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 3 

Foodborne illnesses are of major concern for public health. In the European Union (EU), 356.071 

individual cases of foodborne illness and 5.079 collective foodborne outbreaks (including 

waterborne outbreaks) were reported in 2017. Apart from Campylobacter, being the most important 

cause of foodborne bacterial diarrhoea in humans, the two other most commonly reported 

gastrointestinal bacterial pathogens causing foodborne infections are Salmonella and pathogenic 

Yersinia enterocolitica (EFSA and ECDC, 2018). It has been estimated that the majority of the 

reported salmonellosis and yersiniosis cases can be attributed to the consumption of raw and 

undercooked pork (EFSA, 2012; Fosse et al., 2008). To decrease Salmonella or pathogenic 

Y. enterocolitica infections as a result of pork consumption, a farm-to-fork approach is needed since 

human exposure depends on multiple factors in the food chain such as the colonization level in pig 

herds, carcass contamination and processing during pig slaughter as well as the storage time and 

temperature of pork and derived meat cuts or minced meat (De Busser et al., 2013; Drummond et 

al., 2012; EFSA, 2010; Wang et al., 2015; Snary et al., 2016). Slaughter has been designated as 

a crucial step in the contamination of pig carcasses and pork. It has been estimated that 

slaughterhouse process adaptations are easier to implement than other interventions throughout 

the pork production chain, with a greater effect on reducing gastroenteritis related to pathogenic 

bacteria and pork (EFSA, 2010; Miller et al., 2005). Still, in 2017 Salmonella was found on 2.8% of 

the pig carcasses after slaughter and human pathogenic Yersinia spp. were isolated from 8.3% of 

fresh pork in the EU (EFSA and ECDC, 2018). This stresses the need for more control measures 

and preventive actions during slaughter but also underscores the importance of a correct 

temperature during transport and storage of pig carcasses and pork. Typically, temperatures of 

7°C or less are applied to prevent growth of Salmonella and keep its concentrations stable or even 

reduce them, while the growth of psychrotrophic Y. enterocolitica is assumed to be inhibited 

(Mackey et al., 1980; Söderqvist et al., 2017). Still, the growth of Y. enterocolitica during storage 

has been demonstrated to have a major impact on its numbers in the final pork meat (such as 
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minced meat at time of consumption; Van Damme et al, 2017). However, an accurate assessment 

of the public health risk is impaired by the lack of sufficient data on growth potential of 

Y. enterocolitica in pork at refrigeration temperatures. Furthermore, recent studies reported growth 

of Salmonella at temperatures below 7°C on leafy greens (Kisluk et al., 2013; Koukkidis et al., 

2017) whereas usually keeping the cold chain at maximum 7°C is assumed to be an adequate 

control measure to prevent Salmonella proliferation in fresh foods. Findings of foodborne 

pathogens’ growth potential at 7°C as such raise concerns regarding the procedures in place for 

ensuring food safety of fresh unprocessed food products, including pig carcasses, pork cuts or 

minced there-off. 

Bearing these insights in mind, the research presented in this doctoral dissertation aimed to 

investigate the sources of bacterial contamination during pig slaughter and to characterize the 

growth potential of pork-associated foodborne pathogens, with a focus on Salmonella and human 

pathogenic Y. enterocolitica, under refrigeration conditions.  

Figure 1 depicts a schematic overview of the research presented in this doctoral dissertation. 

Chapter 1 provides background information and describes the broader context and prior 

knowledge available for understanding the set-up of the experimental studies elaborated in this 

doctoral research. A summary of the pig slaughter process and possible bacterial contamination 

routes is provided. Information concerning the characteristics of the selected foodborne pathogens 

and their behaviour under refrigeration circumstances is compiled.  

In a first experimental study, described in Chapter 2, the distribution of bacterial contamination on 

pig carcasses after slaughter was investigated. Quantitative and qualitative analysis was performed 

to assess the numbers and presence of hygiene indicator bacteria (total aerobic count, 

Enterobacteriaceae and Escherichia coli) and Salmonella. The results were correlated with the 

specific characteristics of the slaughter handlings and techniques applied. This enabled to identify 
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several risk factors for bacterial contamination during slaughter. Further, the relation between the 

selected hygiene indicator bacteria and the presence of the foodborne pathogens under 

consideration was evaluated. 

 
 
Figure 1 Outline of the doctoral dissertation concerning bacterial contamination of pig carcasses 
during slaughter and the growth potential of Yersinia enterocolitica and other foodborne pathogens 
under refrigeration.  

 

Subsequently, the determined risk factors for bacterial contamination of pig carcasses during 

slaughter were used to evaluate strategies that could improve the microbiological quality and safety 

of pig carcasses. The spread of bacteria from the oral cavity, tonsils, tongue and oral cavity of pigs 

to different parts of the pig carcasses was found to be an important source of contamination. As a 
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result, an adaptation of the currently used slaughter technique was proposed, which is presented 

in Chapter 3. Therefore, an alternative removal of the pluck set (including the tongue and tonsils) 

during slaughter was validated during which the pluck set was only partially removed. This method 

kept the oral cavity closed during slaughter and the tongue as well as the tonsils remained 

untouched. The impact of this slaughter process modification regarding the presence of hygiene 

indicator bacteria, pathogenic Y. enterocolitica and Salmonella on pig carcasses was studied.  

Chapter 4 describes the development of a predictive model for the growth of human pathogenic 

Y. enterocolitica 4/O:3 in raw pork during storage at refrigeration temperatures under aerobic 

conditions. A pork-based laboratory medium was used to investigate the growth potential at 

temperatures from 2°C to 10°C and pH-values resembling the pH range found for fresh pork. The 

obtained data were used to develop a mathematical model that predicts the lag phase time and 

maximum growth rate of Y. enterocolitica 4/O:3, taking into account the effects of pH and 

temperature. The model was validated with multiple pathogenic Y. enterocolitica strains as well as 

on bacteria-free (irradiated) and naturally contaminated raw pork meat cuts and minced meat. 

The recent reports concerning growth of Salmonella at temperatures below 7°C raised concern 

regarding the storage of pork but also of other fresh unprocessed food products, such as beef or 

fresh produce at refrigeration temperatures. Furthermore, as a consequence of some publications 

reporting growth of pathogens at low temperatures, online predictive modelling tools also allow to 

estimate the behavior of Salmonella at refrigeration temperatures (including 7°C nowadays) and, 

likewise, predict substantial growth. Given the potential consequences of findings as such on food 

safety, often relying on maintaining the cold chain (<7°C), a thorough investigation of the growth 

potential of Salmonella and Y. enterocolitica at low temperatures and a comparison with other 

mesophilic and psychrotrophic foodborne pathogens was prompted. Therefore, in Chapter 5, the 

growth of some selected strains of Salmonella, Escherichia coli, Listeria monocytogenes, Yersinia 
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enterocolitica and Yersinia pseudotuberculosis, at temperatures between 4°C and 12°C, was 

assessed in laboratory media as well as beef- and spinach-based growth media. In order to 

compare the obtained results with existing data and current outcomes of predictive models, an 

extensive investigation and critical review of the online ComBase database, describing and 

predicting the behaviour of microorganisms in food, was performed. 

Finally, Chapter 6 reports general findings, conclusions, recommendations and future 

perspectives. The data obtained regarding the bacterial contamination of pig carcasses during 

slaughter and the proposed alternative pluck set removal technique are discussed within the 

context of food safety along the pork production chain. The potential implications and applications 

of, on the one hand, the developed growth model for Y. enterocolitica 4/O:3 and, on the other hand, 

the growth potential of Salmonella and other foodborne pathogens, at low temperatures, are 

considered in the framework of control measures in place for storage and prolonged shelf life 

ensuring microbial quality and safety of pork and other unprocessed fresh foods. Advantages, 

issues, threats and limitations in regard to the use of predictive modelling tools and databases are 

addressed. 
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Salmonella and human pathogenic Yersinia spp. are the second and third most important 

foodborne pathogens in the EU. Pigs are known carriers of both pathogens. During slaughter, 

bacteria from highly colonized areas in pigs, including Salmonella and human pathogenic 

Yersinia spp., may directly contaminate pig carcasses as well as the slaughterhouse environment 

which can, further, cause cross-contamination to other pig carcasses. Therefore, pig slaughter has 

been designated as an important step along the pork production chain to reduce foodborne illness 

due to the consumption of pork. Salmonella and human pathogenic Yersinia spp. have been found 

frequently on fresh pork. Maintaining the cold chain (< 7°C) has always been considered sufficient 

to keep raw pork microbiologically safe for consumption and limit or inhibit the growth of foodborne 

pathogens. However, data on the growth of human pathogenic Yersinia spp. on pork is scarce and 

recent studies and predictive models reported substantial growth of Salmonella at 7°C or lower. 

This doctoral dissertation starts, in Chapter 1, with an overview of background information and a 

description of the broader context and prior knowledge regarding the covered research areas. 

Further, four research chapters synthesize performed experiments regarding contamination during 

slaughter and growth potential of Salmonella, human pathogenic Yersinia spp. and other foodborne 

pathogens at refrigeration temperatures. 

Chapter 2 provides a distribution of hygiene indicator bacteria and Salmonella on pig carcasses 

after slaughter. Quantitative and qualitative analysis of the total aerobic count, Enterobacteriaceae, 

E. coli and Salmonella was performed, separately, on 9 areas from 104 pig carcasses sampled in 

seven different Belgian slaughterhouses. Overall, the most contaminated areas of the pig 

carcasses consisted of the throat, the sternum, the head and distal part of the foreleg. Salmonella 

was recovered from 18%, 21%, 29% and 38% of the samples of these areas, respectively. In total, 

64% (67/104) of the investigated pig carcasses tested positive for the presence of Salmonella. 

Furthermore, for each investigated carcass area, the relation between hygiene indicator levels and 
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Salmonella presence was determined. Positive relations were found between hygiene indicator 

counts and Salmonella presence at the head, the sternum, the loin and the throat. During sampling, 

information about the applied slaughter practices was collected using a questionnaire. Seven 

different specific handlings during slaughter could be associated with elevated levels of 

contamination on specific carcass areas. Splitting of the head as well as incision of the tonsils and 

intestines during slaughter were particularly associated with higher odds of finding Salmonella on 

the sternum and the belly of pig carcasses. The results indicate the need for new slaughter process 

adaptations to lower contamination levels on pig carcasses. Furthermore, the findings of this study 

can be used to estimate the public health risks involved in consumption of different pork cuts and 

stress the importance of appropriate storage and conservation strategies to contain the potential 

risks involved in consuming contaminated pork products. 

Based on the fact that the incision of the tonsils and splitting the head (and highly colonized oral 

cavity) was associated with higher contamination levels on certain pig carcass areas, an alternative 

pluck set removal was validated. Chapter 3 describes how a partial removal of the pluck set, i.e. 

without opening the oral cavity and leaving the tonsils untouched, is able to lower the 

contamination. Two slaughterhouses were each visited 6 times during which, in total, 240 pig 

carcasses were sampled. Thereof, 120 pigs were slaughtered using standard procedures and 120 

were slaughtered by applying the proposed alternative pluck set removal. Both the number of 

hygiene indicator bacteria (total aerobic count, Enterobacteriaceae, E. coli) and the presence of 

Salmonella and human pathogenic Y. enterocolitica were determined on the throat, sternum and 

elbow of all pig carcasses, immediately after the pluck set removal and splitting of the carcass. 

Using the alternative pluck set removal, significantly lower mean numbers of hygiene indicator 

bacteria on throat samples and E. coli on elbow samples were found. Moreover, less pig carcasses 

were highly contaminated in general. No difference in Salmonella or Y. enterocolitica presence was 

seen. The data in this study provides the first quantitative proof that the removal of the pluck set is 
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an important contamination step during slaughter. The alternative pluck set removal could help to 

lower the contamination on pig carcasses and, subsequently, reduce cross-contamination between 

carcasses further along the slaughter line. The results also show that the association between 

hygiene indicator bacteria levels and foodborne pathogen presence is not universally applicable.  

Given the psychrotrophic characteristics of human pathogenic Y. enterocolitica 4/O:3, its high 

prevalence on pig carcasses and pork raised concerns about the efficacy of the cold chain during 

storage and preservation of fresh or raw pork. It has been reported that the growth of 

Y. enterocolitica is not inhibited during refrigeration. Nevertheless, a thorough investigation of its 

growth in pork, especially raw and minced, at low temperatures was lacking. Chapter 4 proposes 

a model predicting the growth of Y. enterocolitica 4/O:3 in raw pork under refrigeration. At first, the 

aerobic growth of one Y. enterocolitica 4/O:3 strain was studied in a pork-based laboratory medium, 

at pH 5.5-6.4 and between 2°C to 10°C. Substantial growth was observed under all circumstances 

and the enumeration data were used to develop a kinetic model. Three models were evaluated of 

which a square root model was found to be most suitable. Validation of the model was performed, 

on the one hand, with five other pathogenic Y. enterocolitica strains in the pork-based medium and, 

on the other hand, on irradiated or raw pork and ground pork applying the strain used to develop 

the model. The proposed model was able to provide appropriate fail-safe predictions for the growth 

of Y. enterocolitica 4/O:3 in raw ground pork. Further, the growth data indicated that, when 

maintaining the cold chain, the proliferation of pathogenic Y. enterocolitica is partially altered but 

still substantial. The described model is the first kinetic growth model for human pathogenic 

Y. enterocolitica that can be used to predict its growth on raw pork during cold storage and could 

help to estimate the risks involved in the consumption of raw or undercooked pork. 

In contrast to Yersinia spp., Salmonella and E. coli are generally not considered psychrotrophic. 

However, recently published studies as well as predictive tools report substantial growth of 
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Salmonella and E. coli at temperatures below 7°C. Findings as such question the validity of 

maintaining the cold chain to ensure food safety. Chapter 5 describes the investigation of the 

growth potential of 3 Salmonella, 3 E. coli, 3 L. monocytogenes, 1 Y. pseudotuberculosis and 2 

Y. enterocolitica strains at 4°C, 7°C and 12°C in nutrient broth as well as in beef- and spinach-

based laboratory medium. Their relative growth potential under refrigeration conditions (including 

temperature abuse) was compared with published reports and available data and predictions 

derived from ComBase. This comparison showed inconsistencies between the experimentally 

collected data in this study and bacterial behaviour as published previously or as predicted by 

ComBase, for some of these pathogens. Therefore, a critical evaluation of these published reports 

and the ComBase database was performed which revealed a number of possible reasons for the 

observed dissimilarities. The main issues were related to a lack of a meticulous research set-up, 

source traceability, data quality control, meta-data standardization, data integration and 

transparency regarding the use of data for predictions. While predictive models and tools are 

proven very useful for the set-up of food safety strategies, risk assessment studies or product 

development, findings as such indicate the importance of critical interpretation of available data 

and predictive models as well as correct translation of their results to the particular circumstances 

in consideration in order to assess their validity. Furthermore, there is an urgent need for better 

data governance and more transparency regarding publicly available databases and predictive 

models concerning the behaviour of bacteria in food. 

In Chapter 6, the insights obtained during the studies performed in this PhD are combined and 

discussed within the broader context of the covered topics. Some suggestions and future 

perspectives are expressed regarding a risk categorization of pork cuts, current regulations and 

monitoring plans applying to pig slaughter and pork, the use of hygiene indicator bacteria to assess 

the presence of foodborne pathogens, the performance of the cold chain and the reliability of open 

access databases and predictive modelling tools. 
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Salmonella en humaan pathogene Yersinia spp. zijn de tweede en derde meest belangrijke 

voedselgebonden pathogenen in de Europese Unie. Varkens zijn gekende dragers van beide 

pathogenen. Tijdens het slachten kan vanuit hoog besmette organen contaminatie optreden, met 

onder andere deze pathogenen, van zowel varkenskarkassen als de slachthuisomgeving wat, 

verder, ook kan leiden tot kruiscontaminatie naar andere varkenskarkassen. Bijgevolg werd het 

slachtproces van varkens aangeduid als belangrijkste stap in de productie van varkensvlees waar 

interventies doeltreffend kunnen zijn om besmetting te voorkomen en zo het aantal 

voedselgebonden infecties geassocieerd met de consumptie van varkensvlees kunnen beperken. 

Salmonella en humaan pathogene Yersinia spp. werden reeds regelmatig teruggevonden op vers 

en rauw varkensvlees. Het handhaven van de koude keten (<7°C) werd altijd aanzien als 

voldoende om rauw varkensvlees, microbiologisch gezien, veilig te houden voor consumptie. 

Echter, er zijn weinig data beschikbaar omtrent de groei van humaan pathogene Yersinia spp. in 

rauw varkensvlees bewaard in de koeling. Bovendien rapporteerden recente studies toch wat 

onverwacht substantiële groei van Salmonella bij een temperatuur van 7°C of lager. Dit noodzaakte 

verder onderzoek naar deze bevindingen. 

Deze doctoraatsthesis begint, in Hoofdstuk 1, met een overzicht van achtergrondinformatie en 

een omschrijving van de context en kennis omtrent het slachtproces van varkens, Salmonella en 

humaan pathogene Yersinia spp. evenals het gebruik van voorspellende modellen bij de 

beoordeling van beheersmaatregelen in het kader van voedselveiligheid. Verder beschrijven de 

vier onderzoekshoofdstukken de uitgevoerde studies omtrent contaminatie tijdens het slachten van 

varkens en de experimenten  met betrekking tot de beoordeling van het groeipotentieel van 

Salmonella, humaan pathogene Yersinia spp. en andere voedselgebonden pathogenen bij 

koeltemperaturen.  
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Hoofdstuk 2 beschrijft een distributie van hygiëne indicatoren en Salmonella op varkenskarkassen 

na het slachten. Kwantitatieve en kwalitatieve analyse van het totaal aeroob kiemgetal, 

Enterobacteriaceae, E. coli en Salmonella werd uitgevoerd voor 9 verschillende plaatsen op het 

karkas die elk apart werden bemonsterd op 104 varkenskarkassen, in zeven Belgische 

varkensslachthuizen. Over het algemeen werden de keel, de borst, de kop en het uiteinde van de 

voorpoot als meest gecontamineerd bevonden. Salmonella kon worden geïsoleerd van, 

respectievelijk, 18%, 21%, 29% en 38% van de stalen genomen op deze plaatsen. In totaal testte 

64% (67/104) van de varkenskarkassen positief op de aanwezigheid van Salmonella. Verder werd 

voor elke bemonsterde locatie op het karkas de relatie tussen de aantallen hygiëne indicatoren en 

de aanwezigheid van Salmonella onderzocht. Positieve associaties tussen beiden werden 

gevonden voor de kop, de borst, het rugstuk en de keel. Tijdens staalnames werd ook informatie 

verzameld omtrent de toegepaste slachtpraktijken met behulp van een vragenlijst. Zeven 

verschillende handelingen tijdens het slachten konden geassocieerd worden met een hoger niveau 

van contaminatie op specifieke locaties van het varkenskarkas. Het klieven van de kop en het 

insnijden van de tonsillen en de darmen tijdens het slachten waren in het bijzonder geassocieerd 

met een hogere kans op het detecteren van Salmonella op de borst of de buik van 

varkenskarkassen. De bevindingen van deze studie wijzen op de nood aan aanpassingen van het 

slachtproces om contaminatie op varkenskarkassen te verlagen. Verder kunnen de verkregen 

resultaten ook gebruikt worden om de volksgezondheidsrisico’s, gelinkt aan de consumptie van 

varkensvlees afkomstig van besmette varkenskarkassen, in te schatten. De studie toont ook het 

belang aan van geschikte bewaarcondities om het potentiële risico verbonden aan de consumptie 

van gecontamineerd varkensvlees te beperken. 

Gebaseerd op het feit dat het insnijden van de tonsillen en klieven van de kop (samen met de hoog 

besmette mondholte) konden geassocieerd worden met een verhoogde kans op contaminatie van 

varkenskarkassen, werd een alternatieve methode voor het verwijderen van de hartslag 
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gevalideerd. Hoofdstuk 3 beschrijft hoe het gedeeltelijk verwijderen van de hartslag, zonder de 

mondholte te openen en de tonsillen onaangeroerd te laten, de contaminatie op varkenskarkassen 

kan verlagen. Twee slachthuizen werden elk 6 keer bezocht waarbij, in totaal, 240 

varkenskarkassen werden bemonsterd. Daarvan werden 120 varkens geslacht volgens de 

standaardmethode en 120 varkens werden geslacht gebruik makend van de alternatieve manier 

om de hartslag te verwijderen. Zowel het aantal hygiëne indicatoren (totaal aeroob kiemgetal, 

Enterobacteriaceae, E. coli) als de aanwezigheid van Salmonella en humaan pathogene 

Y. enterocolitica weren bepaald, op de keel, de borst en de elleboog van alle varkenskarkassen, 

na het verwijderen van de hartslag en het klieven. Bij het toepassen van de alternatieve methode 

ter verwijdering van de hartslag werden significant lagere aantallen hygiëne indicatoren gevonden 

op monsters van de keel en de elleboog. Verder werd ook vastgesteld dat minder 

varkenskarkassen hoog gecontamineerd waren. Er werd geen verschil in de aanwezigheid van 

Salmonella of Y. enterocolitica gezien tussen beide slachtmethoden. De resultaten van deze studie 

vormen het eerste kwantitatieve bewijs dat het verwijderen van de hartslag een belangrijke stap is 

tijdens het slachten met betrekking tot contaminatie van varkenskarkassen. De alternatieve 

methode ter verwijdering van de hartslag kan helpen om de contaminatie op varkenskarkassen en, 

daarenboven, de kruiscontaminatie tussen varkenskarkassen verder langs de slachtlijn, te 

verlagen. Deze studie toont ook aan dat verwachte positieve associaties tussen het aantal hygiëne 

indicatoren en de aanwezigheid van voedselgebonden pathogenen niet altijd universeel 

toepasbaar zijn. 

Het psychrotrofe karakter van humaan pathogene Y. enterocolitica 4/O:3 en zijn hoge prevalentie 

op varkenskarkassen en rauw varkensvlees creëren bezorgdheid omtrent de efficiëntie van de 

koude keten tijdens de opslag en distributie van vers varkensvlees. Het werd reeds beschreven 

dat de groei van Y. enterocolitica niet geïnhibeerd wordt tijdens de koeling van varkenskarkassen. 

Desalniettemin werd nog geen grondig onderzoek verricht naar het groeipotentieel van 
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Y. enterocolitica op varkensvlees bij koeltemperaturen. Hoofdstuk 4 stelt een voorspellend model 

voor de groei van Y. enterocolitica 4/O:3 voor in varkensvlees. Aanvankelijk werd de aerobe groei 

van één Y. enterocolitica 4/O:3 stam bestudeerd in een laboratoriummedium op basis van 

varkensvlees, bij een pH-bereik van 5.5 tot 6.4, en bij een temperatuur die varieerde tussen 2°C 

en 10°C. Substantiële groei werd geobserveerd onder alle omstandigheden. De verkregen data 

werden gebruikt om een kinetisch groeimodel te ontwikkelen. Drie verschillende mathematische 

modellen werden geëvalueerd waarvan een vierkantswortelmodel meest geschikt werd bevonden. 

Dit voorspellend model dat aldus ontwikkeld werd, is nadien gevalideerd, enerzijds, met vijf andere 

humaan pathogene Y. enterocolitica stammen in het laboratoriummedium op basis van 

varkensvlees en, anderzijds, in bestraald en rauw versneden en gehakt varkensvlees met dezelfde 

Y. enterocolitica stam als diegene die werd gebruikt voor de ontwikkeling van het model. Het 

voorgestelde model bleek bruikbare, conservatieve (en dus eerder ‘worst case’) voorspellingen te 

genereren voor de groei van Y. enterocolitica 4/O:3 in rauw vers varkensvlees. Verder toonden de 

verkregen data aan dat de groei van Y. enterocolitica bij koeltemperaturen enigszins geïnhibeerd 

wordt, maar nog steeds substantieel is. Het ontwikkelde mathematisch model kan dus gebruikt 

worden om de groei van Y. enterocolitica 4/O:3 op rauw varkensvlees bij koeltemperaturen te 

voorspellen en bijgevolg ook zijn dienst bewijzen in risico-inschattingen met betrekking tot de 

consumptie van rauw of ongaar varkensvlees. 

In tegenstelling tot Yersinia spp., worden Salmonella en E. coli over het algemeen niet als 

pyschrotroof beschouwd. Echter, recent gepubliceerde studies en online tools met betrekking tot 

predictieve microbiologie beschrijven soms substantiële groei van Salmonella en E. coli bij 

temperaturen van 7°C of lager. Deze bevindingen stellen de validiteit van de koude keten om de 

voedselveiligheid te waarborgen in vraag. Hoofdstuk 5 beschrijft een studie naar het 

groeipotentieel van 3 Salmonella, 3 E. coli, 3 L. monocytogenes, 1 Y. pseudotuberculosis en 2 

Y. enterocolitica stammen bij 4°C, 7°C en 12°C, in nutriëntrijk medium en laboratoriummedia 
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gebaseerd op rundsvleesjus en spinaziesap. De bekomen relatieve groeimogelijkheden bij 

koeltemperaturen werden vergeleken met gepubliceerde rapporten en beschikbare data en 

voorspellingen verkregen via ComBase (een online platform voor predictieve microbiologie in 

levensmiddelen). Deze vergelijking wees op tegenstrijdigheden tussen de experimenteel 

verkregen data in deze studie in het kader van het doctoraatsonderzoek en het gedrag van dezelfde 

soort bacteriën zoals beschreven in eerder gepubliceerde studies of voorspeld door ComBase, 

voor sommige van deze pathogenen. Bijgevolg werden deze publicaties en de ComBase databank 

kritisch geëvalueerd waarbij verschillende redenen voor deze tegenstrijdigheden werden 

vastgesteld. De meeste van deze redenen konden in relatie gebracht worden met een gebrek aan 

een geschikte onderzoeksopzet, onvoldoende traceerbaarheid van de originele bron met 

experimentele data, gebrek aan standaardisering van meta-data, onvoldoende correcte transfer 

van ruwe data uit onderzoek in de online database en nood aan transparantie omtrent het gebruik 

van data voor het bekomen van het voorspelde groeipotentieel. Deze bevindingen wijzen op het 

feit dat een kritische interpretatie van beschikbare data en predicties, evenals de vertaling van 

dergelijke uitkomsten naar de specifieke context of situatie waar men een uitspraak wil doen over 

(mate van) groei of geen groei, van groot belang zijn om de validiteit ervan te bepalen. Verder toont 

deze studie ook aan dat er nood is aan een beter beheer van gegevens en meer transparantie 

omtrent openlijk toegankelijke databanken en predictieve modelleringstoepassingen met 

betrekking tot het gedrag van (pathogene) bacteriën in voeding. 

In Hoofdstuk 6 worden de inzichten die werden bekomen tijdens de studies van dit 

doctoraatsonderzoek samengebracht en besproken binnen de bredere context van de behandelde 

onderwerpen. Enkele suggesties en toekomstperspectieven worden toegelicht aangaande een 

risicocategorisatie van varkenskarkasonderdelen, de vigerende wetgeving en regulering, de 

aandachtspunten bij huidige controlemaatregelen met betrekking tot het slachten van varkens en 

de opslag en distributie varkensvlees, het zinvol gebruik van hygiëne indicatoren om de 
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aanwezigheid van voedselgebonden pathogenen in te schatten, de efficiëntie van de koele keten 

om groei van pathogenen te remmen en de betrouwbaarheid van publiek beschikbare databanken 

en predictieve modelleringstoepassingen. 
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1.1. Foodborne illness and pathogens: trends 

Foodborne illnesses are of major concern for public health (Nyachuba,2010).  Havelaar et al. (2015) 

estimated the global burden of foodborne diseases in 2010, based on data from 31 foodborne 

hazards, to be 33 million Disability Adjusted Life Years (DALYs). The majority of foodborne 

illnesses are caused by foodborne pathogenic bacteria (McCabe-Sellers and Beattie, 2004). In the 

EU, 13 million cases of microbial foodborne illness are estimated to occur annually, corresponding 

with 165,000 DALYs and 2,500 deaths (Kirk et al., 2015). Besides health issues, foodborne 

diseases also generate a considerable economic burden. It has been estimated that the total 

annual cost related to foodborne illnesses in the United States (US) ranges between 10 and 83 

billion US dollars (McLinden et al., 2014). Mangen et al. (2015) reported that the total cost-of-illness 

of fourteen food-related pathogens and associated sequelae in The Netherlands amounts to 468 

million euros per year. Sundström (2018) calculated that, in Sweden, the total cost of five major 

foodborne pathogens and associated sequela is approximately 142 million euros annually. 

As summarized in the report concerning ‘trends and sources on zoonoses, zoonotic agents and 

food-borne outbreaks” of the European Food Safety Authority (EFSA) and the European Centre for 

Disease Prevention and Control (ECDC), 356,071 individual cases of foodborne illness and 5,079 

collective foodborne outbreaks (including waterborne outbreaks) were reported in the EU for 2017 

(EFSA and ECDC, 2018). Besides campylobacteriosis, which is the most important foodborne 

illness in the EU, salmonellosis is the second most reported foodborne zoonotic disease with an 

annual number of confirmed cases fluctuating around 90,000 between 2013 and 2017. Salmonella 

caused the majority of all foodborne outbreaks (1,241/5,079; 24%) reported in the EU for 2017. 

Yersiniosis is the third most common foodborne infection with a stable annual number of human 

cases in the EU, from 2013 to 2017, varying between 6,352 and 6,823.  
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Although the incidence of salmonellosis and yersiniosis is lower than for campylobacteriosis, the 

associated hospitalisation and case fatality are reported to be higher. In 2017 in the EU, 

hospitalisation rates of 42.5% and 33.4%, and fatality rates of 0.45% (156 deaths) and 0.07% (3 

deaths) were reported for Salmonella and Yersinia infections, respectively. Further, both foodborne 

pathogens have shown to be highly associated with the consumption of pork which indicates the 

need for further improvement of the food safety along the pork production chain (EFSA, 2014; 

EFSA and ECDC, 2018). A brief description of Salmonella spp. and Yersinia spp. is provided in 

1.1.1 and 1.1.2, respectively.  

Infections caused by Shiga-toxin producing E. coli (STEC) and listeriosis completed the top five of 

human zoonoses in Europe during 2017, with 6,073 and 2,480 cases, respectively (EFSA and 

ECDC, 2018). While cattle represent a primary reservoir for STEC, other food products, including 

pork, have been confirmed as vehicles for STEC transmission (Ercoli et al., 2015). Listeriosis is 

caused by Listeria monocytogenes infections. The latter species is widely distributed in nature as 

well as food processing environments and has, therefore, been isolated from a wide variety of 

foodstuffs such as pork, milk, vegetables, rice, beef (Uyttendaele et al., 2004). STEC strains have 

been reported to be mesophilic (8-45°C), while L. monocytogenes strains are psychrotrophic (0-

45°C) (Fehlhaber and Krüger, 1988; Palumbo et al., 1995; Wang, 2016). 

1.1.1. Salmonella spp.: characteristics, human infections and reservoir 

The genus Salmonella is a member of the family Enterobacteriaceae and includes Gram-negative, 

facultative anaerobic, non-spore forming bacteria. The majority of salmonellae are rod shaped (0.7-

1.5 x 2.0-5.0 μm) and have the ability to ferment glucose with the production of acids and gas 

(Wang, 2016). The genus consists of two species being Salmonella enterica and Salmonella 

bongori (McQuiston et al., 2008). The latter species is usually isolated from non-mammalian hosts 

while S. enterica has been found to cause disease in both warm- and cold-blooded animals and 
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humans. Six subspecies of S. enterica are distinguished: Salmonella enterica subspecies enterica, 

salamae, arizonae, diarizonae, houtenea and indica (Heyndrickx et al., 2005). Salmonella is also 

subdivided in serotypes, based on the immune reactivation of two surface antigens (flagellar (H) 

and somatic (O) antigens), according to the Kauffman-White-LeMinor scheme. There are more 

than 2,600 Salmonella serotypes of which S. Enteriditis, S. Typhimurium, monophasic 

S. Typhimurium 1,4,[5],12:i:-, S. Infantis and S. Newport are considered the most important ones 

related to human Salmonella infections in the EU (EFSA and ECDC, 2018; Guibourdenche et al., 

2010). 

Salmonellae are mesophilic with the ability to grow at temperatures above 7°C and below 48°C. 

Optimal growth is achieved between 35°C and 37°C. Growth at 10°C or lower is reported to be 

slow. Temperatures of 50°C or higher are known to cause Salmonella to die off (Jay, 2000). Their 

optimal pH for growth is situated around neutrality, while pH values of 4.5 or lower and 9.0 or higher 

are considered bactericidal. Below an aw of 0.94 growth is inhibited. It is important to state that 

temperature, pH, aw and nutrient content are interrelated (Doyle and Buchanan, 2013; Jay, 2000). 

Human Salmonella infections can be caused, on the one hand, by typhoid Salmonella serovars 

which are mainly transferred between humans or via contaminated water and cause typhoid fever 

(Marchello et al., 2019) or, on the other hand, by non-typhoid Salmonella serovars which are 

typically foodborne and associated with gastroenteritis, fever, diarrhoea and, in some cases, 

bacteraemia. Symptoms of the latter infections generally appear after an incubation period of 8 

hours to 3 days and may last up to 7 days. In healthy adults, foodborne non-typhoid Salmonella 

infections usually only cause mild symptoms (Bollaerts et al., 2008). They are self-limiting and, 

consequently, do not require medical treatment. Infections may even go unnoticed and create a 

state of chronic asymptomatic carrier. More severe manifestations of salmonellosis are reported in 

elderly, children and immune-compromised populations for which antibiotic treatment might be 
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needed to avoid death (Humphrey, 2000). Dose-response modelling showed that ingestion of 

7 CFU’s and 36 CFU’s results in a 50% probability for infection and illness to occur, respectively 

(Teunis et al., 2010). 

Salmonella spp. are omnipresent in nature. Humans and animals are considered the main reservoir 

where their primary habitat is the intestinal tract. Occasionally they may also be found in other body 

parts. As a result of their intestinal presence, they are excreted through faeces and can be found 

in contaminated water. Food of animal origin is the most important vehicle in the zoonotic spread 

of salmonellosis to humans. Eggs, egg products and meat, in particular raw poultry or pork and 

products thereof, are considered the main food vehicles for human Salmonella infections in the EU 

(EFSA and ECDC, 2018). 

1.1.2. Yersinia spp.: characteristics, human infections and reservoir 

The genus Yersinia belongs to the family Enterobacteriaceae. Yersiniae are Gram-negative, 

facultative anaerobic, non-spore forming, coccobacilli (0.5-0.8 x 1-3 μm) that are catalase-positive 

and oxidase negative. Most species are non-motile at 37°C, but become motile at 22-30°C due to 

peritrichous flagella. The genus comprises 17 species of which three are well-known human 

pathogens: Y. pestis, Y. enterocolitica and Y. pseudotuberculosis. The remaining 13 Yersinia 

species (‘’environmental’ Yersinia or Y. enterocolitica-like species) are either considered avirulent 

or regarded as potentially pathogenic while their pathogenicity has not yet been unambiguously 

confirmed (Imori et al., 2017). Regarding foodborne illnesses, Y. enterocolitica and Y. 

pseudotuberculosis are the most important species (EFSA and ECDC, 2018). Y. enterocolitica is 

subdivided in biotypes (1A, 1B, 2, 3, 4 and 5) and serotypes (more than 70) according to its 

biochemical characteristics and lipopolysaccharide O-antigens (Wauters et al., 1987). Biotype 1A 

strains are regularly isolated from the environment and non-virulent. Y. enterocolitica biotype 1B 

strains are highly pathogenic, while biotypes 2-5 are considered low or moderately pathogenic 
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(ANSES, 2012). The latter are most commonly isolated in Europe. Y. pseudotuberculosis is 

subdivided in 4 biotypes and 15 serotypes, likewise based on lipopolysaccharide O-antigens (Ch’ng 

et al., 2011; Tsubokura and Aleksic, 1995) No clear differences in pathogenicity among these 

biotypes are described and, consequently, all isolates are considered potentially pathogenic for 

humans (EFSA, 2007). Y. enterocolitica bioserotype 4/O:3 and, to a lesser extent, Y. enterocolitica 

bioserotype 2/O:9 and Y. pseudotuberculosis O:1 are reported to be the main causative agents of 

foodborne human yersiniosis infections in the EU (EFSA and ECDC, 2018). 

Yersinia spp. are psychrotrophic bacteria able to grow between - 2°C and 45°C, with an optimal 

growth temperature of 25-30°C. Optimal pH for growth was reported to be between 7.6 and 7.9. 

Yersinia spp. are unable to grow at pH values lower than 4.2 and higher than 9.0. At optimal growth 

temperature, growth was reported in NaCl concentrations up to 5% (Johannessen et al., 2000). 

However, as mentioned for Salmonella spp., these growth parameters are interrelated. Adams et 

al. (1991) reported, for example, that the minimum pH for growth is 0.3 to 0.5 units higher at 4°C 

than at 25°C. 

Human Yersinia infections usually manifest through acute enteritis, terminal ileitis or mesenteral 

lymphadenitis causing diarrhoea, fever and abdominal pain (Zheng et al., 2008). Symptoms are 

presumed to start within 1 to 11 days after infection (Rosner et al., 2010). The diarrhoea may be 

bloody, last up to 4 weeks and may have the tendency to become chronic in some patients. In that 

case, infections are often wrongly diagnosed as inflammatory bowel disease (Hoogkamp-Korstanje 

and de Koning, 1991; Saebo et al., 2005). Symptoms of terminal ileitis often resemble and are 

confused with those of acute appendicitis and may hinder fast and correct diagnosis of Yersinia 

infections (Shorter et al., 1998; Perdikogianni et al., 2006; Antonopoulos et al., 2008). Post-

infectious complications may include reactive arthritis which develops 1-2 weeks after the first 

symptoms of infection, affects the smaller joints of hands, feet, knees, shoulders and ankles, and 
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may last for months or even several years (Hannu et al., 2003). Y. pseudotuberculosis infections 

have also been associated with Kawakasi disease which causes systemic vasculitis and serious 

complications such as coronary artery aneurysms (Vincent et al., 2007; Konishi et al., 1997; Tahara 

et al., 2006). In healthy adults, infections are usually self-limiting. More susceptible populations, 

such as children under the age of 5 and elderly, may need to be treated with antibiotics (Zheng et 

al., 2008). No dose-response relationships for foodborne pathogenic Yersinia infections are 

currently available (BfR, 2013). 

Pigs are considered the main hosts of human pathogenic yersiniae. Transmission happens mainly 

via the oral-faecal route and humans are usually infected through ingestion of contaminated water 

or food (Ackers et al., 2000; Grahek-Ogden et al., 2007). Human pathogenic Yersinia spp. have 

been frequently isolated from raw pork and products thereof which are considered the main sources 

of the zoonotic spread of yersiniosis to humans (Fosse et al., 2008). Further, they have also been 

found on fresh vegetables or milk (Jamali et al., 2015; Kangas et al., 2008; Konishi et al., 2016).  

1.2. Salmonella and human pathogenic Yersinia spp. along the pork production chain 

Pigs are known to be carriers of Salmonella and human pathogenic Yersinia spp. which may 

contaminate pig carcasses during slaughter and subsequently pork (De Busser et al., 2013; 

Laukkanen et al., 2009). Consequently, raw or undercooked pork serves as an important vehicle 

for the spread of Salmonella and pathogenic Yersinia spp. to humans (EFSA, 2014). 

1.2.1. Prevalence of Salmonella and human pathogenic Yersinia spp. in pigs 

Both Salmonella and human pathogenic Yersinia spp. are frequently recovered from growing and 

finishing pigs as well as from the breeding environment. In 2008, 28.7% of the breeding holdings 

in the EU were Salmonella positive with a wide variation between Member States (EFSA, 2009). 

In a study performed between 2013 and 2014 in the UK, Salmonella was found in 19% of the 

sampled finishing pig farms and 6.9% of the sampled pigs (Smith et al., 2018). San Romàn et al. 
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(2017) reported a prevalence of 9.6% in fattening pigs in Spain. Regarding human pathogenic 

Yersinia, Råsbäck et al. (2018) reported a prevalence of pathogenic Y. enterocolitica in 30.5% of 

the breeding farms with finisher pigs in Sweden. Novoslavskij et al. (2013) found human pathogenic 

Y. enterocolitica in 64% of the sampled pig farms in Lithuania. A German study reported that 64.1% 

of the sampled pigs in farms tested positive for pathogenic Yersinia spp. (Von Altrock et al., 2011).  

As a result of the frequent presence during primary production, Salmonella and human pathogenic 

Yersinia spp. can be readily detected in pigs at slaughter and high prevalence levels in several 

organs have been described. Besides the lymph nodes, tongue and oral cavity, the intestinal tract 

and tonsils are considered important reservoirs regarding potential sources for carcasses 

contamination during slaughter (Van Damme et al., 2015; Van Damme et al., 2018). An overview 

of the prevalence in the latter two body parts of Salmonella, human pathogenic Y. enterocolitica 

and Y. pseudotuberculosis, as reported in multiple studies conducted in European countries, can 

be found in Table 1.1, Table 1.2 and Table 1.3, respectively. Remarkably, more studies have been 

performed from 2000-2018 on prevalence of human pathogenic Yersinia compared to Salmonella, 

while the latter was reported to be consistently causing more foodborne illnesses (EFSA and 

ECDC, 2018). No clear reason for this can be postulated, however, it could be that the official 

monitoring for Salmonella detracts scientists from further investigating its prevalence, while for 

human pathogenic Yersinia no official monitoring exists and the incentive for investigation remains. 

An increased interest in other pathogens than Salmonella has been described (Demirbilek, 2017). 

Further, it can be noted that prevalence numbers differ largely between countries and between 

studies performed in the same country. Multiple factors could possibly explain these variations, 

such as the use of different methods for isolation and identification of foodborne pathogens. Ortiz-

Martinez et al. (2009) used PCR for the detection of human pathogenic Yersinia while results of 

Van Damme et al. (2010; 2015) were based on culture-dependent detection. It is known that PCR 

results can deviate from culture methods (Lambertz et al., 1996). 
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Table 1.1 Reported isolations of Salmonella from tonsils and intestinal content of fattening pigs at slaughter in Europe (2000-2018) 
Country  Tonsils  Intestines  Batches  Serotypes (number of isolates)  Reference 
  Na P(%)b Na P(%)b  Na P(%)b     
Belgium  - -  345 19.0  NS NS  T(26); D(6); L(20); R(1); Bg(4); other(8)  Botteldoorn et al. (2003) 
  94 18.1  94 30.9  55 NS  T(40); MT(58); L(40); R(22); D(9); By(6); 

Bg(4); In(2) 
 Van Damme et al. (2017) 

              
Croatia  78 5.1  - -  13 7.6  NS  Zdolec et al. (2015) 
              
Denmark  - -  1658 13.0  167 32.0  T(168); D(19); Is(3); other(26)  Sørensen et al. (2004) 
              
Germany  - -  11930 3.7  752 NS  NS  Käsbohrer et al. (2000) 
  129 8.0  129 8.0  NS NS  NS  Nowak et al. (2007) 
              
Italy  150 5.3  150 36.7  NS NS  D(20); T(11); By(9); other(17)  Bonardi et al. (2003) 
  250 10.4  451 21.5  NS NS  D(59); MT(14); R(13); T(11); other(26)  Bonardi et al. (2013) 
  - -  30 73.3  NS NS  By(1); other (4)  Magistrali et al. (2008) 
  - -  306 34.6  NS NS  MT(38); D(29); R(15); Is(5); other (16)  Pesciaroli et al. (2017) 
  85 0.0  85 16.4  NS NS  T(8); D(7); Is(3); R(1); other (1)  Piras et al. (2011) 
              
Ireland  - -  513 31.4  NS NS  T(97); D(65); By(5); Is(4); other(16)  McDowell et al. (2007) 
  - -  193 45.0  NS NS  T(54); D(2); other(6)  Duggan et al. (2010) 
              
Portugal  101 9.9  101 13.9  NS NS  R(5); T(3); MT(1); other(5)  Vieira-Pinto et al. (2005) 
              
The Netherlands  NS 19.6  NS 25.6  NS NS  NS  Swanenburg et al. (2001) 
              
United Kingdom  - -  420 24.3  20 NS  T(18); other(NS)  Davies et al. (2003) 

 - -  2509 23.0  NS NS  T(278); D(157); Bg(9); other(143)  Davies et al. (2004) 
 - -  586 22.0  NS NS  MT(5); T(52); D(37); R(1); other(34)  Marier et al. (2014) 

  - -  2060 23.5  NS NS  T(67); D(31); other(26)  Milnes et al.(2007) 
  - -  625 30.5  NS NS  MT(112); T(56); D(55); R(7); other(109)  Powel et al. (2016) 
aN=Number of samples/batches; bP=Proportion of positive samples; NS=Not Stated; T=Typhimurium; MT = monophasic Typhimurium; D=Derby; R=Rissen; 
L=Livingstone; Bg=Brandenburg; By=Bredeney; Is=Infantis; In=Idikan.  
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Table 1.2 Reported isolations of human pathogenic Y. enterocolitica from tonsils and intestinal content of fattening pigs at slaughter in Europe 
(2000-2018) 
Country  Tonsils  Intestines  Batches  Bio/serotypes (number of isolates)  Reference 
  Na P(%)b  Na P(%)b  Na P(%)b     
        
Belgium  7074 28.5  - -  100 85.0  O:3  Van Antwerpen et al. (2014) 
  139 37.4  - -  48 NS  4/O:3  Van Damme et al. (2010) 
  360 55.3  360 25.6  191 NS  O:3  Van Damme et al. (2015) 
              
Estonia  151 89.4  - -  15 100.0  4/O:3  Ortiz Martínez et al. (2009)  
              
Finland  185 33.0   -  NS NS  4/O:3  Fredriksson-Ahomaa et al. (2000a)  
  388 60.3  356 26.4  175 NS  4/O:3  Ibañez et al. (2016) 
  210 51.9  - -  NS NS  4/O:3  Korte et al. (2004) 
  350 35.4  358 7.5  15 80.0  4/O:3  Laukkanen et al. (2009) 
  301 58.8  301 29.9  55 NS  4/O:3  Laukkanen et al. (2010) 
  637 47.1  637 15.4  120 94.2  NS  Virtanen et al. (2011) 
              
France  900 19.8  - -  45 80.0  4/NS(146); 3/NS(38)  Fondrevez et al. (2010) 
  133 18.0  68 2.9  21 52.4  4/O:3  Fosse et al. (2010) 
              
Germany  164 61.6  164 10.4  NS NS  4/O:3  Bucher et al. (2008) 
  50 60.0  50 10.0  19 84.2  4/O:3  Fredriksson-Ahomaa et al. (2001) 
  50 62.0  50 16.0  15 86.7  4/O:3  Fredriksson-Ahomaa et al. (2009) 
  372 38.4  379 0.5  4 100.0  4/O:3 (144); O:9 (1)  Gürtler et al. (2005) 
  410 16.6  410 7.8  9 100.0  NS  Nowak et al. (2006) 
              
Greece  455 14.3  - -  NS NS  4/O:3 (58); NS (7)  Kechagia et al. (2007)  
aN=Number of samples/batches; bP=Proportion of positive samples; NS=Not Stated. 
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Table 1.2 Reported isolations of human pathogenic Y. enterocolitica from tonsils and intestinal content of fattening pigs at slaughter in Europe 
(2000-2018) (continued) 
Country  Tonsils  Intestines  Batches  Bio/serotypes (number of isolates)  Reference 
  Na P(%)b  Na P(%)b  Na P(%)b     
Italy  150 14.7  150 4.0  27 NS  4/O:3 (18); NS/O:3 (5); NS/O:9 (1);  

other (4) 
 Bonardi et al. (2003)  

  - -  98 4.1  25 NS  3/O:9  Bonardi et al. (2007)  
  250 8.0  451 1.1  NS NS  4/O:3 (23); 2/O:9 (2)  Bonardi et al. (2013) 
  150 14.7     30 50.0  4/O:3  Bonardi et al. (2014) 
  201 27.4  - -  67 56.7  4/O:3  Bonardi et al. (2016b) 
  126 3.2  162 11.9  NS NS  4/O:3 (30); 2/O:5 (7)  Fois et al. (2018) 
  428 32.0  - -  22 100.0  4/O:3 (136); 2/O:5 (1)   Ortiz Martínez et al. (2011)  
              
Latvia  109 64.2  - -  5 60.0  4/O:3  Ortiz Martínez et al. (2009)  
  404 35.4  - -  47 75.4  4/O:3  Terentjeva and Berzins (2010)  
              
Lithuania  - -  110 18.2  11 54.5  4/O:3  Novoslavskij et al. (2013) 
              
The 
Netherlands 

 140 9.3  150 3.3  40 NS  4/O:3 (13); 4/O:5 (5)   de Boer et al. (2008)  

              
Spain  200 92.5  - -  14 100.0  4/O:3;   Ortiz Martínez et al. (2011) 
              
Switzerland  212 34.0  - -  16 NS  4/O:3 (69); 2/O:5,27 (6); 2/O:9 (1)  Fredriksson-Ahomaa et al. (2007)  
              
United 
Kingdom 

 - -  2509 12.2  NS NS  3/O:5,27 (142); 3/O:9 (71); 4/O:3 (33); 
other (46)  

 McNally et al. (2004) 

 - -  2107 5.1  NS NS  3/O:5,27 (52); 4/O:3 (19); 3/O:9 (13); 
other (23) 

 Milnes et al. (2008) 

  630 44.1  - -  45 68.9  2/O:9 (124); 2/O:5 (97); 2/O:3 (24); 
2/NS (85); 4/O:3 (39); 3/O:3 (1); other 
(2) 

 Ortiz Martínez et al. (2010)  

aN=Number of samples/batches; bP=Proportion of positive samples; NS=Not Stated. 
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Table 1.3 Reported isolations of Y. pseudotuberculosis from tonsils and intestinal content of fattening pigs at slaughter in Europe (2000-2018) 
Country  Tonsils  Intestines  Batches  Bio/serotypes (number of isolates)  Reference 
  Na P(%)b  Na P(%)b  Na P(%)b     
              
Estonia  151 1.3  - -  15 1.3  2/O:3  Ortiz Martínez et al. (2009) 
              
Finland  350 9.7  358 6.7  15 13.3  O:3  Laukkanen et al. (2008) 
  301 2.7  301 4.3  55 NS  O:3  Laukkanen et al. (2010) 
  210 3.8  - -  NS NS  2/O:3  Niskanen et al. (2002) 
              
Greece  455 0.7  - -  NS NS  NS  Kechagia et al. (2007) 
              
Italy  - -  98 1.0  25 4.0  NS  Bonardi et al. (2007) 
  201 2.0     67 6.0  O:3 (2); O:1 (1); other (1)  Bonardi et al. (2016b) 
  428 1.2  - -  22 13.6  1/O:1 (3) ; 2/O:3 (1); 2/NS (1)   Ortiz Martínez et al. (2011) 
              
Latvia  109 4.6  - -  5 60.0  2/O:3  Ortiz Martínez et al. (2009) 
  404 3.0  - -  47 12.8  NS  Terentjeva and Berzins (2010)  
              
Lithuania  - -  110 10.0  11 35.4  2/O:3  Novoslavskij et al. (2013) 
              
Spain  200 0.0  - -  14 0.0  -  Ortiz Martínez et al. (2011) 
              
United 
Kingdom 

 630 18.1  - -  45 77.8  2/O:3 (41); 1/O:1 (32) ; 1/O:4 (29); 1/O:2 
(8); 1/O:3 (6); 2/O:1 (3); 2/O:5 (1); 3/O:3 
(1 ) 

 Ortiz Martínez et al. (2010) 

aN=Number of samples/batches; bP=Proportion of positive samples; NS=Not Stated. 
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1.2.2. Contamination routes during pig slaughter 

During slaughter, bacteria from highly colonized areas in pigs, including Salmonella and human 

pathogenic Yersinia spp., may directly contaminate pig carcasses as well as the slaughterhouse 

environment which can, further, cause cross-contamination to other pig carcasses (De Busser et 

al., 2011). The slaughter process of pigs consists of several stages during which transmission of 

human pathogenic bacteria between pigs and contamination of pig carcasses may occur (Arguello 

et al., 2013a). An overview of the complete slaughter process is provided in Figure 1.1. 

 

Figure 1.1 Pig slaughter 
Overview of all main processes during pig slaughter. 
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During the transport of pigs to the slaughterhouse and their stay in lairage, stress levels in pigs 

may rise and shedding of pathogens like Salmonella and human pathogenic Y. enterocolitica, may 

increase (Arguello et al., 2013a). De Busser et al. (2011) sampled lairage areas in Belgian 

slaughterhouses and found Salmonella in 46% of the samples and four of the five involved 

slaughterhouses. The presence of human pathogens in transport vehicles or lairage areas could 

cause transmission between pigs, either within the same batch or between slaughter batches (with 

pigs coming from different farms having other colonization levels regarding human pathogenic 

bacteria) (Arguello et al., 2013a; Borch et al., 1996).  

Next, pigs enter the ‘dirty zone’ of the slaughterhouse where they are stunned, either through the 

means of electric shocks or CO2 inhalation, killed and subjected to scalding (Swart et al., 2016). 

Pig carcasses are submerged in a scalding bath in order to loosen their hairs. The high temperature 

of the used water (approximately 60°C) in this slaughter stage is known to decrease contamination 

levels on the exterior of the carcasses (Berends et al., 1977). In a study performed by Bolton et al. 

(2002) Salmonella could be isolated from 50% of the pig carcasses before scalding but was not 

found on any of the carcasses after scalding. On the other hand, Delhalle et al. (2008) stated that 

the temperature of the water in the scalding bath may drop due to the constant input of carcasses 

that have a temperature below the desired 60°C which may increase the risk of survival and growth 

of bacteria in the scalding bath and, subsequently, the risk for contamination of the carcasses 

during scalding. 
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During dehairing, the bulk of the hair and the claws of the pig carcasses are removed. The dehairing 

equipment consists of rotating drums which make the pig carcasses rotate, usually once clockwise 

and once counter-clockwise. Meanwhile brush-like extensions scratch the hair from the carcasses 

(Swart et al., 2016). The vigorous movement of the pig carcasses during this process could cause 

leakage of faecal material from the carcasses that can contaminate the pig carcasses as well as 

the dehairing machine which may cause cross-contamination to the following carcasses (Arguello 

et al., 2013a). Pearce et al. (2004) reported that the prevalence of Salmonella on pig carcasses 

increased from 1% to 7% during dehairing. 

To remove the remaining hairs on the pig carcasses, they pass through a first tunnel with dry soft 

brushes to loosen the remaining hairs and a second tunnel where they pass through a series of 

burners in a process called singeing. For 10 to 15 seconds, carcasses are subjected to 

temperatures of 800 to 1000°C (Borch et al., 1996). According to Alban and Stärk (2005) this is the 

only step in the slaughter process during which Salmonella can actually be removed from the pig 

 
Figure 1.2 Scalding Bath 
View of a pig carcass entering the scalding bath. Source: VATD (2017). 
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carcass. However, they also state that when higher levels of Salmonella are present, especially in 

deeper layers of the skin, singeing is not able to remove all Salmonella from the carcass. 

 
Figure 1.3 Singeing 
View of a pig carcass entering a singer. 
Source: Sulmaq. 
 
 

In the final slaughter stage in the ‘dirty zone’ the pig carcasses are polished. A series of car-wash-

like brushes and flaps removes the remaining debris of hairs after singeing (Swart et al., 2016). 

When human pathogenic bacteria such as Salmonella or Yersinia are still present on the pig 

carcasses after singeing, the water used during polishing (usually at environmental temperature) 

may cause them to spread over the complete carcass. Furthermore, the polishing machine may 

get contaminated and facilitate cross-contamination of bacteria to other carcasses (Borch et al., 

1996). This was clearly shown in a study by Bolton et al. (2002) during which no Salmonella was 

recovered from pig carcasses before polishing, while 7% of the carcasses tested positive after 

polishing. 
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The ‘clean zone’ of the slaughterhouse starts with the opening of the belly, the loosening of the 

rectum using a bung dropper and the evisceration of the carcass involving the removal of the 

intestines (Swart et al., 2016). Given the high prevalence of human pathogenic bacteria in the 

intestines of pigs, as described in 1.2.1, the evisceration is considered a major pig carcass 

contaminating step during slaughter (Borch et al., 1996). Using a bung dropper without rupturing 

the rectum is proven to be difficult. Intestines may be incised during the opening of the belly and 

their removal from the carcass. As a consequence, bung droppers and knifes to open the belly or 

remove the intestines are often contaminated with faecal bacteria which may spread through cross-

contamination when insufficiently cleaned and disinfected in between carcasses (Arguello et al., 

2013a). Botteldoorn et al. (2003) was able to show the presence of Salmonella on bung droppers 

in one out of five slaughterhouses in Belgium. Furthermore, faecal material, which may include 

human pathogenic Salmonella and Yersinia, may be set free and could contaminate both the 

exterior and interior parts of the pig carcasses (Arguello et al., 2013a). Van Damme et al. (2015) 

was able to show that the presence of pathogenic Y. enterocolitica in faeces is associated with a 

higher presence of pathogenic Y. enterocolitica on the pelvic duct, split surface and mandibular 

region of pig carcasses, suggesting contamination during evisceration. Berends et al. (1997) 

estimated that 50% to 90% of all carcass contamination occurs during evisceration. 

A:     B:  
Figure 1.4 Bung dropper 
A: Bung dropper B: View of a bung dropper being used to loosen the rectum of a pig carcass 
Source: Shaw (2011). 



 
                    Literature Review 
 

 45 

Subsequently, the pluck set is removed from the pig carcass. The pluck set consists of the liver, 

lungs, heart, trachea, oesophagus, tongue and, usually, also the tonsils. The latter may also be 

removed separately (Swart et al., 2016). In order to be able to remove the pluck set, the oral cavity 

of the pig carcass is opened. Furthermore, during pluck set removal, there is a chance of incising 

the tonsils (Van Damme et al., 2015). Due to the high prevalence of Salmonella and human 

pathogenic Yersinia in the oral cavity, tongue and tonsils of pigs at slaughter, as described in 1.2.1, 

there is a high risk of spreading bacteria from these carcass parts to the rest of the carcass. 

Therefore, the removal of the pluck set is considered of major importance regarding the 

contamination of pig carcasses (Van Damme et al., 2017). Borch et al. (1996) stated that the spread 

of pathogenic bacteria from the tonsils and pharynx to the pig carcass is unavoidable. Hald et al. 

(2003) showed a significant increase in the probability of finding Salmonella on pig carcasses as a 

result of the pluck set removal (odds ratio (OR): 2.21) [95% confidence interval (95% CI): 1.04-

4.71] and concluded that the pluck set removal was the slaughter stage with the highest risk for 

 
Figure 1.5 Evisceration 
View of pig carasses of which the belly has been opened and the 
intestines are ready to be removed. Source: Sulmaq. 
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contaminating the pig carcasses. Fredriksson-Ahomaa et al. (2000b) showed that during the pluck 

set removal, slaughterhouse equipment (including pluck set removal knives and hooks) gets 

contaminated with human pathogenic Y. enterocolitica which raises the risk for cross-contamination 

to other pig carcasses. Van Damme et al. (2015) estimated that the chance of finding pathogenic 

Y. enterocolitica on the mandibular region of pig carcasses is approximately 4 times higher when 

tonsils are incised during the removal of the pluck set. 

 
Figure 1.6 Pluck Set 
Source: Agrarmarkt Austria Marketing GesmbH 

 
During splitting, carcasses are split in two, top-down. The splitting machine consists of a saw which 

cleaves the carcasses and is, normally, cleaned and disinfected in between each pig carcass 

(Swart et al., 2016). Nevertheless, the splitting machine has often been found contaminated with 

human pathogenic bacteria. Hald et al. (1999) was able to isolate Salmonella on 13.4% of the 

carcass splitters in 12 pig slaughterhouses in Denmark, Germany, Greece, Sweden and The 

Netherlands. Botteldoorn et al. (2003) showed presence of Salmonella on 23% of the samples 

taken from carcass splitting machines in 5 Belgian slaughterhouses. Corbellini et al. (2016) 

reported an increase in the number of Salmonella contaminated carcasses during splitting. 

Carcasses are either split until the neck which keeps the head as one piece or may be split 

completely so that the head is divided in two parts (Swart et al., 2016). Van Damme et al. (2015) 
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showed than when heads are split, the odds of recovering human pathogenic Y. enterocolitica from 

the split surface and mandibular region of pig carcasses rises with factor 2 to 3. 

 
Figure 1.7 Splitting machine 
View of a pig carcass that is being 
split.  
Source: Landbouwleven (2018). 
 

 
The final stages in the ‘clean zone’ of the pig slaughter process, before the carcasses enter the 

chilling stage, consist of veterinary inspection, dressing, trimming and classification of the 

carcasses. After veterinary inspection the kidneys and surrounding fat, the diaphragm and the 

spinal cord are removed. Carcasses are classified based on their fat/muscle ratio and transferred 

to the chilling area (Swart et al., 2016). An increase in the contamination level of pig carcasses 

during veterinary inspection, dressing and trimming has been reported by Spescha et al. (2006) in 

Switzerland and Bolton et al. (2002) in Ireland. Cross-contamination between carcasses, directly 

or via equipment, has been depicted as most probable source of this increase in contamination. 

Besides specific steps in the slaughter process, slaughterhouse specific features could also affect 

the contamination of pig carcasses at the end of the slaughter line. Van Damme et al. (2015) 
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showed, for example, that slaughterhouses with a higher slaughter speed (>500 pigs per hour) had 

a higher prevalence of pig carcasses testing positive for human pathogenic Y. enterocolitica. 

However, other studies were not able to significantly associate a lower or higher slaughter rate with 

an increase or decrease of contamination in pig carcasses which suggests that good manufacturing 

and hygienic practices probably remain of greater importance (Letellier et al., 2009; Sánchez-

Rodríguez et al., 2018). Further, it has been reported that slaughterhouses can have house flora 

which may serve as an important factor for contamination of pig carcasses (Smid et al., 2014). 

Nevertheless, Van Damme et al. (2018) and Botteldoorn et al. (2004) showed that contamination 

is not necessarily slaughterhouse-specific but is more likely to enter the slaughterhouse (and 

colonize certain equipment, machinery or the environment) via contaminated pigs which could then 

cause cross-contamination. Hence, how and where entering pigs can contaminate the 

slaughterhouse environment as well as how much cross-contamination that causes, is probably of 

greater concern than home flora and could probably differ between slaughterhouses depending on 

their infrastructure and cleaning and disinfection protocols.  As a result, some studies were able to 

identify cross-contamination as important factor for the presence of foodborne pathogens in pig 

carcasses after slaughter (Bonardi et al., 2013), while others were not able to do so and stress that 

pig carcasses mainly contaminate themselves (Martins et al.,  2018). 

Many of the afore-mentioned potential (cross-)contamination routes during slaughter, with regard 

to the spread of foodborne pathogenic bacteria to the pig carcasses and slaughterhouse 

environment, are considered important control points. Consequently, they are part of the Hazard 

Analysis and Critical Control Points (HACCP) protocols and monitoring plans of many 

slaughterhouses and authorities (Borch et al., 1996). However, EFSA concluded that more 

research is needed to estimate the true risks involved in each slaughter stage to, finally, be able to 

implement appropriate and efficient contamination lowering interventions (EFSA, 2010). 
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1.2.3. Prevalence of Salmonella and human pathogenic Yersinia spp. on pig 

carcasses 

As a result of the possible contamination during slaughter, the presence of Salmonella and human 

pathogenic Yersinia spp. on pig carcasses has been frequently reported. An overview of studies 

on the prevalence of Salmonella and human pathogenic Yersinia on pig carcasses, during or after 

slaughter, in European countries, is provided in Table 1.4 and Table 1.5, respectively. In 2017, an 

overall Salmonella prevalence of 2.8% on pig carcasses was reported in the EU, based on 

surveillance data of 8 Member States, while no data was provided concerning the prevalence of 

human pathogenic Yersinia spp. (EFSA and ECDC, 2018). Interestingly, the Salmonella 

prevalence reported in scientific studies is often higher than officially reported numbers and varies 

between countries and studies within the same country. Differences could partly be explained by 

the fact that the data collection for monitoring and research purposes differs. Scientific studies are 

usually designed to map the general contamination present on a pre-defined certain number of 

samples (based on statistical power to be able to obtain strong conclusions). Official monitoring 

often includes more samples (i.e. covering the whole country), is used to verify self-checking 

systems of food business operators (FBOp) and aims specifically at detecting contamination 

(Uyttendaele et al., 2018). Further, it must be stated that the detailed implementation and execution 

of official monitoring and control programs is determined by each competent authority (CA), 

individually (Tuominen et al., 2007). As explained before (1.2.1), applied methods and sampling 

may differ between studies and can affect the outcome. The same applies to differences between 

methods and sampling for official monitoring in different countries and differences between 

monitoring and scientific investigations (Voogt et al., 2002). It could also be noted that FBOp report 

lower prevalence numbers than CA (EFSA and ECDC, 2018). This suggest that independency and 

no conflicts-of-interest might deliver more realistic, and probably higher, prevalence numbers, 

which could also explain the higher prevalence numbers reported in scientific studies. 
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Table 1.4 Reported isolations of Salmonella from pig carcasses during or after slaughter in Europe (2000-2018) 
Country  N(A)a  N(C)b  P(%)c  Sampled sites  Serotypes (number of isolates)  Reference 
Belgium  5  370  37.0  Ham, sternum  T(99); D(10); L(11); other(18)  Botteldoorn et al. (2003) 
  5  226  14.0  Ham, pan, forelimb, sternum  T(31); R(1)  De Busser et al. (2011) 
  NS  437  8.9  Ham, pan, forelimb, sternum  NS  Ghafir and Daube (2008) 
  NS  152  11.2  Hind limb, sternum, belly, pelvic 

duct 
   Korsak et al. (2003) 

             
Denmark  NS  438  3.2  Hind limb, belly, back, jowl  T(5); D(2); Is(5); other(2)  Arguello et al. (2013b) 
  23  20196  3.7  Hind limb, sternum, jowl  NS  Baptista et al. (2010) 
  3  1665  9.6  Pharynx  T(75); D(10); other(74)  Sørensen et al. (2004) 
  4  10099  1.4  Hind limb, sternum, jowl  NS  Sørensen et al. (2007) 
             
Germany  7  11942  4.7  Sternum and thigh  NS  Käsbohrer et al. (2000) 
             
Italy  2  150  6.0  Pharynx, sternum  D(5); By(2); other(2)  Bonardi et al. (2003) 
  3  451  10.9  Hind limb, belly, back, jowl  D(12); R(8), T(8); other(21)  Bonardi et al. (2013) 
  1  90  17.8  Back, belly, jowl, diaphragm   MT(7); R(5); D(2); other(2)  Bonardi et al. (2016a) 
  3  300  13.0  Back, belly, jowl, diaphragm  D(24); MT(3); R(3); other (6)  Bonardi et al. (2018) 
  1  306  7.2  Hind limb, belly, back   MT(3); D(3); R(6); other(10)  Pesciaroli et al. (2017) 
  5  85  14.1  Hind limb, pelvic duct, belly  T(3), D(7); other(2)  Piras et al. (2011) 
  7  86  18.0  Carcass surface  D(1); By(1); other (10)  Piras et al. (2014) 
aN(A)=Number of Abbatoirs: bN(C)=Number of Carcasses; cP=Proportion of positive samples; NS=Not Stated; T=Typhimurium; MT = monophasic 
Tymphimurium; D=Derby; R=Rissen; L=Livingstone; By=Bredeney; Is=Infantis. 
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Table 1.4 Reported isolations of Salmonella from pig carcasses during or after slaughter in Europe (2000-2018) (continued) 
Country  N(A)a  N(C)b  P(%)c  Sampled sites  Serotypes (number of isolates)  Reference 
Ireland  4  193  34.0  Ham, back, belly, jowl  T(21); D(6); R(1)  Duggan et al. (2010) 
  4  507  40.0  Neck, belly, sternum  T(121); D(48); Is(5); other(34)  McDowell et al. (2007) 
  3  419  6.9  Elbow, jowl  T(9); D(15); L(9); other(10)  Quirke et al. (2001) 
             
Portugal  1  101  12.9  Carcass surface  T(6); R(8)  Vieira-Pinto et al. (2005) 
             
The 
Netherlands 

 2  925  1.4  Back, sternum, head  NS  Swanenburg et al. (2001) 

             
United 
Kingdom 

 2  422  1.7  Belly, ham, jowl  T(7)  Davies et al. (2003) 

    2509  5.3  Sternum, belly  T(278); D(40); other(42)  Davies et al. (2004) 
  18  599  15.0  Hind limb, belly, back, jowl  T(45); D(20); MT(6); R(1); 

other(19) 
 Marier et al. (2014) 

  14  624  9.6  Hind limb, belly, back, jowl   MT(28); T(9); D(8); R(2); 
other(13)  

 Powell et al. (2016) 

aN(A)=Number of Abbatoirs: bN(C)=Number of Carcasses; cP=Proportion of positive samples; NS=Not Stated; T=Typhimurium; MT = monophasic 
Tymphimurium; D=Derby; R=Rissen; L=Livingstone; Is=Infantis. 
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Table 1.5 Reported isolations of human pathogenic Yersinia spp. from pig carcasses during or after slaughter in Europe (2000-2018) 
Country  N(A)a  N(C)b  P(%)c  Sampled sites  Bio/serotypes  Reference 
Y. enterocolitica:             
Belgium  9  360  39.1  Pelvic duct, split surface, sternal 

region, mandibular region 
 O/3; 1B/O:18  Van Damme et al. (2015) 

             
Finland  1  80  6.3  Split surface and shoulder  4/O:3  Fredriksson-Ahomaa et al. 

(2000b)  
  NS  359  6.4  Thoracic and pelvic cavity  4/O:3  Laukkanen et al. (2009)  
  1  301  21.6  Pelvis and abdomen, chest and 

head, skin  
 4/O:3  Laukkanen et al. (2010)  

             
Germany  NS  383  0.3  Carcass surface  4/O:3  Gürtler et al. (2005)  
  1  122  0.8  Belly  O:3  Wehebrink et al. (2008)  
             
Italy  2  150  0.0  Sternal region and throat region  -  Bonardi et al. (2003)  
  1  98  0.0  Ham  -  Bonardi et al. (2007)  
  3  451  0.7  Hind leg near the tail, back, belly, 

jowl  
 4/O:3; 2/O:9  Bonardi et al. (2013)  

  9  161  0.0  Hind legs, abdomen, chest  -  Fois et al. (2018) 
             
Lithuania  2  55  25.5  Thoracic and pelvic cavity  4/O:3  Novoslavskij et al. (2013)  
             
Norway  1  24  12.5  Ham, pelvic duct, kidney region, 

medial neck  
 O:3  Nesbakken et al. (2003)  

  1  60  15.0  Ham  4/O:3; 2/O:9  Nesbakken et al. (2008)  
             
Sweden  10  541  0.0  Ham, back, belly and neck   -  Lindblad et al. (2007)  
             
Y. pseudotuberculosis:           
Belgium  9  360  0.4  Pelvic duct, split surface, sternal 

region, mandibular region 
 O:1; O:2  Van Damme et al. (2015) 

aN(AS)=Number of Abbatoirs: bN(C)=Number of Carcasses; cP=Proportion of positive samples; NS=Not Stated. 
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1.2.4. Prevalence of Salmonella and human pathogenic Yersinia spp. on raw pork 

After slaughter, pig carcasses are chilled and processed in meat cutting plants. Generally, 

contamination levels on pig carcasses are reported to decrease during the chilling stage (Spescha 

et al.,2006). However, Salmonella is able to survive at refrigeration temperatures and 

psychrotrophic bacteria, such as Yersinia spp., might proliferate during chilling. Furthermore, cross-

contamination of the carcasses and pork cuts during processing might happen and could raise 

contamination levels again (Borch et al., 1996). Consequently, the presence of foodborne 

pathogens on fresh pork has been reported and multiple studies have been performed on isolating 

Salmonella and human pathogenic Y. enterocolitica from raw pork. A list of studies regarding the 

presence of Salmonella and human pathogenic Yersinia spp. on raw and fresh pork products, 

conducted in Europe, is provided in Table 1.6 and Table 1.7, respectively. Official monitoring in the 

EU described a Salmonella and pathogenic Yersinia prevalence of 1.6% (based on reports of 27 

Member States) and 8.3% (based on reports of 5 Member States), respectively, in fresh pork during 

2017 (EFSA and ECDC, 2018). As explained in 1.2.1 and 1.2.3, differences in results between 

official monitoring and research studies can possibly be explained by differences in experimental 

set-ups, other methods used and different levels of independency during investigations. Further, it 

must also be stated that many of the studies mentioned below are performed years ago and might 

not represent current status anymore. 
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Table 1.6 Reported isolations of Salmonella from raw pork in Europe (2000-2018) 
Country   N(S)a  P(%)b  Sample Type  Serotypes (number of isolates)  Reference 
Belgium   379  23.7  Minced pork  T(4); Bg(1)  Delhalle et al. (2009) 
   415  18.6  Raw pork  T(13); D(4); other(13)  Delhalle et al. (2009) 
   1208  11.1  Minced pork  Mainly T(NS); D(NS); Bg(NS) 

and others 
 Ghafir et al. (2005) 

   1041  17.3  Raw pork    Ghafir et al. (2005) 
            
Denmark   5385  1.7  Raw pork  T(16); MT(1); other(13)  Hansen et al. (2010) 
            
Germany   865  1.0  Raw pork cuts  NS  Meyer et al. (2010) 
   80  7.5  Tongues  NS  Meyer et al. (2010) 
   500  0.4  Belly chops  T(NS)  Schwaiger et al. (2012) 
            
Italy   3182  4.9  Raw pork  T(56); D(28); other(68)  Busani et al. (2005) 
   5  20.0  Minced pork  C(1)  Carraturo et al. (2016) 
            
Ireland   50  4.0  Leg cuts    Duggan et al. (2010) 
   720  3.3  Raw pork  T(18); D(4); other(2)  Prendergast et al. (2008) 
   85  2.4  Minced pork  T(1); R(1)  Prendergast et al. (2009) 
   287  2.4  Raw pork chops  T(6); D(1)  Prendergast et al. (2009) 
   128  3.13  Raw pork pieces  T(4)  Prendergast et al. (2009) 
            
Romania   208  23.1  Raw pork  NS  Mihaiu et al. (2014) 
            
United 
Kingdom 

  1309  1.9  Raw pork  T(26); D(8); other(16)  Little et al. (2008) 

aN(S)=Number of Samples; bP=Proportion of positive samples; NS=Not Stated; C=Choleraesuis; T=Typhimurium; MT = monophasic Typhimurium; 
D=Derby; R=Rissen; Bg=Brandenburg. 
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Table 1.7 Reported isolations of human pathogenic Yersinia spp. from raw pork in Europe (2000-2018) 
Country  N(S)a  P(%)b  Sample Type  Bio/serotypes  Reference 
Y. enterocolitica:           
Czech Republic  93  17.2  Minced pork  NS  Lorencova and Slay (2016) 
  50  40.0  Tongues  NS  Lorencova and Slay (2016) 
           
Finland  74  28.0  Cheeks  4/O:3; 2/O:9  Laukkanen-Ninios et al. (2014) 
  155  0.6  Minced pork  4/O:3  Laukkanen-Ninios et al. (2014) 
  52  0.0  Raw pork  -  Laukkanen-Ninios et al. (2014) 
           
Germany  330  18.0  Raw pork  4/O:3  Bucher et al. (2008) 
  48  16.7  Cheeks  O:3  Messelhäusser et al. (2011) 
  102  4.9  Minced Pork  O:3  Messelhäusser et al. (2011) 
  129  45.0  Tongues  O:3  Messelhäusser et al. (2011) 
           
Latvia  51  0.0  Minced pork  -  Terentjeva and Berzins (2013) 
  93  1.1  Raw pork  4/O:3  Terentjeva and Berzins (2013) 
           
Norway  300  17.0  Raw pork  O:3  Johannessen et al. (2000) 
           
Sweden  100  35.0  Minced pork  NS  Lambertz et al. (2007) 
           
Y. pseudotuberculosis:         
Finland  74  0.0  Cheeks  -  Laukkanen-Ninios et al. (2014) 
  155  0.0  Minced pork  -  Laukkanen-Ninios et al. (2014) 
  52  0.0  Raw pork  -  Laukkanen-Ninios et al. (2014) 
aN(S)=Number of Samples; bP=Proportion of positive samples; NS=Not Stated. 
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1.3. Control of Salmonella and human pathogenic Yersinia spp. along the pork 

production chain 

1.3.1. Monitoring, food safety and process hygiene criteria 

In the EU, European Commission (EC) regulation 178/2002 states that unsafe food products must 

not be put on the market. Nevertheless, there are no official regulations, monitoring obligations or 

criteria for human pathogenic Yersinia spp.. Presence of Salmonella in pigs, at farms as well as at 

slaughter, and pork is officially monitored. Surveillance data from pig carcasses and pork are 

collected according to the regulations EC 854/2004 and EC 2073/2005 in which microbiological 

food safety criteria and process hygiene criteria are set down. An overview of the monitoring 

process can be found in Figure 1.2.  

 
Figure 1.8 Monitoring of Salmonella in the pork production chain in the EU  
Source: EFSA and ECDC (2018). CA=Competent Authority; FBOp = Food Business Operator 
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The pork production chain is subjected to process hygiene criteria involving the presence of 

hygiene indicator bacteria and Salmonella, as described in EU regulation EC 2073/2005. For pig 

carcasses, every week, each time on a different day, 5 randomly selected carcasses should be 

sampled per slaugtherhouse. Sampling is performed on one half of a pig carcass at the end of the 

slaughter line, after dressing but before cooling. The regulation states that the areas that are most 

likely to be contaminated should be sampled. The total sampling area should cover a minimum of 

400 cm2. Hygiene indicator bacteria enumeration should be performed on destructive samples 

while for assessing the Salmonella presence swab samples can be used. Destructive samples can 

be pooled per carcass and one swab can be used to sample all areas of one carcass. Hygiene 

indicator limits are expressed as daily mean log concentrations. The level of Salmonella positive 

carcasses is determined as the number of positive carcasses among the 50 last sampled 

carcasses, i.e. over the last 10 weeks (with 5 carcasses sampled each week). Member States of 

the EU are free to specify, strengthen or adapt the regulations and criteria. In Belgium, for example, 

it has been specified by the Federal Agency for the Safety of the Food Chain (FASFC) that pig 

carcasses can also be sampled during chilling, hygiene indicator bacteria can be investigated using 

swab samples, and the sampled areas should comprise the ham (100 cm2), the hind leg (100 cm2), 

the loin (100 cm2) and the region covering both the sternum and throat (300 cm2) (FASFC, 2018). 

Regarding process hygiene criteria for pork products, destructive samples are taken at the end of 

manufacturing. An overview of the process hygiene criteria on pig carcasses and meat products 

involving pork, as described in EC 2073/2005, can be found in Table 1.8. 
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Table 1.8 Process hygiene criteria on pig carcasses and meat or products thereof, involving pork 
Adapted from EU regulation EC 2073/2005. 

Food category  Micro-organism 
 

Sampling Plan  Limits  
Stage where criterion 

applies 
    na  cb  m  M   
Pig carcass  Salmonella  50  3  Absence in the area(s) sampled per 

carcass 
 After dressing, before 

cooling 
  Total aerobic count      4 log10 CFU/cm2 

daily mean log 
 5 log10 CFU/cm2 

daily mean log 
 After dressing, before 

cooling 
  Enterobacteriaceae       2 log10 CFU/cm2 

daily mean log 
 3 log10 CFU/cm2 

daily mean log 
 After dressing, before 

cooling 
             
Minced meat  Total aerobic count  5  2  5 x 105 CFU/g  5 x 105 CFU/g  End of manufacturing 
  E. coli   5  2  500 CFU/g  500 CFU/g  End of manufacturing 
             
Meat preparations  E. coli      500 CFU/g or cm2  500 CFU/g or cm2  End of manufacturing 
             
Mechanically 
separated meat 

 Total aerobic count  5  2  5 x 105 CFU/g  5 x 105 CFU/g  End of manufacturing 
 E. coli   5  2  500 CFU/g  500 CFU/g  End of manufacturing 

an=number of samples to be taken; bc=number of samples giving values between the limits m and M. 
Daily mean logs need to be calculated by first taking a log value of each individual test result and then calculating the mean of these log values.  
Interpretation regarding daily mean log on pig carcasses: satisfactory, if the daily mean log is ≤ m; acceptable, if the daily mean log is between m 
and M; unsatisfactory, if the daily mean log is > M. 
Interpretation regarding E. coli and total aerobic count on meat and products thereof: satisfactory, if all the values observed are ≤ m,; acceptable, 
if a maximum of c out of n values are between m and M, and the rest of the values observed are ≤ m; unsatisfactory, if one or more of the values 
observed are > M or more than c/n values are between m and M.  
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Hygiene indicator bacteria serve as a measure for the general hygiene applied during the pig 

slaughter process and production of pork products. The total aerobic count serves as an indicator 

for the general bacterial load on the samples and, consequently, the general contamination level 

of the samples and general hygiene level of the pork production chain (Ghafir et al., 2008). Both 

the number of Enterobacteriaceae and E. coli are measurements of contamination originating from 

the gastro-intestinal tract of pigs (Ray, 2001). Furthermore, besides indicators for hygiene failure, 

the presence of Enterobacteriaceae or E. coli on pig carcasses or pork has been described to be 

positively associated with the presence of foodborne pathogens, such as Salmonella (Ray, 2005). 

Prendergast et al. (2008) showed that on sampling days in slaughterhouses during which high 

levels of Enterobacteriaceae on pig carcasses could be observed, a higher incidence of Salmonella 

on pork cuts was found. Ghafir et al. (2008) showed positive correlations between the number of 

E. coli on samples of pork cuts or the number of Enterobacteriaceae on sampled pig carcasses 

and the presence of Salmonella in those samples. However, it has been shown that those positive 

associations between hygiene indicator levels and foodborne pathogen presence are not 

universally applicable. It may remain difficult, for example, to predict when hygiene failure estimated 

through Enterobacteriaceae levels indicates Salmonella contamination on pig carcasses (Corbellini 

et al., 2016). Therefore, in EU regulation EC 2073/2005 there is a process hygiene criterion set 

mentioning that Salmonella can be present on 3 out of 50 pig carcasses after slaughter, at 

maximum. Results are expressed as the number of positive carcasses over a period of 10 weeks 

(50 sampled carcasses).  

In addition to process hygiene criteria, EU regulation EC 2073/2005 also sets food safety criteria 

which demand the absence of Salmonella in any pork product placed on the market, based on 5 

samples of 10g or 25g taken weekly. Table 1.9 provides an overview of the food safety criteria 

regarding Salmonella in meat and meat products involving pork. Sampling can be performed both 

by the food business operator in the framework of self-monitoring plans based on the principles of 
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HACCP or by competent authorities in each Member State of the EU. Isolation of Salmonella should 

be performed as described in EN/ISO6579 or a validated alternative method, both for food safety 

and process hygiene criteria. 

Table 1.9 Food safety criteria concerning meat or products thereof, involving pork 
Adapted from EU regulation EC 2073/2005. 

Food category  Sampling Plan  Limits  
Stage where 

criterion applies 
  na  cb     
Minced meat and meat 
preparations intended to be eaten 
raw  

 5  0  Absence of 
Salmonella 
in 25 g 

 During shelf-life 

         
Minced meat and meat 
preparations made from other 
species than poultry intended to be 
eaten cooked  

 5  0  Absence of 
Salmonella 
in 10 g 

 During shelf-life 

         
Mechanically separated meat  5  0  Absence of 

Salmonella 
in 10 g 

 During shelf-life 

         
Meat products intended to be eaten 
raw, excluding products where the 
manufacturing process or the 
composition of the product will 
eliminate the Salmonella risk  

 5  0  Absence of 
Salmonella  
in 25 g 

 During shelf-life 

an=number of samples to be taken; bc=number of samples giving values in the limits. 
 

1.3.2. Food safety measures and interventions 

Surveillance and monitoring data are often used to determine critical control points (as part of the 

HACCP approach) and to design contamination reducing strategies along the pork production. At 

farm level, it has been tried to avoid the presence of Salmonella in pigs in many ways. Purchasing 

pigs and feed that are Salmonella free is often stated as preventive measures (De Busser et al., 

2013). Other biosecurity practices include, for example, specific clothing and footwear that is only 

used inside the stables and a strict control of the entrance and exit of people (FAO/OIE, 2010). 
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Further, cleaning and disinfection of stables and pens is one of the most important control 

measures to lower the infection of pigs with foodborne pathogens (Fosse et al., 2009).  

Quantitative microbial risk assessment has shown, however, that specific interventions at 

slaughterhouse level are more likely to reduce the number of human illnesses due to the 

consumption of pork compared to interventions at primary production (EFSA, 2010). Similarly as 

for pig farms, cleaning and disinfection of the slaughterhouse environment and equipment is of 

major importance to avoid contamination of pig carcasses with foodborne pathogens (De Busser 

et al., 2011). Further, based on the knowledge concerning high contamination risk stages during 

pig slaughter, as described in 1.2.2, specific interventions at certain steps in the slaughter process 

have been suggested. Delhalle et al. (2008) showed that during scalding, the temperature of the 

scalding bath water may drop and favour survival or growth of bacteria which contaminates pig 

carcasses. They suggested scalding using a steam tunnel instead of a water bath which showed 

reductions in hygiene indicator levels and Salmonella. Further, a second singeing after the final 

polishing step in the dirty zone of the slaughterhouse was shown to be beneficial in reducing 

contamination on pig carcasses. During evisceration, bagging of the rectum or attaching the end 

of the rectum to a gutter to prevent it from falling down on the carcass has been proposed to avoid 

leakage of faecal material on the carcasses (Buncic and Sofos, 2012). Laukkanen et al. (2010) 

showed a reduction in pathogenic Y. enterocolitica on pig carcasses of 7% when the rectum was 

bagged during evisceration. Nevertheless, a slaughter line is usually designed to ensure the 

speediness and easiness of the slaughter process (Buncic and Sofos, 2012), which impedes the 

implementation of several contamination reduction interventions since they take too much time and 

would lower the slaughter speed (e.g. bagging the rectum) or there is simply no space in the 

slaughterhouse to install extra equipment (e.g. a gutter to keep the rectum up). Therefore, 

decontamination of the pig carcass after slaughter has been proposed (De Busser et al., 2013). 

Heat decontamination (water, steam or flaming) has been frequently studied and has shown to be 
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able to reduce contamination on pig carcasses (Loretz et al., 2011).  Decontamination with UV-

light or pulsed light treatment (which included UV-C) were also reported to be effective in the 

reduction of Salmonella and human pathogenic Y. enterocolitica on pork (Koch et al., 2019). 

Besides physical treatments, the use of chemical decontaminants has been suggested as well. The 

use of organic acids, such as lactic acid, or other chemical treatments, such as ozone, on pig 

carcasses has been described to reduce the contamination (Buncic and Sofos, 2012). Combined 

use of physical and chemical treatments has also been shown to be effective as decontamination 

strategy, with e.g. combinations of steam and lactic acid (Pipek et al., 2006)   However, it must be 

stated that the bactericidal activity of compounds is counteracted by organic matter, concentrated 

substances might constitute a health hazard, some agents show corrosive properties or their 

stability in solution is limited and the use of chemical substances might have a substantial impact 

on the organoleptic characteristics of the pig carcasses (Loretz et al., 2011). The use of substances 

other than potable or clean water has been approved in the EU as off January 2016 (regulation EC 

853/2004), but product approval has to be obtained from the EFSA panel on biological hazards 

(Bertrand et al., 2010). The approval of chemical decontamination substances is subjected to 

stringent requirements which has led to the fact that, in practice, only physical decontamination 

treatments are used in the EU (Brustolin et al., 2014). Recently, however, an EFSA report on the 

safety and efficacy of the use of lactic and acetic acid as decontamination substances concluded 

that the treatments are of no safety concern. On the other hand, the use of lactic acid was only 

proven to be more efficient than hot water treatments when applied on pork cuts after the cooling 

stage in slaughterhouses. No significant difference could be observed when applied on complete 

pig carcasses before cooling (EFSA, 2018). Apart from all suggested and applied contamination 

reduction strategies during pig slaughter, the prevalence of human pathogenic bacteria on pig 

carcasses remains high and more research on feasible and safe decontamination interventions is 

demanded (EFSA and ECDC, 2018; EFSA, 2010). 
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After slaughter, controlling the food safety and the presence of foodborne pathogens, such as 

Salmonella and human pathogenic Yersinia, on pork cuts and pork products mainly focusses on 

limiting the proliferation of bacteria. Food business operators often make use of modified 

atmosphere packaging or food additives, such as salt or acids, in order to limit the ability of bacteria, 

in particular spoilage bacteria and foodborne pathogens, to survive or grow. The most important 

measure, however, is keeping pork meat (as whole meat cuts or sliced pieces, minced or as meat 

preparations) at low temperatures. After slaughter, the temperature of pig carcasses has to be 

lowered to a maximum of 7°C during cooling (EU regulation EC 853/2004). Further along the pork 

production chain, maintaining the cold chain is regarded of major importance to ensure the food 

safety of pork meat. 

1.3.3. Cold chain 

To keep raw, minimally-processed and ready-to-eat food products microbiologically safe for 

consumption and ensure its physiological as well as biochemical and physical quality, maintaining 

the cold chain is of major importance (James and James, 2010). Maintaining the cold chain is of 

great importance to avoid or lower the proliferation of both spoilage bacteria and foodborne 

pathogenic bacteria and thereby increase the shelf life of fresh, raw, minimally processed and 

ready-to-eat products, including pork (Raab et al., 2008). Temperatures of 7°C or less are generally 

regarded sufficient to ensure the safety of food products as such (Heap et al., 2007). Considering 

raw pork and products thereoff, Salmonella and human pathogenic Yersinia spp. are the most 

important foodborne pathogens of which the growth should be contained.  

Regarding the pork production chain, EU regulation EC 853/2004 states that pig carcasses should 

be chilled to a core temperature of 7°C “along a chilling curve that ensures the continuous decrease 

of temperature”. Chilling should start immediately after slaughter, inside the slaughterhouse and 

may continue during transport of the carcasses or processing in the meat cutting plant, as long as 
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temperature constantly decreases. Pig carcasses can be chilled by spray cooling, air cooling or 

rapid blast cooling (EFSA, 2014). During the remaining parts of the pork production chain, the 

temperature of raw pork products should remain 7°C or lower at all times (Nastasijević et al., 2017). 

Growth of Salmonella is generally described to be inhibited at temperatures of 7°C or lower (Wang, 

2016). Occasionally, when studies were able to observe a certain level of growth of Salmonella at 

or below 7°C, the growth was reported to be very limited and not regarded as sustainable 

(Fehlhaber and Krüger, 1998). A scientific opinion of EFSA regarding the ‘public health risks related 

to the maintenance of the cold chain during storage and transport of meat’ stated a minimum growth 

temperature for Salmonella of 5°C, derived from James and James (2014). However, for the 

development of a predictive model concerning the growth of foodborne pathogens on meat during 

chilling, in the same EFSA opinion, a minimum growth temperature for Salmonella of 7°C was 

applied since growth below this temperature was regarded as too limited to consider (EFSA, 2014). 

Finally, the provided model did not predict any growth of Salmonella during the chilling of pig 

carcasses until a core temperature of 7°C, under normal conditions. On the other hand, when 

carcass chilling may take longer than on average, an increase of 1.2 log10 CFU/cm2 in 26.2 hours 

was predicted. Once a core-temperature of 7°C or lower was achieved, no more growth was 

predicted. Nevertheless, over the last years, substantial growth of Salmonella below 7°C has been 

increasingly reported. Kisluk et al. (2013) described a 1 log10-increase of Salmonella on basil leaves 

stored at 4°C over a period of 3 days. Koukkidis et al. (2017) reported a 3 log10-increase of 

Salmonella in juices of bagged spinach leaves in 5 days at 4°C.  While these studies do not include 

pig carcasses or pork, the substantial growth of Salmonella in these studies may raise concerns 

regarding the efficiency of the cold chain in containing the growth of Salmonella on food of all types, 

including pork.  
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Human pathogenic Yersinia spp. are known to be psychrotrophic, with a minimum growth 

temperature of - 2°C, but their growth at refrigeration temperatures is considered slow 

(Johannessen et al., 2000; Van Damme, 2013). Nevertheless, Nesbakken et al. (2008) showed 

that chilling of pig carcasses does not reduce the presence of Y. enterocolitica 4/O:3 on pig 

carcasses. Moreover, predictive modelling of the growth of pathogenic Y. enterocolitica during 

chilling of pig carcasses estimated a worst-case increase of 2.3 log10 CFU/cm2 in 27.5 hours and a 

growth of 2.5 log10 CFU/cm2 during the subsequent 48 h when carcasses with a core temperature 

of 7°C are transported or processed (EFSA, 2014). Findings as such indicate that the cold chain 

could be insufficient in containing growth of human pathogenic Yersinia spp. in fresh and raw food, 

in particular pork. However, raw data on the growth of Salmonella and Yersinia spp., specifically in 

raw pork at 7°C or lower, are scarce. An overview of relevant studies is provided in Table 1.10. 
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Table 1.10 Reported growth investigations of Salmonella and human pathogenic Yersinia spp. on raw pork 
Food category  Ta  (Bio)serotype(s)  Growth (CFU/g or cm2)  Condition  Reference 
Salmonella:           
Raw ground pork  4  Derby; Thompson; Enteriditis  16 days: NO  Aerobic  Alford and Palumbo (1969) 
           
Raw ground pork  4  Typhimurium; Enteriditis  3 days: NO  Aerobic  Mann et al. (2004) 
Raw pork chops  4  Typhimurium; Enteriditis  3 days: NO  Aerobic  Mann et al. (2004) 
           
Y. enterocolitica:           
Raw pig cheeks  6  4/O:3  13 days: 1 to 4 log10  MAPb  Fredriksson-Ahomaa et al. (2012) 
Raw pig leg meat  6  4/O:3  13 days: NO  MAPb  Fredriksson-Ahomaa et al. (2012) 
           
Raw ground pork  6  4/O:3  12 days: NO  Aerobic  Fukushima and Gomyoda (1986) 
           
Boston Butt  7  NS (pathogenicity unknown)  10 days:2 to 9 log10  Aerobic  Hanna et al. (1977) 
           
Raw ground pork  2  O:3; O:5,27; O:8; O:9  6 days: 4 to 5 log10  Aerobic  Hayashidani et al. (2008) 
Raw ground pork  7  O:3; O:5,27; O:8; O:9  6 days: 5 to 9 log10  Aerobic  Hayashidani et al. (2008) 
Raw sliced pork  2  O:3; O:5,27; O:8; O:9  6 days: 4 to 5 log10  Aerobic  Hayashidani et al. (2008) 
Raw sliced pork  7  O:3; O:5,27; O:8; O:9  6 days: 5 to 9 log10  Aerobic  Hayashidani et al. (2008) 
Raw sliced pork  2  O:3; O:5,27; O:8; O:9  6 days: NO  Vacuum  Hayashidani et al. (2008) 
Raw sliced pork  7  O:3; O:5,27; O:8; O:9  6 days: NO  Vacuum  Hayashidani et al. (2008) 
           
Raw ground pork  4  O:8  12 days: 6 to 7 log10  MAPb  Ivanovic et al. (2014) 
Raw ground pork  4  O:8  12 days: 6 to 7 log10  Vacuum  Ivanovic et al. (2014) 
           
Raw pork  4  O:9  3 days: 3 to 7 log10  Aerobic  Jun et al. (2018) 
           
Raw pork chops  4  NS (pathogenicity unknown)  4 days: NO  Aerobic  Manu-Tawiah et al. (1993) 
Raw pork chops  4  NS (pathogenicity unknown)  4 days: 3 to 7 log10  Vacuum  Manu-Tawiah et al. (1993) 
Raw pork chops  4  NS (pathogenicity unknown)  4 days: 3 to 7 log10  MAPb  Manu-Tawiah et al. (1993) 
aT=Temperature; bMAP=Modified Atmospehere Packaging; NO=Not Observed; NS=Not Stated. 
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Maintaining a temperature of 7°C or less has always been considered sufficient to secure the safety 

of fresh and raw food, including pork (Heap et al., 2006; Nastasijević et al., 2017). Studies and 

reports, as described above, questioning the efficiency of the cold chain regarding the presence 

and growth of Salmonella and human pathogenic Yersinia, may have a tremendous impact on food 

safety management. The rise in global food trade and the increasing consumer demand for raw 

and ready-to-eat foods stress the importance of the cold chain even more than ever before (Likar 

and Jevšnik, 2006). Furthermore, temperature abuse has often been described, during pork 

production as well as domestic refrigeration. According to Heap et al. (2006), high fluctuations in 

temperatures during transport of food can be observed. Kennedy et al. (2005) reported that the 

temperature of domestic refrigerators often exceeds 7°C with an average temperature above 10°C 

in 6% of the refrigerators.  In a Swedish study, it was observed that 22% of the minced meat 

products were kept at temperatures above 8°C when refrigerated by consumers (Marklinder et al. 

2004). Generally small fluctuations in temperature above the desired storage and transport 

temperature of raw food, including pork, is reported to have only minimal or no effects on the safety 

of the product (Barrera et al., 2007; EFSA, 2014; Ingham et al., 2009; Thomas et al., 2014). 

However, the reports of substantial growth of Salmonella and human pathogenic Yersinia spp. at 

refrigeration temperatures may suggest that the cold chain, as currently applied, might need to be 

reconsidered and that temperature abuse could cause far more concerns regarding public health 

than currently estimated. 

1.3.4. Risk assessment and predictive modelling 

In order to estimate the public health risk associated with foodborne infections, risk assessment 

has often been suggested as useful approach (Membré and Guillou, 2016). A 1999 guideline of the 

World Health Organization (WHO) encourages the use of microbial risk assessment and provides 

guidelines to facilitate its performance (FAO/WHO, 1999). An important factor in risk assessment 

studies concerning foodborne pathogen infections is the growth of the pathogenic bacteria during 
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the production and storage of food. In order to estimate the growth of foodborne pathogens, 

predictive modelling is a frequently applied tool (Tenenhaus-Aziza and Ellouze, 2015). Apart from 

kinetic models, an increased interest has also been observed in probabilistic models predicting the 

growth potential and estimating the growth/no growth border of foodborne pathogens under specific 

circumstances (Muñoz-Cuevas et al., 2012). Predictive modelling has been described to be very 

useful for risk assessment and, subsequently, risk management. It might, for example, provide 

information that can be applied in the process of product development as well as for the 

development and implementation of food safety strategies, interventions and guidelines (Membré 

and Lambert, 2008).  

Alongside the growing attention for risk assessment and predictive modelling, an increased 

awareness has developed among scientists that sharing of data could be of great use and 

importance (Arzberger et al., 2004). As a result, platforms that facilitate sharing data concerning 

the growth of foodborne pathogens have been developed. Further, the publicly available data in 

databases as such have been used to develop predictive modelling tools or perform risk 

assessment studies either based on the available data or on predictions as made by those freely 

accessible modelling tools (Muñoz-Cuevas et al., 2012). Predictions provided by online predictive 

tools have been used in multiple risk assessments (EFSA, 2014, Pradhan et al., 2009; Sant’Ana et 

al., 2012; Schaffner, 2013). 

Several predictive modelling tools are available with each having their own advantages and 

disadvantages. Some models are microorganism-based and can be used for predictions in all kinds 

of food products, others are product specific. Each of the tools provide the user with the possibility 

to enter some values as input variables (e.g. pH, temperature…). Depending on the tool, a different 

number of input variables is available of which the input itself is restricted to the range of validity of 
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these parameters (e.g. the pH range within which growth can occur for a certain microorganism) 

(Uyttendaele et al., 2018). 

 Currently, there are several freely accessible predictive modelling tools. Some examples: 

• ComBase (www.combase.cc) is considered one of the most important online databases of 

the behaviour of foodborne pathogens (Baranyi and Tamplin, 2004; Muñoz-Cuevas et al., 

2012). It consists of an online database with more than 60,000 records (increasing 

continuously) on growth and inactivation of pathogenic bacteria. Further, ComBase also 

provides a predictive modelling tool in which the user can choose a pathogen and the 

circumstances under which its growth should be predicted: temperature, initial 

concentration, pH, water activity and physiological state of the cells (whether or not the 

cells were adapted to the given circumstances). The latter is a specific feature of the 

Baranyi and Roberts growth model (Baranyi and Roberts, 1994) and might demand some 

additional background knowledge of the user. Microbial Response Viewer (MRV, 

www.mrviewer.info) is based on the ComBase database and provides growth/no growth 

information regarding a chosen microorganism under chosen conditions (same input 

variables as for ComBase) (Koseki, 2009).  

•  Pathogen Modelling Program (PMP; https://pmp.errc.ars.usda.gov) is a product-based  

modelling tool where users need to choose a specific model (i.e. certain microorganism in 

a certain food matrix or culture broth) which they would like to use. Depending on the 

chosen model, a different set of input variables can be decided. Compared to ComBase 

and MRV, a clear list of sources for the shown predictive model is provided. However, the 

list of available models is rather limited. The website of PMP also includes a warning that 

users have to validate the models for each product (Rodgers, 2005). 
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• The Food Safety and Spoilage Predictor is a downloadable software package.  It has 

originally been designed for the seafood industry but has been extended with data on 

cheese and meat products. It is mainly focused on L. monocytogenes for which, besides 

its growth, the tool also allows to predict its interaction with specific spoilage organisms. 

The latter requires some more background information from the user. FSSP provides a 

direct link between the predictions and the peer-reviewed study that serves as a source 

(Uyttendaele, 2018). 

There are multiple other predictive modelling tools that are open access such as MicroHibro or 

GroPin. Other tools are commercially available (e.g. Sym’Previus) which limits their use (Arroyo-

López et al., 2014; Tenehaus-Aziza and Elouze, 2015). 

Besides the proven useful aspects, concerns have been raised regarding data sharing as well as 

risk assessment and predictive modelling. The process of sharing, collecting and managing data 

through (open source) databases might still suffer from issues in data governance such as a lack 

of quality control or standardization. Regarding predictive modelling, difficulties concerning the 

heterogeneity and variability of microbial populations, especially at the growth/no growth border, 

have been stated (Ferrer et al., 2009). Further, a correct and critical interpretation of the predictive 

models and risk assessment studies as well as the translation of their results to the particular 

circumstances in consideration to assess their validity, has been reported to remain difficult (Ferrer 

et al., 2009). A suitable, relevant and correctly collected set of data remains one of the most critical 

points to assure the quality of risk assessment studies and predictive models (Muñoz-Cuevas et 

al., 2012). Specifically, in the case of predictions and risk assessments regarding public health 

issues associated with foodborne pathogens along the pork production, more raw data concerning 

the growth (potential) of Salmonella and human pathogenic Yersinia spp. might be needed, as 



 
                    Literature Review 
 

 71 

currently available data is scarce (as reported in 1.3.3) and has been described insufficient (Van 

Damme et al., 2017). 

1.4. Research perspectives 

Salmonellosis and yersioniosis are important human zoonoses in the EU and highly associated 

with meat, in particular pork (EFSA & ECDC, 2018). Salmonella and human pathogenic Yersinia 

spp. are frequently found in pigs at slaughter, on pig carcasses and raw pork, as described in 1.2.  

Pig slaughter has been designated as important step along the pork production chain where 

interventions could lower the risk for foodborne illness due to the consumption of raw or 

undercooked pork (EFSA, 2010). Multiple studies have described possible contamination routes 

during pig slaughter with their effect on the overall pig carcass contamination, as shown in 1.2.2. 

Still, in 2017, Salmonella was found on 2.8% of the pig carcasses in Europe (EFSA and ECDC, 

2018). This indicates the need for further research regarding contamination during slaughter and 

on pig carcasses which this PhD aims to address as follows: 

• The distribution of contamination (hygiene indicator bacteria and Salmonella) on different 

areas of pig carcasses after slaughter is investigated and is related to specific slaughter 

handlings in the ‘clean zone’ of the slaughterhouse. While many studies express 

contamination per carcass (as a result of one sample or multiple pooled samples, as shown 

in 1.2), this PhD investigates multiple areas separately in order to have the ability to define 

risk factors for contamination per area and assess the effect of certain slaughter steps on 

the contamination of specific carcasses areas. 

• Based on the obtained risk factors and contamination distribution on pig carcasses, as well 

as the described contamination routes mentioned in other studies (as explained in 1.2.2), 

an adaptation of the currently used slaughter process is investigated. An alternative removal 
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of the pluck set during which the oral cavity remains closed and the tongue and tonsils are 

left untouched, is validated by assessing its effect on the contamination (hygiene indicator 

bacteria, Salmonella and pathogenic Y. enterocolitica) found on certain areas of the pig 

carcass. 

Further, the prevalence of Salmonella and human pathogenic Yersinia spp. on pig carcasses and 

raw pork, as described in 1.2., stresses the importance of maintaining the cold chain to limit or 

inhibit their growth and ensure the safety of raw pork. Yersinia spp. have a minimum growth 

temperature of - 2°C while growth of Salmonella is considered to be inhibited at 7°C or lower (as 

described in 1.1; Fehlhaber and Krüger, 1998; Johannessen et al., 2000). However, data regarding 

the growth of human pathogenic Yersinia spp. on pork is scarce (Van Damme et al., 2017). 

Moreover, recent studies as well as predictive models report substantial growth of Salmonella 

below 7°C in leafy greens (Kisluk et al., 2013; Koukkidis et al., 2017). Findings as such question 

the validity of maintaining the cold chain to ensure the safety of leafy greens but also other raw and 

fresh foods such as raw pork or beef. Therefore, this PhD aims to investigate the growth potential 

of both pathogens under refrigeration and reviews currently available data and predictions: 

• A kinetic growth model for human pathogenic Y. enterocolitica in pork at refrigeration 

temperatures is developed. Growth is assessed in a pork-based laboratory medium and 

validated on raw pork, sliced as well as minced, at different refrigeration temperatures (2-

10°C) and different pH values (5.5-6.4). The model predicts the growth, including the effect 

of pH and temperature, of human pathogenic Y. enterocolitica on raw pork. 

• The growth potential of Salmonella and human pathogenic Yersinia spp. is investigated in 

culture broth as well as spinach- and beef-based laboratory media over a period of 14 days, 

at low inocula and temperatures between 2°C and 12°C, along with known mesophilic 

E. coli and psychrotrophic L. monocytogenes (as described in 1.1). In addition, available 
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data and predictions in the online available ComBase database and predictive modelling 

tool, concerning the investigated bacteria at refrigeration temperatures, are explored and 

compared with obtained experimental results. The use and relevance of ComBase and, by 

extension, public databases and predictive modelling tools in general, is reviewed. 
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ABSTRACT 

This study investigated the distribution of hygiene indicator bacteria and Salmonella on pig 

carcasses. Moreover, the relation between hygiene indicator counts and Salmonella presence as 

well as associations between specific slaughter practices and carcass contamination were 

determined for each carcass area individually. Seven Belgian pig slaughterhouses were visited 

three times to swab five randomly selected carcasses at nine different areas, after evisceration and 

trimming. Information about slaughter practices was collected using a questionnaire. In all samples, 

the E. coli and Salmonella presence was analysed and Enterobacteriaceae and total aerobic 

bacteria were quantified. Average total aerobic counts ranged from 3.1 (loin, pelvic duct, ham) to 

4.4 log10 CFU/cm2 (foreleg). Median Enterobacteriaceae numbers varied between 0.4 (ham) and 

1.8 log10 CFU/cm2 (foreleg). E. coli and Salmonella presence ranged from 15% (elbow) to 89% 

(foreleg) and 5% (elbow) to 38% (foreleg), respectively. Positive relations were found between 

hygiene indicator counts and Salmonella presence at the head, sternum, loin and throat. Several 

slaughter practices, such as splitting the head and incising tonsils, were associated with higher 

levels of hygiene indicator bacteria and Salmonella. These findings can be used to educate 

slaughterhouse personnel and estimate the public health risks involved in consumption of different 

pork cuts.  Furthermore, obtained results and determined risk factors indicate the need for new 

slaughter process adaptations to lower contamination levels on pig carcasses and stress the 

importance of appropriate storage and conservation strategies to contain the risks involved in 

consuming pork products.
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2.1. Introduction 

During slaughter, several highly contaminated pig body parts are opened (e.g. oral cavity) or 

removed (e.g. intestines, pluck set and tonsils), which involves a risk of spreading bacteria from 

those tissues to the pig carcass and the environment. Multiple studies have shown a high presence 

of Salmonella in palatine tonsils, oral cavities and intestines of pigs at time of slaughter (Van 

Damme et al., 2017; Zdolec et al., 2015). Moreover, insufficient disinfection of cutting knives or 

machinery can even lead to cross-contamination from one carcass to another (Swart et al., 2016). 

Altogether, these factors make the slaughter of pigs a complex process with a high risk for microbial 

contamination of pig carcasses and, finally, contaminated pork, which is a potential risk for human 

health. 

Although the EU determined a maximum of three Salmonella positive carcasses out of fifty at 

slaughter (EU regulation EC 2073/2005), a 2017 survey showed an overall prevalence of 2.8%, 

varying between EU Member States from 0.2% to 15.3%, and a prevalence of 5.4% in Belgium 

(EFSA and ECDC, 2018). This indicates that the current knowledge about pig carcass 

contamination during slaughter and/or the implementation of known hygiene measures are not 

sufficient. On the other hand, the contamination level of a pig carcass is generally expressed as 

one value for the whole carcass. One pooled sample of several carcass areas serves as an 

indicator for the microbial quality of the whole carcass, as regulated by the EU in regulation 

2073/2005. Given the great amount of potential sources for pig carcass contamination during 

slaughter, contamination levels are likely to vary between different carcass areas (Morgan et al., 

1987). Moreover, there is a rising interest from developing countries (e.g. China) to import certain 

pork cuts such as pig legs, ears and noses, which were previously considered less important for 

human consumption and are consequently not taken into account for official microbial quality 

monitoring of pig carcasses (Schneider and Sharma, 2014). A better understanding of the 

contamination level of different areas on the carcass and the identification of slaughter practices 
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that are related to higher contamination levels might contribute to the implementation of more 

targeted control measures to reduce carcass contamination. Therefore, the aim of this study was 

to map the distribution of the microbiological contamination (hygiene indicators and Salmonella) on 

pig carcasses and to investigate the potential use of aerobic bacteria and Enterobacteriaceae as 

indicators for the presence of Salmonella. Furthermore, slaughter practices were recorded in order 

to evaluate their relation with contamination levels of specific areas on the carcass. 

2.2. Material and Methods 

2.2.1. Sampling 

Between October 2015 and February 2016, seven Belgian pig slaughterhouses were each visited 

three times to collect swab samples from five randomly selected carcasses. In total, 104 pig 

carcasses were sampled during 21 sampling visits. The animals originated from 62 different 

slaughter batches (and consequently 62 different farms) with 1 to 5 animals randomly being 

sampled per batch (average 1.7 pigs per batch). From each carcass, the following nine areas (100 

cm2 each) were swabbed separately using cellulose sponges (3M, Diegem, Belgium) that were 

soaked in 25 mL buffered peptone water (BPW; Bio-Rad Laboratories, Marnes-La-Coquette, 

France): inside of the ham, pelvic duct, belly, loin (at split surface), sternum (breast cut), elbow, 

throat, foreleg (distal part) and head (nose bridges and ears) (Figure 2.1). All samples were taken 

from one carcass half, alternating between the left and right carcass half among the different 

carcasses. Samples were taken after evisceration and trimming of the carcass, but before cooling. 

Additionally, the elbow was swabbed before evisceration, on the opposite carcass half, thus the 

other half than the one swabbed after evisceration. Due to operator errors, one carcass in one 

slaughterhouse as well as one ham and one pelvic duct of two other carcasses could not be 

sampled. All samples were transported under chilled conditions to the lab and individually subjected 

to microbial analysis within 6 h after collection.  
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Figure 2.1 Overview of the sampled areas 
1=ham; 2=pelvic duct; 3=belly; 4=loin; 5=sternum; 6=elbow; 7=throat; 8=foreleg; 9=head. 
 
 
 

2.2.2. Microbiological analyses 

2.2.2.1. Hygiene indicator bacteria 

Upon arrival in the lab, samples were homogenized for one minute in a stomacher (Colworth 

Stomacher 400, Steward Ltd, London, UK) prior to analysis. A volume of 100 µl of the initial 

suspension was directly inoculated on plate count agar (PCA; Bio-Rad Laboratories, Marnes-La-

Coquette, France), violet red bile glucose agar (VRBG, Bio-Rad Laboratories, Marnes-La-



 
                                                                                                   Contamination during pig slaughter 
 

 
 

81 

Coquette, France) and tryptone bile glucuronic agar (TBX, Bio-Rad Laboratories, Marnes-La-

Coquette, France) by means of a spiral plate machine (Eddie Jet, IUL Instruments, Barcelona, 

Spain) to determine the number of total aerobic bacteria (based on EN/ISO 4833) and  

Enterobacteriaceae (based on EN/ISO 21528) and the presence of E. coli (based on EN/ISO 

16649), respectively. This resulted in a detection limit of 0.40 log10 CFU/cm2. PCA plates were 

incubated at 30°C for 48 h and VRBG plates at 37°C for 24 h, after which colonies were 

enumerated. The presence of E. coli was investigated after incubation of the TBX plates at 44°C 

for 24 h. As typical E. coli colonies were often absent or few, no actual enumeration was performed, 

but only the mere presence/absence of E. coli was noted.  

2.2.2.2. Salmonella 

The remaining part of the original suspension was supplemented with an extra 25 mL of BPW and 

the presence of Salmonella per 100 cm2 was detected based upon EN/ISO6579 using a semi-solid 

medium. The BPW suspension was incubated for 20 h at 37°C. Three drops (100 µL in total) of the 

enriched sample were plated on modified semi-solid Rappaport Vassiliadis agar (MSRV; Lab M 

Limited, Lancashire, UK). After 24 h at 41.5°C, the MSRV plates were examined for the presence 

of a whitish migration zone, indicating growth of motile bacteria. Next, migration zones were sub-

cultured on xylose lysine deoxycholate agar (XLD; Bio-Rad Laboratories, Marnes-La-Coquette, 

France) and incubated 24 h at 37°C. Suspect Salmonella colonies were confirmed phenotypically 

using tryptone broth (TB; Lab M Limited, Lancashire, UK), triple sugar iron agar (TSI; Oxoid, 

Hampshire, UK) and lysine decarboxylation broth (LB; Sigma-Aldrich, Saint Louis, Missouri, US). 

Salmonella isolates were sub-cultured overnight at 37°C in 5 mL tryptic soy broth (TSB, Bio-Rad 

Laboratories, Marnes-La-Coquette, France) after which 1 mL bacterial culture was stored in 2 mL 

glycerol at - 20°C. 
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Isolates from the XLD plates were sub-cultured on PCA (37°C for 24 h) and one colony was 

suspended in 100 µL lysis buffer (sodium dodecyl sulfate (SDS; Sigma-Aldrich, Saint Louis, 

Missouri, US) / NaOH (Merck, Darmstadt, Germany), 50:50) and subsequently lysed through heat 

treatment at 90°C for 17 minutes (Rasschaert et al., 2005). All lysates were centrifuged at 14,500 g 

and stored at - 20°C. All Salmonella positive isolates (n=434) were characterized by enterobacterial 

repetitive intergenic consensus sequence (ERIC)-PCRs, as described by Millemann et al. (1996) 

and Versalovic et al. (1991), to select isolates for serotyping (Rasschaert et al., 2005). Forty-eight 

representative isolates were serotyped by slide agglutination following the Kauffmann-White 

Scheme (Grimont and Weill, 2007).  

2.2.3. Statistical Analyses 

Qualitative and quantitative test results were recorded in an Excel 2013 (Microsoft® Corporation, 

Redmond, Washington, US) spreadsheet. Bacterial counts were log10-transformed prior to 

analysis. All analyses were done using Stata 14.1 (Stata Corporation, College Station, Texas, US). 

The distributions of the continuous variables (total aerobic count, Enterobacteriaceae) and bivariate 

relations were explored using histograms and box plots. For total aerobic counts, linear regressions 

were used and normality of the residuals of the final models was checked using Shapiro-Wilk 

normality tests. For Enterobacteriaceae counts, Tobit regressions were used with censure for 

samples with results under the detection limit (Amemiya, 1984). For the presence/absence of 

E. coli and Salmonella (binary variable), logistic regressions were used. Slaughterhouse was 

included as random effect to account for clustering per slaughterhouse. When comparing the 

different carcass areas, Bonferroni corrections were applied for multiple testing. Information about 

specific slaughterhouse practices (Table 2.1) was collected during the time of sampling using a 

questionnaire and the relation between carcass contamination (total aerobic count, 

Enterobacteriaceae numbers, E. coli presence or Salmonella presence as outcome variable) on 

each of the different carcass areas and the different slaughter practices (as explanatory variables) 



 
                                                                                                   Contamination during pig slaughter 
 

 
 

83 

was assessed by fitting univariate regressions. In case for certain carcasses a risk factor could not 

be determined, these carcasses were not included in the statistical analysis for that risk factor. 

Multiple regression models were constructed using the forward stepwise regression method, for 

which at each step the variable with the smallest significant p-value was added to the model until 

only significant main effects and interactions remained. A significance level of 5% was used.  

Table 2.1 Explanatory variables used for the risk factor identification  
The information on slaughter practices was collected using a questionnaire during the sampling 
of 104 carcasses in 7 different slaughterhouses. 

 Level 
Number of 
carcasses 

Number of 
slaughterhouses 

Slaughter practices (carcass level):   
Incision of the tonsils during the removal of 

the pluck set 
Yes 65 NA 
No 33 NA 

 No Data 6 NA 
    
Incision of the intestines during its removal Yes 14 NA 

No 71 NA 
 No Data 19 NA 
    
Cleaning and disinfection of the knife before 

opening the belly 
Yes 55 NA 
No 45 NA 

 No Data 4 NA 
    
Splitting of the head Yes 26 NA 

No 78 NA 
   
Slaughter practices (slaughterhouse level):   
Cleaning and disinfection of the knife used 

to remove the pluck set* 
<40% 74 5 
>40% 30 2 

    
Opening of the belly Manually 74 5 
 Robotic 30 2 
    
Removal of the rectum Using a knife 29 2 
 Using a bung 

dropper 
75 5 

    
Rectum after removal is Left inside 

the carcass 
45 3 

 Pulled out of 
the carcass 

59 4 

NA=Not Applicable; *Proportion: based on observation of approx. 100 consecutive carcasses 
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2.3. Results 

2.3.1. Distribution of contamination 

2.3.1.1. Hygiene indicator bacteria 

Table 2.2 summarizes the total aerobic bacteria counts, Enterobacteriaceae numbers and E. coli 

presence on the different carcass areas. The lowest total aerobic counts were found on the dorsal 

and posterior side of the pig carcass with mean numbers of 3.11 log10 CFU/cm2 for the ham and 

3.08 log10 CFU/cm2 for both the loin and the pelvic duct. The elbow before evisceration and the 

ham were the least Enterobacteriaceae contaminated areas, followed by the elbow after 

evisceration, the loin and the pelvic duct. E. coli was the least prevalent on the elbow before 

evisceration and the ham. The foreleg was the highest contaminated area in all slaughterhouses 

with an overall average total aerobic count of 4.37 log10 CFU/cm2, a median of 1.78 log10 CFU/cm2 

for Enterobacteriaceae and a 89% [95% CI: 80-94%] presence of E. coli. While a very similar total 

aerobic count was observed for the elbow before and after evisceration, the overall average 

Enterobacteriaceae numbers were estimated to increase with 0.38 log10 CFU/cm² [95% CI: 0.15; 

0.61] (p=0.005) and the odds of finding E. coli was 4.7 [95% CI: 2.4; 9.4] (p<0.001) times higher. 

However, large variations were observed between slaughterhouses. For example, in 

slaughterhouse D, all elbow samples after evisceration had higher Enterobacteriaceae counts than 

before evisceration, whereas 75% of the samples in slaughterhouse E had lower 

Enterobacteriaceae numbers after evisceration (Figure 2.2). 

Regarding the areas that are only susceptible to contamination after evisceration (Table 2.2), 

higher mean concentrations were seen on the ventral and anterior side of the carcass (sternum, 

belly, throat), compared to dorsal and posterior areas (ham, loin, pelvic duct). After evisceration, 

significant differences in contamination levels of the carcass areas were observed. The 

Enterobacteriaceae contamination on the foreleg, for instance, was significantly higher than the 
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elbow, throat, ham, loin, head, belly and pelvic duct (p<0.05). The mean total aerobic count on the 

head was significantly higher than the elbow, ham, loin, belly, throat, sternum and pelvic duct 

(p<0.05). The presence of E. coli on the sternum was significantly higher compared to the presence 

on the elbow, ham, loin and pelvic duct (p<0.05). 

 

Figure 2.2 Differences in Enterobacteriaceae numbers on elbow samples before and after 
evisceration and trimming for each slaughterhouse 
Distributions of the differences in Enterobacteriaceae counts (log10 CFU/cm2) on elbow samples 
before and after evisceration and trimming per slaughterhouse. The median is represented by 
the middle line in the box, and the 25th and 75th percentile by the lower and upper hinge, 
respectively. The whiskers indicate the furthest points that are within 1.5 times the interquartile 
range. Observations that are outside this range are represented by dots. 
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Table 2.2 Enumeration of the total aerobic count and Enterobacteriaceae and detection of E. coli and Salmonella on pig carcasses during 
slaughter   

   Total Aerobic Count   Enterobacteriaceae  E. coli  Salmonella 
Carcass Area  n

a
  N

b 
Mean

c
 SD

d
 Max

e
  N

b 
Median

c
 Max

e
  N

b
 Pr

f 
(95% CI)

g
  N

b
 Pr

f
 (95% CI)

g
 

Continuously susceptible to contamination:          

Elbow BE
h 

 104  104 3.77
 

0.84 5.08  53 0.40 2.48  15 0.15 (0.06; 0.35)  5 0.05 (0.01; 0.15) 

Elbow AE
i 

 104  104 3.73 
B,C,E,G,H,I 

0.73 4.89  77 0.71
 

B,C,D,G
 

3.38  45 
 

0.44 
B,C,D,G 

(0.29; 0.60)  5 0.05 
B,C,D

 

(0.01; 0.19) 

Foreleg AE
i 

 104  104 4.37 
A,D,E,F,G,H,I 

0.57 5.06  100 1.78
 

A,C,E,F,G,H,I
 

3.57  92 0.89 
A,E,F,G,H,I 

(0.80; 0.94)  39 0.38 
A,E,F,G,H,I

 

(0.18; 0.62) 

Head AE
i 

 104  104 4.14 
A,D,E,F,G,H,I 

0.66 5.07  91 1.48 
A,B,G,H,I

 

2.84  79 0.76 
A,G,H,I 

(0.50; 0.91)  30 0.29 
A,E,F,G,H

 

(0.16; 0.47) 

Susceptible to contamination after evisceration:          

Sternum AE
i 

 104  104 3.56 
B,C,G,H,I 

0.65 5.02  93 1.57 
A,E,F,G,H,I

 

3.98  80 0.77 
A,G,H,I 

(0.59; 0.89)  22 0.21 
A
 

(0.11; 0.36) 

Belly AE
i 

 104  104 3.30
  

A,B,C
 

0.72 4.65  88 1.25
 

B,D,G
 

3.38  64 0.62 
B,G,H 

(0.44; 0.77)  7 0.07 
B,C

 

(0.03; 0.14) 

Throat AE
i 

 104  104 3.49
  

B,C,G,H,I
 

0.63 4.66  85 1.01 
B,D,G

 

3.58  62 0.61 
B,G,H 

(0.43; 0.78)  19 0.18 
B
 

(0.12; 0.27) 

Ham AE
i 

 103  103 3.11
  

A,B,C,D,F
 

0.94 4.79  52 0.40 
A,B,C,D,E,F,H,I 

2.49  17 0.18 
A,B,C,D,B,F,I 

(0.09; 0.34)  6 0.06 
B,C

 

(0.01; 0.28) 

Loin AE
i 

 104  104 3.08
  

A,B,C,D,F
 

0.75 4.47  70 0.88 
B,C,D,G

 

3.68  33 0.32 
B,C,D,E,F 

(0.16; 0.54)  8 0.08 
B,C

 

(0.02; 0.27) 

Pelvic Duct AE
i 

 103  103 3.08
  

A,B,C,D,F
 

0.75 4.79  74 0.88 
B,C,D,G

 

4.90  48 0.48 
B,C,D,E,F

 

(0.32; 0.63)  10 0.10 
B,C

 

(0.04; 0.21) 

a 
Number of samples; 

b
Number of positive samples; 

c
in log10 CFU/cm

2
; 

d
Standard Deviation; 

e
Maximum; 

f
Proportion; 

g
95% Confidence Interval, 

accounting for clustering per slaughterhouse; 
h
Before Evisceration; 

i
After evisceration. 

Capital letters in subscript indicate that mean numbers are significantly different from 
A
elbow after evisceration, 

B
foreleg,

 C
head,

 D
sternum, 

 E
belly,

 

F
throat,

 G
ham,

 H
loin,

 I
pelvic duct. 
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The level of Enterobacteriaceae was positively associated with the presence of E. coli on all 

carcass areas, after evisceration, except for the ham (Table 2.3). For instance, when E. coli was 

present on the pelvic duct and the sternum, Enterobacteriaceae numbers were expected to 

increase with 0.93 log10 CFU/cm² [95% CI: 0.56; 1.30] and 0.70 log10 CFU/cm² [95% CI: 0.28; 1.13], 

respectively. 

  

2.3.1.2. Salmonella 

The elbow was the least Salmonella contaminated area and equally contaminated before and after 

evisceration (Table 2.2). The throat, sternum, head and foreleg were highly contaminated, with 

over 18% of samples being Salmonella positive. The foreleg was significantly more contaminated 

with Salmonella than the elbow, belly, throat, ham, loin and pelvic duct (p<0.05). Furthermore, the 

head was found to be significantly more Salmonella positive than the elbow, belly, throat, ham and 

loin (p<0.05). Overall, Salmonella was found on 64% [95% CI: 35-85%] of all carcasses. 

Six different serotypes were identified among the 434 Salmonella isolates. A detailed overview can 

be found in annex 2.1 of this chapter. Serotypes Typhimurium and Derby were the most 

encountered with 175 isolates from 40 carcasses (originating from 31 batches) and 153 isolates 

from 25 carcasses (originating from 15 batches), respectively. Other serotypes were S. Livingstone 

(83 isolates from 14 carcasses of 8 batches), S. Rissen (13 isolates from 5 carcasses of 3 batches), 

Table 2.3 Correlation between Enterobacteriaceae and the presence 
of E. coli on different carcass areas (after evisceration) 
  Enterobacteriaceae 
  Coeff. (95% CI)a pb 

Elbow  0.43 (0.11 ; 0.75) 0.009 
Foreleg  0.54 (0.07; 1.01) 0.024 
Head  0.55 (0.24; 0.86) 0.001 
Sternum  0.70 (0.28; 1.13) 0.001 
Belly  0.61 (0.31; 0.91) < 0.001 
Throat  0.48 (0.20; 0.77) 0.001 
Loin  0.41 (0.04; 0.79) 0.031 
Pelvic Duct  0.93 (0.56; 1.30) < 0.001 
a95% Confidence Interval 
bp-value 
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S. Bredeney (4 isolates from 1 carcass), S. Brandenburg (4 isolates from 1 carcass) and S. Give 

(2 isolates from 1 carcass). On fifteen carcasses, two different serotypes were found while from 

four carcasses, three different serotypes were isolated. In ten samples, two different serotypes 

were detected. Serotype Typhimurium was detected in all seven slaughterhouses. Further, 

serotype Derby was found in five, S. Livingstone in three and S. Rissen in two slaughterhouses. 

Serotypes Bredeney, Brandenburg and Give have only been detected in one slaughterhouse. 

During one slaughterhouse visit, 1 to 5 different serotypes could be isolated.  

Table 2.4 Parameter estimates from tobit regression models evaluating the relation between 
slaughter practices and Enterobacteriaceae contamination on different carcass areas (after 
evisceration) 
 Univariate model  Multivariate model 
 Coeff. (95% CI)a pb  Coeff.  (95% CI)a pb 
Continuously susceptible to contamination: 
Elbow:        
Tonsils incised 0.41 (0.07; 0.76) 0.020  0.37 (0.02; 0.72) 0.038 
Robotic belly opening -0.62 (-1.10; -0.13) 0.012  -0.52 (-1.02; -0.01) 0.044 
Foreleg:        
Tonsils incised 0.46 (0.14; 0.78) 0.005  0.39 (0.07; 0.70) 0.017 
Robotic belly opening -0.48 (-0.81; -0.16) 0.004  -0.40 (-0.73; -0.07) 0.018 
Head split 0.40 (0.05; 0.74) 0.026     
Head:        
Robotic belly opening -1.02 (-1.52; -0.52) <0.001  -0.88 (-1.28; -0.48) <0.001 
Desinfected pluck set 
knifes 

-0.73 (-1.46; 0.00) 0.049  -0.47 (-0.87; -0.07) 0.021 

        
Susceptible to contamination after evisceration: 
Sternum:        
Robotic belly opening -0.97 (-1.58; -0.37) 0.002  -0.76 (-1.35 ; -0.17) 0.011 
Head split 0.77 (0.20; 1.33) 0.008  0.59 (0.07; 1.11) 0.027 
Belly:        
Robotic belly opening -0.58 (-0.91; -0.25) 0.001     
Desinfected belly knifes -0.43 (-0.74; -0.13) 0.006     
Ham:        
Intestines incised 0.85 (0.35; 1.34) 0.001  0.78 (0.29; 1.28) 0.002 
Robotic belly opening -0.81 (-1.36; -0.26) 0.004  -0.70 (-1.16; -0.23) 0.004 
Loin:        
Robotic belly opening -1.25 (-2.14; -0.36) 0.006     
Throat:        
Rectum pulled out 0.64 (0.15;1.13) 0.010     
a95% Confidence Interval 
bp-value 
Only variables that were significantly associated in the univariate model are included in the table. 
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2.3.2. Correlation between hygiene indicator bacteria and Salmonella 

For the loin and the throat, mean Enterobacteriaceae numbers in Salmonella positive samples were 

0.78 log10 CFU/cm2 [95% CI: 0.15; 1.42] and 0.44 log10 CFU/cm² [95% CI: 0.09; 0.78] higher than 

in Salmonella negative samples, respectively. For total aerobic bacteria, mean counts were higher 

in Salmonella positive samples of the sternum (0.30 log10 CFU/cm2 [95% CI: 0.02; 0.58]) and throat 

(0.29 log10 CFU/cm2 [95% CI: 0.03; 0.54]) compared to Salmonella negative samples. The odds of 

finding E. coli was 5.0 [95% CI: 1.1-23] times higher in Salmonella positive head swabs in 

comparison to Salmonella negative head swabs. 

2.3.3. Relation between contamination and slaughter practices 

In 8 out of the 9 investigated carcass areas after evisceration, significant relations between carcass 

contamination and the recorded slaughter practices were identified (Table 2.4, Table 2.5 and Table 

2.6). Opening of the belly using a robot was significantly associated with lower Enterobacteriaceae 

numbers on the elbow, foreleg, head, sternum, belly and ham (Table 2.4). Incision of the tonsils 

during pluck set removal was associated with higher Enterobacteriaceae numbers at the elbow and 

foreleg. Other factors that were associated with higher Enterobacteriaceae numbers were incision 

of the intestines (ham), splitting of the head (sternum) and pulling out the rectum after its removal 

(throat). Disinfection of the knifes to remove the pluck set was associated with lower 

Enterobacteriaceae numbers on the head. For the areas continuously susceptible to contamination, 

Salmonella contamination could not be linked to any risk factor. On the other hand, when tonsils 

were incised and the head was split, the odds of finding Salmonella on the sternum were higher 

(Table 2.5). Simple linear regression analysis showed that the total aerobic count was estimated 

to increase by 0.30 [95% CI: 0.09; 0.51] log10 CFU/cm2 on the foreleg when the belly was opened 

using a robot, and by 0.32 [95% CI: 0.09; 0.54] log10 CFU/cm2 on the head when tonsils were 

incised. Moreover, total aerobic counts were 0.63 [95% CI: 0.26; 0.99] log10 CFU/cm2 higher on the 
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sternum when the head was split compared to when the head was left intact. In case of using a 

robotic belly opener, the odds of isolating E. coli were estimated to be lower on the elbow, head, 

sternum and loin. The probability of finding E. coli was higher on the head and lower on the pelvic 

duct when the head of the carcass is split (Table 2.6). 

 

 

Table 2.5 Parameter estimates from logistic regression models evaluating the relation 
between slaughter practices and Salmonella contamination on different carcass areas 
(after evisceration) 
  Univariate model  Multivariate model 
  ORa (95% CI)b pc  ORa (95% CI)b pc 
Sternum:         
Tonsils incised  4.0 (1.0; 15.8) 0.050  4.8 (1.2; 19) 0.027 
Head Split  3.4 (1.3; 9.4) 0.016  4.2 (1.4; 13) 0.012 
Belly:         
Intestines Incised  9.4  (1.4; 63) 0.021     
aOdds Ratio 
b95% Confidence Interval 
cp-value 

Table 2.6 Parameter estimates from logistic regression models evaluating the relation 
between slaughter practices and E. coli contamination on different carcass areas (after 
evisceration) 
  Univariate model 
  ORa (95% CI)b pc 
Elbow:     
Robotic Belly Opening  0.36 (0.14; 0.92) 0.033 
Head:     
Robotic Belly Opening  0.12 (0.04; 0.33) < 0.001 
Head Split  13 (1.1; 163) 0.044 
Sternum:     
Robotic Belly Opening  0.23 (0.09; 0.60) 0.003 
Loin:     
Robotic Belly Opening  0.16 (0.04; 0.65) 0.011 
Pelvic Duct:     
Head Split  0.35 (0.13; 0.97) 0.044 
aOdds Ratio 
b95% Confidence Interval 
cp-value 
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2.4. Discussion 

To our knowledge, this is the first study giving a complete overview of the distribution of bacterial 

contamination on pig carcasses after slaughter for which nine carcass areas have been separately 

investigated. In general, pig carcass contamination studies focus on a few carcass areas. 

Additionally, in these studies, the results of investigated areas are often pooled to one value for the 

complete carcass, neglecting possible differences between different areas (Arguello et al., 2013a). 

This study showed great diversity in the contamination level of the different carcass areas. The 

posterior and dorsal sample sites (ham, loin and pelvic duct) were the least contaminated with total 

aerobic bacteria, Enterobacteriaceae (within the range of acceptable values defined by the EU 

regulation EC 2073/2005) and E. coli. On the contrary, the ventral and anterior areas (foreleg, head, 

sternum and throat) were much higher contaminated with counts regularly exceeding the EU 

threshold limits (5 log10 CFU/cm2 for total aerobic count and 3 log10 CFU/cm2 for 

Enterobacteriaceae). Similarly, the Salmonella presence per 100 cm² observed in this study varied 

greatly between carcass areas, with the highest prevalence seen on foreleg, head, sternum and 

throat samples. The elbow and the ham were the least Salmonella contaminated and the only 

carcass areas that did not surpass the EU Salmonella prevalence maximum of 6% (EU regulation 

EC 2073/2005). The majority of the Salmonella isolates belonged to the serotype Typhimurium, 

followed by Derby, which are the most encountered serotypes in pigs in the EU as well (EFSA and 

ECDC, 2018). Typhimurium is the most prevalent serotype in human salmonellosis cases in 

Belgium and Europe (Bertrand et al., 2016; Mughini-Gras et al., 2014). Despite the statement of 

Smid et al. (2014) that house flora is an important source of Salmonella contamination for pig 

carcasses, no regularity could be observed between Salmonella serotypes found in samples or 

pigs from the same slaughterhouse. In total, Salmonella could be isolated from 64% of the 

investigated pig carcasses, which is distinctly higher than previous estimations of the Salmonella 

prevalence on pig carcasses during slaughter in Belgium, being 37% (Botteldoorn et al., 2003), 
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8.9% (Ghafir and Daube, 2008) and 5.4% (EFSA, 2018). Yet, these reports were based on 

investigations of at most four carcass areas, including sternum, ham, loin and elbow. It can be 

noted that the ham is often sampled for carcass contamination investigation (Arguello et al., 2013a), 

although, it turns out to be one of the least contaminated areas. The highly contaminated foreleg, 

head and throat, on the other hand, are rarely included in official monitoring programs. This 

consequently leads to underestimations of the (possibly pooled) carcass contamination levels. 

Moreover, areas such as the foreleg and head were formerly considered less valuable but are 

currently being upgraded in value due to the rapidly increasing demand from countries such as 

China (Schneider and Sharma, 2014). The data provided in this study for each different carcass 

area can be used to estimate the risk involved in consumption of specific pork cuts which may, 

finally, help to categorize pork cuts according to their risk for public health. 

The high levels of hygiene indicator bacteria and Salmonella on some pig carcass parts also 

underscore the need for appropriate conservation and storage of pig carcasses and, subsequently, 

fresh pork products. In general, temperatures of 7°C or lower are considered to keep carcasses 

and pork products safe for consumption (EU regulation EC 853/2004; Heap, 2006). However, 

recurrent temperature abuse along the pork production chain has been reported and might have 

an effect on the bacterial load and, consequently, microbial safety of fresh pork products (Likar and 

Jevšnik, 2006). The data obtained in this study may support the improvement of conservation 

strategies and protocols for pig carcasses, certain pork cuts or fresh pork products. 

The findings of Ghafir and Daube (2008) and Delhalle et al. (2008) indicated a clear positive 

correlation between E. coli numbers and Salmonella presence on pig carcasses (i.e. significant 

higher median number of E. coli when Salmonella was present; + 0.8 log10 CFU/ cm2; p<0.05) and 

between Enterobacteriaceae numbers and Salmonella presence on pig carcasses (correlation 

factor r = 0.182, P<0.001), respectively. The objective of these publications was to assess baseline 
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data on hygiene indicators and the relationship between the indicators and zoonotic agents to 

support the basic assumption that adherence to Good Manufacturing Practices (GMP) and Good 

Hygiene Practices (GHP) throughout the food chain will contribute to a reduction in public health 

risks. The results of this study show only minor, but still significant, associations between 

Enterobacteriaceae levels and Salmonella presence on throat and loin samples. An association 

between E. coli and Salmonella presence could only be made for head samples. Even smaller, 

though significant, correlations could be made between the total aerobic count and the presence 

of Salmonella on sternum and throat samples. Despite postulations about the level of indicator 

bacteria being in direct relationship with the presence of an enteric pathogen (Ray, 2005), it may 

remain hard to predict when hygiene failure estimated through Enterobacteriaceae levels indicates 

Salmonella contamination, as likewise claimed by Corbellini et al. (2016). According to Gill and 

Jones (2000) a proportion of 80% positive samples is required to compare means of positive 

samples. Therefore, the use of E. coli as an indicator for pig carcass Salmonella contamination in 

this study is questionable, given the fact that this proportion level was only surpassed for E. coli in 

foreleg samples.  

However, indicator organisms are sometimes used to evaluate hygienic working conditions or 

failures in control measures to avoid fecal contamination without the explicit intention to serve as 

an indicator for ecologically similar enteric pathogens (Barco et al. 2015; Cibin et al. 2014). To 

evaluate the usefulness of an indicator organism and its concentration as the basis to monitor 

adequate process hygiene, it is necessary to have relevant data on the variability of the indicator 

organism’s counts at one or more defined points in the food chain at representative food business 

operators. Apart from visual inspection, information on the status of food hygiene implementation 

can be acquired by a tailored questionnaire on adoption of various aspects of food safety 

management practices (Sampers et al. 2010) or by using results of hygiene inspections conducted 

by competent authorities in the visited premises (Habib et al. 2012). The results of this study show 



 
Chapter 2      
 

 
 

94 

an overall significant increase in Enterobacteriaceae levels on the elbow during evisceration and 

trimming of the pig carcass, though the effect varied greatly between slaughterhouses. This 

supports the conclusions that have been reported in several publications stating that certain trends 

and risk factors concerning carcass contamination during slaughter can be determined, despite the 

underlying slaughterhouse variations (Berends et al., 1997; Bolton et al., 2002; Corbellini et al., 

2016; Pearce et al., 2004; Spescha et al., 2006; Wheatley et al., 2014; Zweifel et al., 2005). 

This study identified seven factors to investigate baseline data from empirical research on hygiene 

indicators in parallel to data collected from working practices in slaughterhouses. In general, robotic 

opening of the belly was associated with less contamination by Enterobacteriaceae on almost all 

carcass areas. In case the belly is opened manually, disinfection of the used knifes was associated 

with less Enterobacteriaceae contamination on the belly as well. Incision of the intestines during its 

removal increases ham Enterobacteriaceae numbers and belly Salmonella prevalence. Borch et 

al. (1996) described the pluck set removal as a high-risk step for contamination of the carcass 

during slaughter, since the pluck set contains the tongue and tonsils which are highly contaminated 

with bacteria. Furthermore, Van Damme et al. (2015) showed that incision of the tonsils and 

disinfection of the knifes used to remove the pluck set can significantly affect bacterial 

contamination on the pig carcass with human pathogenic Yersinia enterocolitica. This study 

confirmed these findings by revealing that the total aerobic count, Enterobacteriaceae numbers 

and Salmonella presence on ventral and anterior carcass areas were higher when the tonsils were 

incised during the pluck set removal and lower when the knives used for the removal of the pluck 

set were disinfected. Splitting of pig carcasses, in particular the head, is established as another 

contaminating action during slaughter (Corbellini et al., 2016; Van Damme et al., 2015). The results 

of this study indicate that splitting the head specifically increases contamination on the sternum. 

Pulling out and dropping the rectum before removing the intestines is associated with a higher 

number of Enterobacteriaceae on the throat. Altogether, the risk factors identified in this study 
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indicate the need for more slaughterhouse personnel training and/or specific adaptations of 

slaughter handlings to avoid contamination. Interestingly, the presence of Salmonella on areas 

continuously susceptible to contamination (i.e. elbow, foreleg and head) could not be linked to any 

of the recorded slaughter practices. This might indicate that Salmonella contamination of these 

areas probably already occurred earlier during slaughter or before entering the slaughterhouse 

(Arguello et al., 2013a). 

In conclusion, it is clear that there are large differences between the microbial contamination levels 

of different pig carcass areas. The foreleg and head are highly contaminated after evisceration. 

However, these areas are not investigated for official monitoring of the microbial quality of pig 

carcasses. In contrast to the ham which is officially used for monitoring (Arguello et al., 2013a) and 

one of the lowest contaminated areas. Taken into account the increasing interest of emerging 

markets (e.g. China) in pork cuts such as the foreleg, nose and ears (Schneider and Sharma, 

2014), the results of this study can be used to estimate the public health risks involved in 

consumption of these specific pork cuts in order to, finally, take appropriate control measures or 

establish a risk categorization of pork cuts, if necessary. Enterobacteriaceae numbers and, to a 

lesser extent, total aerobic count and E. coli numbers remain appropriate indicators to evaluate 

hygienic working conditions. The risk factors assessed during this study show that observations of 

hygiene indicator bacteria on specific carcass areas during certain processing steps can be used 

to improve the microbial quality of pig carcasses, potentially by implementing adaptations to 

slaughter handlings or by giving slaughterhouse personnel better training and education in order 

to raise awareness about the importance and impact of good manufacturing and hygiene practices. 

Furthermore, the high levels of contamination on some pig carcasses or pig carcass areas stress 

the need for appropriate storage and conservation strategies for pig carcasses and fresh pork 

products to be able to contain the risks involved in their consumption.
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ANNEX 2.1 
 

Distribution of different Salmonella serotypes in Salmonella positive pigs 
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7 B 6       D(4)    
9 B 8       D(4)    
10 B 8 D(3); R(1)  D(4) D(4) D(4)  D(4) D(4) D(4)  
11 C 9   R(3); T(1)     D(1); T(3)   
12 C 9  L(4) R(4) L(4)   L(3)    
13 C 10       L(4)   L(2) 
14 C 10       L(4) L(2)   
15 C 10     L(4)     G(2) 
16 C 11      L(4)     
17 C 12       R(4)    
18 C 12   L(3)        
19 C 12   L(4) L(4)   L(4)  L(2) L(3) 
20 C 12   L(3); R(1)    D(4)   L(2) 
21 D 13    D(4) T(4)  T(4) D(4)   
22 D 13       T(4)    
23 D 13     T(4)  T(4)    
24 D 14     T(4)  D(2); T(2)    
25 D 15   D(2)  T(4) D(4) By(4) T(4)   
31 B 20    D(1)       
33 B 22    D(1)       
35 B 24    D(2)       
36 D 25       D(4) D(4)  D(4) 
37 D 25  D(4)         
aBefore Evisceration; bAfter Evisceration;  
T = Typhimurium, D = Derby; R = Rissen; L = Livingstone; Bg = Brandenberg; By = Bredeney;  
The number between brackets represents the number of isolates. 
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Distribution of different Salmonella serotypes in Salmonella positive pigs (continued) 
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38 D 26   D(4)    T(4) D(4)   
39 D 26   D(4)    D(4)    
40 D 26      D(4)     
41 B 27   Bg(4)     T(4)   
44 B 29     T(4)   T(4)   
46 G 31         T(4)  
47 G 32   T(4)     L(4)   
48 G 32        L(4)   
49 G 33     L(4)  L(4)    
50 G 33        L(4)   
59 E 37 T(2)  T(2)    T(2) T(2)   
60 E 37 T(2)  T(2) T(2) T(2)  T(2) T(2) T(2)  
61 F 38     T(2)  T(2) T(2)   
62 F 39   T(2)     T(2) T(2)  
63 F 40     D(1); T(1)  T(2) T(2)   
64 F 40 D(2)      T(2) T(2) T(2)  
65 F 40        T(2)   
72 A 43   T(2)        
74 A 44     T(2)      
75 A 44       T(2)    
76 F 45 D(2)   T(2)   D(2) T(2)   
77 F 46   L(2)        
78 F 47       T(2) T(2)   
aBefore Evisceration; bAfter Evisceration 
T = Typhimurium, D = Derby; R = Rissen; L = Livingstone; Bg = Brandenberg; By = Bredeney 
The number between brackets represents the number of isolates. 
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Distribution of different Salmonella serotypes in Salmonella positive pigs (continued) 
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79 F 48 D(2)  L(2)    T(2)    
80 F 48    T(2) T(2)  T(2) D(1); T(1)   
83 G 50   D(2)        
85 G 51     T(2)   T(2)   
86 B 52       T(2)    
87 B 52       T(2)    
88 B 53       T(2)    
90 B 54       T(4)    
91 E 55   T(2)  T(2)  T(2)    
92 E 56  T(2)       T(2)  
93 E 57        T(2)   
94 E 58          T(2) 
95 E 58     T(2)  T(2) T(2)   
96 D 59       T(2)    
97 D 60        T(2)   
98 D 60          D(2) 
99 D 61       T(2)   D(1); T(1) 
101 C 62   D(2)  D(2) T(2) T(2); D(2) D(2) D(2)  
102 C 62      D(2) D(4) D(1); T(1)   
103 C 62 D(2)   D(2) D(2) D(2) D(4) D(2)   
104 C 62   D(2)  D(2)  D(4) D(2)   
aBefore Evisceration; bAfter Evisceration 
T = Typhimurium, D = Derby; R = Rissen; L = Livingstone; Bg = Brandenberg; By = Bredeney  
The number between brackets represents the number of isolates. 
 



 
                                                                                 Contamination during pig slaughter 
 

 
 

99 

 

 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
 
 
 
 
 
 
 

Chapter 3 
 

Reduced contamination of pig carcasses using an alternative 
pluck set removal procedure during slaughter 

 
 
 
 
 
 
 
 
 
 
 
 

Redrafted from: 
 

Biasino, W., De Zutter, L., Woollard J., Mattheus, W., Bertrand, S., Uyttendaele, M., Van 
Damme I., 2018. Reduced contamination of pig carcasses using an alternative pluck set 
removal procedure during slaughter. Meat Science, 142, 23-30.



 
 

 
 



 
                                                                                                              Alternative puck set removal 
 

 
 

103 

ABSTRACT 

This study compared the current pig slaughter procedure where the pluck set is completely 

removed with a procedure where the pluck set is partially removed, leaving the highly contaminated 

oral cavity, tonsils and tongue untouched. This alternative slaughter technique was tested in an 

attempt to lower microbiological contamination on certain pig carcass areas. The effect on carcass 

contamination was investigated by enumerating hygiene indicator bacteria (total aerobic count, 

Enterobacteriaceae and E. coli) as well as assessing Salmonella and Y. enterocolitica presence 

on the sternum, elbow and throat of pig carcasses. Using the alternative pluck set removal, 

significantly lower mean numbers of hygiene indicator bacteria on throat samples and E. coli on 

elbow samples were found. Moreover, less pig carcasses were highly contaminated in general. No 

difference in Salmonella or Y. enterocolitica presence was seen. The data in this study can help to 

assess the effect of this alternative procedure on the safety of pork and subsequently public health.
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3.1. Introduction 

The removal of the pluck set during pig slaughter has been designated as an important source for 

pig carcass contamination, as shown in Chapter 2 and described by Hald et al. (2003). The pluck 

set (i.e. the liver, lungs, heart, trachea, esophagus, and tongue) is removed from the pig carcass 

after evisceration and opening of the oral cavity but before splitting of the carcass (Swart et al., 

2016). The oral cavity, with the tongue and palatine tonsils, is known to harbor a high bacterial 

load, including human pathogenic bacteria such as Salmonella and Y. enterocolitica (Borch et al., 

1996; Van Damme et al., 2017). Furthermore, intranasal and oral inoculation of Salmonella and 

human pathogenic Y. enterocolitica, respectively, showed that both pathogens colonize the tonsils 

more rapidly compared to the colon and remain present for a longer time period in the tonsils than 

in the colon, which may indicate that tonsils are more important as reservoir for both pathogens 

than the colon (Fedorka-Cray et al., 1995; Thibodeau et al., 1999).  

The prevalence of human pathogenic Y. enterocolitica in pig tonsils at slaughter has been 

described in various studies throughout the EU, with values varying between 11% and 88% 

(Bonardi et al., 2013; de Boer and Nouws, 1991; Fredriksson-Ahomaa et al., 2001; Fredriksson-

Ahomaa et al., 2007; Gürtler et al., 2005; Korte et al., 2004; Thibodeau et al., 1999). Similarly, 

Salmonella has been found in 9.9% of pig tonsils in Portugal (Vieira-Pinto et al., 2005). Human 

pathogenic Y. enterocolitica and Salmonella have also been found on pig tongues at slaughter with 

a prevalence of 75% (Fredriksson-Ahomaa et al., 2001) and 7.9% (Hald et al., 1999), respectively. 

In Belgium, particularly, three studies reported the prevalence of human pathogenic 

Y. enterocolitica in pig tonsils, ranging from 28% to 55%, and enumeration data describing numbers 

up to 6.0 log10 CFU/g tonsil with mean levels between 4.0 and 4.5 log10 CFU/g tonsil (Van Damme 

et al., 2010; Van Damme et al., 2015; Vanantwerpen et al., 2014). Salmonella was found in 18% 

of the tonsils of pigs at slaughter, with numbers up to 5.0 log10 CFU/g tonsil (Van Damme et al., 

2018). Findings of Van Damme et al. (2018) and De Busser et al. (2011) also proved the presence 
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of Salmonella in oral cavities of pigs at slaughter with 54% and 14% of the oral cavities being 

positive after polishing and bleeding, respectively, and numbers exceeding 4.0 log10 CFU/cm2.  

Regarding the presence of general hygiene indicator bacteria, Van Damme et al. (2018) reported 

mean levels for total aerobic bacteria, Enterobacteriaceae and E. coli of 6.63, 5.75, and 5.56 log10 

CFU/g in tonsils of pigs at slaughter in Belgium, respectively. In a study by Fredriksson-Ahomaa et 

al. (2009), executed in Germany, mean values of 7.12 and 5.52 log10 CFU/g tonsil for total aerobic 

bacteria and E. coli, respectively, were found. Gill & Jones (1998) enumerated E. coli on pig 

tongues in Canada, which resulted in mean numbers of 2.3 log10 CFU/tongue swab. Counts of the 

total aerobic bacteria, Enterobacteriaceae and E. coli in oral cavities resulted in mean numbers of 

5.5, 2.6 and 2.3 log10 CFU/cm2, respectively (Van Damme et al., 2018). 

Given the high presence of hygiene indicator bacteria and well-known pathogenic bacteria, the 

pluck set removal has been determined to be a critical control point during pig slaughter for carcass 

contamination (Borch et al., 1996; Kapperud, 1991). Both based on epidemiological and molecular 

Y. enterocolitica studies, tonsils have been shown to directly contaminate other parts of the pluck 

set (e.g. liver, lungs and heart) and the rest of the pig carcass (Fredriksson-Ahomaa et al., 2000; 

Laukkanen et al., 2009; Vilar et al., 2015; Van Damme et al., 2015). The study described in Chapter 

2, showed that the incision of tonsils during the pluck set removal increased the odds of finding 

Salmonella on the sternum of pig carcasses by a factor 4. Besides direct contamination from the 

oral cavity, tongue or tonsils to other pluck set parts and the pig carcass, bacteria may also spread 

to the environment, such as the pluck set hook, which can eventually lead to cross-contamination 

(Fredriksson-Ahomaa et al., 2000). A study by Bonardi et al. (2013) even concluded that carcass 

contamination by Salmonella and Y. enterocolitica from the tonsils is more likely to be attributed to 

cross-contamination than to self-contamination. 
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Consequently, it has been suggested to adapt the procedure for the removal of the pluck set during 

pig slaughter in order to avoid contamination of the carcass, pluck set, environment and 

subsequently cross-contamination (Borch et al., 1996; Fredriksson-Ahomaa et al., 2000; Kapperud, 

1991; Laukkanen et al., 2009; Vilar et al., 2015). While an alternative removal of the pluck set 

without opening the oral cavity and leaving the tongue and tonsils inside the unopened head is 

frequently used in France (Denis et al., 2012) and some studies have briefly investigated this 

slaughter adaptation (Christensen & Lüthje, 1994; Olsen et al., 2001), there is a lack of data about 

the all-over effect of such an alternative pluck set removal on the contamination of pig carcasses. 

Furthermore, official meat inspection in slaughterhouses in Europe demands the visual inspection 

of the fauces, tongue and throat of every pig carcass before it leaves the slaughter line (EU 

regulation EC 219/2014), which requires opening of the oral cavity. Therefore, the aim of this study 

was to comprehensively investigate the effect of an alternative pluck set removal on pig carcass 

contamination regarding numbers of hygiene indicator bacteria (total aerobic count, 

Enterobacteriaceae and E. coli) and the presence of Salmonella and human pathogenic 

Y. enterocolitica. This, in order to properly inform the industry about the effect involved in such a 

slaughter adaptation and to be able to estimate the potential effect on the quality and safety of pork. 

Finally, this study could help to correctly advise legal authorities regarding adaptations of the 

current meat inspection depending on the public health benefits of this method. 

3.2. Material and Methods 

3.2.1. Slaughter procedures 

In this study, the standard pluck set removal during pig slaughter was compared to an alternative 

pluck set removal. During the standard removal procedure, the liver, lungs, heart, trachea, 

esophagus, tongue, pharynx and tonsils are taken out of the carcass, all at once. In the alternative 

method, the pluck set was only partially removed from the carcass. Therefore, the trachea and 
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esophagus were cut which enabled to only remove the lungs, liver and heart from the carcass. 

Meanwhile, the oral cavity remained closed with the tongue, tonsils, pharynx and remaining parts 

of the trachea and esophagus inside. These parts were only removed after first fast-cooling of the 

pig carcass, at the point where the head was detached from the carcass and deboned. 

3.2.2. Sampling 

Two Belgian slaughterhouses with a slaughter speed of 600 pigs and 300 pigs per hour, 

respectively, were visited 6 times each, between February 2016 and July 2016. During every visit, 

between 2 to 3 hours after the start of the slaughter activities, one slaughter batch of at least 200 

fattening pigs was selected. Half of the pigs of the selected batch were slaughtered with the 

standard pluck set removal and the other half slaughtered using the alternative pluck set removal. 

For each slaughter method, every third pig passing through the slaughter line was sampled until 

ten pig carcasses per method were sampled. Accordingly, 12 batches were investigated and 20 

pig carcasses per batch were sampled (10 alternatively and 10 normally slaughtered) which 

resulted in a total of 240 pig carcasses (120 alternatively and 120 normally slaughtered). Samples 

were taken immediately after removing the pluck set and splitting the carcass by using cellulose 

sponge swabs (3M, Diegem, Belgium) that were soaked in 25 mL BPW. From each carcass, three 

areas were separately swabbed, being the elbow, throat and sternum (approximately 100 cm2 

each). For each pig, all samples were taken from the same carcass half (either the left or the right 

carcass half), while alternating between the left and right carcass half among the different 

carcasses (e.g. for first carcass the three areas were sampled from the left carcass half, and for 

the second carcass all samples were taken from the right half). Next, all samples were transported 

to the lab under chilled conditions (below 7°C) and processed for analysis the same day. Due to 

operator errors, two elbow samples (originating from two pig carcasses of two different batches, 

alternatively slaughtered in the same slaughterhouse) could not be taken and processed. 
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3.2.3. Microbiological analyses 

3.2.3.1. Hygiene indicator bacteria 

Hygiene indicator bacteria on all samples were enumerated as described in 2.2.2.1, except for 

Enterobacteriaceae which were determined on Rapid Enterobacteriaceae (Bio-Rad Laboratories, 

Marnes-La- Coquette, France), instead of VRBG. 

3.2.3.2. Human pathogenic Yersinia enterocolitica 

An aliquot of 5 mL of the initial suspension was added to 20 mL of Peptone Sorbitol Bile Broth 

(PSB; Sigma-Aldrich, Saint Louis, Missouri, US) and kept for enrichment at 25°C for 48 h to assess 

the presence of human pathogenic Y. enterocolitica per 20 cm2 as described by Van Damme et al. 

(2010). After enrichment, a volume of 0.5 mL of the enriched suspension was exposed to 4.5 mL 

of 0.5 % KOH (Merck, Darmstadt, Germany) in 0.5 % NaCl (VWR, Leuven, Belgium) for 20 

seconds. Next, 100 µL of the alkali treated suspension was streaked on a cefsulodin irgasan 

novobiocin agar (CIN; Oxoid, Hampshire, UK) plate. The CIN agar plates were incubated for 24 h 

at 30°C. Plates were examined for characteristic human pathogenic Y. enterocolitica colonies using 

a stereo microscope with Henry illumination (Van Damme et al., 2013). Presumptive positive 

colonies were characterized biochemically using urea broth (UB; Oxoid, Hampshire, UK) and 

Kligler iron agar (KIA; Oxoid, Hampshire, UK) and simultaneously sub-cultured overnight at 30°C 

in 5 mL TSB after which 1 mL bacterial culture was stored in 2 mL glycerol at - 20°C. For molecular 

identification, all presumptive isolates were sub-cultured in 10 mL TSB at 30°C for 24 h after which 

1 mL of the culture was used to extract DNA with a PrepManTM Ultra Sample Preparation Reagent 

(Applied Biosystems, Foster City, US) and a 10-minute heat treatment at 100°C, as described by 

the manufacturer. The obtained DNA was used for characterization using two multiplex PCRs: one 

targeting the Y. enterocolitica virulence genes (ail, ystA and virF; Harnett et al., 1996) and one 
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targeting serotype specific genes (Van Damme et al., 2013), being rfbC for serotype O:3 (Jacobsen 

et al., 2005) and per for serotype O:9 (Weynants et al., 1996). 

3.2.3.3. Salmonella 

The remaining part of the initial suspension was used to detect the presence of Salmonella. An 

extra volume of 20 mL BPW was added to the suspension and processed to assess presence per 

75 cm2, based on EN/ISO6579. Three isolates per sample were stored and further investigated to 

determine their serotype. A detailed description of the used methods can be found in 2.2.2.2. 

3.2.4. Statistical analyses 

Both qualitative and quantitative experimental results were collected in an Excel 2013 (Microsoft® 

Corporation, Redmond, Washington, US) spreadsheet. Bacterial counts were log10-transformed 

prior to analysis. All analyses were performed using Stata 14.1 (Stata Corporation, College Station, 

Texas, US). The distributions of the continuous variables (total aerobic count, Enterobacteriaceae, 

E. coli) were explored by histograms and box plots. The difference in contamination (total aerobic 

counts, Enterobacteriaceae counts, E. coli counts, Salmonella presence or Y. enterocolitica 

presence as outcome variable) between the standard and alternative pluck set removal on each of 

the different carcass areas was assessed with batch included as variable in every analysis and 

slaughterhouse included as random effect to account for clustering per slaughterhouse. For total 

aerobic counts, linear regressions were used and normality of the residuals of the final models was 

checked using Shapiro-Wilk normality tests. For Enterobacteriaceae and E. coli counts, Tobit 

regressions were used resulting in censure of samples with results under the detection limit 

(Amemiya, 1984). For the presence/absence of Y. enterocolitica, and Salmonella (binary variable), 

logistic regressions were applied. A significance level of 5% was used. 
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3.3. Results 

3.3.1. Hygiene indicator bacteria 

Table 3.1 gives an overview of the mean total aerobic counts and median Enterobacteriaceae and 

E. coli numbers for each carcass area and for both pluck set removal methods. Statistical analysis 

of the difference in hygiene indicator counts between the two slaughter methods is shown in Table 

3.2. Mean total aerobic counts ranged between 3.06 (throat – alternative removal) and 3.66 (elbow 

– alternative removal) log10 CFU/cm2. A significant difference between the two slaughtering 

techniques was seen in throat samples, with an estimated mean reduction of 0.16 log10 CFU/cm2 

[95% CI: - 0.28; - 0.04] (p=0.009) when the alternative pluck set removal was used. Median 

Enterobacteriaceae numbers were slightly higher for each of the three carcass areas when the 

standard pluck set removal was applied. The use of the alternative slaughter method was 

significantly associated with an average reduction of 0.36 log10 CFU/cm2 [95% CI: - 0.53; - 0.18] in 

Enterobacteriaceae on throat samples (p<0.001). Significantly lower numbers of E. coli were found 

on elbow and throat samples in case the pluck set was removed alternatively, with mean reductions 

of 0.29 log10 CFU/cm2 [95% CI: - 0.58; 0.00] (p=0.048) and 0.47 log10 CFU/cm2 [95% CI: - 0.74; 

- 0.21] (p<0.001), respectively. Maximum numbers of Enterobacteriaceae and E. coli were higher 

on throat samples of pigs slaughtered using the standard pluck set removal. Maximum 

concentrations of 3.06 log10 CFU/cm2 were found for the alternative removal versus 4.94 log10 

CFU/cm2 for the standard removal and 2.10 versus 5.03 log10 CFU/cm2 for the two hygiene 

indicators, respectively. Figure 3.1 shows the distribution of Enterobacteriaceae counts on throat 

samples for each of the investigated slaughter batches, separately. In 6 of the 12 batches, the 

Enterobacteriaceae level in one or multiple throat samples exceeded 3.0 log10 CFU/cm2 when using 

the standard pluck set removal while this was the case in only 1 batch when pigs were alternatively 

slaughtered. 
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Table 3.1 Enumeration of the total aerobic count, Enterobacteriaceae and E. coli on pig carcasses after standard and alternative 
pluck set removal 

   Total Aerobic Count   Enterobacteriaceae   E. coli 
 na  Nb  Meanc  SDd  Maxe  Nb  Medianc  Maxe  Nb  Medianc  Maxe 
Standard Removal:               
Elbow 118  118  3.64  0.64  4.64  93  0.94  3.42  47  UDL  3.48 
Throat 120  120  3.22  0.69  4.91  104  1.36  4.94  71  0.40  5.03 
Sternum 120  120  3.55  0.71  4.74  116  1.84  4.33  96  0.88  4.39 
Alternative Removal:                
Elbow 118  118  3.66  0.61  4.63  89  0.71  3.45  31  UDL  3.06 
Throat 120  120  3.06  0.56  4.68  107  1.01  3.06  61  0.40  2.10 
Sternum 120  120  3.56  0.64  4.68  113  1.78  4.27  97  0.94  3.74 
aNumber of samples 
bNumber of positive samples 
cin log10 CFU / cm2 
dStandard Deviation 

eMaximum in log10 CFU / cm2 
UDL=Under Detection Limit 

Table 3.2 Parameter estimates from linear regression models evaluating the difference in levels of total aerobic count and tobit 
regression models evaluating the difference in levels of Enterobacteriaceae and E. coli on pig carcasses when the alternative 
pluck set removal was applied compared to the standard pluck set removal when accounting for batch and including 
slaughterhouse as random effect 
 Total Aerobic Count  Enterobacteriaceae   E. coli 
 Coeff.  (95% CI)a  pb  Coeff.  (95% CI)a  pb  Coeff.  (95% CI)a  pb 

Elbow 0.02  (-0.06; 0.10)  0.607  -0.10  (-0.27; 0.07)  0.249  -0.29  (-0.58; 0.00)  0.048 
Throat -0.16  (-0.28; -0.04)  0.009  -0.36  (-0.53; -0.18)  <0.001  -0.47  (-0.74; -0.21)  <0.001 
Sternum 0.01  (-0.11; 0.14)  0.852  -0.07  (-0.23; 0.10)  0.447  0.00  (-0.23; 0.23)  0.992 
a95 % Confidence Interval 
bp-value 
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3.3.2. Human pathogenic Yersinia enterocolitica 

Y. enterocolitica was only found in 2 samples, being one elbow and one throat sample of two 

different pigs from the same batch, slaughtered with the standard pluck set removal. This resulted 

in a presence of 1% [95% CI: 0-6 %] for both carcass areas (Table 3.3). Biochemical analysis 

showed typical Y. enterocolitica characteristics in all isolates of both samples (urease activity and 

glucose fermentation in combination with a lack of lactose fermentation and H2S production). 

Molecular investigations revealed that all isolates possessed the Y. enterocolitica virulence genes 

 
Figure 3.1 Comparison of Enterobacteriaceae levels on throat samples 
Distributions of Enterobacteriaceae (log10 CFU/cm2) on throat samples from pig carcasses 
slaughtered with the alternative and standard pluck set removal. Ten carcasses were sampled 
for each batch/method combination. The median is represented by the middle line in the box, 
and the 25th and 75th percentile by the lower and upper hinge, respectively. The whiskers indicate 
the furthest points that are within 1.5 times the interquartile range. Observations that are outside 
this range are represented by dots. 
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(ail, ystA and virF) as well as the serotype specific gene rfbC, while the per gene was not detected.  

Consequently, all isolates were pathogenic Y. enterocolitica serotype O:3.  

3.3.3. Salmonella 

The highest presence of Salmonella was found on sternum samples of pigs slaughtered using the 

standard pluck set removal, being 9% [95% CI: 0-16%] (Table 3.3). Using the alternative method, 

8% [95% CI: 0-15%] of sternum samples was positive, though the difference between both methods 

was not significant (p>0.05). An equal presence of 2% [95% CI: 0-6%] was found on throat samples 

for each slaughter method. No Salmonella was found on elbow samples when the pluck set was 

removed alternatively, while two samples were Salmonella positive when the standard pluck set 

removal was applied, resulting in a presence of 2% [95% CI: 0-7%]. Altogether, Salmonella could 

be isolated from 27 samples which originated from 27 different pig carcasses. This resulted in a 

proportion of Salmonella positive carcasses being 11% [95% CI: 8-16 %]. These 27 carcasses 

were sampled during 9 different visits (out of 12) and originated, accordingly, from 9 different 

batches (maximum 6 positive carcasses per batch). Fourteen Salmonella positive carcasses 

(originating from 5 batches) were slaughtered in one slaughterhouse while the other thirteen 

(originating from 4 batches) were slaughtered in the second slaughterhouse.  Regarding the 

serotypes of the Salmonella isolates, one sternum sample of one pig carcass subjected to standard 

pluck set removal harbored both Salmonella Typhimurium and monophasic Typhimurium. In all 

other different samples (and consequently different carcasses), only one single serotype was found 

(Table 3.3). Serotype Typhimurium was the most frequently encountered serotype (31 isolates from 

16 samples), followed by monophasic Typhimurium (11 isolates from 6 samples), Derby (6 isolates 

from 3 samples) and Rissen (4 isolates from 2 samples). 
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Table 3.3 Detection of Salmonella and human pathogenic Yersinia enterocolitica on pig carcasses after standard and 
alternative pluck set removal 
   Yersinia enterocolitica  Salmonella 
 na  Nb Prc (95% CI)d Serotype  Nb Prc (95% CI)d Serotype (number of isolates) 
Standard Removal:       
Elbow 118  1 0.01 (0.00; 0.04) O:3  2 0.02 (0.00; 0.06) Typhimurium(2) 
Throat 120  1 0.01 (0.00; 0.04) O:3  2 0.02 (0.00; 0.06) Typhimurium(1); Rissen(1) 
Sternum 120  0 0.00 (0.00; 0.03) NA  11 0.09 (0.05; 0.16) Typhimurium(6); monophasic 

Typhimurium(5); Rissen(1) 
Alternative Removal:       
Elbow 118  0 0.00 (0.00; 0.03) NA  0 0.00 (0.00; 0.03) NA 
Throat 120  0 0.00 (0.00; 0.03) NA  2 0.02 (0.00; 0.06) Typhimurium(1); Derby(1) 
Sternum 120  0 0.00 (0.00; 0.03) NA  10 0.08 (0.05; 0.15) Typhimurium(6); Derby(3); 

monophasic Typhimurium(1) 
NA=Not Applicable 

aNumber of samples 
bNumber of positive samples 
cProportion 
d95 % Confidence Interval 
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3.4. Discussion 

To our knowledge, this is the first fully comprehensive study investigating the effect of an alternative 

pluck set removal (i.e. leaving the oral cavity closed and the tongue and tonsils untouched) during 

pig slaughter on the contamination of pig carcasses by studying different carcass areas separately 

and taking into account hygiene indicator bacteria (total aerobic count, Enterobacteriaceae and 

E. coli) as well as human pathogenic bacteria (Salmonella and Y. enterocolitica). 

The numbers of hygiene indicator bacteria as observed in this study under standard slaughter 

conditions were comparable to those found in the study described in Chapter 2, for all three carcass 

areas. Total aerobic counts and Enterobacteriaceae levels did not differ significantly between both 

slaughter methods on the elbow and sternum. Incision of the tonsils, which was impossible during 

the alternative pluck set removal, is proven to be associated with a higher load of 

Enterobacteriaceae on elbow samples (see 2.3). However, Enterobacteriaceae counts on elbows 

sampled during alternative pluck set removal were not significantly different from the counts when 

the standard pluck set removal was used. For the throat, on the other hand, significantly lower 

numbers were observed in total aerobic counts and Enterobacteriaceae on samples from pig 

carcasses on which the alternative pluck set removal was applied. The number of E. coli was also 

significantly lower on the throat as well as the elbow when compared to standard slaughter 

procedures.  

While two studies using a similar set-up reported a reduction of 36% and 30% in the presence of 

Y. enterocolitica and Salmonella on pig carcasses, respectively (Christensen & Lüthje, 1994; Olsen 

et al., 2001), this study was only able to detect these pathogens on a few samples. Consequently, 

no significant difference in occurrence of Y. enterocolitica and Salmonella between the standard 

and alternative pluck set removal could be observed. The proportions of Salmonella found on the 

sternum, elbow and throat during standard slaughter procedures, after splitting the carcass, of 9%, 
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2% and 2%, respectively, were remarkably lower than the ones reported in Chapter 2, after 

trimming, of 21%, 18% and 5%, respectively. Earlier described proportions of Y. enterocolitica on 

throat and sternum samples of pig carcasses at the end of the slaughter line were 27% and 18% 

(Van Damme et al., 2015), respectively, which is also notably higher than the presence found in 

this study under standard slaughter circumstances of 1% on the throat and no detection on the 

sternum, just after splitting the carcass. Bacterial contamination happens frequently during 

evisceration and pluck set removal while cross-contamination with these bacteria mainly happens 

further during slaughter, which might explain the higher prevalence of Salmonella and 

Y. enterocolitica at the end of the slaughter line (Swart et al., 2016). On the other hand, many pre-

slaughter circumstances are known to influence the presence of human pathogenic bacteria in a 

particular batch of pigs at slaughter (Belœil et al., 2004). Large differences between batches have 

been observed due to factors such as the farm of origin, transport, lairage and the age of the pigs 

(Nesbakken et al., 2006; Snary et al., 2016; Vilar et al., 2015). Therefore, the low proportions of 

pathogenic bacteria that were found in the present study, might be related to the fact that the 

sampled pigs originated from lowly contaminated farms. Among the obtained Salmonella isolates 

in this study, serotypes Typhimurium, monophasic Typhimurium and Derby were the most 

encountered which are among the most commonly isolated serotypes from pigs and pork (EFSA 

and ECDC, 2018). The retrieved Y. enterocolitica isolates were all identified as serotype O:3 which 

is the most occurring human pathogenic serotype in pigs (EFSA and ECDC, 2018).  

Altogether, the alternative pluck set removal as validated in this study was able to reduce the load 

of hygiene indicator bacteria on the pig carcasses, especially on the throat. While leakage of fecal 

matter has often been proposed as the main cause for contamination of pig carcasses (Pesciaroli 

et al., 2017; Borch et al., 1996), it has already been described that there might be other sources of 

contamination (Nauta et al., 2013). The results of this study clearly indicate that the oral cavity, 

tonsils and tongue of the pig could also be of great importance and that their impact on pig carcass 
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contamination can be reduced by applying a different slaughter technique. Associations between 

levels of hygiene indicator bacteria and the presence of human pathogenic bacteria on pig 

carcasses have been questioned in studies by Corbellini et al. (2016) and Nauta et al. (2013). 

However, this could be due to the fact that the presence of human pathogenic bacteria in pigs 

varies greatly among pigs and slaughter batches (Vanantwerpen et al., 2014), as stated earlier. 

Consequently, clear associations cannot always be made. On the contrary, Ghafir and Daube 

(2008) as well as the results in Chapter 2 showed positive correlations between the presence of 

hygiene indicators and pathogenic bacteria on pig carcasses. As a result, even though pathogen 

levels were similar for both techniques in this particular study, the lower levels of 

Enterobacteriaceae and E. coli found during the alternative pluck set removal could also indicate a 

lower risk for the presence of pathogens on pig carcasses in highly contaminated pig batches. 

Further, a reduced bacterial load on a pig carcass could lower the risk for cross-contamination or 

the spread of bacteria to the environment during the remaining slaughter procedures (Borch et al., 

1996). This could then, later on, have great impact on cross-contamination during processing of 

the carcasses as well as the preparation of specific pork products in meat processing plants or 

butcheries and, finally, the safety of the pork product at retail level, as suggested by Hansen et al. 

(2010). In this way, removing the pluck set as described in this study could contribute to the 

concepts of GMP as well as GHP and lead to an improved hygiene level in slaughterhouses and, 

additionally, along the complete pork production chain (Borch et al., 1996). Moreover, the throat of 

a pig carcass is one of the pork cuts that is often used for the preparation of minced pork, which is 

frequently consumed raw or undercooked and might be processed without attention for cross-

contamination during home kitchen preparations (FAO, 1991; Verhaegen et al., 1998). 

Consequently, the alternative pluck set removal might also specifically reduce the risk of consuming 

contaminated minced pork. The data provided in this study can be used to quantitatively estimate 

the potential beneficial effects, associated with the proposed alternative pluck set removal, on the 
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general hygiene level of the pork production chain as well as the safety and quality of pork and, 

finally, public health. These estimations might be of great interest for the pork industry as well as 

the consumer and could further advise legal authorities whether changing the current meat 

inspection to allow an adaptation like this would be advantageous.  
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ABSTRACT 

Y. enterocolitica 4/O:3 is a known foodborne pathogen typically associated with pigs and pork. The 

psychrotrophic character of Y. enterocolitica raises concerns about the storage and preservation 

of fresh food products, such as raw pork, that could be contaminated with pathogenic 

Y. enterocolitica. The conservation of such food products relies mainly on maintaining the cold 

chain to keep them microbiologically safe for consumption. Although it has been reported that the 

growth of Y. enterocolitica is not inhibited during refrigeration, a thorough quantitative investigation 

of its growth in pork at low temperatures is lacking. This study proposes a model predicting the 

growth of Y. enterocolitica 4/O:3 in raw pork under refrigeration circumstances. A pork-based 

laboratory medium was developed in which the aerobic growth of one Y. enterocolitica 4/O:3 strain 

was studied at pH 5.5-6.4 and between 2°C to 10°C. Growth was observed under all conditions. 

The enumeration data were used to develop a predictive model for the growth of Y. enterocolitica 

4/O:3 in pork under refrigeration circumstances, taking into account the effects of pH and 

temperature on the lag phase and maximum growth rate. Three models were evaluated and 

compared. A square root model was found to be most suitable and was further validated with five 

other Y. enterocolitica strains in the laboratory medium as well as on irradiated or raw pork and 

ground pork. Altogether, the proposed model was able to provide appropriate fail-safe predictions 

for the growth of Y. enterocolitica 4/O:3 in raw ground pork. The obtained growth data stress the 

potential risks involved in the consumption of raw or undercooked ground pork contaminated with 

Y. enterocolitica 4/O:3. The described model can help to estimate those risks and to set-up relevant 

monitoring programs and criteria. 
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4.1. Introduction 

Although Y. enterocolitica is known to be psychrotrophic with the ability to grow between 0-45°C 

(ANSES, 2012), little data are available concerning its growth at refrigeration temperatures, 

especially in food products and more particularly in raw pork (Van Damme et al., 2017). Growth 

curves and models, at temperatures of 10°C and lower, have been provided in non-selective 

laboratory media such as tryptic soy broth or brain heart infusion broth (Adams et al., 1991; Alber 

and Schaffner, 1992; Bhaduri et al., 1994; Goverde et al., 1994; Suñen et al., 2001, Sutherland 

and Bayliss, 1994). Concerning food matrices, much data on the psychrotrophic growth of 

Y. enterocolitica is available for beef (Gill and Reichelt, 1989; Hudson and Mott, 1993; Kleinlein 

and Untermann, 1990; Nissen et al., 2000). Further, studies have been performed in, for example, 

seafood and milk (Francis et al., 1980; Pin et al., 2000). Remarkably, while human pathogenic 

Y. enterocolitica is typically associated with pigs, its growth in pork or derived products has not 

been investigated extensively (Drummond et al., 2012). Bredholt et al. (1999), Fredriksson-Ahomaa 

et al. (2012), Hanna et al. (1977) and Manu-Tawiah et al. (1993) provided growth data on slices of 

cooked ham at 8°C, raw and cooked boston butt at 7°C, pig cheeks at 6°C and loin chops at 4°C. 

An aerobic growth model on pork loin muscle and adipose tissue, at refrigeration temperatures, 

was developed by Greer et al. (1995). However, that model was developed with experiments 

measuring growth starting from 6 log10 CFU/g, which is already close to stationary phase. On top 

of that, most of these foodstuffs are usually extensively heated before consumption while ground 

pork is often consumed raw or undercooked (FAO, 1991; Verhaegen et al., 1998). Ivanovic et al. 

(2014) showed that, when a Y. enterocolitica O:8 strain is artificially inoculated (approx. 6 log10 

CFU/g) on raw ground pork and stored under vacuum or modified atmosphere at 4°C, the bacteria 

survived and grew to 7 log10 CFU /g. Nevertheless, a thorough investigation of the growth of 

Y. enterocolitica in raw and ground pork at low temperatures is lacking (Van Damme et al., 2017).  



 
                                                                                                           Y. enterocolitica growth model 
 

 
 

125 

This study aimed to provide a growth model for Y. enterocolitica in pork at refrigeration 

temperatures. Therefore, its growth was determined in a pork-based laboratory medium at pH 

values between 5.5 and 6.4 (cfr. pork; Bendall and Swatland, 1988) and at 2°C to 10°C. The 

obtained data were used to develop a kinetic growth model which was validated with multiple 

strains, on the one hand, and in raw and ground pork, on the other hand.  

4.2. Material and Methods 

4.2.1. Data collection for the development of a kinetic growth model 

4.2.1.1. Preparation of pork juice as growth matrix 

Commercially available raw pork loin chops (+ 1 kg each) were purchased in a local supermarket. 

The meat was cut manually and, subsequently, ground using a meat grinder (Hendi BV, Rhenen, 

The Netherlands) and an immersion blender (Braun 4191, De'Longhi Braun Household GmbH, 

Neu-Isenburg, Germany) with the addition of H2O (1:1). The obtained pork slurry was centrifuged 

(Hettich Rotanta 460R Centrifuge; Hettich Benelux B.V., Geldermalsen, The Netherlands) at 

13,000 g in 50 mL aliquots for 30 minutes. Supernatants were collected and serially filter sterilized 

until it passed through 0.45 µm bottle top filters (Novolab, Geraardsbergen, Belgium). Finally, the 

obtained pork juice was stored at - 20°C until it was thawed at 4°C for 24 h before inoculation and 

diluted (1:4) in sterile H2O to get a 20% juice concentration which was used as pork-based medium. 

4.2.1.2. Culturing of the used strain 

Yersinia enterocolitica 4/O:3 1035, originally isolated from pork, was obtained from the Finnish 

Food Safety Authority Evira where it is used as a laboratory reference strain (reference name 

EVIRA 595). A reference stock was kept at - 75°C while a working stock was maintained on slants 

of tryptic soy agar (TSA; Oxoid, Hampshire, UK) at 4°C. Fresh cultures were prepared by 

subculturing the working stock in nutrient broth (NB; Oxoid, Hampshire, UK) for 24 h at 30°C. 
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4.2.1.3. Inoculation procedure 

Sixteen screw cap Erlenmeyer flasks, equipped with an extra side-inlet closed with a rubber 

septum, were filled with 100 mL 20% pork juice, prepared as describe in 4.2.1.1. These were 

divided in four groups (of four bottles) of which the pH was set at 5.5, 5.8, 6.1 or 6.4 using 0.1 M 

HCl (Sigma-Aldrich, St. Louis, Missouri, US) and 0.1 M NaOH (Sigma-Aldrich, St. Louis, MO, US). 

Each bottle was inoculated with a second-generation fresh culture of Y. enterocolitica 4/O:3 1035 

in order to obtain a starting concentration of approximately 3 log10 CFU/mL. For each pH, one 

inoculated bottle was stored in incubators of 10°C, 7°C, 4°C and 2°C. Altogether, this resulted in 

sixteen growth cultures with a different combination of temperature and pH. Two non-inoculated 

controls at pH 6.4 and pH 5.5 were incubated at 10°C and 2°C, respectively. Regularly, samples 

were taken (from 3 times a week to 3 times a day, depending on the incubation temperature and 

pH) until stationary phase was reached, using a sterile 1 mL syringe (BD, Madrid, Spain) of which 

the needle (Braun, Emmenbrücke, Switzerland) was brought inside the culture through the rubber 

septum of the Erlenmeyer flasks. After dilution in peptone physiological saline (PPS) consisting of 

0.85% NaCl (VWR, Leuven, Belgium) and 0.1% bacteriological peptone (Oxoid, Hampshire UK), 

the sample was plated on both TSA and CIN. Plates were incubated for 24 h at 30°C and, finally, 

bacterial concentrations were enumerated. This complete set-up was performed in triplicate, 

separately. 

4.2.2. Development of a kinetic growth model 

All growth data were collected in Excel 2013 (Microsoft® Corporation, Redmond, Washington, US) 

spreadsheets. Bacterial counts were log10-transformed prior to analysis. All analyses were 

performed, and figures were made in either SPSS 25.0 (Statistical Package for the Social Sciences, 

IBM, Armonk, NY, US) or Excel 2013.  
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4.2.2.1. Sub-lethal injury 

The differences in concentration of Y enterocolitica 4/O:3 1035 when plated on selective medium 

(CIN) or non-selective medium (TSA) was investigated visually using boxplots. Further, the sub-

lethal injury was estimated using the following formula (Eq. 1): 

%	sub − lethal	injury = 	
234567	35	89:;234567	35	<=>

234567	35	89:
	x	100	%.																															Eq. 1 

4.2.2.2. Estimation of the primary model parameters 

The Baranyi and Roberts model (Baranyi and Roberts, 1994) was used to describe the bacterial 

growth curves at the different growth temperature and pH values for Y. enterocolitica 4/O:3 1035 

in pork juice. The online ComBase DMFit tool was used to estimate the parameters in the following 

equations (Eq. 2 and Eq. 3): 

C(E) = CG + µIJKL(E) −
M

N
ln(1 +

OPµPQR	S(T)UV

OPWPQRUWX	
)						Y0 < t < ¥; 0 < 	CG\     Eq. 2 

with: 					L(E) = E +
M

µPQR
ln

O(UµPQRT)]	
V

^(_µPQRUV)

M]	
V

^(_µPQRUV)

           Eq. 3 

where N(t) represents the number of micro-organisms present at time t (hours); N0 is the number 

of micro-organisms at t=0; Nmax is the maximum population density that can be reached; µmax is the 

maximum specific growth rate (h-1); l is the lag phase time (hours) and m characterizes the 

curvature before the stationary phase (m=1 for a logistic curve). 

4.2.2.3. Comparison of different secondary models 

The obtained μmax and l estimates for Y. enterocolitica 4/O:3 1035 in pork juice were analyzed in 

SPSS 25.0 and fitted to several secondary models describing the individual and combined effects 
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of pH and temperature on the maximum specific growth rate and lag phase of Y. enterocolitica at 

refrigeration temperatures. Depending on the model type a ln(x), √x or a(1/x) transformation of 

μmax or l was applied. 

At first, the second order polynomial regression model (general polynomial) was applied in which 

μmax and l are described by the following equations (Eq. 4 and Eq. 5): 

µNde = fG +	fMg +	fhg
h +	fijk + fljk

h + fmgjk                                Eq. 4 

ln n = fG +	fMg +	fhg
h +	fijk + fljk

h + fmgjk                                  Eq. 5 

Next, an Arrhenius regression model, as modified and described by Davey and Daughtry (1995) 

and also applied by Grau and Vanderlinde (1993), was used to model the parameter estimates 

from the primary model data. The following equations for μmax and l were used (Eq. 6 and Eq. 7): 

ln µNde = fG +
oV
p
+

oq
pq
	+	fijk +	fljk

h                                                  Eq. 6 

r
M

s
= fG +

oV
p
+

oq
pq
	+	fijk +	fljk

h                                                          Eq. 7 

Both the polynomial and Davey-Arrhenius model were fitted using stepwise linear regression during 

which statistical significance was set at p≤0.05.  

Finally, non-linear regression was used to fit square root model estimates of μmax and l (Adams et 

al., 1991), for which the following equations were applied (Eq. 8 and Eq. 9):  

atNde = 	fG	ajk − jkNuv	(g −	gNuv)                                                      Eq. 8 

r
M

s
= 	fG	ajk − jkNuv	(g −	gNuv)                                                            Eq. 9 
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In these equations, the parameters C0 until C5 as well as Tmin and pHmin are estimated parameters 

where Tmin and pHmin correspond to the values of temperature and pH below which no growth 

occurs, respectively. Cardinal values are theoretical and may be obtained by extrapolation of the 

linear regression from the applied secondary model (Adams et al, 1991).  

The model fits were validated visually using scatterplots and, further, statistically analyzed using 

the adjusted regression coefficient (RJxyh ; Eq. 10), root mean square error (RMSE; Eq. 11) and 

standard error of prediction (SEP; Eq. 12). RJxyh  served as a performance measure of the obtained 

prediction (Te Giffel and Zwietering, 1999). The RMSE represents the residual variability between 

(non-transformed) predicted and the experimental values of the dependent variables, being μmax or 

l (Sutherland et al., 1995). However, the RMSE increases substantially when the magnitude of the 

data rises. Therefore, the SEP is derived from the RMSE and is a relative error, irrespective of the 

variable’s magnitude (Hervás et al., 2001). The performance of the different developed models was 

investigated mathematically with the bias factor (Bf; Eq. 13), estimating the structural derivation of 

the observed values from the predicted values, and the accuracy factor (Af; Eq. 14) which 

measures the closeness of the observed values to the predicted values (Ross, 1996):  

RJxy
h = 1 −

∑({^R|^}~P^�TQÄ;{|}^Å~ÇT^Å)
q (v;M)É

∑({^R|^}~P^�TQÄ;ÑÖ^R|^}~P^�TQÄ
)q (v;Ü;M)É

                     Eq. 10 

RMSE = 	r
∑({|}^Å~ÇT^Å;{^R|^}~P^�TQÄ)

q

v
                       Eq. 11 

SEP	(%) = 	
MGG

ÑÖ.^R|^}~P^�TQÄ

	r
∑({|}^Å~ÇT^Å;{^R|^}~P^�TQÄ)

q

v
          Eq. 12 

Bf = 10
∑çéè(Ö|}^Å~ÇT^ÅUÖ^R|^}~P^�TQÄ)

�               Eq. 13 
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Af = 10
∑ ú	çéè	(Ö|}^Å~ÇT^ÅUÖ^R|^}~P^�TQÄ)ú

�               Eq. 14 

In these equations, bpredicted stands for the non-transformed μmax or l predicted by each of the 

secondary models, bexperimental is the μmax or l obtained from the primary model which was based on 

the performed experiments, Xbexperimental is the mean of bexperimental, n is the total number of bexperimental 

values and v is the number of explanatory variables (not including the constant terms). 

The obtained secondary models were integrated in the primary model (Eq. 2 and 3) in order to be 

able to predict the bacterial concentration (N) at a certain time t, taking into account the effects of 

temperature and pH on both the maximum specific growth rate and duration of the lag phase. The 

predicted growth curves were compared to the data points obtained from the experimental 

investigation of Y. enterocolitica 4/O:3 1035. 

4.2.3. Model validation with multiple strains 

4.2.3.1. Strains 

Three Y. enterocolitica 4/O:3 strains, one previously isolated from pig tonsils (Y7), one from pig 

rectal content (Y100) and one from a pig carcass (Y46), together with two Y. enterocolitica 2/O:9 

strains, isolated from a pig carcass (47C) and an infected human (W2), were stored and grown as 

described for strain 1035 (4.2.1.2).  

4.2.3.2. Inoculation procedure 

Each strain was used to inoculate 5 screw cap Erlenmeyer flasks containing 100 mL of 20% pork 

juice (approximately 3 log10 CFU/mL), prepared as described in 4.2.1.1. These 5 bottles had been 

set at pH 6.4, 6.2, 6.0, 5.7 and 5.5, using 0.1M HCl and 0.1M NaOH, and were incubated at 10°C, 

4°C, 6°C, 8°C and 2°C, after inoculation, respectively. A non-inoculated bottle, for each 
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combination of temperature and pH, served as controls. Sampling and enumeration were 

performed as described before (2.1.3).  

4.2.4. Model validation in pork 

4.2.4.1. Meat Matrices 

Complete pork loin cuts (+ 7 kg each) were obtained from a local meat processing plant. From half 

of the meat, the surrounding fat was removed in order to obtain lean pork tissue. This meat had a 

pH of 5.5 and was either sliced by means of an electric slicer (Sirman, Padova, Italy) or ground 

using a meat grinder (Hendi BV, Rhenen, The Netherlands). The remaining pork loin cuts, with the 

surrounding fat, were likewise ground to obtain a homogenized batch of ground meat with a pH of 

5.8. Slices of meat were further manually cut into pieces of 50 cm2 and ground pork was divided 

into portions of 100 g. Finally, this resulted in 56 raw pork slices of pH 5.5, 56 ground meat 

packages of pH 5.5 and 56 ground meat packages of pH 5.8. All were stored in an incubator at 

- 1°C until the day of inoculation (max. 7 days). Half of the stored meat (28 packages of each matrix) 

was irradiated at 25 kGy, before inoculation, to obtain commercially sterile portions of pork 

(performed by Synergy Health- Steris, Etten-Leur, The Netherlands). 

4.2.4.2. Inoculation, storage and sampling of the meat 

An identical set-up was used for irradiated as well as unirradiated meat with natural microbiota. For 

both conditions, 21 pork slices at pH 5.5, 21 packages of ground meat at pH 5.5 and 21 packages 

of ground meat at pH 5.8 were inoculated with a fresh culture of Y. enterocolitica 4/O:3 1035, 

prepared as described before (4.2.1.2), at approximately 3 log10 CFU/g for ground pork and 3 log10 

CFU/cm2 for sliced pork. Sliced pork was surface-inoculated with fresh culture suspension which 

was spread by means of a sterilized drigalski. Ground pork was inoculated by droplets of fresh 

culture suspension at multiple areas after which the matrix was manually mixed to evenly distribute 

the inoculum all over the out- and inside of the ground pork. Seven more packages of each matrix 
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were left uninoculated as a control. All pork slices and ground pork units were individually stored 

aerobically in sealed stomacher bags. Three inoculated meat packages and 1 control, of each 

matrix, were sampled on day 0. Of the remaining 18 packages and 6 controls, half were incubated 

at 4°C and the other half at 7°C. After 5, 9 and 14 days, 3 inoculated meat packages and 1 control 

of each matrix and each temperature were sampled. 

Enumeration of Y. enterocolitica 4/O:3 1035 on ground pork was performed on 10 g, diluted in PPS 

(1:10) and stomached for 1 min (Colworth Stomacher 400, Steward Ltd, London, UK). For the pork 

slices, a top layer of 25 cm2 (+ 9 g) was aseptically removed, diluted in PPS (1:1) and stomached 

for 1 min (Colworth Stomacher 400, Steward Ltd, London, UK). The obtained suspensions were 

either further diluted in PPS if necessary or directly inoculated on CIN agar by spread plating and 

incubated for 24 h at 30°C.  

For the unirradiated meat, extra samples of 25 g of ground pork and 25 cm2 top layer of sliced pork 

were taken for enrichment. The ground pork samples were tenfold diluted in PSB (Sigma-Aldrich, 

Saint Louis, Missouri, US) and stomached for 1 min, to estimate the presence of Y. enterocolitica 

per 25 g. Of this enrichment suspension, 10 mL was transferred to a sterile tube and a volume of 

1 mL was transferred to a tube with 10 mL PSB, in order to be able to estimate presence per 1 g 

and 0,1 g, respectively. The slice samples were diluted 1:1 in PSB and stomached as well, in order 

to estimate presence per 25 cm2. One millilitre of the obtained suspension was transferred to 10 mL 

PSB to asses presence per cm2. All of these enrichment suspensions were incubated for 48 h at 

25°C (Van Damme et al., 2010). A 0.5 mL volume of these enrichment cultures was exposed to 

4.5 mL of 0.5% KOH (Merck, Darmstadt, Germany) in 0.5% NaCl (VWR, Leuven, Belgium) for 20 s. 

Next, 100 μL of the alkali treated suspension was streaked on a CIN agar plate and incubated at 

30°C for 24 h.  
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In case the enumeration on unirradiated meat could not be performed in a correct manner due to 

the presence of natural microbiota, an estimation of the colony count was made in terms of a log10-

range in which the concentration would most probably be found (e.g. between 3 and 4 log10 CFU/g) 

and presence or absence could be assessed using the enrichment protocol.  

4.2.5. Validation of the kinetic growth model with other strains or in meat products 

The data points obtained from the different Y. enterocolitica 4/O:3 and 2/O:9 strains in pork juice, 

as well as Y. enterocolitica 4/O:3 1035 in raw or irradiated meat matrices, were plotted against the 

developed kinetic model. The fit of the parameters from the primary model for the strains used for 

the validation in pork juice, was also assessed by estimating the bias factor (Eq. 13) and accuracy 

factor (Eq. 14), as described earlier. 

4.3. Results 

4.3.1. Sub-lethal injury 

In general, colony counts of Y. enterocolitica 4/O:3 1035 were higher on the non-selective medium 

TSA than on the selective medium CIN (Figure 4.1). For the vast majority of samples, the difference 

in concentration was smaller than 0.5 log10 CFU/mL. The differences were the smallest at 10°C 

and the largest at 2°C. Similarly, the divergence in colony count was smaller at pH 6.4 and larger 

at pH 5.5. This resulted in a low level of sub-lethal injury (0.66% + 0.41) at 10°C and pH 6.4, and a 

relatively higher sub-lethal injury (7.31% + 0.83) at 2°C and pH 5.5 (Table 4.1).  

Based on these observations TSA enumerations were considered more suitable for modelling. 

Therefore, all modelling and validation analyses involving pork juice were performed using TSA 

counts. Validation on meat matrices was solely performed on CIN. 
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Table 4.1 Sub-lethal injury 
Mean value of the percentage sub-lethal injury + standard error of the 
mean of Y. enterocolitica 4/O:3 1035 in pork juice. 
  pH 6.4  pH 6.1  pH 5.8  pH 5.5 
         
10°C  0.66+0.41  0.77+0.42  1.03+0.53  1.38+0.44 
7°C  0.51+0.45  1.33+0.68  0.44+0.97  1.28+0.56 
4°C  1.99+0.39  1.66+0.42  3.47+0.50  3.75+0.59 
2°C  2.20+0.45  3.59+0.60  5.10+0.47  7.31+0.83 
         

 

 

 

Figure 4.1 Comparison of bacterial concentrations on selective and non-selective media 
Distribution of the differences in log10 cell counts observed for Y. enterocolitica 4/O:3 1035 in 
pork juice determined on TSA and CIN (TSA counts minus CIN counts). The median is 
represented by the middle line in the box, and the 25th and 75th percentile by the lower and upper 
hinge, respectively. The whiskers indicate the furthest points that are within 1.5 times the 
interquartile range. Observations that are outside this range are represented by dots. 

10°C 7°C 4°C 2°C 
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4.3.2. Development of a kinetic growth model 

The growth data for Y. enterocolitica 4/O:3 1035 in pork juice were fitted to the Baranyi and Roberts 

model to obtain estimates of μmax and l for each replicate of each combination of pH and 

temperature. These estimates where then used to fit three different secondary models, modelling 

μmax and l as a function of pH and temperature. An overview of the estimated values for the 

parameters of these secondary models can be found in Table 4.2. In both linear models, polynomial 

and Davey-Arrhenius, the quadratic term for pH showed to be not significant for neither μmax nor l. 

A graphical comparison between predictions for μmax and l from the different secondary models 

and the μmax and l estimates from the Baranyi and Roberts model and can be seen in Figure 4.2. 

Statistical and mathematical validation parameters of the secondary models are available in Table 

4.3. 

Regarding the secondary models predicting μmax, the relatively high correlation coefficients 

(RJxyh  > 0.928), together with the lower RMSE (< 0.008) and Af (< 1.238) values as well as the Bf 

values which are close to 1, show a rather good fit for all three models and a good correspondance 

with the primary model estimates. Figure 4.2 shows that they all tend to slightly over-estimate the 

lower μmax values and underestimate the higher values of μmax. The largest derivation between the 

observed and predicted values were obtained for the Davey-Arrhenius model, represented by a 

higher SEP of 27.135%. The polynomial model has the largest tendency to show μmax predictions 

that over-estimate the observed data, as can be derived from the Bf (0.840). 
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Table 4.2 Secondary model parameter estimations 
Estimated values of the parameters of the different compared secondary models predicting the maximum specific growth 
rate and lag time of Y. enterocolitica 4/O:3 1035 in pork juice. 

 
 Parameter  Estimation 

Growth Model  95% CIa  Estimation Lag 
Phase Model  95% CIa 

           

Polynomial 
Model 

(Eq. 4 & 5) 

 C0  0.075  0.028; 0.122  19.447  15.892; 23.002 
 C1  -0.035  -0.043; -0.027  -1.171  -1.739; -0.603 
 C2  0.001  0.001 ; 0.001  -0.014  -0.028; -0.000 
 C3  -0.009  -0.017; -0.001  -2.517  -3.111; -1.923 
 C4  not significantb  /  not significantb  / 
 C5  0.005  0.003; 0.007   0.188  0.096; 0.280 

           

Davey-
Arrhenius 

Model 
(Eq. 6 & 7) 

 C0  -4.793  -5.906; -3.680  -9.853  -12.083; -7.623 
 C1  -16.891  -19.382; -14.400  -15.826  -20.822; -10.830 
 C2  20.756  16.760; 24.752  19.477  11.468; 27.486 
 C3  0.575  0.395; 0.755  1.437  1.704; 1.800 
 C4  not significantb  /  not significantb  / 

           
Square 

Root Model 
(Eq. 8 & 9) 

 C0  0.016  0.013; 0.018  0.020  0.015; 0.026 
 Tmin  -2.263  -2.987; -1.538  -3.705  -5.739; -1.671 
 pHmin  4.279  3.798; 4.760  4.965  4.640; 5.290 

a95% confidence interval 
bsignificance level was set at p ≤ 0.05 
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Table 4.3 Secondary model development: validation parameters 
Statistical and mathematical parameters of the different secondary models predicting the 
maximum specific growth rate and lag phase of Y. enterocolitica 4/O:3 1035 in pork juice. 

  R"#$% a  RMSEb  SEP(%)c  Bfd  Afe 

Maximum specific growth rate:          
Polynomial Model  0.972  0.005  15.988  0.840  1.236 
Davey-Arrhenius Model  0.923  0.008  27.135  0.996  1.181 
Square Root Model  0.928  0.007  20.771  0.980  1.206 
           
Lag phase:           
Polynomial Model  0.875  12.657  24.314  0.983  1.274 
Davey-Arrhenius Model  0.786  20.636  42.700  1.000  1.356 
Square Root Model  0.737  14.969  29.608  1.038  1.315 
aadjusted coefficient of determination (Eq. 10)  

broot mean square error (Eq. 11) 
cstandard error of the prediction (%) (Eq. 12) 
dbias factor (Eq. 13) 
eaccuracy factor (Eq. 14) 

 

The fit of the secondary models for lag time was generally lower (R"#$%  > 0.737) than observed for 

the secondary models predicting maximum specific growth rate. The largest deviation between 

primary model estimates and secondary model predictions was again observed for the Davey-

Arrhenius model, represented by the higher RMSE (20.636) and SEP (42.700%) values. The 

residual variability for the other two models was similar. However, the polynomial predictions of l 

are, in general, small overestimations (Bf = 0.983) while the square root models tend to result in 

slightly underestimated predictions (Bf = 1.038). All models show less accuracy with the primary 

model estimates at 2°C and pH 5.5, as observed graphically. However, at these circumstances, 

the estimated lag phase varies from 172 to 228 hours. This wide range automatically results in a 

higher deviation from the secondary model prediction. 
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Figure 4.2 Comparison of the observed and predicted maximum growth rate 
Fit of the maximum specific growth rate (μmax) and lag phase (l) obtained from the primary model 
(based on the experimental observations of Y. enterocolitica 4/O:3 1035 in pork juice) to the 
predicted values of μmax and l obtained from the compared secondary models (polynomial, Davey-
Arrhenius and square root). 
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Figure 4.3 Comparison of observed and predicted bacterial concentrations 
Fit of the cell counts (N) over time, as obtained from experimental observations of 
Y. enterocolitica 4/O:3 1035 in pork juice, to the predicted cell counts obtained from the 
integration of either the polynomial, Davey-Arrhenius or square root secondary model in the 
Baranyi and Roberts model. T1, T2, T3: biological replicates. 
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Figure 4.3 Comparison of observed and predicted bacterial concentrations (continued) 
Fit of the cell counts (N) over time, as obtained from experimental observations of 
Y. enterocolitica 4/O:3 1035 in pork juice, to the predicted cell counts obtained from the 
integration of either the polynomial, Davey-Arrhenius or square root secondary model in the 
Baranyi and Roberts model. T1,T2,T3: biological replicates. 
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Both the μmax and l predictions of each secondary model were then combined and integrated in 

the Baranyi and Roberts model to obtain predicted bacterial concentrations over time (Figure 4.3). 

Graphical comparison of the experimentally obtained cell counts for Y. enterocolitica 4/O:3 1035 in 

pork juice and the predicted concentrations, showed that the polynomial model is not suitable for 

predictions at 2°C, especially at pH 5.8 and pH 5.5. The Davey-Arrhenius models showed a much 

better fit, under these circumstances, while the square root model predictions resulted in lower cell 

counts than observed. At 7°C, predicted concentrations of all three models were similar and slightly 

higher than the observed concentrations. At 4°C and 10°C the Davey-Arrhenius models tended to 

underestimate the cell counts while the square root and polynomial model corresponded better to 

the experimental cell counts.  

Overall, based on the graphical, mathematical and statistical analysis, the square root μmax and l 

models were considered most appropriate. Consequently, this model was applied during 

subsequent validation experiments. 

4.3.3. Validation of the kinetic growth model regarding strain variability 

The Baranyi and Roberts primary model was used to estimate μmax and l values based on the 

growth data from three Y. enterocolitica 4/O:3 and two Y. enterocolitica 2/O:9 strains in pork juice 

at different pH and temperatures. The correspondence between the μmax and l obtained from the 

Baranyi and Roberts model and the μmax and l predicted by the square root model was investigated 

by means of the Bf and Af (Table 4.4). For strains with bioserotype 4/O:3, the predicted μmax and l 

values correlated well with the primary model estimates, as indicated by the Bf and Af values that 

are close to 1. A less good association between predicted and observed μmax and l values was 

found for the strains with bioserotype 2/O:9. Especially for strain W2, the observed μmax and l 

values showed low correspondence with the ones predicted by the square root model. 
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A graphical comparison of the experimentally obtained bacterial concentrations and the predicted 

concentrations (from the square root μmax and l model integrated in the Baranyi and Roberts model) 

is shown in Figure 4.4. The obtained colony counts for Y. enterocolitica 2/O:9 strains deviate largely 

from each other and from the predicted concentrations. In general, strain 47C was able to grow 

faster than any other strain and faster than predicted. Strain W2, on the other hand, often showed 

concentrations below the predicted ones and below those of other strains. The three 

Y. enterocolitica 4/O:3 strains reached similar cell counts as predicted by the model. 

 

 

 

 

 

 

 

Table 4.4 Kinetic model validation: strain variability 
Statistical and mathematical parameters of the secondary square root model predicting the 
maximum specific growth rate and lag phase of Y. enterocolitica 4/O:3 and Y. enterocolitica 
2/O:9 strains in pork juice. 
  Maximum Specific Growth Rate  Lag phase 
  Bfa  Afb  Bfa  Afb 
Y. enterocolitica 4/O:3         
Y7  1.023  1.083  1.053  1.390 
Y46  1.001  1.117  1.061  1.157 
Y100  0.938  1.084  1.026  1.212 
Y. enterocolitica 2/O:9         
47C  1.325  1.325  0.813  1.262 
W2  0.776  1.289  0.456  2.210 
abias factor (Eq. 13) 
baccuracy factor (Eq. 14) 



 
                                                                                                                                                                                Y. enterocolitica growth model 
 

 
 

143 

Figure 4.4 Kinetic model validation: strain variability 
Comparison of the cell counts (N) over time, as obtained from experimental observations of three Y. enterocolitica 4/O:3 strains (Y7, Y46 and 
Y100) and two Y. enterocolitica 2/O:9 strains (47C and W2) in pork juice, with the predicted cell counts obtained from integrating the square 
root secondary model (as obtained for Y. enterocolitica 1035 in pork juice) in the Baranyi and Roberts model. 
 

 

10 

9 
:J a 
E 
3 7 
u. 
<.> 6 

0 

js 
-4 z 

3 

10'C pH6.4 

8~ 

• 

10 

9 

:Ja 
E 
37 
u. 
<.>6 

0 

js 
-4 z 

3 

s·c pH5.7 

• 
•• 

• •• 
• 

10 
9 

::ra 
~7 
LL 
<.>6 

0 

js 
- 4 z 

3 

6'C pH6.0 

0 • 
• 

2 L-~-~---'---'----'---'----' 2 L---~---'----'--~ 2 L---~--~--~-~ 
0 20 40 60 ao 100 120 140 

Tune (h) 
0 

10 
9 

ë!B 
37 

4'C pH6.2 

"
<.>6 

0 

js 
-4 z 

3 
2 

• 
• 

• 

100 

0 

200 
Time (h) 

10 

9 

0 100 200 300 400 500 600 700 
Tine h 

300 400 0 

2'C pH 5.5 

• • 
• 

•• 

100 200 
Time h 

200 400 600 aoo 1000 1200 1400 
Time(h 

t:.ObservedStrainY7 DOb5evedStraWlY46 OObservedStrainYlDO • ObservedSIJ'ain47C • ObsecvedStraÎ"'W2 

300 400 



 
Chapter 4      
 

 
 

144 

Figure 4.5 Validation of the developed model in pork 
Comparison of the mean cell counts (N) over time (+ standard deviation), as obtained from experimental observations of Y. enterocolitica 4/O:3 
1035 in raw or irradiated pork matrices, with the predicted cell counts obtained from integrating the square root secondary model (as obtained 
for Y. enterocolitica 1035 in pork juice) in the Baranyi and Roberts model. For raw meat, no correct enumerations could be performed at day 6 
and 10. These data points are estimations of the log10 range (e.g. when the concentration was estimated to be between 3 and 4 log10 CFU/g is 
represented in the figures as 3.5 and a standard deviation of +0.5 log10 CFU/g). 
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4.3.4. Validation of the kinetic growth model in a food system 

The enumeration data of Y. enterocolitica 4/O:3 1035 in raw or irradiated pork and ground pork 

was graphically compared to the predicted concentrations, as obtained from the integration of the 

square root μmax and l models in the Baranyi and Roberts model (Figure 4.5). In pork of pH 5.5, at 

either 4°C or 7°C, comparable concentrations were observed on both irradiated and non-irradiated 

samples. At 4°C, after 10 days, no growth was observed while an increase of 2 log10 log CFU/g 

was predicted. At 7°C, an increase in the concentration of Y. enterocolitica 4/O:3 1035 was 

observed, albeit approximately 2 to 3 log10 log CFU/g below the predicted concentration. In ground 

pork at pH 5.5, observed concentrations were also similar for irradiated and non-irradiated 

samples, at both 4°C and 7°C, but higher than on non-ground pork. Experimentally obtained 

concentrations remained about 1 to 2 log10 CFU/g below the predicted values. In ground pork of 

pH 5.8, concentrations increased faster in irradiated ground pork than in raw ground pork, at both 

temperatures. Colony counts were similar to or slightly below the predicted values in raw ground 

pork samples. For irradiated ground pork, the faster growth resulted in concentrations close to or 

above the prediction. 

4.4. Discussion 

To our knowledge, this is the first study aiming to develop a predictive kinetic growth model for 

Y. enterocolitica bioserotype 4/O:3 in pork, at refrigeration temperatures. Different secondary 

growth rate and lag time models, taking into account the effects of pH and temperature as variables, 

were compared to predict the growth of Y. enterocolitica bioserotype 4/O:3 in a pork-based 

laboratory growth medium. The square root models for growth rate and lag time were considered 

most suitable and were validated using other strains, on the one hand, and in several pork matrices, 

in the other hand. 
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A predictive model for growth needs to represent the real circumstances as good as possible with 

a preference for slightly more ‘fail safe’ predictions implying that they consists of small over-

estimates of the growth rate and underestimates of the lag phase to result in worst case predictions 

(Jones et al., 1994). In this study, the square root model showed a good fit with, in general, 

predicted μmax and l values that are small overestimations and underestimations of the 

experimentally obtained results, respectively. Further, this model required to estimate less 

parameters (3) than the polynomial (6) and Davey-Arrhenius model (5). As described by Zwietering 

et al. (1990), when a model with less parameters provides a good fit, it is considered better since 

it is simpler, easier to use and more stable because the parameters are less correlated and have 

more degrees of freedom. Two of the parameters of the square root model, pHmin and Tmin, are also 

biologically meaningful which creates the opportunity to interpret and verify them (Pitt, 1993). The 

Tmin estimates for both the μmax and l square root model (- 2.263 and - 3.705, respectively) 

correspond with the minimum growth temperature of Y. enterocolitica, described by Gill and 

Reichelt (1989), of - 2°C. Kendall and Gilbert (1980) as well as Brocklehurst and Lund (1990) 

reported a pH of 4.2 as the minimum pH for growth of Y. enterocolitica, which is similar to the pHmin 

estimates of 4.279 and 4.965 that were obtained for the μmax and l square root model, respectively. 

Therefore, the square root model was considered the most suitable model to predict μmax and l 

values for Y. enterocolitica 4/O:3 1035 in pork juice, taking into account the effects of pH and 

temperature, and was validated with other strains and in pork matrices. 

The validation of the obtained square root models with other Y. enterocolitica strains showed a 

good correspondence between the predicted and observed μmax values for all strains. However, the 

square root model was only able to provide acceptable lag time predictions for the Y. enterocolitica 

bioserotype 4/O:3 strains. Both the accuracy and bias factor as well as graphical comparison 

showed large deviation between the predicted and obtained cell counts for strain 47C and W2 with 

bioserotype 2/O:9. It has been shown that Y. enterocolitica strains with serotype O:9 have different 
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growth characteristics than strains with serotype O:3. A study of Kleinlein and Untermann (1990) 

compared the growth of one Y. enterocolitica O:3  strain with one Y. enterocolitica O:9 strain and 

showed that the serotype O:9 strain had a shorter lag phase and grew faster than the serotype O:3 

strain, at temperatures of 4°C or lower. Brocklehurst and Lund (1990) reported minimum pH values 

for growth at different temperatures for both serotypes and described that Y. enterocolitica O:9 is 

able to grow at lower pH values than Y. enterocolitica O:3, at 4°C and 7°C. Further, a substantial 

variability was also observed between the two investigated strains of Y. enterocolitica 2/O:9. Taking 

this into account, it can be concluded that the developed model in this study is only suitable for 

Y. enterocolitica strains with bioserotype 4/O:3. Further research is needed on the growth and 

strain variability of Y. enterocolitica 2/O:9. 

The validation in meat showed that the presence of natural microbiota (unirradiated, raw pork) did 

only seem to influence the growth of Y. enterocolitica 4/O:3 in ground pork at pH 5.8. In the pork 

matrices at pH 5.5, enumeration data were similar with or without natural microbiota. Overall the 

predicted cell counts, as derived from the square root model, were higher than the experimentally 

obtained concentrations in raw pork. In case of raw ground pork, the predictions can be considered 

‘worst case’ since they only exceed the observed colony count by at maximum 1 log10 CFU/g after 

5 days and 2 log10 CFU/g after 10 days. In surface-inoculated pork slices of pH 5.5, the data showed 

no growth after 10 days at 4°C. At 7°C, the lag phase seemed to last longer than in ground pork. 

As a result, predicted cell counts, based on the square root model, exceeded the observed 

concentrations in sliced pork samples by up to 2 log10 CFU/g after 5 days and 3 log10 CFU/g after 

10 days. Consequently, the developed model seems too ‘worst-case’ for predictions concerning 

the growth of Y. enterocolitica 4/O:3 on raw pork surfaces. However, the latter is normally 

extensively heated before it is consumed, causing Y. enterocolitica to die off, while ground pork is 

sometimes consumed raw or undercooked (FAO, 1991; Verhaegen et al., 1998). In the case of 
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ground pork, the proposed model provides appropriate ‘fail safe’ predictions of the growth and lag 

phase time of Y. enterocolitica 4/O:3. 

Remarkably, other studies investigating the growth of Y. enterocolitica in pork reported higher cell 

counts and growth rates than experimentally obtained or predicted by modelling in this study. Greer 

et al. (1995) studied growth of Y. enterocolitica on raw pork loin chops (pH 5.6) by means of OD600 

measurements of which the growth rate was directly derived. A maximum specific growth rate of 

0.09 h
-1

 at 10°C under aerobic conditions was reported. Manu-Tawiah et al. (1993) mentioned the 

same maximum specific growth rate at 4°C, likewise under aerobic conditions on raw pork, by 

colony counts on CIN. The highest observed and predicted maximum specific growth rate, in the 

present study, was 0.08 h
-1

 in pork juice at pH 6.4 and 10°C. The square root model predicts a 

maximum specific growth rate of 0.05 h
-1

 at pH 5.6 and 10°C. Predicted maximum specific growth 

rates at 4°C varied between 0.01 and 0.02 h
-1

, depending on the pH. Hanna et al. (1977) described 

the growth of Y. enterocolitica on raw sliced pork at 7°C and reported an increase from 2 to 9 log10 

CFU/g in 10 days in air, based on enumeration data using TSA. These findings are similar to cell 

counts of Y. enterocolitica at 7°C and pH 5.8, as predicted with the model proposed in this study. 

Nevertheless, experimental results showed that growth on sliced pork was much lower than 

predicted. The observed dissimilarities between the formerly reported growth data and the 

experimentally obtained or predicted data of the present study, may be related to the fact that other 

enumeration methods were used which could, for example, have other detection limits (e.g. OD600 

measurements). However, the aforementioned studies did also not mention the bioserotype of the 

used strains and whether these strains were pathogenic or not. The results of the present study 

showed that the growth of Y. enterocolitica could differ between bioserotypes or even strains of the 

same bioserotype (as seen for bioserotype 2/O:9). Moreover, Goverde et al. (1994) proved that 

non-pathogenic strains, lacking the virulence plasmid, grew about 0.04 h
-1

 faster than pathogenic 

strains. Therefore, the growth described in the studies above could overestimate the growth of 
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pathogenic Y. enterocolitica 4/O:3. Fukushima and Gomyoda (1986) investigated the growth of one 

Y. enterocolitica 4/O:3 strain on ground pork at 6°C during 12 days, in the presence of natural 

microbiota. Growth was only observed at a starting inoculum of 3 log10 CFU/g (increase of 1 log10 

CFU/g) or higher. At lower inocula, the growth was inhibited by the presence of natural microbiota. 

The square root model developed in the present study, at 6°C, predicts an increase of 

approximately 3 to 4 log10 CFU/g in 10 days. These findings correspond with the assumption that 

the proposed model provides acceptable ‘fail safe’ predictions for Y. enterocolitica 4/O:3 in raw 

ground pork. 

In conclusion, this study provides a useful model for the prediction of Y. enterocolitica 4/O:3 growth 

in raw ground pork, under aerobic conditions and at refrigeration temperatures. Moreover, the 

obtained results and predictions stress the potential risks associated with the consumption of raw 

or undercooked pork that is contaminated with human pathogenic Y. enterocolitica. There are 

currently no official regulations stipulating criteria for the presence of human pathogenic 

Y. enterocolitica on food in the European Union (EU regulation EC 2073/2005). Furthermore, 

monitoring programs are inexistent in many European countries while, at the same time, 

Y. enterocolitica is still the third most foodborne zoonotic disease-causing bacterial species (EFSA 

and ECDC, 2018). This study reported a substantial growth of Y. enterocolitica 4/O:3 at 

refrigeration temperatures especially at a higher pH, in case of temperature abuse but also at 

recommended refrigeration temperatures. These findings clearly indicate the need for more 

monitoring and control programs. The proposed model can predict the growth of Y. enterocolitica 

4/O:3 along the ground pork production chain as well as during storage. The predictions can be 

used to set-up criteria or monitoring plans and, further, estimate the risks for public health 

associated with the consumption of raw or undercooked ground pork. The differences between the 

observed growth of Y. enterocolitica 4/O:3 and 2/O:9 strains as well as the strain variability 
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observed for the latter bioserotype, indicate the need for further research regarding the growth of 

Y. enterocolitica 2/O:9, especially at refrigeration temperatures. 
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ABSTRACT 

Both published studies as well as predictive tools reported substantial growth at temperatures of 

7°C or below for bacteria that are usually not considered psychrotrophic, such as Salmonella. The 

potential impact of such results on the validity of current control measures in place to ensure food 

safety, especially maintaining the cold chain, cannot be underestimated. This study investigated 

the growth potential of 3 Salmonella, 3 E. coli, 3 L. monocytogenes, 1 Y. pseudotuberculosis and 

2 Y. enterocolitica strains at 4°C, 7°C and 12°C in nutrient broth as well as in beef juice and spinach 

juice to compare the relative growth potential of these pathogens under common refrigeration 

temperatures (including abuse temperature). The results were compared with published reports 

and available data and predictions derived from the ComBase online tool for quantitative food 

microbiology. Some dissimilarity was observed between the experimental data collected in the 

present study and the bacterial behaviour prior published for some of these pathogens or as 

predicted by ComBase. An in-depth critical evaluation of published reports and ComBase database 

sources showed a number of reasons for this, such as an occasional lack of meticulous research 

set-up, or erroneous data transfers and annotations in the ComBase database. These findings 

stress the importance to not solely rely on the result of single reports. Further, they show a need 

for critical reflection on the outcome of predictive tools by a trained food microbiologist to put the 

result into context of the overall evidence present. This is particularly the case when dealing with 

quantitative estimates or findings of growth at the growth/no growth border of the pathogen. In 

addition, it shows the need for sound data governance of online databases that are open access 

and frequently used by non-expert stakeholders which might take the result without further 

verification. It is recommended that both in publishing reports or in managing online tools adequate 

data governance is present. This could include a defined set of criteria for the submission of data 

with a thorough quality control of the data and resources to execute those procedures in order to 
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obtain verifiable, correct and trustworthy data to assess the growth potential of foodborne 

pathogens.  
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5.1. Introduction 

Some foodborne pathogen growth studies and predictive models claim that besides established 

psychrotrophs (e.g. L. monocytogenes and Yersinia spp.) also Salmonella spp. and E. coli 

occasionally grow substantially at temperatures of 7°C or lower, in lab media or foods (Danyluk 

and Schaffner, 2011; Koukkidis et al., 2017; McKellar et al., 2012). This could be of concern for 

food safety management in the fresh meat or produce supply chain often relying on growth 

inhibition of enteric pathogens by keeping the cold chain (≤ 7°C) (Heap, 2006).  

Similar to Yersinia spp., L. monocytogenes is known to be psychrotrophic and able to grow between 

0-45°C with an optimal temperature range of 30-37°C (Johannessen et al., 2000; Van Damme, 

2013; Wang, 2016). Whereas L. monocytogenes is a well-studied pathogen, Yersinia spp. has 

received less attention in food safety research. L. monocytogenes is ubiquitous in nature and food 

processing environments and has, therefore, been found on a wide variety of foodstuffs including 

beef, vegetables, fruit, fish and cheese (EFSA and ECDC, 2018; Lyautey et al., 2007; Watkins and 

Sleath, 1981). Human foodborne pathogenic Yersinia spp. are mainly found in pork, but have also 

been associated with outbreaks in 2004 and 2011 that could be traced back to carrots and ready-

to-eat salad, respectively (Kangas et al., 2006; MacDonald et al., 2012; Xanthopoulos et al, 2010).  

Like Salmonella, E. coli (including human pathogenic STEC) is known to be mesophilic and grows 

between 7 and 45°C, albeit at a very low rate below 10°C (Fehlhaber and Krüger, 1988; Palumbo 

et al., 1995; Wang, 2016). Cattle has been reported to be the most important reservoir of STEC, in 

particular E. coli O157:H7. As a result, bovine meat is an important source of STEC. Nonetheless, 

an increasing number of outbreaks involving fresh produce have been reported as well, with the 

O104:H4 STEC outbreak during 2011 in Germany as the most notorious example (Warriner et al., 

2009; Buchholz et al., 2011). For non-typhoid Salmonella, animals (such as pigs) are considered 

the primary reservoirs (Wang, 2016). However, Salmonella has also been found in a tremendous 
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number of food matrices such as eggs, beef, milk, vegetables, cheese and ice cream (EFSA and 

ECDC, 2018).  

Given the fact that these four foodborne pathogens are often present on fresh meat or fresh 

produce which have physico-chemical characteristics (neutral to mild acid pH and high aw) that 

allow their growth, maintaining the cold chain in the fresh foods’ supply chain is of major importance 

to lower or avoid the proliferation of pathogens. Refrigeration temperatures of 7°C or less are 

considered to keep Salmonella spp. and STEC concentrations stable or even reduce them, while 

the growth of Yersinia spp. and L. monocytogenes is reported to be slow (Mackey et al., 1980; 

Söderqvist et al., 2017).  

The rise in global food trade and the increasing consumer demand for ready-to-eat foods 

underscore the importance of the cold chain even more than ever before (Likar and Jevšnik, 2006). 

The dietary shift to more healthy and nutritional food over the last decades, has led to an enormous 

boost in the production of fruit, vegetables and minimally processed food products that are available 

all year round, due to global trade, but also require chilled transport and storage conditions to keep 

them microbiologically safe for consumption (Sivapalasingam et al., 2014; Warriner et al., 2009). 

However, these changes in the food industry have also caused an increased number of foodborne 

illness outbreaks associated with the consumption of fresh or ready-to-eat food products (Warriner 

et al., 2009). As a result, more research has been dedicated to the safety of fresh food products 

(Olaimat and Holley, 2012). In some of these studies, the generally accepted growth/no growth 

border of certain foodborne pathogens are being questioned again. For example, Koukkidis et al. 

(2017) reported an increase of Salmonella in juice recovered from bagged spinach by 3 log10 in 5 

days at 4°C. Moreover, multiple predictive growth models and microbial risk assessment studies 

describe minimal growth temperatures for E. coli of 5°C or lower in leafy greens (Danyluk and 

Schaffner, 2011; McKellar et al., 2012). Furthermore, as the general awareness regarding the 



 

                                                                         Foodborne pathogens at refrigeration temperatures 

 

 

 

159 

importance of data sharing has been increasing (Arzberger et al., 2004), data and parameters 

provided in suchlike studies are often integrated in frequently consulted online databases and 

predictive tools e.g. Pathogen Modelling Program (PMP; Buchanan, 1993) and ComBase (Baranyi 

and Tamplin, 2004). 

The potential consequences of these redefined growth ranges cannot be underestimated. Many 

branches of the food industry completely rely on the fact that food remains microbiologically safe 

for a substantial amount of time at temperatures of 7°C or lower and that mild temperature abuse 

has little or no effect (Barrera et al., 2007; Heap, 2006; Thomas et al., 2014). However, if minimal 

growth temperatures of bacteria such as Salmonella spp. or E. coli are lower than formerly 

generally acknowledged, current control measures in place to ensure food safety, such as keeping 

the cold chain below 5-7°C might need to be re-considered. 

The integration of experimental data, such as the growth of Salmonella or E. coli in specific food 

matrices at temperatures below 7°C, into publicly available databases usually relies on intrinsic 

scientific integrity. But, caution is needed to avoid human errors in data transfer to avoid data entry 

mistakes. The process of data sharing still suffers from many issues such as a lack of quality control 

and a strong need for standardization (Aarestrup and Koopmans, 2016). Consequently, predictive 

tools derived from those databases could contain anomalies. Furthermore, predictive tools tend to 

simplify environmental circumstances and ignore strain differences (Morey and Singh, 2012). As a 

result, there is a chance that growth data from a single experiment with a specific strain obtained 

in a specific food matrix is generalized. Single studies driving model predictions at the growth/no 

growth border might compromise overall established food safety measures and lead to the 

overestimation of public health risks. However, food business operators are often the main users 

of online available predictive tools and make use of them for the implementation of food safety 

protocols (Membré and Lambert, 2008). Usually, as non-experts, they are unaware of the 
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uncertainty of model predictions and variability of growth potential at the growth/no growth border 

and take the given result for granted without further verification. 

The discrepancy between long-established and more recently defined growth/no growth border 

concerning certain foodborne pathogens and its potential impact on food safety management, 

demands a clarification of the behavior of foodborne pathogens at refrigeration temperatures. This 

study particularly determined the growth of foodborne pathogenic Salmonella spp., E. coli, Yersinia 

spp. and L. monocytogenes in standard laboratory culture medium and both fresh beef meat juice 

and spinach-derived juice, at 4°C, 7°C and 12°C, to compare the relative growth potential of these 

pathogens under common refrigeration temperatures (including abuse temperature). The results 

were compared with published reports and available data and predictions derived from the 

ComBase online tool for quantitative food microbiology. Therefore, a review was performed by 

consulting the ComBase Browser Database and ComBase Predictor for growth models. 

5.2. Material and Methods 

5.2.1. Growth performance test in food matrices 

5.2.1.1. Bacterial strains 

Twelve different foodborne pathogen strains (of 4 different species) were selected to evaluate their 

growth at refrigeration temperatures (Table 5.1). A reference stock of each strain was kept at - 75°C 

while a working stock was maintained on slants of TSA (Oxoid, Hampshire, UK) at 4°C. Fresh 

cultures were prepared by subculturing the working stock in NB (Oxoid, Hampshire, UK) for 24 h 

at 30°C (Yersinia strains) or 37°C (other strains). 

5.2.1.2. Juice matrices 

Commercially available raw ground beef and fresh spinach leaves were purchased in a local 

supermarket. Both were diluted in H2O (1:1) and subsequently grounded using an immersion 
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blender (Braun 4191, De'Longhi Braun Household GmbH, Neu-Isenburg, Germany). The obtained 

beef and spinach substances were centrifuged (Hettich Rotanta 460R Centrifuge; Hettich Benelux 

B.V., Geldermalsen, The Netherlands) at 13,000 g in 50 mL aliquots for 10 (beef) or 25 minutes 

(spinach). The retrieved supernatants were collected and filter sterilized using 0.22 µm bottle top 

filters (Novolab, Geraardsbergen, Belgium). Finally, the obtained beef and spinach juices were 

stored at - 20°C until they were thawed at room temperature on the day of inoculation and diluted 

(1:4) in sterile H2O to obtain a 20% juice concentration (final pH of 6.73 for spinach juice and 5.70 

for beef juice). 

Table 5.1 Overview and origin of the selected pathogen strains 

Strain  N°  Reference  Origin 

Escherichia coli O157:H7   990  ATCC 700728  Human, clinical 

Escherichia coli P1  997  ATCC BAA-1427  Ground Beef 

ESBL-producing Escherichia coli a  1014    Pig Carcass 

       

Listeria monocytogenes  447  LMG 23356  Jalisco Cheese 

Listeria monocytogenes  905  12MOB089LM
a 

 Meat 

Listeria monocytogenes  910  12MOB050LM
a 

 Vegetables 

       

Salmonella enterica Thompson  688  RM1987
b 

 Cilantro 

Salmonella enterica Typhimurium  689  ATCC SL 1344  Unknown 

(passed through 

a mouse) 

Salmonella enterica monophasic 

Typhimurium 
 1006  Own isolate  Pig Carcass 

       

Yersinia enterocolitica 4/O:3  1010  Own isolate  Pig Carcass 

Yersinia enterocolitica 4/O:3  1035  Evira 595
c 

 Pork 

Yersinia pseudotuberculosis O:1  1036  HEVI-549
c,d

  Carrots 

a
European Union Reference Laboratory for Listeria monocytogenes (EURL Lm) challenge test 

reference strain (Guillier et al., 2013), received from Belgian Scientific Institute of Public Health, 

Brussels, Belgium 
b
Received from Dr. Maria Brandl (U.S. Department of Agriculture, Agricultural Research Service, 

Albany, Californa, US) 
c
Received from Dr. Saija Hallanvuo (Finnish Food Safety Authority Evira, Microbiology Research 

Unit, Helsinki, Finland) 
d
Isolated during 2004 outbreak (Kangas et al., 2008) 
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5.2.1.3. Growth assessment 

For each strain, volumes of 1 mL NB, 20% spinach juice and 20% beef juice were inoculated, 

simultaneously in triplicate, with a single fresh bacterial culture at approximately 1 log10 CFU/mL. 

Growth was assessed in refrigerators at 4°C (± 1.2), 7°C (± 0.9) and 12°C (± 0.4). Bacterial counts 

were determined (using a lowered detection limit of up to 1 CFU/mL by plating the complete volume 

of 1 mL on two plates i.e. 0.5 mL on each plate), until the concentration exceeded 6 log10 CFU/mL, 

at day 0, 5, 9 and 14. Plating was performed on the following selective media: XLD (Oxoid, 

Hampshire, UK) for Salmonella strains (24 h at 37°C), Listeria agar according to Ottaviani and 

Agosti (ALOA; Bio-Rad Laboratories, Marnes-La-Coquette, France) for L. monocytogenes strains 

(48 h at 37°C), CIN (Oxoid, Hampshire, UK) for Yersinia strains (24 h at 30°C), cefixime tellurite 

sorbitol MacConkey agar (CT-SMAC; Oxoid, Hampshire, UK) for E. coli O157:H7 (24 h at 37°C) 

and Rapid’E.coli 2 agar (Bio-Rad Laboratories, Marnes-La-Coquette, France) for E. coli as well as 

ESBL/AmpC-producing E. coli (24 h at 37°C). 

5.2.2. Growth assessment based on the ComBase Browser database 

In February 2018, a broad literature review was performed by consulting the online available 

ComBase Browser database of quantified microbial responses in diverse food environments 

(www.combase.cc). An overview of the ComBase Browser database analysis protocol used in this 

study is depicted in Figure 5.1. This was performed in three steps: (i) defining the search query 

settings, (ii), making a selection and (iii) performing the assessment. 

5.2.2.1. Search 

While creating a search query in ComBase Browser, different search categories can be chosen 

and combined. In each of the used queries for this study, one entry was chosen in each of the 

following three different categories: ‘Organism’, ‘Food Category’ and ‘Temperature’. Four different 

entries were used as ‘Organism’: ‘Escherichia coli’, ‘Listeria monocytogenes/innocua’, ‘Salmonella 
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spp’ and ‘Yersinia enterocolitica’. Likewise, four different entries were applied as ‘Food Category’: 

‘Beef’, ‘Culture Medium’, ‘Pork’ and ‘Vegetable or fruit and their products’. Each pair of ‘Organism’ 

and ‘Food Category’ was combined with a ‘Temperature’ entry in the form of a range between two 

temperatures. For ‘Yersinia enterocolitica’ and ‘Listeria monocytogenes/innocua’ the range was set 

between 4.0°C and 12.0°C in every query. In case of ‘Salmonella spp’ and ‘Escherichia coli’ every 

query was run once with the range 4.0-8.0°C and once using 8.1-12.0°C. In total, 24 queries were 

performed of which an overview can be found in annex 5.1 of this chapter. 

5.2.2.2. Selection 

Each query resulted in a list of records reporting bacterial behaviour under specific conditions, 

either derived from peer reviewed articles and doctoral dissertations or derived from inaccessible 

and non-peer reviewed datasets provided by various research institutes. Every record was 

investigated, except for records in ‘Vegetable or fruit and their products’ that did not involve leafy 

greens. 

5.2.2.3. Screening 

For every query (i.e. combination of ‘Organism’, ‘Food Category’ and ‘Temperature’) all records 

were investigated and divided into two groups based on the fact whether or not the record reported 

bacterial growth under the given circumstances. A record was considered to show growth when at 

least one data point exceeded the starting concentration by at minimum 0.5 log10 CFU/unit 

(Uyttendaele et al., 2018). Further, each group of records reporting growth or no growth was 

subdivided into two clusters: one cluster with records including bacterial counts as separate 

analyses and a cluster with records mentioning solely a specific growth rate.
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Figure 5.1 ComBase Browser investigation flow diagram 
Overview of the strategy used to collect data from ComBase Browser (www.combase.cc). 
aFor queries with ‘Escherichia coli’ and ‘Salmonella spp’ every combination of ‘Organism’ and ‘Food Category’ was once searched with ‘Temperature’ 
range 4.0°C-8.0°C and once with 8.1°C-12.0°C. For queries involving ‘Listeria monocytogenes/innocua’ and ‘Yersinia enterocolitica’ only 4.0°C-
12.0°C was applied as ‘Temperature’. 



 
                                                                         Foodborne pathogens at refrigeration temperatures 
 

 
 

165 

5.2.3. ComBase Predictor modelling 

ComBase Predictor for growth models predicts bacterial growth based on the records mentioned 

in the database (www.combase.cc). This was consulted to obtain growth predictive models for the 

organisms used in the laboratory test and the ComBase Brower database analysis (i.e. ‘Escherichia 

coli’, ‘Listeria monocytogenes/innocua’, ‘Salmonella spp’ and ‘Yersinia enterocolitica’). Different 

static models were used for each combination of 3 different pH levels and 3 different temperatures, 

as used in the laboratory test: pH 7.24 (cfr. NB), pH 6.73 (cfr. 20% spinach juice) and pH 5.70 (cfr. 

20% beef juice) combined with 12°C, 7°C (not available for ‘Escherichia coli’) or 4°C (not available 

for ‘Escherichia coli’ and ‘Salmonella spp’). The initial concentration and water activity (aw) for each 

model were set at 1 log10 CFU/mL and 0.997, respectively, while the physiological state was left at 

default value (being 4.2e-2 for ‘Escherichia coli’, 2.12e-2 for ‘Listeria monocytogenes/innocua’, 

3.7e- 2 for ‘Salmonella spp’ and 1e-2 for ‘Yersinia enterocolitica’). The resulting predictive growth 

models were explored and compared with the experimental laboratory investigation results. 

5.2.4. Data analysis and comparison 

Experimental results, ComBase Browser data and ComBase Predictor datapoints were collected 

in Excel 2013 (Microsoft® Corporation, Redmond, Washington, US) spreadsheets. Bacterial 

enumeration data obtained from the growth assessment were log10-transformed prior to analysis. 

All figures were created and all calculations of means and standard deviations were performed 

using Stata 14.1 (Stata Corporation, College Station, Texas, US). 
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5.1. Results 

5.1.1. Growth performance test in food matrices 

All Salmonella and E. coli strains showed similar results (Tables 5.2 and 5.3; Figure 5.2). At 4°C, 

bacterial concentrations decreased in all matrices. At 7°C, no growth was observed, except for 

Salmonella enterica Thompson 688. The latter showed an increase of 2 log10 CFU/mL increase in 

NB, after 14 days, for all three replicates. However, during a repeat experiment with the same 

strain, no growth was observed. This indicates that 7°C (± 0.9) is indeed situated at the growth/no 

growth border for Salmonella and E. coli. At 12°C, all strains were able to grow in all matrices with 

mean concentrations exceeding 6.0 log10 CFU/mL at day 5 or 9 (E. coli O157:H7 990 and 

S. enterica Typhimurium 689). 

After 5 days at 12°C, the L. monocytogenes strains grew to levels exceeding 8.0 log10 CFU/mL in 

NB and 20% spinach juice (Figure 5.3). Similar results were seen at 7°C after 14 days. In 20% beef 

juice, mean concentrations remained lower, ranging from 6.0 to 7.0 log10 CFU/mL after 5 days at 

12°C and 2.0 to 5.0 log10 CFU/mL after 14 days at 7°C. Growth at 4°C was only observed in NB 

and 20% spinach juice for strains 905 and 990. 

For all Yersinia strains growth was observed at all temperatures and all growth matrices (Figure 

5.3). Bacterial concentrations above 8.0 log10 CFU/mL were seen at day 5 at 12°C and day 9 at 

7°C in all matrices. At 4°C, Y. pseudotuberculosis 1036 and Y. enterocolitica 1035 grew to levels 

surpassing 6.0 log10 CFU/mL at day 9 and 14, respectively. Under the same circumstances, 

Y. enterocolitica 1010 reached mean concentrations at day 14 of 7.1+0.1 log10 CFU/mL in NB, 

5.0+0.1 log10 CFU/mL in 20% spinach juice and 2.5+0.2 log10 CFU/mL in 20% beef juice. 
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Table 5.2. Behaviour of E. coli at 4°C and 7°C 
Enumeration data of three E. coli strains (990, 997 and 1014) monitored 
during 14 days at 4°C (± 1.2) and 7°C (± 0.9) in beef juice, spinach juice 
and nutrient broth. Data are shown as means of three replicates (log10 
CFU/mL ± standard deviation). 
    4°C  7°C 
  Day 0  Day 14  Day 14 
Beef Juice:     
990  1.2 + 0.1  ND  ND  
997  1.5 + 0.1  ND  1.0 + 0.3 
1014  1.6 + 0.0  0.1 + 0.2  0.3 + 0.4 
Spinach Juice:     
990  1.2 + 0.1  ND  ND 
997  1.2 + 0.2  1.1 + 0.2  0.7 + 0.6 
1014  1.8 + 0.2  0.6 + 0.1  0.2 + 0.3 
Nutriënt Broth:     
990  1.2 + 0.1  ND   ND  
997  0.9 + 0.2  0.2 + 0.4  1.5 + 0.1 
1014  1.8 + 0.0  0.2 + 0.2  0.4 + 0.7 
ND=Not Detected in any of the replicates 

Table 5.3 Behaviour of Salmonella at 4°C 
Enumeration data of three Salmonella strains (688, 689 and 1006) 
monitored during 14 days at 4°C (± 1.2) in beef juice, spinach juice and 
nutrient broth. Data are shown as means of three replicates (log10 
CFU/mL + standard deviation). 
  Day 0  Day 14  
Beef Juice:    
688  1.5 + 0.2  ND   
6882  1.4 + 0.0  ND  
689  1.5 + 0.1  ND  
1006  1.5 + 0.0  ND   
Spinach Juice:    
6881  1.6 + 0.1  0.6 + 0.3  
6882  1.3 + 0.1  0.2 + 0.2  
689  1.3 + 0.1  0.5 + 0.4  
1006  1.5 + 0.0  0.8 + 0.2  
Nutriënt Broth:    
6881  1.6 + 0.1  ND   
6882  1.4 + 0.2  ND  
689  1.4 + 0.2  ND   
1006  1.5 + 0.3  0.1 + 0.2  
ND=Not Dectected in any of the replicates 
2second run with the same strain 
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Figure 5.2 Comparison between experimental and ComBase Predictor data: Salmonella and 
E. coli 
Enumeration data of three Salmonella strains (688, 689, 1006) and three E. coli strains (990, 997, 
1014) in beef juice, spinach juice or nutrient broth and data retrieved from ComBase Predictor for 
Salmonella and E. coli under the same circumstances. Experimental data are shown as means of 
three replicates with standard deviation. 
2second run with the same strain 
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Figure 5.3 Comparison between experimental and ComBase Predictor data: 
L. monocytogenes, Y. enterocolitica and Y. pseutotuberculosis 
Enumeration data of two Y. enterocolitica 4/O:3 strains (1010, 1035), one Y. pseudotuberculosis 
(1036) and three L. monocytogenes strains (447, 905, 910) in beef juice, spinach juice or nutrient 
broth and data retrieved from ComBase Predictor for Y. enterocolitica and 
L. monocytogenes/innocua under the same circumstances. Experimental data are shown as means 
of three replicates with standard deviation. 
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Figure 5.4. Proportions of different ‘Food Categories’ in 
ComBase Browser 
Overview of the numbers and proportions of records within each ‘Food 
Category’ in ComBase Browser for each investigated ‘Organism’ and 
within each ‘Temperature’ range used in the queries. Total numbers 
(n) of records between brackets. *Vegetable or fruit and their products 
involving leafy greens 

 Figure 5.5. Proportions of records depicting growth or 
not in ComBase Browser 
Overview of the numbers and proportions of records showing 
growth or not in ComBase Browser for each investigated 
‘Organism’ and within each ‘Temperature’ range used in the 
queries. Total numbers (n) of records between brackets. 
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5.1.2. Growth assessment based on the ComBase Browser database 

All combinations of ‘Organism’, ‘Food Category’ and ‘Temperature’ led to 24 queries that resulted 

in 5240 records of which 152 were excluded as these did not include leafy greens (e.g watermelon, 

asparagus, mushrooms etc.; Figure 5.1). Of the remaining 5088 records, 2806 belonged to ‘Listeria 

monocytogenes/innocua’, 873 were regarding ‘Yersinia enterocolitica’, 824 concerned ‘Escherichia 

coli’ and 585 were related to ‘Salmonella spp’. 

In general, as well as for each ‘Organism’ separately, most of the records described bacterial 

behaviour in ‘Culture Medium’ (Figure 5.4). The number of records involving ‘Pork’ (n=676) 

accounted for 13% and varied between ‘Organisms’ from 4% (‘Escherichia coli’) to 20% (‘Listeria 

monocytogenes/innocua’). Concerning ‘Beef’, 429 records (8%) were collected which took up 

between 5% (‘Yersinia enterocolitica’) and 17% (‘Escherichia coli’) of the records per ‘Organism’. 

While the total number of ‘Pork’ records was higher than that of ‘Beef’ records, the proportion of 

‘Pork’ records was lower than the one of ‘Beef’ records for all ‘Organisms’, except for ‘Listeria 

monocytogenes/innocua’. Within ‘Vegetable or fruit and their products’ only 40 records (1%) 

involving leafy greens could be retrieved of which 34 described the behaviour of ‘Listeria 

monocytogenes/innocua’, three dealt with ‘Salmonella spp’, three applied to ‘Escherichia coli’ and 

none involved ‘Yersinia enterocolitica’. 

Growth was reported in 68% (n=1916) of the records describing ‘Listeria monocytogenes/innocua’ 

(Figure 5.5). For the other three ‘Organisms’, less than half of the obtained records described 

growth, resulting in proportions of 42% (‘Escherichia coli’, n=342) and 48% (‘Salmonella spp’, 

n=282; ‘Yersinia enterocolitica’, n=422). When dividing the records in two temperature ranges for 

‘Escherichia coli’ and ‘Salmonella spp’, only 18% and 23% of the records showed growth, 

respectively, between 4°C and 8°C, while, between 8.1°C and 12°C, about 58% (‘Escherichia coli’) 

and 72% (‘Salmonella spp’) of the obtained records indicated growth. 
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The majority (82%) of the 5088 records were based on growth curves showing individual cell counts 

at discrete time points. Notably, for ‘Escherichia coli’, 43% (n=358) of the records reported only 

growth rate, whereas for ‘Salmonella spp’ (13%) as well as ‘Listeria monocytogenes/innocua’ (13%) 

and ‘Yersinia enterocolitica’ (12%) this proportion was much lower. Similarly, within each ‘Food 

Category’ the share of records mentioning discrete time points is much larger than the share of 

records depicting specific growth rates. This latter ranges from 80% (‘Beef’ and ‘Culture Medium’), 

over 89% (‘Pork’) up to 98% (‘Vegetable or fruit and their products’). 

5.1.3. ComBase Predictor comparison  

For ‘Salmonella spp’, at 7°C and 12°C, the ComBase Predictor estimated growth in all three pH 

conditions. Bacterial concentrations were predicted to increase, after 14 days at 7°C, up to 4.1 log10 

CFU/mL (pH 5.70) and 5.1 log10 CFU/mL (pH 6.73 and 7.24) (Figure 5.2). On the contrary, no 

growth was observed under experimental conditions, except for strain 688 (during one of two trials 

in NB) that, however, still reached a lower final concentration than predicted by ComBase Predictor. 

At 12°C, growth of ‘Salmonella spp’ was predicted to values of 5.3 log10 CFU/mL (pH 5.70) and 

6.4 log10 CFU/mL (pH 6.73 and 7.24) at day 5 while stationary phase was already reached at day 

9 for all three pH levels. Remarkably, these predictions are an overestimation of the growth of strain 

689 at pH 5.7 and, at the same time, an underestimation for strains 688 and 1006 at all pH values.  

Growth predictions of ‘Escherichia coli’ at 12°C indicated values of 5.3 log10 CFU/mL (pH 5.70), 

5.8 log10 CFU/mL (pH 7.24) and 6.5 log10 CFU/mL (pH 6.73), at day 5 (Figure 5.2). Experimental 

results for strains 997 and 1010 exceeded these levels, with mean concentrations up to 3.4 log10 

CFU/mL higher, while strain 990 remained below these estimations. 

Concerning ‘Listeria monocytogenes/innocua’, stationary phase was predicted to be achieved 

between day 5 and 9 at 12°C (all pH conditions) and after 14 days at 7°C (pH 6.73 and pH 7.24) 

(Figure 5.3). Estimates for pH 5.70 after 14 days at 7°C did not exceed 6.5 log10 CFU/mL. Final 
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concentrations at 4°C on day 14 were calculated to be between 3.2 log10 CFU/mL (pH 5.70) and 

5.0 log10 CFU/mL (pH 6.73). Comparable values were obtained under experimental conditions for 

spinach juice and NB at 7°C and 12°C. At 4°C and in beef juice at all temperatures, laboratory 

enumerations remained lower than suggested in ComBase Predictor.  

Predictions concerning the growth of ‘Yersinia enterocolitica’ resulted in numbers of 8.3 log10 

CFU/mL after 14 days at 4°C, 9 days at 7°C or 5 days at 12°C, regardless the pH (Figure 5.3). 

Further, at 7°C, concentrations were projected to be 5.4 log10 CFU/mL (pH 5.70), 6.7 log10 CFU/mL 

(pH 7.24) and 6.9 log10 CFU/mL (pH 6.73), on day 5. Intermediate concentrations at 4°C were 

predicted to range from 3.5 log10 CFU/mL (pH 5.70) to 5.6 log10 CFU/mL (pH 6.73) after 5 days and 

from 6.2 log10 CFU/mL (pH 5.70) to 7.8 log10 CFU/mL (pH 6.73) after 9 days (Figure 5.2). The 

Y. enterocolitica strains used for the laboratory test showed similar behaviour at 12°C and at 7°C, 

with only slightly lower concentrations observed on day 5 at 7°C for strain 1035. On the other hand, 

at 4°C, the growth of both strains was overestimated by ComBase Predictor for all matrices. 

5.2. Discussion 

This study consisted of a laboratory experiment and predicted growth assessment of several 

foodborne pathogens at refrigeration temperatures (4°C-12°C) in combination with a thorough 

analysis of the data on growth potential as reported in ComBase Browser. When growth potential 

results from laboratory experiments were compared with predictions as derived from ComBase 

Predictor, both over- and underestimations of growth were observed. For the psychrotrophic 

bacteria included in this study, L. monocytogenes and Yersinia spp., predictions and laboratory 

results were comparable. Only in the particular situation of beef juice, kept at 4°C (± 1.2), growth 

was generally overestimated by ComBase Predictor. For E. coli and Salmonella, more variety in 

the behaviour of the different strains was observed, either below or above the predicted bacterial 

concentrations. In particular, at 7°C (± 0.9), Salmonella was foreseen to grow at a significant rate 
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according to ComBase Predictor (3 to 4 log10-increase in 14 days) when only for 1 strain, in one 

out of two trials and in only 1 growth matrix (NB), an increase of 2 log10 CFU/mL was observed 

during the performed laboratory experiments.  

While only a limited number of test strains and circumstances were implicated in the present 

laboratory study, the discrepancies between the obtained experimental data and ComBase 

Predictor estimations, especially for Salmonella, urged for a search in the data included in 

ComBase Browser. The performed search resulted, after the selection stage, in more than 5000 

bacterial behavior records that, based on the entered search terms, could theoretically be related 

to the experimental set-up of this study. Screening showed that a vast majority of these were 

supported by a growth curve depicted as individual cell counts (82%). Except for ‘Listeria 

monocytogenes/innocua’, most of the records did not report any growth. This lack of growth 

potential was in particular observed for ‘Salmonella spp.’ (n=220; 77%) and ‘Eschericha coli’ 

(n=278; 82%) when incubated at temperatures between 4°C and 8°C. Further investigation of the 

data in ComBase Browser revealed some remarkable findings that indicate a lack of source 

traceability, data quality control, and information standardization as well as a data integration bias. 

Moreover, little transparency concerning the use of ComBase Browser data for ComBase Predictor 

was found which raised questions regarding the applicability of ComBase Predictor models. 

In total, 61% of the obtained ComBase Browser records were based on data from non-peer 

reviewed and publicly inaccessible sources for which, usually, only the funding and executing 

institutes behind the data are mentioned. The remaining 2006 records referred to, in total, 138 

research papers. The lack of accessible sources for the majority of the obtained ComBase Browser 

data does not enable verification and detracts from the trustworthiness and reliability of the 

displayed bacterial behavior (Bornmann, 2011). 
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Further, the data together with the experimental set-up reported in the 138 accessible research 

papers was investigated, as well as how these data have been incorporated in ComBase Browser 

(of which an overview can be found in annex 5.2 of this chapter). The findings cast occasional 

doubt regarding the quality of the data in these papers and, consequently, in ComBase Browser. 

To start with, 50 papers only describe the use of non-selective media for the enumeration of 

pathogenic bacteria. While it is believed that selective media could put an extra stress on bacteria 

and underestimate the actual colony counts, applying non-selective methods without any 

confirmation augments the likelihood for (post-)contamination with non-pathogenic micro-

organisms to occur which may go unnoticed. As a result, wrongly obtained results could be included 

in the ComBase Browser database (Membré and Lambert, 2008). Furthermore, seven papers 

make use of optical density (OD) absorbance to calculate cell population concentrations. However, 

it is known that the morphology of bacteria changes at temperatures below the optimum, as it is 

the case in these studies investigating growth at low temperatures, which results in concentrations 

higher than in reality (Jones et al., 2004). All articles provide bacterial response data at specific 

temperatures but only 13 papers mention, besides the set target temperatures, also the range of 

deviation of the actual temperature measured during the experiments (e.g 10°C + 0.2). 

Apart from these issues related to the quality of the data in the papers used as sources, multiple 

peculiar elements were also encountered inside the ComBase Browser records themselves. These 

aspects raise questions about the quality control and standardization protocol applied during the 

process of incorporating data into ComBase Browser. For example, in four records, lower 

temperatures were reported than actually applied in the experimental set-up of the source article. 

It related to data for E. coli from Bredholt et al. (1999), data for Salmonella from Oblinger and Kraft 

(1973) and data for L. monocytogenes from Samelis et al. (2001b) where 8°C instead of 10°C, 

11°C instead of 15°C and 10°C instead of 35°C was mentioned in the involved ComBase Browser 

records, respectively. Even more important is that, in all of these records, growth was predicted. 
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As a result, the erroneous incorporation of these growth curves probably could lead to an 

overestimation of the growth potential in these circumstances. Semantic errors like this, as well as 

syntactic errors, as described by Baranyi and Tamplin (2004), happen more frequently and 

influence the transfer of many articles into ComBase Browser. Not only the temperature used in 

the aforementioned paper from Samelis et al. (2001b) was wrongly incorporated into ComBase 

Browser, but in the latter case the growth matrix was categorized as ‘Beef’ while it was actually 

decontamination fluid used for beef. In another seven articles, specific processed meat products 

were used for bacterial growth studies and while there are separate ‘Food Categories’ in ComBase 

Browser called ‘Other or unknown type of meat’ or ‘Sausages’, these studies were classified as 

being executed on pure meat. It concerns experiments described by Glass et al. (2000), Membré 

et al. (2004), Pandit and Shelef (1994), Seman et al. (2002), Shelef and Potluri (1995) and Weaver 

and Shelef (1993) that involve wiener sausages, white pudding, roulade and/or liver sausage. The 

latter even contained beef, as mentioned in the article, but all are categorized as ‘Pork’. Records 

from Samelis et al. (2001a) concern bologna sausage which is, in this case, likewise classified as 

‘Pork’. However, the same food matrix was used in other pathogen growth studies of which the 

data incorporated in ComBase Browser reports ‘Sausage’ as ‘Food Category’ (Nielsen and 

Zeuthen, 1984; Nielsen and Zuethen, 1985). Records of ten more articles showed small incorrect 

representations of the experimental conditions, such as a lack of reporting the presence of 

background flora (Duffy et al., 2000), only mentioning one strain while a mixture of strains was used 

(Walker et al., 1990) or referring to modified atmosphere packaging instead of aerobic incubation 

(Duffy et al., 2000).  

Furthermore, data as represented in ComBase Browser could not always be found in the paper 

supporting it. This inconsistency related to 24 research articles of which, for example, raw data 

growth curves were shown in ComBase Browser, but only growth rates or other modelling 
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parameters were reported in the paper. So, in these cases, even though the source is a peer 

reviewed article and available for consultation, no complete background check can be performed.  

Finally, for an unknown reason, 43 research papers of the 138 investigated ones, contain more 

growth data than these incorporated in ComBase Browser, while these data could also serve as 

valid records answering the search queries used in this study. Moreover, multiple other research 

papers on bacterial behavior are available, which are not at all included in ComBase Browser. 

Some show similar questionable experimental set-ups as some in the database, such as Koukkidis 

et al. (2017) reporting substantial growth of Salmonella at 4°C, solely using plate counts on non-

selective media and without any confirmation step included to verify whether the growth actually 

concerned Salmonella and not any contaminating bacteria. Yet others would be perfectly suitable 

to be incorporated in ComBase. However, as for now, authors can submit their data to ComBase 

Browser on a voluntary basis. This results in the fact that much data concerning the growth potential 

of certain bacteria is not included in ComBase Browser. The same rule as for publication biases 

probably also applies to the incorporation of data into databases: the less worthy the results are 

considered to be, the less chance that they are published or submitted to a database (Dickersin, 

1990). For example, unexpected and substantial growth of bacteria under specific circumstances 

can be considered very worthy, while experiments where no growth is observed could be seen as 

non-interesting which lowers the chance for the latter data to be published or added to databases. 

Overall, a data integration bias as such could possibly create deviating or wrong perceptions and 

conclusions regarding the growth potential of certain bacteria under certain conditions, when 

consulting ComBase Browser data (Lenzerini, 2002). 

Further, no information is provided on which of the records in ComBase Brower are used to 

calculate predictions in ComBase Predictor. It is not possible to identify which raw data reporting 

growth are used for the predictions, neither how the raw data that do not report growth are 
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incorporated. Furthermore, it remains impossible to assess the potential impact on predictions of 

erroneous transfers and annotations of some data or the questionable quality of the data or 

arguable methods of some research papers serving as sources. This results in a lack of ability for 

the user to trace back whether the data serving ComBase Predictor (derived from ComBase 

Browser) are relevant for the conditions and context to which the predictions should be applied. 

Ultimately, the growth potential of bacteria still might be influenced by the composition of the culture 

medium or food matrix under consideration. As a consequence, the validity of the obtained 

prediction depends on the fact whether the conditions, under which the raw data behind the 

record(s) and the prediction were obtained, are relevant for the user’s purpose. It remains unclear 

whether, in case it would be traceable what data are used for the predictions, these data would be 

considered fit for purpose (e.g. to a certain extent correlating with experimental conditions or not), 

regardless of the outcome of the predictions. An extra tool, alongside the provided predictions, 

makes it possible to compare the ComBase Predictor results with data available in ComBase 

Browser. While this could be of great use for the user to find out whether certain records in the 

database could fit for the purpose of the user, it also shows that the ComBase Browser records do 

not always correspond with ComBase Predictor outcome and what records are or are not used for 

the predictions is still unclear. 

The comparison between experimental data provided in this study and ComBase predictions 

suggests that the closer the conditions to the growth/no growth border of the involved bacteria, the 

more discrepancy there is between observed experimental data and model predictions. This 

became clear at 4°C for Y. enterocolitica and L. monocytogenes, especially at a lower pH (cfr. beef 

juice), but even more at 7°C for Salmonella. Remarkably, in ComBase Browser, only 23% (n=63) 

of the records dealing with Salmonella behavior between 4°C and 8°C actually report growth (an 

increase of a least 0.5 log10 CFU/unit at one point in time). Still, substantial growth is predicted by 

ComBase Predictor. Thirty of these 63 records can be traced back to research articles. Thereof, 
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21 records (from 4 articles) predict growth at 8°C, at which Salmonella is reported to have the ability 

to grow (Wang et al., 2016). Three of the remaining nine records provide a specific growth rate in 

‘Culture Medium’. One, record, mentioning growth at 7°C, is supported by research data from 

Fehlhaber and Krüger (1998) who actually claim in the original article that the observed growth is 

not substantial. Two records, at 6.7°C and 7.5°C, are retrieved from Matches and Liston (1968) 

where a Salmonella starting inoculum of 6 log10 CFU/mL increased to 8 log10 CFU/mL in 10 or 20 

days, respectively. The 6 remaining records show raw data. One, in ‘Culture Medium’, claims to be 

based on Bovill et al. (2000) but the data reported could not be retrieved from the source article. 

The other 5 records, reporting growth of Salmonella at 4°C and 5°C in ‘Beef’, show a maximum 

concentration of, at the highest, 1 log10 CFU/g or CFU/mL more than the starting concentration 

(Skandamis et al., 2002; Tu and Mustapha 2002). Altogether, having thoroughly analyzed these 30 

records related to published research articles on Salmonella growth potential at 4°C to 8°C, they 

do not seem to provide convincing evidence for the estimated 3 to 4 log10-increase at 7°C, as 

provided by ComBase Predictor. The model predictions for growth of Salmonella at refrigeration 

temperatures might also be influenced by those other 33 records. However, these records related 

to data for which no source could be consulted and, consequently, it could not be checked whether 

the data and experimental set-up for these records were of appropriate quality and whether the 

results were correctly transferred and annotated in ComBase Browser. 

It must be stated that ComBase was not intended to provide predictions at the growth/no growth 

border of bacteria, such as Salmonella at 7°C (Tenenhaus-Aziza and Ellouze, 2015). However, it 

is made possible to do so in the ComBase Predictor tool. Moreover, the data from ComBase is 

used for the Microbial Responses Viewer which specifically describes the growth/no growth barriers 

of bacteria under given circumstances (Koseki, 2009). Nevertheless, the above-mentioned analysis 

for the growth potential of Salmonella at 7°C serves as a perfect example of how predictions can 

deviate from actual observations, at the growth/no growth border of bacteria. Along with the 
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predictions, ComBase also provides an overview of the effects regarding the uncertainty of the 

predicted growth rate and the physiological state of the bacteria on the final predicted 

concentrations. In case of Salmonella at 7°C, the uncertainty of the predicted growth rate results in 

the fact that the concentration after 14 days may vary between 3 and 8 log10 CFU/mL, at pH 7.24 

(cfr. NB). If the uncertainty on the physiological state is included, final concentration could vary 

between 1 (no growth) and 8 log10 CFU/mL. Still, even though the uncertainty is of such a 

magnitude, the final prediction shows substantial growth. This suggests that quantitative estimates 

of growth at the growth/no growth border of bacteria could probably better be avoided.  Especially 

since food business operators are important users of ComBase Predictor who are often balancing 

the composition and preservation of food products around the growth/no growth border of certain 

bacteria, but are not necessarily experts that are able to critically interpret prediction results or the 

involved uncertainties (Membré and Lambert, 2008). 

It is clear that predictive models only provide estimations of reality based on a few parameters (e.g. 

pH, water activity, temperature etc.) (Tenenhaus-Aziza and Ellouze, 2015). The circumstances in 

certain foodstuffs could have more influencing factors that would also need to be included (Morey 

and Singh, 2012). Some degree of deviation between experimentally collected data and the model 

predictions is thus possible. Small overestimations of growth potential by predictive models are 

generally accepted, since they are considered to represent worst-case conditions that provide fail-

safe predictions (Pal et al., 2008). However, if the deviation between the predicted growth potential 

and actual observed experimental data is substantial, growth and pathogen numbers in food may 

be much higher predicted than actually expected. In this case, the fail-safe approach may question 

proven adequate control measures in place, encourage stringent control measures or raise 

unneeded concerns regarding public health risks. This is of great concern, given that, there is often 

a lack of easily accessible data on the behaviour of pathogens in food. Therefore, decision-makers, 

risk assessor, food safety or quality managers frequently turn to predictive models and tools, such 
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as ComBase Predictor, to get information on the growth potential of a wide variety of pathogens 

(Ferrer et al., 2009; Van Damme et al., 2017). Predictions provided by ComBase are frequently 

used to support the identification of critical control points in the food chain (as part of HACCP) and 

have been used in multiple risk assessment studies (Pradhan et al., 2009; Sant’Ana et al., 2012; 

Schaffner, 2013). However, in case of storage of fresh meat or fresh produce at 7°C, for example, 

ComBase Predictor would estimate Salmonella to grow substantially while this only occurred for 1 

out of 3 strains, in only 1 growth matrix (NB) and in one out of two trials, during the present study. 

It is important that these type of growth predictions for pathogens at the growth/no growth border 

are not taken for granted as a binary answer. Non-robust yes/no responses, as such, might be 

misleading for decision-makers in food hygiene and safety. Fresh meat and fresh produce, in 

particular, have been historically relying on maintaining the cold chain with temperatures of at 

maximum 7°C during transport or retail display. Keeping the cold chain has been shown to serve 

well to prohibit growth of Salmonella as well as E. coli (and slow down growth of Y. enterocolitica 

and L. monocytogenes) and is a proven safe harbor included in many guidelines (Heap, 2006). 

Thus, predictions indicating (substantial) growth of Salmonella or experimental studies reporting 

growth of Salmonella at 4-8°C would detract the effectiveness of the cold chain to control these 

pathogens and may urge reconsideration of these control measures, in particular for these fresh 

raw meat or fresh produce. It is thus important that the records or experimental data behind these 

predictions or conclusions are available for consultation in a way that they can be critically analyzed 

in relationship to their validity and fit for purpose. 

Altogether, sharing data concerning the growth potential of bacteria, for example in ComBase 

Browser, can be of great use. It can help to preserve the data and bring its application and 

relevance to a maximum (Tenopir et al., 2011). However, this study showed that adequate data 

governance including a defined set of criteria for the submission of data along with a thorough 

quality control and correct annotation of the data is important to obtain verifiable, correct and 



 
Chapter 5     
 

 
 

182 

trustworthy data. Predictive tools which are based on publicly shared data, e.g. ComBase Predictor, 

are useful to a certain extent (Membré and Lambert, 2008). Nonetheless, the issues present in the 

database behind the predictions can have a substantial impact on the outcome of predictions. More 

transparency has to be provided about what and how much data are used to calculate predictions 

in order to assess their value, relevance and applicability (Myrseth et al., 2011). Furthermore, users 

should be better informed about the limitations of predictive tools. Predictions of the behavior of 

bacteria at the growth/no growth border should probably be avoided, since in those circumstances 

the inter-strain and inter-cell differences come into play which lead to great uncertainties in the 

predictions (as seen for Salmonella at 7°C and 1 log10 CFU/mL) (Muñoz-Cuevas at al., 2012). This 

all, in order to avoid representations of growth deviating too much from reality that could be taken 

for granted and, in the end, result in unnecessary food safety management issues and public health 

concerns. 
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ANNEX 5.1 

ComBase Browser database analysis 
Overview of the 24 used queries during the ComBase Browser database analysis and the applied terms in the 
search categories ‘Organism’, ‘Temperature’ and ‘Food Category’. 
Query  Organism  Temperature  Food Category 
1  Escherichia coli  4.0°C-8.0°C  Beef 
2  Escherichia coli  4.0°C-8.0°C  Culture Medium 
3  Escherichia coli  4.0°C-8.0°C  Pork 
4  Escherichia coli  4.0°C-8.0°C  Vegetable or fruit and their products 
5  Escherichia coli  8.1°C-12.0°C  Beef 
6  Escherichia coli  8.1°C-12.0°C  Culture Medium 
7  Escherichia coli  8.1°C-12.0°C  Pork 
8  Escherichia coli  8.1°C-12.0°C  Vegetable or fruit and their products 
       
9  Listeria monocytogenes/innocua  4.0°C-12.0°C  Beef 
10  Listeria monocytogenes/innocua  4.0°C-12.0°C  Culture Medium 
11  Listeria monocytogenes/innocua  4.0°C-12.0°C  Pork 
12  Listeria monocytogenes/innocua  4.0°C-12.0°C  Vegetable or fruit and their products 
       
13  Salmonella  4.0°C-8.0°C  Beef 
14  Salmonella  4.0°C-8.0°C  Culture Medium 
15  Salmonella  4.0°C-8.0°C  Pork 
16  Salmonella  4.0°C-8.0°C  Vegetable or fruit and their products 
17  Salmonella  8.1°C-12.0°C  Beef 
18  Salmonella  8.1°C-12.0°C  Culture Medium 
19  Salmonella  8.1°C-12.0°C  Pork 
20  Salmonella  8.1°C-12.0°C  Vegetable or fruit and their products 
       
21  Yersinia enterocolitica  4.0°C-12.0°C  Beef 
22  Yersinia enterocolitica  4.0°C-12.0°C  Culture Medium 
23  Yersinia enterocolitica  4.0°C-12.0°C  Pork 
24  Yersinia enterocolitica  4.0°C-12.0°C  Vegetable or fruit and their products 
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ANNEX 5.2 
ComBase Browser peer-reviewed source investigation 
Overview of all peer-reviewed articles serving as sources for data records in ComBase browser and remarks on their experimental set-up or how their 
data was transferred into ComBase Browser.  
X = applicable to this source 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Abdul-Raouf et al., 1993. 
Appl Env Microbiol, 59(8), 2364-
2368 

    X  

Ahamad and Marth, 1989. 
J Food Port, 52(10), 688-695. 

 X   X  

Alber and Schaffner, 1992. 
Appl Env Microbiol, 58(10), 3337-
3342 

 X X    

Alford and Palumbo, 1969. 
Appl Microbiol, 17(4), 528-532. 

   X X X 

Álvarez-Ordóñez et al., 2010. 
Food Microbiol, 27, 44-49. 

 X X    

Alveiske et al., 2000. 
Int J Food Microbiol, 57, 159-167 

X      

Amanatidou et al., 1999. 
J Appl Microbiol, 86, 429-438 

 X   X  

Amézquita and Brashears, 2002. 
J Food Prot, 65(2), 316-325 

      

Ariyapitipun et al., 2000. 
J Food Prot, 63(1), 131-136. 

      

Augustin et al., 2000. 
Appl Env Microbiol, 66(4), 1706-
1710 

      

Avery et al., 1994. 
J Food Prot, 57(4), 331-333 

    X  

Badhuri et al., 1994. 
Int J Food Microbiol, 23, 333-343. 

 X     
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Bajard et al., 1996. 
Int J Food Microbiol, 29, 201-211 

  X   X 

Belda-Galbis et al., 2014. 
Food Microbiol, 38, 56-61. 

 X X    

Beuchat and Brackett, 1990. 
J Food Sci, 55(3), 755-758. 

    X  

Beumer et al., 1996. 
Food Microbiol, 13, 333-340. 

 X     

Bovill et al., 2000. 
Int J Food Microbiol, 59, 157-165. 

  X    

Bredholt et al., 1999. 
Int J Food Microbiol, 53, 43-52. 

   X   

Buchanan and Phillips, 1990. 
J Food Prot, 53(5), 370-376. 

 X X    

Buchanan and Klawitter, 1992. 
J Food Saf, 12, 219-236. 

 X     

Buchanan and Klawitter, 1992. 
J Food Saf, 12, 199-217. 

    X  

Buchanan and Klawitter, 1992. 
Food Microbiol, 9, 185-196. 

   X   

Buchanan et al., 1994. 
J Food Sci, 59(1), 179-188. 

 X     

Buchanan and Bagi, 1994. 
Food Microbiol, 23, 317-332. 

 X     

Buchanan and Golden, 1995. 
Food Microbiol, 12, 203-212. 

 X     

Buchanan et al., 1997. 
J Appl Microbiol, 82, 567-577. 

 X     

Buchanan and Bagi, 1997. 
Food Microbiol, 14, 413-423. 
 

 X     
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Carlin et al., 1996. 
Int J Food Microbiol, 32, 159-172. 

      

Chang and Fang, 2007. 
Food Microbiol, 24, 745-751. 

      

Cheroutre-Vialette and Lebert, 
2000. 
Food Microbiol, 17, 83-92. 

X      

Chi-Zang et al., 2004. 
Int J Food Microbiol, 90, 15-22. 

 X     

Clavero and Beuchat., 1996. 
Appl Env Microbiol, 62(8), 2735-
2740. 

      

Cooksey et al., 1993. 
J Food Prot, 56(12), 1034-1038. 

      

Del Campo et al., 2001. 
J Food Prot, 64(5), 721-724. 

      

Denis and Ramet, 1989. 
J Food Prot, 52(10), 706-711. 

 X X  X  

Dickson, 1990. 
J Food Saf, 10, 165-174. 

 X   X  

Dickson and Siragusa, 1994. 
J Food Saf, 14, 313-327. 

 X     

Duffy et al., 2000. 
Food Microbiol, 17, 571-578. 

   X X  

Duh and Schaffner, 1993. 
J Food Prot, 56(3), 205-210. 

 X X    

Dykes and Moorhead, 2002. 
Int J Food Microbiol, 73, 71-81. 

    X  

El-Shenawy and Marth, 1988. 
J Food Prot, 51(11), 842-847. 
 

 X X  X  
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
El-Shenawy and Marth, 1989. 
Int J Food Microbiol, 8, 85-94. 

 X X  X  

Farrell and Upton, 1978. 
J Food Technol, 13, 15-23. 

      

Fehlhaber and Krüger, 1998. 
J Appl Microbiol, 84, 945-949. 

   X   

Fernandez et al., 1997. 
Int J Food Microbiol, 37, 37-45. 

 X     

Francis et al., 1980. 
Appl Env Microbiol, 40(1), 174-176. 

 X     

Francis and O’Beirne, 2001. 
Int J Food Sci Technol, 36, 477-
487. 

   X   

Francis and O’Beirne, 2002. 
Int J Food Sci Technol, 37, 711-
718. 

    X  

Fukushima and Gomyoda, 1986. 
Appl Env Microbiol, 51(5), 990-994. 

    X  

Garriga et al., 2002. 
Food Microbiol, 19, 509-518. 

      

Gill and Reichel, 1989. 
Food Microbiol, 6, 223-230. 

    X X 

Gill and DeLacy, 1991. 
Int J Food Microbiol, 13, 21-30. 

    X X 

Gill and Holley, 2000. 
J Food Prot, 63(10), 1338-1346. 

   X X  

Glass et al., 2002. 
J Food Prot, 65(1), 116-123 

   X   

Goverde et al., 1994. 
J Appl Bacteriol, 96-104. 
 

 X     
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Grant et al., 1993. 
Lett Appl Microbiol, 17, 55-57 

      

Grau and Vanderlinde, 1990. 
J Food Prot, 53(9), 739-741. 

  X   X 

Grau and Vanderlinde, 1992. 
J Food Prot, 55(1), 4-7. 

  X   X 

Grau and Vanderlinde, 1993. 
J Food Prot, 56(2), 96-101. 

     X 

Hanna et al., 1977. 
J Food Sci, 42(5), 1180-1184. 

      

Hao and Brackett, 1993. 
J Food Prot, 56(4), 330-332. 

 X   X  

Hathcox and Beuchat, 1996. 
Food Microbiol, 13, 213-225. 

    X  

Hefnawy et al., 1993. 
Lebensm Wiss Technol, 26(2), 167-
170 

  X    

Hefnawy and Marth, 1993. 
Lebensm Wiss Technol, 26(5), 388-
392 

    X  

Hudson, 1992. 
Lett Appl Microbiol, 14, 178-180. 

  X  X  

Hudson and Mott, 1993. 
Food Microbiol, 10, 429-437. 

      

Hudson, 1994. 
Food Res Int, 27, 53-59. 

X    X  

Hwang et al., 2011. 
Food Nutr Sci, 2, 464-470. 

  X  X  

Hwang and Sheen, 2011. 
Food Microbiol, 28, 350-355. 
 

  X    
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Jofré et al., 2007. 
J Food Prot, 70(1), 2498-2502. 

      

Jofré et al., 2008. 
Food Cont, 19, 634-638. 

      

Jones et al., 2003. 
Int J Food Microbiol, 88, 55-61. 

 X   X X 

Juneja et al., 2009. 
Int J Food Microbiol, 131, 106-111. 

 X X    

Kauppi et al., 1996. 
Food Microbiol, 13, 397-405. 

     X 

Kleinlein and untermann, 1990. 
Int J Food Microbiol, 10, 65-72. 

      

Koseki and Isobe, 2005. 
Int J Food Microbiol, 101, 217-225. 

    X  

Koseki and Isobe, 2005. 
Int J Food Microbiol, 104, 239-248. 

      

Larson et al., 1996. 
Food Microbiol, 33, 195-207. 

      

Lee et al., 1989. 
Food Microbiol, 6, 143-152. 

      

Lee and Frank, 1991. 
J Food Saf, 11, 65-71. 

 X   X  

Leitch and Stewart, 2002. 
Lett Appl Microbiol, 35, 176-180. 

 X     

Little et al., 1992. 
Lett Appl Microbiol, 14, 148-152. 

 X     

Little et al., 1994. 
Int J Food Microbiol, 22, 63-71. 

      

Mackey and Kerridge, 1988. 
Int J Food Microbiol, 6, 57-65. 
 

     X 
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Mano et  al., 1995. 
J Food Saf, 15, 305-319. 

      

Manu-Tawiah et al., 1993. 
J Food Sci, 58(3), 475-479. 

    X  

Matches and Liston, 1968. 
J Food Sci, 33, 641-645. 

 X   X  

Matches and Liston, 1972. 
J Milk Food Technol, 35(1), 39-44. 

 X   X  

Mathieu et al., 1994. 
Int J Food Microbiol, 22, 155-172. 

    X  

Mbandi and Shelef, 2001. 
J Food Prot, 64(5), 640-644. 

      

Mbandi and Shelef, 2002. 
Int J Food Microbiol, 76, 191-198. 

      

Mellefont and Ross, 2003. 
Int J Food Microbiol, 83, 295-305. 

X  X   X 

Membre et al., 2004. 
J Food Prot, 67(3), 463-469. 

   X  X 

Miller and Acuff, 1994. 
J Food Sci, 59(1), 15-19. 

    X  

Mitchell et al., 1994. 
J Appl Bacteriol, 77, 113-119. 

 X     

Motlagh et al., 1992. 
J Food Prot, 55(5), 337-343. 

 X   X  

Nielsen and Zeuthen, 1987. 
Int J Food Microbiol, 4, 13-24. 

 X   X  

Nissen et al., 2000. 
Int J Food Microbiol, 59, 211-220. 

      

Nyati, 2000. 
Int J Food Microbiol, 56, 123-132. 
 

   X   
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Oblinger and Kraft, 1973. 
J Food Sci, 38, 1108-1112. 

 X  X   

Oh and Marshall, 1993. 
J Food Prot, 56(9), 744-749 

 X X    

Pandit and Shelef, 1994. 
Food Microbiol, 11, 57-63. 

  X X   

Petran and Zottola, 1988, 
J Food Prot, 51(3), 172-175. 

    X  

Petran and Zottola, 1989. 
J Food Sci, 54(2), 458-460. 

      

Pin et al., 2000. 
J Appl Microbiol, 88, 521-530. 

 X     

Pin et al., 2001. 
Food Microbiol, 18, 539-545. 

 X     

Pinon et al., 2004. 
Appl Env Microbiol, 70(2), 1081-
1087. 

   X   

Prendergast et al., 2007. 
J Appl Microbiol, 103, 2721-2729. 

    X  

Rasch, 2002. 
Int J Food Microbiol, 72, 225-231. 

X      

Ryser and Marth, 1989. 
J Dairy Sci, 72, 838-853. 

 X     

Salter et al., 1998. 
J Appl Microbiol, 85, 357-364. 

X  X    

Samelis et al., 2001. 
Appl Env Microbiol, 67(6), 2410-
2420. 

   X   

Samelis et al., 2001. 
J Food Prot, 64(11), 1722-1729. 
 

   X   
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Samelis and Sofos, 2002. 
Appl Env Microbiol, 68(5), 2600-
2604. 

      

Schillinger et al., 2001. 
Int J Food Microbiol, 71, 159-168. 

      

Seman et al., 2002. 
J Food Prot, 65(4), 651-658. 

   X   

Shelef and Yang, 1991. 
J Food Prot, 54(4), 283-287. 

 X X  X  

Shelef and Potluri, 1995. 
Food Microbiol, 12, 221-227. 

   X X  

Skandamis et al., 2002. 
Food Microbiol, 19, 97-103. 

  X    

Sommers et al., 2002. 
Meat Sci, 61, 323-328. 

 X     

Sommers and Novak, 2002. 
J Food Prot, 65(3), 556-559. 

 X     

Stekelenburg and Kant-Muermans, 
2001. 
Int J Food Microbiol, 66, 197-203. 

    X  

Suñen et al., 2001. 
Food Microbiol, 18, 387-393. 

 X     

Sutherland and Bayliss, 1994. 
Int J Food Microbiol, 21, 197-215. 

 X     

Tamplin et al., 2005. 
Int J Food Microbiol, 100, 335-344. 

 X     

Thayer and Bold, 2001. 
J Food Prot, 64(10), 1624-1626. 

 X     

Tsigarida et al., 2000. 
J Appl Microbiol, 89, 901-909. 
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ComBase Browser peer-reviewed source investigation (continued) 
 

Sole use of OD 
measurements 

Sole use of 
non-selective 

media 

ComBase data 
not found in 

source 

Erroneous 
experimental 
information in 

ComBase 

Source only 
partly included in 

ComBase 

Temperature 
range provided 

in source 
Tu and Mustapha, 2002. 
J Food Sci, 67(1), 302-306. 

      

Uyttendaele et al., 2001. 
Int J Food Microbiol, 66, 31-37. 

      

Uyttendaele et al., 2004. 
Int J Food Microbiol, 90, 219-326. 

    X  

Velugoti et al., 2011. 
Food Microbiol, 28, 796-803. 

      

Vialette et al., 2003. 
Int J Food Microbiol, 121-131. 

X      

Vod et al., 2000. 
Int J Food Microbiol, 56, 219-225. 

      

Walker et al., 1990. 
J Appl Bacteriol, 68, 157-162. 

 X  X X X 

Weaver and Shelef, 1993. 
J Food Saf, 13, 133-146. 

 X  X X  

Whiting and Golden, 2002. 
Int J Food Microbiol, 75, 127-133. 

 X     

Yamazaki et al., 2003. 
J Food Prot, 66(8), 1420-1425. 

      

Yu and Fung, 1993. 
Int J Food Microbiol, 18, 97-106. 

  X  X  
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The number of foodborne illnesses due to Salmonella and human pathogenic Yersinia infections 

remains of great concern for public health (EFSA and ECDC, 2018). Both pathogenic bacteria are 

highly associated with pigs who are important hosts of both pathogens (Bottone, 1997; De Busser 

et al., 2013). Consequently, there is a high likelihood for contamination with Salmonella and human 

pathogenic Yersinia along the pork production chain. The consumption of pork, in particular fresh 

or undercooked, has been described to be of major importance regarding human salmonellosis as 

well as yersiniosis cases and outbreaks (EFSA, 2012; Fosse et al., 2008). 

Quantitative microbial risk assessment indicated that, along the pork production chain, 

slaughterhouse interventions are the most likely to reduce the number of foodborne illnesses 

related to the consumption of pork (EFSA, 2010). While many efforts have been made to identify 

important contamination steps in the slaughter process (Swart et al., 2016; Arguello et al., 2013a), 

the presence of Salmonella and human pathogenic Yersinia on pig carcasses remains high. Van 

Damme et al. (2015) reported that in Belgium 39% of the sampled pig carcasses tested positive for 

the presence of Y. enterocolitica 4/O:3. Regarding Salmonella, the overall prevalence on pig 

carcasses was calculated to be 2.82% in the EU in 2017, based on data from 8 Member States 

(EFSA and ECDC, 2018). However, prevalence numbers differed greatly between Member States 

within a range of 0.24% reported for Bulgaria to 15.33% for The Netherlands. Recently, studies 

investigating the presence of Salmonella on pig carcasses also reported a prevalence exceeding 

the official maximum target level of 6% (as regulated by EC 2073/2005). Bonardi et al. (2018) 

described that 13% of the investigated pig carcasses tested positive for the presence of Salmonella 

in Italy. Powell et al. (2016) reported a prevalence of 9.6% in pig carcasses in the UK. Hence, the 

statement of EFSA (2010) claiming that “studies need to be performed to properly assess the ways 

carcasses become contaminated” remains relevant.  
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The high prevalence of Salmonella and human pathogenic Yersinia on pig carcasses and fresh 

pork also stresses the importance of maintaining the cold chain in order to avoid or limit the 

proliferation of pathogens as such further along the pork production chain, e.g. during processing 

and storage. However, data concerning the growth of human pathogenic Yersinia spp. at 

refrigeration temperatures is scarce, especially on pork (Van Damme et al., 2017). Further, recently 

published studies suggest that the growth potential of Salmonella at temperatures below 7°C might 

be much higher than previously generally assumed (Kisluk et al., 2013; Koukkidis et al., 2017; 

Nastasijević et al., 2017). This raises concerns regarding the efficiency of the cold chain to control 

the growth of Salmonella. The lack of data regarding the growth of Yersinia spp. at refrigeration 

temperatures in pork and the discrepancy between the reported minimum growth temperatures of 

Salmonella in various studies, puts a burden on the unambiguous development of food safety 

management strategies related to the control of both pathogens during pork production, processing 

and storage.  

Finally, risk assessment and predictive microbiology are often used approaches to identify critical 

steps for contamination, to estimate the growth of foodborne pathogens along the pork production 

chain or to assess the risk for foodborne infections related to the consumption of pork (EFSA, 2014; 

Swart et al., 2016; Van Damme et al., 2017). However, multiple concerns have been raised related 

to the correct development, use and interpretation of risk assessment studies, predictive growth 

models and tools. Appropriate underlying data and governance of that data is of major importance 

(Muñoz-Cuevas et al., 2012).  

The research provided in this PhD dissertation intended to further investigate the bacterial 

contamination (including both hygiene indicators and pathogens) present on pig carcasses after 

slaughter, to identify contamination routes during pig slaughter and to explore possible 

contamination preventive strategies. Further, this PhD dissertation aimed to collect more data 
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concerning the growth of human pathogenic Yersinia spp. in pork and the growth potential of 

Salmonella in comparison with other foodborne pathogens, at refrigeration temperatures. The 

relevance, applicability and limitations of predictive growth modelling tools, related to the growth 

potential of foodborne pathogens at refrigeration temperatures, were evaluated. The results from 

these studies are combined in order to provide useful recommendations, suggestions and future 

perspectives. 
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6.1. Control and risk factors for contamination during pig slaughter 

In Chapter 2, the distribution of the contamination on pig carcasses after slaughter was investigated 

and associated with specific slaughter handlings and practices. Several risk factors were identified 

for contamination of specific pig carcass areas during processing of the pig carcasses in the ‘clean 

zone’ of the slaughterhouse. Based on the potential impact of the pluck set removal on carcass 

contamination, as identified in Chapter 2, an alternative method to remove the pluck set was tested 

and resulted in lower contamination levels, as described in Chapter 3. The results of Chapter 2 and 

3 have gained new insights regarding the contamination on pig carcasses after slaughter, 

contamination routes during pig slaughter, and contamination reducing strategies. Further, the 

obtained findings arose suggestions concerning, on the one hand, the association between hygiene 

indicator loads and the presence of foodborne pathogens and, on the other hand, the current safety 

and hygiene regulations and monitoring strategies. 

6.1.1. Distribution of bacterial contamination on pig carcasses after slaughter 

The investigation of the distribution of contamination on pig carcasses after slaughter, as described 

in Chapter 2, showed that there are large differences in the contamination of different areas of pig 

carcasses. Hygiene indicator analysis showed that, out of the 9 investigated carcass areas, the 

distal part of the foreleg was the most contaminated area, followed by the head, the sternum and 

the throat. Regarding the presence of Salmonella, the foreleg showed the highest proportion of 

positive samples (38%), likewise followed by the head (29%), sternum (21%) and throat (18%). 

Van Damme et al. (2015) had already described a high presence of human pathogenic Yersinia 

spp. on the mandibular region (29%) and the sternum (16%). 

This distribution of contamination, including Salmonella and human pathogenic Yersinia, raises 

questions about the further processing of certain carcass areas and the subsequent consumption 

of products derived from those areas. The presented data, alongside other findings related to 
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contamination patterns on pig carcasses, may be used to estimate the probability of cross-

contamination originating from certain carcass areas, further along the production chain, as well as 

the risk involved in the consumption of certain pork cuts. Consequently, risk assessment results 

could provide a risk categorization of pork cuts and could help to formulate recommendations 

regarding the processing and handling of certain pork cuts in order to lower the risks for foodborne 

illness. In this way, specific guidelines could be formulated on the processing of some carcass cuts 

like parts of the sternum, the throat, the belly, the head or the distal part of the foreleg of the pig 

carcass. For example, it could be encouraged to keep certain highly contaminated pork cuts 

completely separate from others further along the pork production chain in order to avoid cross-

contamination. On the other hand, recommendations could be made concerning specific 

treatments of certain pork cuts. It could, for example, be advised to always subject specific pork 

cuts to adequate heat treatment in order to lower the bacterial load and inactivate these enteric 

pathogens present on those cuts. It might as well be suggested to lower the storage temperatures 

of certain products containing highly contaminated carcass parts to inhibit or slow down the growth 

of occasionally present Salmonella or human pathogenic Y. enterocolitica. Further, it could be 

proposed to avoid the use of certain highly contaminated pork cuts for final pork products that are 

intended to be eaten raw or for which there is a higher chance that they are consumed 

undercooked, such as minced pork. Besides interventions during production, similar 

recommendations for consumer-phase handling of certain pork cuts could be provided since 

improper treatment or cross-contamination at home are important sources of foodborne illness (de 

Jong et al., 2008; Gorman et al., 2002; van Asselt et al., 2008). General guidelines regarding 

consumer behaviour in order to avoid consumption of contaminated food (e.g. cook thoroughly) or 

avoid cross-contamination at kitchen-level (e.g. separating raw from cooked food products), have 

already been provided (WHO, 2006). However, more specific warnings or recommendations for 

specific pork cuts, could be provided.  Nevertheless, a more comprehensive risk ranking exercise 
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or risk assessment study is needed to provide a fully accurate risk categorization of pork cuts which 

could then result in the necessary guidelines regarding the further processing or intended use of 

these cuts. 

Besides categorizing the pork cuts, the provided distribution of hygiene indicator bacteria and 

Salmonella on pig carcasses could also serve well for the identification of certain risk factors for 

contamination during slaughter, as was done in Chapter 2. The obtained risk factors could then be 

used to develop new contamination reducing interventions, just as the validated alternative pluck 

set removal in Chapter 3, and estimate the effect of those interventions on the general hygiene 

level and the pathogen presence on pig carcasses. This indicates the usefulness of swabbing each 

area that needs to be investigated, separately. Pig slaughter consists of several steps of which 

many only take place at one particular area of the pig carcass and mainly affect the contamination 

level of that specific area (Borch et al., 1996). As it was shown during the identification of risk factors 

in Chapter 2, specific slaughter handlings can be associated to lower or higher levels of hygiene 

indicator bacteria as well as an increased or decreased chance of finding Salmonella on specific 

carcass areas. By swabbing carcass areas separately (instead of current pooling of samples) and 

analysing the samples individually, much more information can be retrieved from the obtained data. 

General hygiene indicator contamination levels or Salmonella presence for the complete carcass, 

as currently often used, do not provide any information on which slaughter step might cause more 

contamination than others. Separate samples and analyses could improve the chance of identifying 

risk factors for contamination and provide more information to implement preventive strategies. 

Although the costs related to sampling and analysis would raise, the extra information that could 

be retrieved from the extended set of obtained data could probably lead to more efficient and 

targeted contamination reducing interventions and a more effective way of investing in the hygiene 

along the slaughter process, as it was the case for the alternative pluck set removal, described in 

Chapter 3. 
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6.1.2. Contamination routes and interventions during pig slaughter 

The higher Enterobacteriaceae levels and presence of E. coli on the elbow of pig carcasses at the 

end of the slaughter line compared to samples taken when leaving the ‘dirty zone’ of the 

slaughterhouse, indicated that contamination is likely to happen during the processing of the pig 

carcasses in the clean zone. The identified risk factors for contamination during the clean zone 

stress the importance of the evisceration and removal of the pluck set as major contaminating steps 

during pig slaughter, as it was also described by Berends et al. (1997) and Borch et al. (1996). A 

correct removal of the intestines and the pluck set, without incising the intestines or tonsils, was 

shown to be of great importance. Regular disinfection of knives to remove the pluck set or to open 

the belly as well as the use of robotic machinery to open the belly, were shown to have a beneficial 

impact on the contamination level of several carcass areas. Further, splitting the head and pulling 

out the rectum from the carcasses after its loosening by the bung dropper were associated with 

increases in contamination. Regarding the presence of Salmonella, incising the tonsils increased 

the odds of finding Salmonella on the sternum four times. Incision of the intestines during their 

removal resulted in nine times more chance of finding Salmonella on the belly of the pig carcass. 

Van Damme et al. (2017) was able to associate the incision of the tonsils, splitting of the head and 

insufficient disinfection of the knives used to remove the pluck set with an increased chance of 

detecting human pathogenic Y. enterocolitica on the sternum, mandibular region and loin of pig 

carcasses. 

In contrast to studies stating that contamination is highly slaughterhouse-dependent and reducing 

interventions should be more slaughterhouse specific (De Busser et al., 2011) or slaughterhouses 

could be categorized by their contamination level (EFSA, 2011), these findings show that risk 

factors for contamination can be identified universally for multiple slaughterhouses. As a result, this 

indicates that strategies to avoid or lower contamination during pig slaughter could also be 

developed and implemented universally. In Chapter 3, for example, the obtained contamination 
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distribution data and identified risk factors for contamination served as incentive to investigate an 

alternative pluck set removal that was able to lower the contamination on pig carcasses in the two 

different slaughterhouses where it was tested. The high levels of contamination on the areas that 

surround the oral cavity (e.g. the throat) or come into contact with the pluck set during its removal 

(e.g. sternum) confirmed the postulations expressed in other studies regarding the importance of 

the pluck set removal as a contaminating slaughter step (Borch et al, 1996; Kapperud, 1991). This 

was emphasized by the fact that the incision of the tonsils during the pluck set removal was 

associated with higher levels of hygiene indicator bacteria on the foreleg and elbow as well as an 

increased chance for Salmonella to be present on the sternum (Chapter 2) and pathogenic 

Y. enterocolitica on the mandibular region (Van Damme et al., 2015). Further, splitting the head 

(and thereby increasing the risk for the spread of bacteria originating from the oral cavity and 

tonsils) was also associated with an increase in the number of Enterobacteriaceae and higher odds 

of finding Salmonella on the sternum (Chapter 2) as well as in increased chance of detecting 

pathogenic Y. enterocolitica on the mandibular region (Van Damme et al., 2015). Analysis of the 

contamination on pig carcasses and risk factors for contamination, as such, resulted in the 

development of the alternative pluck set removal that could significantly lower the contamination 

on throat and sternum samples. Accordingly, the alternative pluck set removal was able to provide 

the first quantitative proof that the oral cavity, tonsils and tongue of the pig could also be of great 

importance regarding pig carcass contamination. 

The alternative pluck set removal also indicates that contamination reducing interventions can be 

rather easy and without increased costs or concerns related to sensory or food safety aspects. In 

the past, much attention has gone to slaughter adaptations that need specific technical installations 

(e.g. a gutter to keep the rectum up after its loosening) or need extra equipment (e.g. bagging the 

rectum) which increases the costs of slaughtering, either directly or indirectly (for example, through 

the need for a slower slaughter speed in order to perform the extra handlings) (Buncic and Sofos, 



 
                    General Discussion 
 

 205 

2012; Laukkanen et al., 2010). Further, the use of chemical decontaminants has been often 

suggested (De Busser et al., 2013). Although the use of organic acids (e.g lactic acid) or other 

chemical treatments (e.g. chlorine) has been described to lower contamination on pig carcasses, 

their use comes with a price as well. Moreover, they might as well pose a threat for the safety of 

pig carcasses since certain strains may become adapted to the used compound and their survival 

or growth may be favoured (Pipek et al. 2006). Further, treatments as such could also alter the 

sensorial aspects of the pig carcasses and might detract attention from good manufacturing 

practices and safety management (Hugas and Tsigarida, 2008; Loretz et al., 2011).  

Besides contamination during the slaughter steps in the ‘clean zone’ of the slaughterhouse, the 

presence of hygiene indicator bacteria and Salmonella (5%) on the elbow samples of pig carcasses 

before evisceration, shows that contamination is already present on pig carcasses when entering 

the clean zone. Although slaughter stages such as scalding or singeing are reported to remove 

contamination (Alban and Stärk, 2005; Bolton et al., 2002), the study described in Chapter 2 shows 

that pig carcasses do not always leave the ‘dirty zone’ of the slaughterhouse without 

Enterobacteriaceae, E. coli or Salmonella on their surface. Therefore, more research should be 

conducted on the potential risks for contamination in the dirty zone of the slaughterhouse. Both the 

currently known contaminating steps (e.g. polishing and dehairing) as well as other risks factor 

should be further investigated (Bolton, 2002; Pearce et al., 2004).  

The presence of Salmonella on the elbow of pig carcasses when entering the ‘clean zone’ of the 

slaughterhouse as well as the fact that the alternative pluck set removal was not able to lower 

foodborne pathogens presence, suggest that more efforts can also be made at farm-level and 

during transport in order to lower or avoid the presence of foodborne pathogens in pigs upon arrival 

in the slaughterhouse. Complying to appropriate biosecurity practices and effective cleaning and 
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disinfection remains of great importance (FAO/OIE, 2010; Fosse et al., 2009). Further research 

regarding feasible intervention strategies could be useful. 

6.1.3. Reflections regarding official regulations and monitoring applicable in pig 

slaughterhouses 

The mean total aerobic counts and median Enterobacteriaceae levels on the investigated pig 

carcasses areas, in Chapter 2, did not exceed official limits (as regulated by EC 2073/2005) and 

individual samples only rarely surpassed these limits. On the other hand, the proportion of 

Salmonella positive carcasses (60%) was 10 times higher than the officially allowed 3 out of 50 

positive carcasses (EC 2073/2005). Only the presence of Salmonella on the elbow and ham, 

specifically, did not exceed the allowed 6%. Furthermore, the number of Salmonella positive 

carcasses (64%) was much higher than observed during official monitoring (5.4% in 2017) or 

previously described in Belgium (Botteldoorn et al., 2003; De Busser et al., 2011; EFSA and ECDC, 

2018; Ghafir and Daube, 2008; Korsak et al., 2003). The large difference between the observed 

presence and officially reported prevalence of Salmonella on pig carcasses raises questions about 

the usefulness and reliability of official sampling and monitoring protocols. Until the 10th of February 

2006, the EU specified that the areas to be sampled on pig carcasses should comprise the ham, 

the belly, the loin and the jowl of which 100cm2 each should be swabbed. However, the EU 

regulation EC 2001/471, describing this protocol, was repealed. Currently, pig carcasses should 

be sampled on the areas that are considered most susceptible to be contaminated, with a minimum 

surface to be covered of 400cm2 (according to EC 2073/2005). Sampling should be conducted by 

swabbing all selected areas with one swab after which that sample is tested for the presence of 

Salmonella. While the sampling procedure, as formulated in EC 2001/471, is still in use in many 

countries, EU member states are free to develop specific sampling protocols. In Belgium, for 

example, the officially determined set of carcass areas that needs to be sampled consists of the 

elbow, the ham, the sternum, the throat and the loin, which covers a total area of 600cm2 (FASFC, 
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2018). Remarkably, the ham as well as the loin, elbow and belly are considered important areas to 

officially monitor the number of hygiene indicator bacteria and the presence of Salmonella on pig 

carcasses after slaughter, while these areas were observed to be the least contaminated areas 

with lowest proportions of Salmonella (5-8% of the samples of these areas tested positive), as 

shown in Chapter 2. Higher contaminated areas, such as the distal part of the foreleg or the head 

are currently left outside the scope of sampling procedures. This could lead to an underestimated 

perception of the hygiene during slaughter and underestimations of the proportion of Salmonella 

positive carcasses. Since these carcass parts are generally less consumed and cooked thoroughly 

before consumption, they are considered of less risk to cause foodborne infections. On the other 

hand, highly contaminated carcass parts as such might cause cross-contamination during the 

remaining parts of the pork production chain, during retail display and during domestic handling 

(De Busser et al., 2011). Furthermore, those carcass parts, such as the forelegs, noses and ears, 

have recently regained economic value due to the higher demand for those carcass cuts from 

countries such as China (Schneider and Sharma, 2014). As a result, their contamination might no 

longer be tolerated to be worse than on other areas, as they might also become important to cause 

food safety issues and pose a public health risk, albeit mainly in other parts of the world. Moreover, 

the high levels of hygiene indicator bacteria as well as the presence of Salmonella on these carcass 

areas shows that sampling these areas could serve well to evaluate the general process hygiene 

during slaughter. 

Further, it could be advantageous to re-implement officially regulated sampling sites for pig 

carcasses. The pork production chain is a global industry with trade of pigs, pig carcasses and pork 

between many European countries (Schneider and Sharma, 2014). Currently published monitoring 

results per country are hard to compare, since different sampling protocols might be applied in 

different countries (EC 2073/2005). An EU pork supply chain where carcasses and cuts are freely 

transported between countries, demands for a uniform international surveillance and monitoring. 
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This, in order to evaluate and bring the slaughter hygiene and safety of pig carcasses at an equal 

level in all involved countries. Furthermore, many countries have their own specific (traditional) 

processes to slaughter pigs which are usually small deviations of the universally applied slaughter 

process (e.g. the separation of heads from the carcasses before opening the oral cavity in France; 

Denis et al., 2012). If samples would be collected in the same manner, country-specific risk factors 

for contamination during slaughter might be determined and the potential advantageous or 

unfavourable impact of some country-specific slaughter procedures on the hygiene and safety of 

(specific areas of) pig carcasses could be revealed. 

6.1.4. Correlation between hygiene indicator levels and foodborne pathogen 

presence 

Besides their use to evaluate the general process hygiene along the pork production chain (EC 

2073/2005), hygiene indicator bacteria are also assumed to serve as a parameter to estimate the 

possible presence of human pathogenic bacteria (Ray, 2001). Regarding pig carcasses, the total 

aerobic count and Enterobacteriaceae level serve as hygiene indicators. On pork products, such 

as minced meat and meat preparations, the total aerobic count and E. coli count are used as 

process hygiene criteria. Multiple studies have reported positive associations between the 

presence of Salmonella and hygiene indicator concentrations on pig carcasses or pork cuts (Ghafir 

and Daube, 2008; Prendergast et al., 2008). In Chapter 2, higher Enterobacteriaceae 

concentrations were found in Salmonella positive throat and loin samples, higher total aerobic 

counts were observed on Salmonella positive sternum and throat samples. Further, the odds of 

detecting the presence of E. coli on head samples was 5 times higher when Salmonella was also 

present. However, in Chapter 3, similar levels of hygiene indicator bacteria were found on samples 

of pig carcasses slaughtered using standard procedures when compared to the results of Chapter 

2, but a low presence of Salmonella and human pathogenic Yersinia spp. was observed on all 

carcasses and carcass areas. While hygiene indicator levels significantly differed between samples 
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from standard and alternatively slaughtered pig carcasses, the presence of both Salmonella and 

human pathogenic Yersinia spp. was nearly equal. Hence, associations between hygiene indicator 

concentrations and foodborne pathogen presence might not be universally applicable. As stated 

by Corbellini et al. (2016), it may remain difficult to predict when hygiene failure estimated through 

hygiene indicator bacteria levels implies Salmonella contamination on pig carcasses. Nauta et al. 

(2013) specifically showed that when the presence of Salmonella on pig carcasses is low, its 

correlation with hygiene indicator bacteria loads does not remain reliable. It has been described 

that the presence of human pathogenic bacteria in pigs varies greatly among pigs and slaughter 

batches (Vanantwerpen et al., 2014). Therefore, it could be assumed that correlations between 

hygiene indicator bacteria and foodborne pathogens are of great use when sampling pig carcasses 

from highly contaminated pigs. Consequently, as explained in Chapter 3, a reduction in hygiene 

indicator concentrations suggests an improved hygiene along the slaughter line and could indicate 

a lower likelihood of finding (elevated numbers) of foodborne pathogens to be present on pig 

carcasses, but evidently the latter might also highly depend on other factors, such as the initial 

colonization of the pigs with foodborne pathogens when they arrive at the slaughterhouse. Hence, 

the establishment of a correlation between indicator bacteria numbers and pathogen presence is 

always highly dependent on circumstances other than just the presence or absence pathogenic 

bacteria or indicator counts (Ceupens et al., 2015). Correlations between numbers of an indicator 

organisms and pathogenic microorganisms’ prevalence may vary among pathogens and indicators 

and between industries and over time (Uyttendaele et al., 2018). Therefore, an established 

correlation needs regular evaluation to assess its validity (Busta et al., 2003). According to Busta 

et al. (2003), an appropriate indicator is always present in foods when the target pathogen might 

be present, changes in concentrations should relate to those of the pathogen and the indicator 

should be absent when the pathogen is. However, a 100% correlation between indicator and 

pathogen remains impossible (Ceupens et al., 2015). Whether a correlation is considered 



 
Chapter 6   

 
 

210 

acceptable likewise depends on the circumstances under which it has been assessed and its final 

application. 

Regarding human pathogenic Yersinia spp., the use of hygiene indicator bacteria to estimate its 

presence on pig carcasses or pork is less appropriate. Due to the pyschrotrophic characteristics of 

yersiniae, the correlation between Enterobacteriaceae or E. coli and human pathogenic Yersinia 

spp. only makes sense immediately after contamination took place (and not during prolonged 

storage under refrigeration). Therefore, the number of Enterobacteriaceae on pig carcass areas 

that only become susceptible for contamination during slaughter (interior surfaces) could be of use 

to predict the chance of human pathogenic Yersinia spp. to be present. Current sampling protocols, 

however, include both exterior and interior surfaces. This again stresses the potential advantages 

of separately taken and analyzed samples, as described in 6.1.1. Further along the pork production 

chain, the number of E. coli does not provide any reliable information anymore regarding the 

presence of human pathogenic Yersinia spp., since E. coli is not able to proliferate under 

refrigeration circumstances, as shown in Chapter 5, whereas pathogenic Yersinia spp. grow quite 

well under refrigeration, as shown in Chapter 4 and 5. 

6.2. Human pathogenic Yersinia spp. along the pork production chain 

Multiple studies have shown a high prevalence of human pathogenic Yersinia spp., in particular 

Y. enterocolitica 4/O:3, in oral cavities as well as on tongues and tonsils of pigs at slaughter (Ortiz 

Martínez et al., 2009; Ibañez et al., 2016). Generally, the presence and concentrations of these 

Yersinia spp. were reported to be higher in tonsils than in the faeces of the pigs (Bonardi et al., 

2013; Van Damme et al., 2015). As a result, the pluck set has been assigned an important step in 

contaminating the pig carcass, as likewise suggested in Chapter 2 and proven in Chapter 3, and 

of major concern regarding the spread of human pathogenic Yersinia spp. on the pig carcass and, 

subsequently, pork cuts and raw pork (Laukkanen et al., 2009; Vilar et al., 2015). Furthermore, 
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Yersinia spp. are known to have the ability to grow at refrigeration temperatures which raises 

questions regarding the efficacy of the cold chain to limit or inhibit the growth of human pathogenic 

Yersinia spp. (Laukkanen et al., 2008). Consequently, even though the risks for human pathogenic 

Yersinia spp. to be present on pig carcasses could be reduced, as by the alternative pluck set 

removal (Chapter 3), occasionally present low numbers of human pathogenic Yersinia spp. could 

possibly proliferate during chilling of the carcasses or further portioning or storage along the pork 

production chain. Chapter 5 showed that an inoculum of 10 CFU/ml (ca. 1 log per sampled unit) is 

enough for substantial growth (up to 7 log10 CFU/mL in 9 days) at 4°C. This could raise concerns 

regarding the food safety of raw pork products and its implications for public health. Laukkanen et 

al. (2008) showed that chilling of pig carcasses does not reduce the number of pig carcasses testing 

positive for Y. enterocolitica. However, a thorough investigation of the growth potential of human 

pathogenic Yersinia spp. on pork under refrigerated conditions was lacking so far. This limited the 

ability to estimate the public health risks involved in the presence of human pathogenic Yersinia 

spp. on pig carcasses, certain pork cuts or raw pork products (Van Damme et al., 2017). Therefore, 

Chapter 4 investigated the growth of human pathogenic Yersinia spp. on pork under refrigeration 

temperatures. The obtained findings raised some suggestions regarding control and monitoring of 

human pathogenic Yersinia spp. on pig carcasses and pork. 

6.2.1. Growth at refrigeration temperatures 

In Chapter 4, growth of Y. enterocolitica 4/O:3 on raw pork was investigated at temperatures 

between 2°C and 10°C, under aerobic conditions. Growth assessment in a pork-based laboratory 

medium showed similar and substantial growth of all Y. enterocolitica 4/O:3 strains, under all 

temperatures and pH values. Growth investigation in irradiated and raw pork (surface inoculation 

on pork cuts or in minced meat samples) showed that the natural microbiota only has a limited 

impact on the growth of Y. enterocolitica 4/O:3. On surface-inoculated pork samples growth was 
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limited. In 10 days, no growth was observed at 4°C and an increase of 1 log10 CFU/g was observed 

at 7°C. On the other hand, determined concentrations of Y. enterocolitica 4/O:3 on minced meat 

samples were higher, especially at 7°C and a higher pH. Storage of inoculated minced pork with 

pH 5.8 at 7°C resulted in an increase of 2 log10 CFU/g after 6 days and 4 log10 CFU/g within 10 

days. The obtained data were assembled and used to develop and validate a kinetic model that is 

able to provide appropriate fail-safe predictions of the growth of Y. enterocolitica 4/O:3 at 

refrigeration temperatures on raw minced pork.  

Besides Y. enterocolitica 4/O:3, the growth of two Y. enterocolitica 2/O:9 strains was also 

investigated on pork (juice) under refrigeration and aerobic conditions, in Chapter 4. However, 

growth of these two strains differed largely from each other and from the growth of the strains with 

bioserotype 4/O:3. The growth of Y. pseudotuberculosis on pork was not assessed. In Chapter 5, 

growth of two Y. enterocolitica 4/O:3 strains and one Y. pseudotuberculosis strain was investigated 

in nutrient broth, beef- and spinach-based laboratory media. All three strains were observed to 

reach similar concentrations at 7°C and 12°C. On the other hand, at 4°C, Y. pseudotuberculosis 

was able to grow faster than both Y. enterocolitica 4/O:3 strains. Hence, the behaviour of 

Y. pseudotuberculosis and Y. enterocolitica 2/O:9 under refrigeration could be different from Y. 

enterocolitica 4/O:3. Further investigation of the growth characteristics and strain variability of 

Y. pseudotuberculosis and Y. enterocolitica 2/O:9 (or other bioserotypes) under refrigeration, 

especially on pork, is needed to be able to fully assess their growth potential. 

The growth data and predictions from the proposed kinetic growth model (Chapter 4) also show 

that Y. enterocolitica 4/O:3 is able to grow faster in these food matrices than L. monocytogenes, in 

aerobic and refrigerated environments. Buchanan and Klawitter (1992) reported, for example, that 

L. monocytogenes was unable to grow on raw or irradiated ground beef at 5°C under aerobic 

conditions for 30 days. Duffy et al. (2000) described an increase from 1 to 3 log10 CFU/g in 14 days 
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on air packed raw ground beef at 10°C. Manu-Tawiah et al. (1993) investigated the growth of 

L. monocytogenes on pork loin chops and were not able to observe growth at 4°C over a period of 

14 days. Experimental results and model predictions in the present study describe Y. enterocolitica 

4/O:3 growth at 4°C or 5°C within the first 10 days while at 10°C stationary phase was observed 

and predicted to be reached within 8 days. Similarly, in Chapter 5, the obtained concentrations for 

L. monocytogenes were constantly lower than the ones found for Y. enterocolitica 4/O:3, especially 

at 4°C but also at 7°C, in all used growth matrices. Even though L. monocytogenes is described to 

be more heat resistant than human pathogenic Yersinia spp., the higher growth potential of the 

latter species could indicate a higher risk for public health associated with the consumption of raw, 

fresh or minimally-processed food, in particular pork (Bolton et al., 2000; McMahon et al., 1999). 

Altogether, the obtained results and kinetic model for the growth of Y. enterocolitica 4/O:3 stress 

the potential risks associated with the consumption of pork, especially minced pork that is often 

consumed raw or undercooked, which is contaminated with human pathogenic Y. enterocolitica 

4/O:3 (Verhaegen et al., 1998). The provided data and proposed model could be of great use to 

estimate the potential growth of Y. enterocolitica 4/O:3 on pig carcases, pork cuts, and mostly, 

minced pork (EFSA, 2014). Further the model could be used to improve risk assessment studies 

concerning the impact on public health related to the consumption of (potentially contaminated) 

raw or undercooked minced pork (Van Damme et al., 2017). 

6.2.2. Reflections regarding control and monitoring of human pathogenic Yersinia 

spp. on pig carcasses and pork 

Remarkably, there are multiple similarities between human pathogenic Yersinia and Salmonella or 

L. monocytogenes regarding, for example, prevalence in pigs, contamination routes or growth 

behavior at refrigeration temperatures. However, both Salmonella and L. monocytogenes are 
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included in the European microbiological criteria for foodstuffs (EU regulation EC 2073/2005) while 

monitoring of human pathogenic Yersinia spp. along the food chain is not officially regulated. 

Both human pathogenic Yersinia spp., especially Y. enterocolitica 4/O:3, and Salmonella are 

observed to be frequently present in pigs at slaughter, as described in Chapter 1. Furthermore, 

identified risk factors for contamination and contamination routes during slaughter show great 

similarity for both pathogenic bacteria. Incision of the tonsils as well as a lack of disinfection of 

knives and splitting the head, for example, were shown to be associated with a higher presence of 

both human pathogenic Yersinia spp. and Salmonella (Chapter 2, Van Damme et al., 2015). In 

addition, Y. enterocolitica 4/O:3 was observed to have a good growth potential at refrigeration 

temperatures with growth rates that exceed those found for L. monocytogenes. Hence, even 

though yersiniosis has been less associated with large foodborne illness outbreaks (more with 

sporadic infections) and its mortality rates were reported to be lower, in comparison with 

salmonellosis or listeriosis (EFSA and ECDC, 2018), yersiniosis should not be neglected in terms 

of foodborne bacterial illnesses. It is still the third most reported foodborne illness in the EU (EFSA 

and ECDC, 2018). The real number of yersiniosis cases might even be much higher, due to 

incorrect diagnostics (e.g confusion with appendicitis, as mentioned in Chapter 1) and poor 

detection methods for human pathogenic Yersinia spp. (Antonopoulos et al., 2008; Fredriksson-

Ahomaa et al., 2003). 

In particular if it relates to the pork supply chain, the comparative analysis of Y. enterocolitica 4/O:3 

with Salmonella or L. monocytogenes in relationship to prevalence, contamination routes and 

behaviour under refrigeration, stresses the need for more attention towards human pathogenic 

Yersinia spp. in monitoring foodborne pathogens during pig slaughter and on pork. In particular its 

association with raw or minimally-processed foodstuffs that need cold storage, especially (minced) 

pork and, to a lesser extent, other food product associated with yersiniosis such as milk and fresh 
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produce, underscore the fact that human pathogenic Yersinia spp. are a not to be underestimated 

threat for public health (Fosse et al., 2008; Kangas et al., 2008; Nowgesic et al., 1999). It could be 

recommended to implement (national) monitoring programs and action limits or EU-wide criteria 

concerning human pathogenic Yersinia spp. along the pork production chain. 

On the other hand, determining process hygiene or food safety criteria for human pathogenic 

Yersinia spp. along the pork production chain could be difficult. As it is the case for Salmonella (EC 

2073/2005), a maximum number of pig carcasses on which human pathogenic Yersinia spp. are 

tolerated could be determined. Giving their psychrotrophic characteristics, food safety criteria for 

human pathogenic Yersinia spp. in pork during shelf-life could probably be determined as maximum 

concentrations (m=M=x cfu/g) that can be tolerated (c=y) or not (if c=0) in a defined number of 

samples (n=z) (usually multi-unit (n=5) sampling plan), similarly to current food safety criteria for 

L. monocytogenes (EC 2073/2015). However, to be able to establish a criterion (n, c, m, M) or an 

action limit, namely a maximum of human pathogenic Yersinia spp. in pork, more research is 

needed regarding the dose response effects i.e. the relation between the likelihood for infection 

and the concentration of human pathogenic Yersinia spp. on pork (BfR, 2013). Furthermore, in 

order to monitor and control the presence of human pathogenic Yersinia spp. on pig carcasses or 

pork, detection and isolation methods should be improved. Laboratory isolation methods are 

laborious and time-consuming with long enrichment and multiple confirmation tests. Distinguishing 

pathogenic from non-pathogenic Yersinia strains on selective media is reported to be difficult, due 

to their similar colony morphology (Fredriksson-Ahomaa et al., 2003). Furthermore, correct 

enumeration of human pathogenic Yersinia spp. is altered by the limited selectivity of available 

media that still allow the growth of many other bacteria. Due to this reason, only estimations of the 

concentration of Y. enterocolitica 4/O:3 on raw pork could be made in Chapter 4. 
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In conclusion, the importance of human pathogenic Yersinia spp. regarding public health demands 

for more monitoring and suggests the setting of (national) action limits and EU-wide criteria, 

especially along the pork production chain. However, in order to do so, better detection methods 

are needed as well as further research related to the consumption of contaminated pork that is 

consumed raw or undercooked and a detailed investigation of outbreaks to better characterise the 

Yersinia spp. and know more on the dose response of these pathogenic strains. The presented 

growth data and kinetic model for the growth of Y. enterocolitica 4/O:3, in Chapter 4, could be used 

to assess the risk associated with consumption of contaminated pork meat. 

6.3. Growth potential of foodborne pathogens at refrigeration temperatures 

The recent studies reporting rapid and substantial growth of Salmonella at temperatures below 7°C 

question the efficiency of the cold chain to inhibit its proliferation during processing and storage of 

raw and fresh food. Kisluk et al. (2013) described a 1 log10-increase of Salmonella on basil leaves 

stored at 4°C over a period of 3 days. Koukkidis et al. (2017) reported a 3 log10-increase of 

Salmonella on spinach leaves in 5 days at 4°C. While these studies involve fresh produce, it raised 

concerns about the general ability of Salmonella to proliferate under refrigeration circumstances on 

all sorts of food, including meat such as pork (and pig carcasses) or beef. Especially, bearing in 

mind the high prevalence of Salmonella on pig carcasses, as reported in Chapter 2. Moreover, the 

predictive modelling tool for the growth of foodborne pathogens, developed by the ComBase 

consortium (ComBase Predictor), predicts substantial growth of Salmonella at 7°C (Baranyi and 

Tampin, 2004; www.combase.cc). Further, predictive models and risk assessment studies also 

described minimum growth temperatures of E. coli below 7°C in fresh produce (Danyluk and 

Schaffner, 2011; McKellar et al., 2012). Therefore, Chapter 5 assessed the growth potential of both 

Salmonella and E. coli, at temperatures between 4°C and 12°C, in comparison with known 

psychrotrophic foodborne pathogenic Yersinia spp. and L. monocytogenes. Growth was assessed 

in nutrient broth (providing optimal pH and sufficient nutrient content for growth) as well as spinach- 
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(fresh produce) and beef-based laboratory medium. The latter matrix was included since 

pathogenic E. coli is particularly associated with bovine meat and many of the growth potential 

studies on food concerning Salmonella, L. monocytogenes and human pathogenic Yersinia spp. 

involved beef as growth matrix (Gill and Reichelt, 1989; Hudson and Mott, 1993; Kleinlein and 

Untermann, 1990; Nissen et al., 2000; Warriner et al., 2009). The results were compared with 

currently available data and predictions obtained from ComBase. 

The pathogenic Yersinia strains were able to grow substantially at all temperatures in all matrices. 

L. monocytogenes strains showed a similar increase in concentration at 12°C. Their growth at 7°C 

and, particularly, at 4°C was slower than observed for the pathogenic Yersinia strains. E. coli did 

not show any growth at 7°C or 4°C. The same applies for Salmonella, except for one strain that 

showed growth at 7°C. However, the increase in concentrations was only observed between day 

9 and 14 after inoculation and only in nutrient broth, during 1 out of the 2 tests performed with that 

strain. The results show that the long-established minimal growth temperatures of Salmonella and 

E. coli (approximately 7 and 8°C, respectively) still remain relevant (Wang, 2016; Palumbo et al., 

1995). Although little growth may be observed around the minimal growth temperature of bacteria, 

due to fluctuations in the ambient temperatures (slightly above the aimed temperature) or certain 

strains that are more cold resistant than others, the observed growth is limited and can often not 

be considered substantial (Fehlhaber and Krüger, 1998; EFSA, 2014). Nevertheless, substantial 

growth of Salmonella at 7°C was predicted by ComBase Predictor. The discrepancy between the 

observed and predicted growth, urged for a thorough investigation of the ComBase Browser 

database. The obtained results regarding the growth potential of the selected bacteria resulted in 

some reflections towards the efficiency of the cold chain. The review of ComBase Browser and 

Predictor lead to some insights in the flaws of predictive modelling tools, suggestions to improve 

their performance and recommendations regarding their relevance and potential use. 
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6.3.1. Reflections regarding the efficiency of the cold chain to ensure microbial food 

safety 

The reports describing growth of Salmonella or E. coli at temperatures below 7°C raised concerns 

regarding the efficiency of the cold chain to keep raw food microbiologically safe for consumption. 

Nevertheless, the data presented in Chapter 5 does not provide evidence to question the use of 

the cold chain in regard to Salmonella or E. coli. The minimal growth reported for one Salmonella 

strain in nutrient broth, after 14 days at 7°C, in one out of two tests, could just as well be caused 

due to a slight raise in temperature during incubation. The ambient temperature in the applied 

refrigerator was monitored and showed fluctuations of up to 0.9°C above or below the desired 7°C, 

which is considered the growth/no growth border temperature for Salmonella (Fehlhaber and 

Krüger, 1998). Consequently, the results of this study might as well just stress the importance of 

keeping the temperatures really at a maximum of 7°C or lower and indicate that temperature abuse 

should be avoided. For example, recent food safety authority guidelines to the consumer on 

keeping the cold chain already recommend (taking into account variability around set temperatures) 

a refrigeration temperature of 5°C for the home refrigerator (FASFC, 2016). Still, even at 7°C growth 

was only observed between day 9 and day 14. In regard to raw meat, such as beef or pork, or fresh 

produce, the ability of Salmonella to proliferate during processing and shelf life is limited, since it is 

desired to be consumed within a few days (FASFC, 2017).  

The growth of known psychrotrophic foodborne pathogens, such as L. monocytogenes or 

pathogenic Yersinia spp., showed to be of greater concern regarding the ability of the cold chain to 

alter their growth. However, the growth of L. monocytogenes was observed to be limited at 4°C in 

all growth matrices or at 7°C in beef juice, in Chapter 5. Similar findings were reported by Buchanan 

and Klawitter (1992), Duffy et al. (2000) and Manu-Tawiah et al. (1993). This indicates that the 

growth potential of L. monocytogenes, under refrigeration conditions, could be rather limited and 
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only indicates a moderate risk towards the food safety of fresh or raw food, e.g. beef, pork or fresh 

produce, if keeping the temperature below 7°C. On top of that, the presence of L. monocytogenes 

in ready-to-eat food products is subjected to official criteria, in order to ensure the safety of 

potentially contaminated products (EC 2073/2005). On the other hand, Y. enterocolitica 4/O:3 

strains as well as Y.  pseudotuberculosis showed substantial growth in all matrices and all 

temperatures, including at 4°C within 9 days after inoculation, in Chapter 5. The data and predictive 

model provided in Chapter 4 describes similar behaviour in pork, even at 2°C, albeit at a higher 

starting inoculum. Findings as such indicate the insufficiency of refrigeration to alter the growth of 

human pathogenic Yersinia spp.  

Altogether, the cold chain with temperatures of 7°C or lower seems to be appropriate to contain 

the probability for growth of Salmonella and E. coli as well as L. monocytogenes, to a certain extent. 

Nonetheless, the growth of human pathogenic Yersinia spp. during refrigeration might pose a 

substantial risk regarding the food safety of, for example, pork. Applying lower storage 

temperatures would only have a limited effect, since growth was still observed to be substantial at 

4°C on pork and 2°C in pork juice. Moreover, lowering storage temperatures could increase 

refrigeration costs extensively with only minimal effects (EFSA, 2014). Consequently, maintaining 

the cold chain, as it is currently applied, seems to be appropriate.  The lack of ability of the cold 

chain to substantially lower the growth of Yersinia spp. poses a risk for public health. The magnitude 

of this risk remains unknown and depends on many factors. The present natural microbiota as well 

as the type of pork meat in consideration (e.g minced or sliced) could influence the growth potential 

of human pathogenic Yersinia spp., as shown in Chapter 4. In case pork is heated before 

consumption (e.g. home pan frying), present pathogenic Yersinia spp. may be inactivated, 

depending on the applied temperature and the initial level of contamination (Lahou et al., 2015). 

On the other hand, if pork is consumed undercooked or considered ready-to-eat and consumed 

raw, human pathogenic Yersinia spp. grow to substantial levels and the likelihood for yersiniosis to 
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occur may be higher. However, this depends on the dose response effects of human pathogenic 

Yersinia spp., on which no sufficient information is available (BfR, 2013). A risk categorization of 

pork cuts could help to avoid the raw or undercooked consumption of highly contaminated pork 

(see 6.1.1). More monitoring and regulated criteria concerning the presence and number of 

foodborne pathogenic Yersinia spp. on fresh or raw pork could be of use to control the potential 

risks involved in its consumption (see 6.2.2).  

6.3.2. Reflections regarding the use of foodborne pathogen behaviour databases 

and predictive modelling tools 

In order to estimate the growth potential of pathogenic bacteria in food, predictive modelling tools 

are often consulted (Muñoz-Cuevas et al., 2012). Subsequently, their predictions are frequently 

used in studies assessing the public health risks related to the consumption of certain (raw or fresh) 

food products (Pradhan et al., 2009; Sant’Ana et al., 2012; Schaffner, 2013). Currently, ComBase 

with its extensive database on bacterial behaviour in food and accompanying growth predictor tool, 

is one of the most consulted platforms (Muñoz-Cuevas et al., 2012). However, the comparison 

between growth data obtained in laboratory experiments and the predictions retrieved from 

ComBase Predictor showed great inconsistencies (Chapter 5). Especially, predictions at the 

growth/no growth border of Salmonella (7°C and low inoculum) did not reflect the observed growth 

in laboratory circumstances. Therefore, a review of the data present in ComBase Browser, related 

to the conducted laboratory experiments, was performed. This investigation revealed some 

remarkable findings which are extensively described and discussed in Chapter 5. 

The main reported issues were related to source traceability, data quality control, meta-data 

standardization as well as data integration. Moreover, little transparency concerning the use of 

ComBase Browser data for ComBase Predictor was observed. For the majority of the retrieved 

data from ComBase Browser it was impossible to consult the sources. When the sources for the 
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data were publicly available, many questionable elements were observed in the experimental set-

up behind the data as well as in the transfer of the data and appended information into ComBase 

Browser. On top of that, there is no transparency at all regarding what data is actually used for the 

predictions in ComBase Predictor. No information is provided on how the data that reports growth 

in specific circumstances is incorporated in the predictions, neither on how the data that does not 

show growth is handled.  

While predictive modelling tools are frequently applied and used, the above-mentioned aspects 

clearly question their relevance and validity. The predictive modeling community is aware of the 

issues regarding standardization of data and meta-deta. Accordingly, efforts have been made to 

harmonize annotation vocabulary and develop a mark-up language that standardizes the way in 

which data and models are encoded (Haberbeck et al., 2018; Plaza-Rodríguez et al., 2018). 

Further, Food Safety Model Repositories have been created in order to provide users with a search 

engine to find the most appropriate predictive model across all available tools and databases 

(Plaza-Rodríguez et al., 2015). Nevertheless a correct and critical interpretation of predictive 

models (and risk assessment studies based on them) is of major importance to ensure a correct 

translation of their results to the particular circumstances in consideration (Ferrer et al., 2009). 

Predictive models only provide estimations of reality based on a few parameters (e.g. pH, water 

activity, temperature etc.) (Tenenhaus-Aziza and Ellouze, 2015). Hence, a critical analysis and 

evaluation of its validity in relation to its intended application is crucial. However, if no transparency 

regarding the applied data for predictions is provided and the sources of potentially used data are 

frequently unavailable for consultation, it is simply impossible in any way to assess the real 

relevance, validity or potential application of any of the provided predictions. Not to mention the 

fact that the current partial or erroneous incorporation of (meta-)data as well as the poor 

experimental set-up in some of the sources could have a substantial impact on the provided 

prediction of which the extent cannot at all be estimated. Furthermore, predictive modelling tools, 
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such as ComBase Predictor, are often used by food business operators, food safety managers, 

risk assessors and decision-makers as part of food safety management strategies, product 

development programs or recommendations for official guidelines and criteria (Muñoz-Cuevas et 

al., 2012). On top of that, product development as well as food safety and its accompanying 

regulations are often balancing on the growth/no growth border of certain bacteria, for which the 

predictions were shown to be particularly deviating from what might actually be observed, as 

described in Chapter 5. Bearing this in mind, the potential consequences of the issues related to 

predictive modelling tools could have a tremendous impact on the complete food chain of which 

the magnitude should not be underestimated. 

As a consequence, there is still an urgent need for better data management in databases 

concerning bacterial behaviour in food and more transparency regarding the use of data for 

predictive modelling tools. Many of the issues can be associated with the fact that the data is added 

to the database on a voluntary basis with a lack of control along that process. Similar as for 

publication biases, the less data are considered novel or meaningful, the lower the chance they are 

actually published or submitted to a database (Dickersin, 1990). Consequently, much available 

data is not incorporated into the database which could lead to deviating or wrong perceptions 

regarding the behaviour of certain bacteria under certain circumstances. Therefore, more efforts 

should be done on attempting to include as much data as there is available inside the databases. 

Furthermore, the variations in how data is described as well as the errors that seem to have 

occurred during transfer of the (meta-)data inside the database, clearly urge for a much better 

protocol to standardize data as well as accompanying information in order to avoid semantic and 

syntactic errors in the database. The observed questionable experimental set-ups in some of the 

available sources suggests that more attention should be paid to the quality of the incorporated 

data and whether the data really serve as appropriate description of the behaviour of the bacteria 

in consideration under the given conditions. Furthermore, all sources of the data should be freely 
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available to let the user of the database make a proper own judgement on the fact whether a certain 

set of data matches with the intended application of that data. Finally, complete transparency 

should be provided on how predictions are made, what data is used for the predictions and, again, 

where the sources of the data can be accessed. Given the fact that many of the predictive modelling 

tools, such as ComBase Predictor, are openly accessible to everyone, including users with less 

experience in interpretation of growth predictions, it could be desirable to provide clear guidelines, 

along with the predictions, that express their potential interpretation, relevance, limitations and use 

in an easily understandable way.  

Only when the above-mentioned issues could be resolved, public databases and predictive 

modelling tools could become a really useful and reliable tool in risk assessment, product 

development and food safety management. Until then, its data and predictions could serve well to 

obtain a first idea regarding the behaviour of bacteria in certain foodstuffs. However, when no good 

individual set of data or predictive model is available that is specifically fit for the purpose of the 

user, the first reflex should always be to obtain a new dataset using experiments that are explicitly 

designed to serve the intended application of the data. This, instead of using data and/or predictions 

retrieved from public databases and predictive modelling tools.  

6.4. Future perspectives 

Salmonella and human pathogenic Yersinia spp. along the pork production chain remain important 

for public health (EFSA and ECDC, 2018). The research presented in this PhD dissertation 

focussed on both pathogens and provides data and insights concerning the distribution of the 

contamination on pig carcasses, the contamination routes during pig slaughter, the potential 

slaughter process adaptations, the growth potential of both pathogens at refrigeration temperatures 

and the relevance of public databases and predictive tools on bacterial behaviour (in food). The 

shown data and reflections lead to the following future perspectives: 
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• Further research is needed to identify more risk factors and to develop new slaughter 

adaptations that reduce contamination on pig carcasses. Future studies should focus more 

towards the contamination of specific carcass areas instead of contamination expressed on 

carcass-level to be able to identify the specific handlings that cause contamination. Risk 

factors for contamination in the ‘dirty zone’ of the slaughterhouse should be investigated. 

• Current sampling in the light of process hygiene criteria for pig carcasses should be 

reconsidered with the inclusion of other carcass parts (e.g. the head or foreleg), a separate 

analysis of carcass areas and a standardised protocol for all EU countries. 

• In order to assess the potential risks for yersiniosis due to the consumption of pork, there is 

an urgent need for further research regarding behavioural variability between (bio)serotypes 

and/or strains as well as an investigation of the dose response effects of human pathogenic 

Yersinia spp.. 

• Controlling human pathogenic Yersinia spp. along the pork production chain demands a 

farm-to-fork approach where, at all steps in the process, presence and colonization or 

contamination routes are explored and isolates are investigated. A OneHealth program 

could be advantageous to fully understand the zoonotic spread of pathogenic Yersinia spp 

from pigs to human. 

• Based on a dose response model and farm-to-fork monitoring data, appropriate process 

hygiene and food safety criteria can be set for human pathogenic Yersinia spp. on pig 

carcasses and pork. 

• Open source databases and predictive tools regarding the behaviour of bacteria (in food) 

should improve and provide full transparency regarding their data management systems. 

All presented data and predictions should be accompanied by clear guidelines on their use, 

relevance and interpretation. Growth predictions at the growth/no growth border of bacteria 

should be avoided. 
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