securely
attached to the meat, they bring additional heterogeneity, and could also explain the difference
between biological replicates. In absence of satisfactory predictive model to describe log
reduction kinetics, we decided to use directly biological raw data without fitting models. Of
course, that has some limitations: rather than using the whole kinetics, estimation of the log
reduction was performed for a specific time storage point. Despite this lack of flexibility, we
were able to estimate the contamination level of C. jejuni after a realistic storage time. Moreover,
we included in our analysis, uncertainty and variability separately as recommended in risk
assessment (Nauta, 2000; Thompson, 2002). In MRA, it is generally admitted that uncertainty
comes from both biological data and predictive model adjustment (Haas et al., 2014). Uncertainty
was estimated from biological replicates considering that with more replicates, uncertainty will

be reduced, variability came from the three strains studied here knowing that these strains are
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representative of the strain diversity found on chicken (Colles et al., 2003; De Haan et al., 2010;
Dingle et al., 2002; Duqué et al., 2019; Guyard-Nicodeme et al., 2015; Habib et al., 2009;
Levesque et al., 2008; Ragimbeau et al., 2008; Sheppard et al., 2009).

This quantification enabled to determine if a Performance Objective (PO) regarding C. jejuni
could be met. An FSO has been suggested for the consumption of chicken meat contaminated
with C. jejuni. The FSO translates the public health risk into a definable objective: a frequency or
maximum concentration of a microbiological hazard in a food at the time of consumption.
Zwietering (2005) has described a scheme for the calculation of a food safety objective (FSO)
from an ALOP (Appropriate Level of Protection). Thus, an FSO of -4.15 logio CFU/g, a
concentration of Campylobacter that should not be exceeded of cooked chicken meat at the
consumption time has been determined (ICMSF, 2018). From the FSO, assuming a negligible
cross contamination at home, a PO for the level of Campylobacter on raw chicken before it enters
the consumer’s home has been calculated. This value would be 2.55 logio CFU/g considering a
cooking step delivering at least a 7 logio reduction (ICMSF, 2018), this latter value was
recommended by the U.S FDA after having consulted the experts of the US National Advisory
Committee on Microbiological Criteria for Foods (NACMCF) regarding Salmonella log
reduction. Since Campylobacter is more heat susceptible, recommendation for Salmonella would
also result in 7 log-reduction for Campylobacter.

Thus, the contamination level estimated after 6 days of storage had to be lower than the
assumed PO. From our estimates, chicken legs stored for 6 days at 6°C (range between -2.38
logio CFU/g to +1.59 logio CFU/g) comply with the assumed PO of 2.55 logio CFU/g and
consequently, chicken legs stored for 6 days at 6°C and then cooked to be immediately
consumed, should not exceed the FSO. This conclusion is based upon estimation and even if care

has been taken to include uncertainty and variability in the calculations, it cannot be considered
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as definitive. As mentioned by the ICMSF: "the ALOP, FSOs and POs calculated in the
following sections should not be applied in practice without further consideration”. Moreover,
we should keep in mind that conditions used in this study (temperatures used, stress conditions)
were inspired from French slaughterhouses. Hence, all results could only be applied and used in
France. Besides, experiments were carried out on leg meat. The pH and fat composition between
leg and breast meat differs significantly and this may limit furthermore the generalisation.

In conclusion, to better predict Campylobacter contamination in poultry processing, it is essential
to take into account all sources of variability that may influence inactivation, such as initial
concentration, processing steps or strains, and to separate variability from uncertainty due to lack
of data, poor fitting models or both. With the recent expansion of omic methods, it might be
possible to decipher better this variability, without generating additional uncertainty, and
continue improving the predictions of pathogen levels at factory release, retail or consumer place.
That is definitively valuable to obtain more accurate risk assessment predictions and move

towards risk-based food safety management.

Acknowledgements
We especially thank the Regions Pays de La Loire and Bretagne for their financial support in the
framework of the Biomics project. We are also very grateful to LDC for providing chicken filets

used in this study.

Conflicts of interest

The authors declare that the research was conducted in the absence of any commercial or

financial relationships that could be construed as a potential conflict of interest

17



384

385
386

387
388

389
390
391

392
393
394

395
396
397

398
399
400

401
402
403

404
405
406

407
408
409

References

Berrang, M.E., Dickens, J.A., 2000. Presence and level of Campylobacter spp. on broiler
carcasses throughout the processing plant. J. Appl. Poultry Res. 9, 43-47.

Blankenship, L.C., Craven, S.E., 1982. Campylobacter jejuni survival in chicken meat as a

function of temperature. Appl. Environ. Microbiol. 44, 88-92.

Codex Alimentarius Commission. Adopted 1999-Amendments 2012 and 2014. Principles and
guidelines for the conduct of microbiological risk assessment. Cac/GL 30-1999. In: Joint

FAO/WHO Food Standards Programme, (Ed.), CAC/GL-30, Rome.

Colles, F.M., Jones, K., Harding, R.M., Maiden, M.C.J., 2003. Genetic diversity of
Campylobacter jejuni isolates from farm animals and the farm environment. Appl. Environ.

Microbiol. 69, 7409-7413.

Couvert, O., Gaillard, S., Savy, N., Mafart, P., Leguérinel, 1., 2005. Survival curves of heated
bacterial spores: effect of environmental factors on Weibull parameters. Int. J. Food Microbiol.

101, 73-81.

De Haan, C.P., Kivisto, R., Hakkinen, M., Rautelin, H., Hanninen, M.L., 2010. Decreasing trend
of overlapping multilocus sequence types between human and chicken Campylobacter jejuni

isolates over a decade in Finland. Appl. Environ. Microbiol. 76, 5228-5236.

Den Besten, H.M., Arvind, A., Gaballo, H.M., Moezelaar, R., Zwietering, M.H., Abee, T., 2010.
Short- and long-term biomarkers for bacterial robustness: a framework for quantifying

correlations between cellular indicators and adaptive behavior. PLoS One 5, e13746.

Desriac, N., Broussolle, V., Postollec, F., Mathot, A.G., Sohier, D., Coroller, L., Leguerinel, I.,
2013. Bacillus cereus cell response upon exposure to acid environment: toward the identification

of potential biomarkers. Front. Microbiol. 4, 284.

Dingle, K.E., Colles, F.M., Ure, R., Wagenaar, J.A., Duim, B., Bolton, F.J., Fox, A., Wareing,
D.R.A., Maiden, M.C.J., 2002. Molecular characterization of Campylobacter jejuni Clones: a
basis for epidemiologic investigation. Emerg. Inf. Dis. 8, 949-955.

18



410
411
412

413
414
415

416
417
418

419
420

421
422

423
424

425
426
427

428
429
430

431
432
433
434
435

Duffy, L.L., Blackall, P.J., Cobbold, R.N., Fegan, N., 2014. Quantitative effects of in-line
operations on Campylobacter and Escherichia coli through two Australian broiler processing

plants. Int. J. Food Microbiol. 188, 128-134.

Duqué, B., Daviaud, S., Guillou, S., Haddad, N., Membré, J.-M., 2018. Quantification of
Campylobacter jejuni contamination on chicken carcasses in France. Food Res. Int. 106, 1077-

1085.

Duqué, B., Haddad, N., Rossero, A., Membré, J.-M., Guillou, S., 2019. Influence of cell history
on the subsequent inactivation of Campylobacter jejuni during cold storage under modified

atmosphere. Food Microbiol. 84, 103263.

EFSA, 2010. Scientific Opinion on Quantification of the risk posed by broiler meat to human
campylobacteriosis in the EU. EFSA J. 8, 1437.

EFSA, EDC, 2018. The European Union summary report on trends and sources of zoonoses,

zoonotic agents and foodborne outbreaks in 2017. EFSA J. 16, 262.

Eideh, A M.F., Al-Qadiri, H.M., 2011. Effect of refrigerated and frozen storage on the survival of
Campylobacter jejuni in cooked chicken meat breast. J. Food Sc. 76, 17-21.

El-Shibiny, A., Connerton, P., Connerton, I., 2009. Survival at refrigeration and freezing
temperatures of Campylobacter coli and Campylobacter jejuni on chicken skin applied as axenic

and mixed inoculums. Int. J. Food Microbiol. 131, 197-202.

Fernandez, A., Shearer, N., Wilson, D.R., Thompson, A., 2012. Effect of microbial loading on
the efficiency of cold atmospheric gas plasma inactivation of Salmonella enterica serovar

Typhimurium. Int. J. Food Microbiol. 152, 175-180.

Fouts, D.E., Mongodin, E.F., Mandrell, R.E., Miller, W.G., Rasko, D.A., Ravel, J., Brinkac,
L.M., DeBoy, R.T., Parker, C.T., Daugherty, S.C., Dodson, R.J., Durkin, A.S., Madupu, R.,
Sullivan, S.A., Shetty, J.U., Ayodeji, M.A., Shvartsbeyn, A., Schatz, M.C., Badger, J.H., Fraser,
C.M.,, Nelson, K.E., 2005. Major structural differences and novel potential virulence mechanisms

from the genomes of multiple Campylobacter species. PLoS Biol. 3, 72-85.

19



436
437
438

439
440
441
442

443
444
445
446

447
448

449
450
451

452
453

454
455
456
457

458
459
460

Garénaux, A., Jugiau, F., Rama, F., de Jonge, R., Denis, M., Federighi, M., Ritz, M., 2008.
Survival of Campylobacter jejuni strains from different origins under oxidative stress conditions:

effect of temperature. Curr. Microbiol. 56, 293-297.

Guyard-Nicodeme, M., Rivoal, K., Houard, E., Rose, V., Quesne, S., Mourand, G., Rouxel, S.,
Kempf, I., Guillier, L., Gauchard, F., Chemaly, M., 2015. Prevalence and characterization of
Campylobacter jejuni from chicken meat sold in French retail outlets. Int. J. Food Microbiol. 203,

8-14.

Guyard-Nicodeme, M., Tresse, O., Houard, E., Jugiau, F., Courtillon, C., El Manaa, K., Laisney,
M.J., Chemaly, M., 2013. Characterization of Campylobacter spp. transferred from naturally
contaminated chicken legs to cooked chicken slices via a cutting board. Int. J. Food Microbiol.

164, 7-14.

Haas, C.N., Rose, J.B., Gerba, C.P. 2014. Uncertainty, Quantitative microbial risk assessment,
2" ed. John Wiley & Sons, Inc, Hoboken, New Jersey. 323-375.

Habib, 1., Miller, W.G., Uyttendaele, M., Houf, K., De Zutter, L., 2009. Clonal population
structure and antimicrobial resistance of Campylobacter jejuni in chicken meat from Belgium.

Appl. Environ. Microbiol. 75, 4264-4272.

Hansen, N.-H., Riemann, H., 1963. Factors affecting the heat resistance on nonsporing

organisms. J. Appl. Bact. 26, 314-333.

Haughton, P.N., Grau, E.G., Lyng, J., Cronin, D., Fanning, S., Whyte, P., 2012. Susceptibility of
Campylobacter to high intensity near ultraviolet/visible 395 +/- 5 nm light and its effectiveness
for the decontamination of raw chicken and contact surfaces. Int. J. Food Microbiol. 159, 267-

273.

Hilbert, F., Scherwitzel, M., Paulsen, P., Szostak, M.P., 2010. Campylobacter jejuni under
conditions of atmospheric oxygen tension with the support of Pseudomonas spp. Appl. Environ.

Microbiol. 76, 5911-5917.

20



461
462
463

464
465
466

467
468

469
470
471

472
473

474
475
476

477
478

479
480

481
482

483
484
485

ICMSF. 2018. Campylobacter in chicken meat. In: Buchanan, R.L., (Ed.), Microorganisms in
Foods 7. Microbiological Testing in Food Safety Management, 2" ed. Springer International

Publishing, North Ryde, New SouthWales, Australia. 435-456.

Klan¢nik, A., Guzej, B., Jamnik, P., Vuckovic, D., Abram, M., Mozina, S.S., 2009. Stress
response and pathogenic potential of Campylobacter jejuni cells exposed to starvation. Res.

Microbiol. 160, 345-352.

Koidis, P., Doyle, M.P., 1983. Survival of Campylobacter jejuni in fresh and heated red meat. J.
Food Prot. 46, 771-774.

Levesque, S., Frost, E., Arbeit, R.D., Michaud, S., 2008. Multilocus sequence typing of
Campylobacter jejuni isolates from humans, chickens, raw milk, and environmental water in

Quebec, Canada. J. Clin. Microbiol. 46, 3404-3411.

Membré, J.M., Laroche, M., Magras, C., 2013. Meta-analysis of Campylobacter spp. survival
data within a temperature range of 0 to 42 degrees C. J. Food Prot. 76, 1726-1732.

Meredith, H., Walsh, D., McDowell, D.A., Bolton, D.J., 2013. An investigation of the immediate
and storage effects of chemical treatments on Campylobacter and sensory characteristics of

poultry meat. Int. J. Food Microbiol. 166, 309-315.

Miles, D.M., Ross, T., 1999. Identifying and quantifying risks in the food production chain. Food
Austr. 51, 298-303.

Murphy, C., Carroll, C., Jordan, K.N., 2003a. Induction of an adaptive tolerance response in the
foodborne pathogen, Campylobacter jejuni. FEMS Microbiol. Lett. 223, 89-93.

Murphy, C., Carroll, C., Jordan, K.N., 2003b. Identification of a novel stress resistance
mechanism in Campylobacter jejuni. J. Appl. Microbiol. 95, 704-708.

Nair, D.V.T., Nannapaneni, R., Kiess, A., Mahmoud, B., Sharma, C.S., 2014. Antimicrobial
efficacy of lauric arginate against Campylobacter jejuni and spoilage organisms on chicken

breast fillets. Poultry Sc. 93, 2636-2640.

21



486
487

488
489

490
491
492

493
494

495
496
497
498

499
500
501

502
503
504

505
506
507

508
509
510

Nauta, M.J., 2000. Separation of uncertainty and variability in quantitative microbial risk

assessment models. Int. J. Food Microbiol. 57, 9-18.

Nyati, K.K., Nyati, R., 2013. Role of Campylobacter jejuni infection in the pathogenesis of
Guillain-Barre syndrome: an update. BioMed Res. Int. 2013, 852195.

Oh, E., McMullen, L., Jeon, B., 2015. Impact of oxidative stress defense on bacterial survival and
morphological change in Campylobacter jejuni under aerobic conditions. Front. Microbiol. 6,

295.

Osiriphun, S., Tuitemwong, P., Koetsinchai, W., Tuitemwong, K., Erickson, L.E., 2012. Model
of inactivation of Campylobacter jejuni in poultry scalding. J. Food Eng. 110, 38-43.

Ragimbeau, C., Schneider, F., Losch, S., Even, J., Mossong, J., 2008. Multilocus sequence
typing, pulsed-field gel electrophoresis, and fla short variable region typing of clonal complexes
of Campylobacter jejuni strains of human, bovine, and poultry origins in Luxembourg. Appl.

Environ. Microbiol. 74, 7715-7722.

Reid, A.N., Pandey, R., Palyada, K., Whitworth, L., Doukhanine, E., Stintzi, A., 2008.
Identification of Campylobacter jejuni genes contributing to acid adaptation by transcriptional

profiling and genome-wide mutagenesis. Appl. Environ. Microbiol. 74, 1598-1612.

Rivoal, K., Ragimbeau, C., Salvat, G., Colin, P., Ermel, G., 2005. Genomic diversity of
Campylobacter coli and Campylobacter jejuni isolates recovered from free-range broiler farms

and comparison with isolates of various origins. Appl. Environ. Microbiol. 71, 6216-6227.

Roccato, A., Uyttendaele, M., Membré, J.-M., 2017. Analysis of domestic refrigerator
temperatures and home storage time distributions for shelf-life studies and food safety risk

assessment. Food Res. Int. 96, 171-181.

Ross, T., McMeekin, T.A. 1997. Predictive microbiology and HACCP. In: Pearson, A.M.,
Duston, T.R., (Eds.), HACCP in meat, poultry and fish processing, advances in meat research,

vol. 10. Blackie Academic and Professional, London. 330-354.

22



511
512
513
514

515
516

517
518
519

520
521
522

523

524

Sheppard, S.K., Dallas, J.F., MacRae, M., McCarthy, N.D., Sproston, E.L., Gormley, F.J.,
Strachan, N.J., Ogden, I.D., Maiden, M.C., Forbes, K.J., 2009. Campylobacter genotypes from
food animals, environmental sources and clinical disease in Scotland 2005/6. Int. J. Food

Microbiol. 134, 96-103.

Thompson, K.M., 2002. Variability and uncertainty meet risk management and risk

communication. Risk Anal. 22, 647-654.

Zoz, F., laconelli, C., Lang, E., Iddir, H., Guyot, S., Grandvalet, C., Gervais, P., Beney, L., 2016.
Control of relative air humidity as a potential means to improve hygiene on surfaces: a

preliminary approach with Listeria monocytogenes. PLoS One 11, e0148418.

Zwietering, M., 2005. Practical considerations on food safety objectives. Food Control 16, 817-

823.

23



525 Table 1: Mean log reduction of three strains of C. jejuni expressed in Alog (logio CFU/g) and
526  standard deviation associated after application of heat and cold stress.

Inoculum C97anses640 COOMJLT205 RM1221
concentration
(log CFU/g)  heat stress cold stress heat stress  cold stress heat stress cold stress
4.00 0.21 £0.09 0.09+0.17 0.00+0.15 0.03+£0.06 0.00£0.09 0.01+£0.12
6.00 0.26 £0.14 0.13 £0.04 0.28 +£0.19 0.03 £0.07 0.14 £0.14  0.04 £0.05
8.00 0.27 £0.02 0.00 £0.05 0.08 +0.08 0.10 £0.40 0.05 £0.07 0.03 £0.05
527
528
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529  Table 2: Log reduction of three strains of C. jejuni expressed in Alog (logio CFU/g) and standard
530  deviation associated after application of heat and cold stress followed by six days of storage at
531  chilled conditions. Results extracted from data collected at low inoculum (4 logio CFU/g).

Concentration  (C97anses640 CO09MJLT205 RM1221

(log CFU/g)
2.35 1.96 2.79
Three replicates 3.38 1.62 1.83
2.31 245 1.38
Mean 2.68 2.01 2.00
SD 0.60 0.42 0.72

532
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Figures legends

Figure 1. Inactivation kinetics of C97anses640 (a), COOMILT205 (b) and RM1221 (c) C. jejuni
strains according to three inoculum concentrations (4, 6 and 8 logio CFU/g). Error bars represent
standard deviation associated with each point. In solid lines are represented kinetics when strains
subjected to stresses and the control (unstressed) in dotted lines. Horizontal line represents the
limit of detection due to enumeration method and open symbols represent values below the

detection limit. * (p<0.001) when comparing stressed and unstressed cells.

Figure 2. Predicted contamination level of Campylobacter jejuni on chicken carcasses based on
samples collected on leg skin for the period from June to December (Curves on the Right) and
contamination level of Campylobacter on chicken filets after six days (Curves on the Left) with
their uncertainty interval. After six days, the contamination level varied from -2.4 to 1.6 log
CFU/g (2.5 and 97.5 percentile mean values, respectively) in the variability dimension. The mean
value of the contamination level after six days was estimated at -0.4 log CFU/g (red line). This

mean concentration was estimated with a 95% uncertainty interval of [-0.9, +0.1] (dotted lines).
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