
Aus dem 

Bundesinstitut für Risikobewertung 

und dem Fachbereich Veterinärmedizin 

der Freien Universität Berlin 

 

 

Development of predictive tenacity models for Campylobacter 

along the raw milk supply chain 

 

 

 

Inaugural-Dissertation 

zur Erlangung des Grades eines 

Doctor of Philosophy (PhD) in Biomedical Sciences 

an der 

Freien Universität Berlin 

 

 

vorgelegt von 

Anna-Delia Knipper (geb. Herbstmann) 

aus Coesfeld 

 

 

Berlin 2024 

 

Journal-Nr.: 4432

Aus dem 

Bundesinstitut fur Risikobewertung 

und dem Fachbereich Veterinarmedizin 

der Freien Universitat Berlin 

Development of predictive tenacity models for Campylobacter 

along the raw milk supply chain 

Inaugural-Dissertation 

zur Erlangung des Grades eines 

Doctor of Philosophy (PhD) in Biomedical Sciences 

an der 

Freien Universitéat Berlin 

vorgelegt von 

Anna-Delia Knipper (geb. Herbstmann) 

aus Coesfeld 

Berlin 2024 

Journal-Nr.: 4432



Gedruckt mit Genehmigung 

des Fachbereichs Veterinärmedizin 

der Freien Universität Berlin 

 

 

 

Dekan:    Univ.-Prof. Dr. Uwe Rösler 

Erster Gutachter:   Univ.-Prof. Dr. Thomas Alter 

Zweiter Gutachter:   Prof. Dr. Charles Franz 

Dritter Gutachter:   PD Dr. Bernd-Alois Tenhagen 

 

 

 

Deskriptoren (nach CAB-Thesaurus): 

dairy cows, campylobacter, campylobacteriosis, raw milk, food safety, food hygiene, public 

health, risk assessment, germany 

 

 

 

Tag der Promotion: 16.02.2024 

 

 

 

 

 

Gedruckt mit Genehmigung 

des Fachbereichs Veterindrmedizin 

der Freien Universitét Berlin 

Dekan: Univ.-Prof. Dr. Uwe Rosler 

Erster Gutachter: Univ.-Prof. Dr. Thomas Alter 

Zweiter Gutachter: Prof. Dr. Charles Franz 

Dritter Gutachter: PD Dr. Bernd-Alois Tenhagen 

Deskriptoren (nach CAB-Thesaurus): 

dairy cows, campylobacter, campylobacteriosis, raw milk, food safety, food hygiene, public 

health, risk assessment, germany 

Tag der Promotion: 16.02.2024



 
II Table of contents 

Table of contents 

Tables and Figures .................................................................................................. IV 

List of Abbreviations .............................................................................................. VII 

1 Introduction ............................................................................................................ 1 

2 Literature review .................................................................................................... 4 

2.1 Sale and consumption of raw milk ................................................................................ 4 

2.2 Campylobacteriosis – a zoonotic disease .................................................................... 5 

2.3 Contamination of raw milk along the supply chain ........................................................ 6 

2.4 Survival strategies of Campylobacter spp. ................................................................... 7 

2.5 Predictive microbiology ................................................................................................ 8 

2.5.1 Model development ............................................................................................... 9 

2.5.2 Model evaluation and validation............................................................................11 

2.5.3 Predictive models for Campylobacter spp. in raw milk ..........................................12 

2.6 Risk analysis ...............................................................................................................13 

2.7 Risk assessment .........................................................................................................14 

2.7.1 Variability and Uncertainty ....................................................................................16 

2.7.2 Dose-response model ..........................................................................................16 

2.7.3 QMRAs for Campylobacter spp. along the raw milk supply chain .........................19 

3 Publications ......................................................................................................... 20 

3.1 List of publications and own contribution .....................................................................20 

3.2  Publication 1: Prevalence and concentration of Campylobacter in feces of dairy 

cows: A systematic review and meta-analysis ..................................................................22 

3.3  Publication 2: Longitudinal study for the detection and quantification of 

Campylobacter spp. in dairy cows, during milking and in the dairy farm environment .......41 

3.4  Publication 3: Modeling the survival of Campylobacter jejuni in raw milk considering 

the viable but non-culturable cells (VBNC) ........................................................................56 

3.5 Publication 4: Quantitative microbiological risk assessment model for 

Campylobacter in raw milk of dairy cows in Germany .......................................................70 

4 Discussion ........................................................................................................... 79 

4.1 Cow feces: The initial contamination source ...............................................................79 

4.2 Transmission of Campylobacter spp. along the raw milk supply chain ........................81 

4.3 Survival of C. jejuni in raw milk ....................................................................................83 

4.4 Modelling the survival of C. jejuni in raw milk ..............................................................85 

4.5 Risk mitigation strategies ............................................................................................87 

4.6 Limitations...................................................................................................................90 

5 Conclusion ........................................................................................................... 91 

6 Summary .............................................................................................................. 92 

Table of contents 

Table of contents 

Tables and Figures 

List of Abbreviations 

1 Introduction... 

2 Literature review. 

2.1 Sale and consumption of raw milk 

2.2 Campylobacteriosis — a Zoonotic dISEASE ............c.ccciiiiiiiiiiii i 5 

2.3 Contamination of raw milk along the supply chain................cccocooiiiiiiiii e 6 

2.4 Survival strategies of Campylobacter SPP. ...........ccoeiiiiiiiiie e 7 

2.5 Predictive microbiology 

2.5.1 Model development 

2.5.2 Model evaluation and validation 

2.5.3 Predictive models for Campylobacter spp. in raw milk . 

2.8 RISK @NAIYSIS ...t 13 

2.7 RISK @SSESSMENT..........i e 14 

2.7.1 Variability and Uncertainty ... 16 

2.7.2 DOSETESPONSE MOUE! ...t 

2.7.3 QMRAs for Campylobacter spp. along the raw milk supply chain 

3 Publications.. 

3.1 List of publications and own contribution 

3.2 Publication 1: Prevalence and concentration of Campylobacter in feces of dairy 
cows: A systematic review and meta-analysis 

3.3 Publication 2: Longitudinal study for the detection and quantification of 
Campylobacter spp. in dairy cows, during milking and in the dairy farm environment ....... 41 

3.4  Publication 3: Modeling the survival of Campylobacter jejuniin raw milk considering 
the viable but non-culturable cells (VBNC)............ocooioiiiiiiii e 56 

3.5 Publication 4: Quantitative microbiological risk assessment model for 
Campylobacter in raw milk of dairy cows in Germany ..............ccoccceoioe i 70 

4 DISCUSSION ...t 79 

4.1 Cow feces: The initial contamination SOUrce ... 79 

4.2 Transmission of Campylobacter spp. along the raw milk supply chain....................... 81 

4.3 Survival of C. Jejuni in raw MIlK............ociiiiiiii e 

4.4 Modelling the survival of C. jejuniin raw milk . 

4.5 Risk mitigation strategies .. 

4.6 Limitations 

S CONCIUSION ...t 91 

B SUMMANY ... s e e e s e e e e s ae e e e s r e eae e neeneenenneennens 92



 
III Table of contents 

7 Zusammenfassung .............................................................................................. 95 

8 References ........................................................................................................... 98 

9 Appendix ............................................................................................................ 111 

9.1 Supplementary material of Publication 1 ................................................................... 111 

9.2 Supplementary material of Publication 2 ................................................................... 127 

9.3 Supplementary material of Publication 3 ................................................................... 134 

10 List of Publications ......................................................................................... 143 

11 Danksagung ..................................................................................................... 145 

12 Finanzierungsquellen ...................................................................................... 147 

13 Interessenskonflikte ........................................................................................ 147 

14 Selbstständigkeitserklärung ........................................................................... 148 

Table of contents 

7 Zusammenfassung... 95 

8 References 

LY o o T=1 4T L G RSN 

9.1 Supplementary material of Publication 1 

9.2 Supplementary material of Publication 2 

9.3 Supplementary material of Publication 3 

10 List of Publications . 

11 DANKSAGUNG ....ceevireenereerereesee s eee s see s se e s e e eesaesnesne s e e sneseessesneesnesnesnes 

12 FinanzZieruNgSQUEIIEN...........ooceieeeerereeee e 

13 InteressenskonfliKte..........ocooiiiiiicii 



 
IV Tables and Figures 

Tables and Figures 
 

Introduction 

Table 1 Primary inactivation model equations     10 

Figure 1 Illustration of models used for describing the inactivation of pathogens 10 

in foods 

Figure 2 Interaction between the three elements of risk analysis   13 

Figure 3 QMRA model structure       14 

Figure 4 Overview of classic dose-response model and outbreak dose-response  17 

model 

 

Publication 1 

Table 1 Overview of search strategy and number of articles found specific  24 

to the respective database 

Figure 1 Flow diagram of selected studies included in the systematic review 27 

and meta-analysis 

Figure 2 Number of studies reporting data for potential influencing factors and 28 

their subgroups, which are the health status (a) and age class (b) of   

dairy cows, as well as the fecal collection method (c) and the   

Campylobacter species (d) 

Figure 3 Forest plot of the aggregated sample estimating the pooled prevalence 30 

of Campylobacter spp. in cows’ feces from 32 studies 

Figure 4 Forest plot of the sub-group analysis of the aggregated sample  31 

comparing the prevalence estimates of Campylobacter spp. in feces  

of dairy cows between different fecal collection methods (A) and age   

classes of the dairy cows (B) 

 

Publication 2 

Table 1 Prevalence data for all sample types and taxa analyzed   46 

Tables and Figures 

Tables and Figures 

Introduction 

Table 1 Primary inactivation model equations 10 

Figure 1 lllustration of models used for describing the inactivation of pathogens 10 

in foods 

Figure 2 Interaction between the three elements of risk analysis 13 

Figure 3 QMRA model structure 14 

Figure 4 Overview of classic dose-response model and outbreak dose-response 17 

model 

Publication 1 

Table 1 Overview of search strategy and number of articles found specific 24 

to the respective database 

Figure 1 Flow diagram of selected studies included in the systematic review 27 

and meta-analysis 

Figure 2 Number of studies reporting data for potential influencing factors and 28 

their subgroups, which are the health status (a) and age class (b) of 

dairy cows, as well as the fecal collection method (c) and the 

Campylobacter species (d) 

Figure 3 Forest plot of the aggregated sample estimating the pooled prevalence 30 

of Campylobacter spp. in cows' feces from 32 studies 

Figure 4 Forest plot of the sub-group analysis of the aggregated sample 31 

comparing the prevalence estimates of Campylobacter spp. in feces 

of dairy cows between different fecal collection methods (A) and age 

classes of the dairy cows (B) 

Publication 2 

Table 1 Prevalence data for all sample types and taxa analyzed 46



 
V Tables and Figures 

Table 2 Mean log10 concentration and standard deviation for all sample types  47 

and microorganisms analyzed 

Figure 1 (A) Concentration of Campylobacter spp. in feces per month.   47 

(B) Proportion of negative, qualitative positive (enrichment) and  

quantitative positive samples 

Figure 2 Overview of the concentration of Campylobacter spp. in feces of   48 

individual cows (ID numbers) 

Figure 3 Association of minimum temperature with the occurrence of   49 

Campylobacter spp. on teat skin 

Table 3 Multi-level model with parameters with an effect on the occurrence of  49 

Campylobacter spp. in teat swab and feces sample 

 

Publication 3 

Figure 1 Overview of experimental set-up for spiking of raw milk and culture- 59 

dependent plus culture-independent method for quantification of viable 

Campylobacter jejuni in raw milk 

Figure 2 Survival kinetics for C. jejuni strain BfR-CA-18043 (top row) and strain  62 

DSM 4688 (bottom row) in raw milk at 5 °C, 8 °C and 12 °C storage 

Table 1 Recovery rates of Campylobacter jejuni strains DSM 4688 and   62 

BfR-CA-18043 

Table 2 Estimated parameters and goodness-of-fit values for the developed  63 

CFU data-derived tertiary models of Campylobacter jejuni strain DSM  

4688 and BfR-CA-18043 

Figure 3 Relationship between predicted-concentrations (log10 Nt) from the (A)  63 

DSM 4688-derived and (B) BfR-18043-derived tertiary models and the  

data used for the model development 

Table 3 Estimated parameters and goodness-of-fit for the developed tertiary  63 

model derived from IPIU data of Campylobacter jejuni strain DSM 4688  

and BfR-CA-18043 

Tables and Figures 

Table 2 Mean logis concentration and standard deviation for all sample types 47 

and microorganisms analyzed 

Figure 1 (A) Concentration of Campylobacter spp. in feces per month. 47 

(B) Proportion of negative, qualitative positive (enrichment) and 

quantitative positive samples 

Figure 2 Overview of the concentration of Campylobacter spp. in feces of 48 

individual cows (ID numbers) 

Figure 3 Association of minimum temperature with the occurrence of 49 

Campylobacter spp. on teat skin 

Table 3 Multi-level model with parameters with an effect on the occurrence of 49 

Campylobacter spp. in teat swab and feces sample 

Publication 3 

Figure 1 Overview of experimental set-up for spiking of raw milk and culture- 59 

dependent plus culture-independent method for quantification of viable 

Campylobacter jejuniin raw milk 

Figure 2 Survival kinetics for C. jejuni strain BfR-CA-18043 (top row) and strain 62 

DSM 4688 (bottom row) in raw milk at 5 °C, 8 °C and 12 °C storage 

Table 1 Recovery rates of Campylobacter jejuni strains DSM 4688 and 62 

BfR-CA-18043 

Table 2 Estimated parameters and goodness-of-fit values for the developed 63 

CFU data-derived tertiary models of Campylobacter jejuni strain DSM 

4688 and BfR-CA-18043 

Figure 3 Relationship between predicted-concentrations (logic Ni) from the (A) 63 

DSM 4688-derived and (B) BfR-18043-derived tertiary models and the 

data used for the model development 

Table 3 Estimated parameters and goodness-of-fit for the developed tertiary 63 

model derived from IPIU data of Campylobacter jejuni strain DSM 4688 

and BfR-CA-18043



 
VI Tables and Figures 

Figure 4 Relationship between predicted-concentrations (log10 Nt) from the  63 

intact and putatively infectious units (IPIU) derived tertiary model and  

data used for model development 

Figure 5 Validation of the predicted-concentrations (log10 Nt) from the (A) DSM  64 

4688 and (B) BfR-CA-18043 derived tertiary models and independent  

(internal and external) experimental validation data 

Figure 6 Validation of the predicted-concentrations (log10 Nt) from the intact  64 

and putatively infectious units (IPIU) derived tertiary model and  

independent (internal and external) experimental validation data for  

C. jejuni (DSM 4688, BfR-CA-18040 and BfR-CA-18043) in previously  

frozen raw milk at different temperatures 

Table 4 The txd (time to achieve x-log reduction, e.g., t1d) values for CFU and  64 

IPIU data for Campylobacter jejuni strains in raw milk of different  

temperatures 

 

Publication 4 

Figure 1 Baseline model and an overview of the different processes and units  71 

used to describe the concentration and prevalence of Campylobacter in 

the raw milk pathway 

Table 1 Overview of variables and parameters in the baseline model enabling 72 

to estimate the number of Campylobacter cases from consuming raw  

milk 

Table 2 Overview of the parameters to evaluate uncertainty and their effect on 74 

the estimated campylobacteriosis risk due to raw milk consumption,  

relative to the baseline model 

Figure 2 Results of different scenario analysis to investigate the uncertainty  76 

around the model parameter values on estimated campylobacteriosis  

risk due to raw milk consumption, relative to the baseline model 

  

Tables and Figures 

Figure 4 Relationship between predicted-concentrations (logo N;) from the 63 

intact and putatively infectious units (IPIU) derived tertiary model and 

data used for model development 

Figure 5 Validation of the predicted-concentrations (log:o N:) from the (A) DSM 64 

4688 and (B) BfR-CA-18043 derived tertiary models and independent 

(internal and external) experimental validation data 

Figure 6 Validation of the predicted-concentrations (logio N:) from the intact 64 

and putatively infectious units (IPIU) derived tertiary model and 

independent (internal and external) experimental validation data for 

C. jejuni (DSM 4688, BfR-CA-18040 and BfR-CA-18043) in previously 

frozen raw milk at different temperatures 

Table 4 The t. (time to achieve x-log reduction, e.g., t;4) values for CFU and 64 

IPIU data for Campylobacter jejuni strains in raw milk of different 

temperatures 

Publication 4 

Figure 1 Baseline model and an overview of the different processes and units 71 

used to describe the concentration and prevalence of Campylobacterin 

the raw milk pathway 

Table 1 Overview of variables and parameters in the baseline model enabling 72 

to estimate the number of Campylobacter cases from consuming raw 

milk 

Table 2 Overview of the parameters to evaluate uncertainty and their effecton 74 

the estimated campylobacteriosis risk due to raw milk consumption, 

relative to the baseline model 

Figure 2 Results of different scenario analysis to investigate the uncertainty 76 

around the model parameter values on estimated campylobacteriosis 

risk due to raw milk consumption, relative to the baseline model



 
VII List of Abbreviations 

List of Abbreviations 
 

Af   Accuracy factor 

ANN   Artificial neural network 

APC   Aerobic plate count 

APZ   Acceptable predictions zone 

aw   Water activity 

Bf   Bias factor 

CC   Clonal complex 

CFU   Colony-forming units 

cgMLST  Core-genome multilocus sequence types 

EHEC   Enterohaemorrhagic E. coli 

EU   European Union 

FAIR   Findability, Accessibility, Interoperability, and Reuse 

FAO   Food Agriculture Organization 

FSKX   Food Safety Knowledge Exchange 

HACCP  Hazard analysis and critical control points 

IPIU   Intact and putatively infectious units 

kmax   Maximum specific inactivation rate 

LAGESO  State Office for Health and Social Affairs 

MPN   Most probable number 

MPRM   Modular process risk model 

Nres   Residual population density 

PMA   Propidium monoazide 

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

QMRA   Quantitative microbial risk assessment 

R2   Coefficient of determination 

RMSE   Root mean square error 

RoB   Risk of Bias 

Sl   Duration of shoulder effect 

ST   Sequence type 

STEC   Shiga toxin-producing Escherichia coli 

List of Abbreviations 

List of Abbreviations 

A 

ANN 

APC 

APZ 

aw 

Br 

cC 

CFU 

cgMLST 

EHEC 

EU 

FAIR 

FAO 

FSKX 

HACCP 

IPIU 

Kmax 

LAGESO 

MPN 

MPRM 

Nres 

PMA 

PRISMA 

QMRA 

R2 

RMSE 

RoB 

S 

ST 

STEC 

Accuracy factor 

Artificial neural network 

Aerobic plate count 

Acceptable predictions zone 

Water activity 

Bias factor 

Clonal complex 

Colony-forming units 

Core-genome multilocus sequence types 

Enterohaemorrhagic E. coli 

European Union 

Findability, Accessibility, Interoperability, and Reuse 

Food Agriculture Organization 

Food Safety Knowledge Exchange 

Hazard analysis and critical control points 

Intact and putatively infectious units 

Maximum specific inactivation rate 

State Office for Health and Social Affairs 

Most probable number 

Modular process risk model 

Residual population density 

Propidium monoazide 

Preferred Reporting ltems for Systematic Reviews and Meta-Analyses 

Quantitative microbial risk assessment 

Coefficient of determination 

Root mean square error 

Risk of Bias 

Duration of shoulder effect 

Sequence type 

Shiga toxin-producing Escherichia coli



 
VIII List of Abbreviations 

TACC   Total aerobic colony count 

txd   Time required to obtain an x-log reduction 

VBNC   Viable but non-culturable 

v-qPCR   Viable quantitative polymerase chain reaction 

WHO   World Health Organization 

σ   Time for the first decimal reduction 

 

Total aerobic colony count 

Time required to obtain an x-log reduction 

Viable but non-culturable 

Viable quantitative polymerase chain reaction 

World Health Organization 

Time for the first decimal reduction 

List of Abbreviations | //[|



 
1 1 Introduction 

1 Introduction 

The sale of raw cow's milk has become a common practice in many European countries in 

recent years. However, if the milk is not properly heat-treated before consumption, there is a 

potential that some pathogenic bacteria from the animal, like Campylobacter spp., may reach 

the consumer. The consumption of raw milk has repeatedly been associated with 

campylobacteriosis outbreaks (EFSA, 2021). Campylobacteriosis symptoms comprise short-

term effects (fever, abdominal cramps and diarrhea) and possible chronic complications 

including Guillain-Barré syndrome, irritable bowel syndrome and reactive arthritis (Keithlin et 

al., 2014). The transmission route of Campylobacter spp. along the raw milk supply chain from 

dairy cows is not completely understood. Cross-contamination due to fecal contamination of 

the raw milk through insufficient housing conditions and milking hygiene might be an important 

cause of Campylobacter spp. transfer to consumers. To estimate the cross-contamination, it 

is necessary 1) to investigate the prevalence and concentration of Campylobacter spp. in dairy 

cow feces and 2) to investigate feces and raw milk samples in the same setting. Only low 

concentration and prevalence of Campylobacter spp. have been reported in raw milk (BVL, 

2020). Therefore, longitudinal studies with frequent sampling are required to get 

comprehensive insight in contamination events and an estimation of contamination frequency. 

Campylobacter spp. are known to enter a viable but non-culturable (VBNC) state under harsh 

environmental conditions (Rollins and Colwell, 1986). Hence, it is assumed that the survival of 

Campylobacter spp. in raw milk is underestimated since culture-dependent methods only 

detect colony-forming units (CFU) and are not able to detect Campylobacter spp. in VBNC 

state (Wulsten et al., 2020). The pathogenicity of Campylobacter spp. in the VBNC state is 

unknown. However, once favorable conditions recur, Campylobacter spp. can recover back 

from VBNC into CFU within a certain time window (Wulsten et al., 2020) and regain full 

infectious potential (Baffone et al., 2006). Reliable experimental data on the survival of 

Campylobacter spp. in raw milk, taking into account not only CFU data but also VBNC data 

and recovery data of VBNC cells, are necessary to estimate the survival during raw milk 

storage. 

Predictive microbiology models that describe the behavior (growth or decay) of foodborne 

pathogens are helpful tools that give a rapid response to assess food safety (Pérez-Rodríguez 

and Valero, 2013). To estimate and compare the potential of Campylobacter spp. survival in 

raw milk during storage in the two possible physiological states predictive models, based on 

CFU and VBNC data are needed. 

Microbial risk assessment allows an a priori assessment of the effect of intervention measures 

along the whole food chain, or combinations of intervention measures on public health 
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2 1 Introduction 

(Havelaar et al., 2008). Current microbial risk assessments for Campylobacter spp. in raw milk 

have focused on the vending machines and lacked detailed data from housing conditions and 

the milking hygiene (Giacometti et al., 2015; Anonymous, 2009). To reduce consumer 

exposure to Campylobacter spp. by identifying potential intervention measures QMRAs are 

needed over the whole food chain. 

The aim of this PhD project was to conduct a detailed investigation on the presence of 

Campylobacter spp. in the raw milk production chain with the goal of identifying measures at 

the farm level to mitigate the risk of consumer exposure. In detail, the objectives were 1) to 

describe the presence and concentration of Campylobacter spp. in feces of dairy cows based 

on information contained in the literature, 2) to analyze the occurrence and transmission of 

Campylobacter spp. on a dairy farm during a longitudinal field study, 3) to obtain experimental 

data and predict the survival of C. jejuni in raw milk during storage and 4) to evaluate different 

risk mitigation strategies at the farm level to support risk managers. The following 

corresponding research steps were conducted: 

I. Systematic review on Campylobacter spp. in feces of dairy cows 

A systematic review and meta-analysis was performed to summarize previous 

research on Campylobacter spp. in feces of dairy cows worldwide. Prevalence and 

concentration data were extracted and important data gaps as well as limitations in 

current studies were highlighted. 

 

II. Longitudinal study to investigate the occurrence of Campylobacter spp. along the 

raw milk supply chain on one small German dairy farm over one year 

In a longitudinal study, different samples were collected directly from the cows, 

during milking and from the dairy farm environment over one year. The samples 

were fecal samples directly from the rectum of dairy cows, boot sock samples from 

the barn, teat skin swab samples, raw milk samples from the individual cows, milk 

filter samples and swab samples from milking equipment. Samples were analyzed 

for the presence and concentration of Campylobacter spp., E. coli, total aerobic 

colony count (TACC) and for Pseudomonas spp. A scoring was performed for the 

consistency of cows´ feces and the level of cleanliness of the teat skin swab 

samples. 
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III. Survival studies and predictive models for C. jejuni in raw milk at different 

temperatures 

To investigate the survival of C. jejuni in raw milk, a culture-dependent and culture-

independent method were used to collect data on different C. jejuni strains in 

inoculated raw milk at 5°C, 8°C, and 12°C. A cultural detection method was used 

to detect CFU and viable quantitative polymerase chain reaction (v-qPCR) was 

applied to obtain intact and putatively infectious units (IPIU) comprising CFU and 

VBNC data. The generated data were used to develop predictive models on the 

survival of C. jejuni in raw milk based on CFU and IPIU data between 5°C to 12°C. 

 

IV. Quantitative microbial risk assessment (QMRA) model 

A QMRA model for Campylobacter spp. along the raw milk supply chain was 

developed based on data from the longitudinal study and scientific literature. 

Different uncertainty analysis and risk mitigation scenarios along the supply chain 

were evaluated to identify data gaps and support risk managers in controlling 

Campylobacter spp.   
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to detect CFU and viable quantitative polymerase chain reaction (v-qPCR) was 

applied to obtain intact and putatively infectious units (IPIU) comprising CFU and 

VBNC data. The generated data were used to develop predictive models on the 

survival of C. jejuniin raw milk based on CFU and IPIU data between 5°C to 12°C. 

Quantitative microbial risk assessment (QMRA) model 

A QMRA model for Campylobacter spp. along the raw milk supply chain was 

developed based on data from the longitudinal study and scientific literature. 

Different uncertainty analysis and risk mitigation scenarios along the supply chain 

were evaluated to identify data gaps and support risk managers in controlling 

Campylobacter spp.
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2 Literature review 
2.1 Sale and consumption of raw milk 

In recent years, consumer demand for fresh and unprocessed products has increased, which 

has affected the food supply chain. In addition, the abolishment of the milk quota in 2015 has 

influenced milk production and intensified the direct sale of raw milk to consumers (TMR, 

2016). Regulation (EC) No 853/2004 characterizes the product “raw milk” as “milk produced 

by the secretion of the mammary gland of farmed animals that has not been heated to more 

than 40°C or undergone any treatment that has an equivalent effect”. In Europe, the microbial 

criteria for raw milk of cow’s are ≤ 100 000 aerobic plate count (APC)/ml via enumeration on 

agar plates at 30°C (Regulation (EC) No 853/2004). 

Many European countries, including Germany, France, the Netherlands, Belgium, Denmark, 

Italy, Ireland and parts of the United Kingdom allow controlled direct sale of raw cow’s milk to 

consumers on-farm (EFSA, 2015). Self-service and automatic vending machines are used for 

delivering raw milk. Certain requirements are necessary for the direct sale of raw milk. The 

conditions include that the delivery must take place at the farm producing the milk and the 

consumer must be advised to boil the raw milk before consumption. The competent authority 

must be informed about the provision of raw milk to consumers (BMJV, 2018). Raw milk for 

sale in vending machines should be cooled to below 4°C after milking and this temperature 

must be maintained during storage and transportation (EFSA, 2015). However, a study has 

shown that nearly one third of the raw milk samples (31.2%) investigated on site at farms in 

Germany had a temperature higher than 8°C (Böhnlein et al., 2020). In addition, surveys in 

Italy demonstrated that 13.9% to 43% of consumers ignore the advice of boiling raw milk before 

consumption (Giacometti et al., 2013). 

In Germany nearly 850 raw milk sale outlets were registered at the end of 2019 based on a 

query of the respective state and county veterinary authorities (Labohm et al., 2021; Böhnlein 

et al., 2020). Raw milk sales through vending machines (n= 154) were on average 14,505 

liters/year, with a range of 2,200 to 70,000 liters per year in Germany in 2019 (Labohm et al., 

2021). 

For the consumer the enhanced nutritional qualities, taste and health benefits, as well as 

support of regionally produced products were reasons for increased interest in raw milk 

consumption (Crotta et al., 2016; Claeys et al., 2014; Oliver, 2009). However, studies have 

shown that raw milk can be contaminated by a variety of pathogens, of which some are 

associated with human illness and disease (e.g. Campylobacter spp., Shiga toxin-producing 

Escherichia coli (STEC) or Salmonella spp.) (Oliver, 2009). 
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2.2 Campylobacteriosis – a zoonotic disease 

Campylobacteriosis is a zoonotic disease caused by bacteria of the genus Campylobacter. It 

is the most commonly reported foodborne gastrointestinal infection in humans in the European 

Union (EU) since 2007 (EFSA, 2022). In 2021, 127,840 cases of human illness were reported 

in the EU (EFSA, 2022). Most of these cases were associated with undercooked poultry meat 

and an insufficient kitchen hygiene related to raw meat handling and cross-contamination on 

ready-to-eat food. In total, four campylobacteriosis outbreaks with overall 174 human cases 

were associated with milk and milk products in 2020 in EU (EFSA, 2021). Among them, three 

outbreaks occurred in Germany associated with the consumption of raw milk, which led to 13 

human cases and 1 hospitalization. 

A relatively low number of Campylobacter spp. can induce clinical gastrointestinal symptoms 

(Black et al., 1988; Robinson, 1981). Human infections usually lead to a self-limiting 

gastroenteritis with acute symptoms including vomiting, fever, abdominal cramps and watery 

or bloody diarrhea (Negretti et al., 2019). In some cases, chronic complications involve reactive 

arthritis, inflammatory bowel disease, and neurological disorders such as the Guillain-Barré 

syndrome or its variant, the Miller Fisher syndrome (Jackson et al., 2014; Keithlin et al., 2014; 

Poropatich et al., 2010; McCarthy and Giesecke, 2001). The Guillain-Barré syndrome and 

Miller Fisher syndrome are rare, but potentially fatal autoimmune diseases of the peripheral 

nerves usually triggered by infections (Leonhard et al., 2019; Wakerley et al., 2014). 

Thermotolerant Campylobacter, mainly C. jejuni und C. coli, are responsible for most human 

campylobacteriosis cases. Campylobacter species information was provided by 22 Member 

States for 65.1% of confirmed cases reported in Europe in 2021 (EFSA, 2022). In detail, of the 

cases 88.4% were C. jejuni, 10.1% C. coli, 0.18% C. fetus, 0.12% C. upsaliensis and 0.09% 

C. lari (EFSA, 2022). However, other Campylobacter species such as C. hyointestinalis have 

also been reported in the literature to cause human disease (Kim et al., 2015; Edmonds et al., 

1987). 

Campylobacter spp. infections show a characteristic seasonality with a peak in the summer 

months (EFSA, 2022) and have been positively associated with temperature during early to 

mid-summer (Lake et al., 2019). Another smaller but distinct winter peak, around the Christmas 

and New Year period has recently also become apparent. The transmission of Campylobacter 

spp. might be promoted through meat fondues or table-top grilling investigated in a case-

control study (Rosner et al., 2021; Bless et al., 2017). 
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2.3 Contamination of raw milk along the supply chain 

Thermotolerant Campylobacter spp. are, often asymptomatically, carried in the intestinal tracts 

of numerous wild and domesticated bird and mammal species, like pig, bovine, sheep and 

goat (Mughini Gras et al., 2012; Waldenström et al., 2010; Humphrey et al., 2007). They have 

also been isolated from natural environment water samples (Mughini Gras et al., 2012; 

Humphrey et al., 2007). 

Several transmission routes for Campylobacter spp. to humans have been suggested, mainly 

occurring via contaminated food, direct contact with colonized animals and through untreated 

water (Igwaran and Okoh, 2019; Rosner et al., 2017; Mughini-Gras et al., 2016; Kaakoush et 

al., 2015; Bronowski et al., 2014).  

Contamination of raw milk along the supply chain is thought to be predominantly of fecal origin 

from cows carrying Campylobacter spp. (Del Collo et al., 2017; Modi et al., 2015; Bianchini et 

al., 2014; Schildt et al., 2006). It is unknown which mechanisms underlie this contamination 

and how frequently raw milk is contaminated during milking (Giacometti et al., 2015; Bianchini 

et al., 2014; Giacometti et al., 2013; Giacometti et al., 2012; Anonymous, 2009). Prevalences 

of Campylobacter spp. in dairy cow feces in different studies were 53% and 68% among all 

samples investigated (Idland et al., 2022; Jaakkonen et al., 2019). The reported concentrations 

of Campylobacter spp. ranged from 2.1 ± 0.45 to 4.2 log CFU/g (Ramonaitė et al., 2013; 

Nielsen, 2002; Waterman et al., 1984). Possible direct excretion of Campylobacter spp. via the 

mammary gland was reported in only one study (Orr et al., 1995). Prevalence and 

concentration data of Campylobacter spp. from the early stage of the raw milk supply chain 

are important to estimate the risk for consumers by drinking raw milk (Anonymous, 2009). 

Transmission of Campylobacter spp. in raw milk is mainly assumed to originate from cow feces 

via the teats during the milking process. It is currently not clear how this contamination takes 

place (Giacometti et al., 2015; Bianchini et al., 2014; Giacometti et al., 2013; Anonymous, 

2009). The amount of dirt transmitted to milk via the exterior of teats was estimated across 

farms to average approximately 59 mg/l with a range from 3 – to 300 mg/l (Vissers et al., 2007). 

Campylobacter spp. was detected in 13% of teat skin swab samples during six sampling time 

points from 18 dairy herds from four different geographical areas of Norway (Idland et al., 

2022). Samples from the 18 dairy herds were analyzed together and only separate prevalence 

data for the six different sampling time points were available. The prevalence ranged from 6% 

to 21%. The highest prevalence in May (21%), January (17%) and February/March (17%) and 

lowest in August/September (6%), June (8%) and November/December (11%) (Idland et al., 

2022).  
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Campylobacter spp. was only rarely detected in raw milk samples taken at retail with a 

prevalence of 0.47% (n= 212) in the EU 2021 (EFSA, 2022). Using the most probable number 

(MPN) method, the mean C. jejuni level was calculated as 0.1660 ± 0.3 MPN/ml (Humphrey 

and Beckett, 1987). This value was affected by one single sample cell count with a high 

concentration of 1 MPN/ml, whereas the other four samples had levels below 0.05 MPN/ml. 

One positive Campylobacter spp. bulk tank sample (0.34%) was reported in a study from New 

Zealand in 2007-2008 (Hill et al., 2012). The Campylobacter spp. level for that sample was 

0.047 MPN/ml (95% CI, 0.0069 to 0.33 MPN/ml). In a Finish study, the concentration of 

thermotolerant Campylobacter spp. in bulk tank milk samples ranged from 0.007 to 35 MPN/ml 

(Jaakkonen et al., 2020). Milk filters, which were installed at the end of the milk pipeline so that 

the entire raw milk from all cows passes the filter, were a more suitable sampling target for 

monitoring pathogenic bacteria than raw milk (Jaakkonen et al., 2019; FSAI, 2015). 

Prevalences of 14%, 4% or 1% were detected in this sample matrix, with concomitant lower 

prevalence or lack of detection in the raw milk or raw milk bulk tank (Idland et al., 2022; 

Hansson et al., 2020; Jaakkonen et al., 2019). 

To estimate the transmission of Campylobacter spp. from feces to raw milk, it is necessary to 

investigate feces and raw milk samples in the same setting. Longitudinal studies with frequent 

samplings are required to detect contamination events and to estimate their frequency. One 

study from Norway provided concurrent prevalence data on Campylobacter spp. in cows’ feces 

(68%), on teat skin (13%), in teat milk (3%), milk filter (4%) and bulk tank milk (3%) samples 

(Idland et al., 2022). No quantification of Campylobacter spp. was performed. 

 

2.4 Survival strategies of Campylobacter spp. 

Campylobacter spp. generally show low tenacity due to low oxygen tolerance and sensitivity 

to unfavorable environmental conditions including temperature and pH (Park, 2002). They also 

have a low tolerance to drying (Oosterom et al., 1983) and osmotic stress (Doyle and Roman, 

1982). 

It has been shown that thermotolerant Campylobacter spp. cannot grow below 30°C and lose 

cultivability after prolonged incubation at 4°C (Kim et al., 2021; Baffone et al., 2006). 

Nevertheless, inactivation of Campylobacter spp. by oxygen is slower at lower temperatures 

(Boleratz and Oscar, 2022; Yoon et al., 2004). The pH optimum and water activity (aw) value 

for Campylobacter spp. are between pH 6.5 and pH 7.5 and an aw-value of 0.997 (Silva et al., 

2011). 

Although Campylobacter spp. are fastidious organisms in vitro, they succeed in colonizing farm 

animals and spread effectively in flocks (Idland et al., 2022; Rawson et al., 2020; Hakkinen 
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and Hänninen, 2009). C. jejuni of multi-locus sequence type (MLST) ST-883 has been shown 

to persist on a dairy farm and contaminate bulk tank milk for seven months or longer 

(Jaakkonen et al., 2020). This indicates an adaptability of Campylobacter spp., allowing them 

to tolerate various stress conditions, e.g. adverse environmental factors and different matrices 

(Kim et al., 2021). The stress adaption mechanisms of Campylobacter spp. mainly involve the 

ability to adopt a VBNC status, but also include a more long-term strategy of adaptive potential 

based on high genetic diversity (Golz and Stingl, 2021; Burnham and Hendrixson, 2018). The 

VBNC status is induced by osmotic stress (Lv et al., 2019), starvation (Magajna and Schraft, 

2015), cold-stress (Chaisowwong et al., 2012), and probably also aerobic stress (Oh et al., 

2015). In this state, the bacteria have a coccoid shape, are unable to multiply (Poursina et al., 

2018; Ramamurthy et al., 2014) and are no longer detectable by cultural methods (Krüger et 

al., 2014; Bovill and Mackey, 1997). The infectivity of Campylobacter spp. in the VBNC state 

is not known. It has been shown that when using a specific gas mixture with a low oxygen level 

the cells can be recovered from VBNC into CFU in raw milk at 5°C within a limited time window 

(Wulsten et al., 2020). VBNC cells that are retrieved back into CFUs can regain full infectious 

potential (Baffone et al., 2006). A v-qPCR with propidium monoazide (PMA) detecting IPIU 

indicated that the survival of C. jejuni (DSM 4688 and BfR-CA-13290) and C. coli (DSM 4689) 

as compared to CFU data in raw milk at 5°C was underestimated (Wulsten et al., 2020). Since 

the v-qPCR quantifies IPIU, comprising both VBNC and CFU, it provides currently a more 

complete picture of the survival of Campylobacter spp. in raw milk.  

 

2.5 Predictive microbiology 

Predictive microbiology is a broad research field within food microbiology that provides 

mathematical models for predicting microbial behavior (growth and decay) in foods (Pérez-

Rodríguez and Valero, 2013). These models describe the behavior of the bacteria in real 

systems by using mathematical equations, which are simplifications of the corresponding 

system, to predict microbial growth and inactivation in response to certain environmental 

conditions (Ross and McMeekin, 1994). In order for a model to be “complete”, i.e. to be able 

to accurately predict the behavior of a microorganism, all essential environmental parameters 

must be included. Environmental parameters taken into account during modelling might be 

intrinsic factors, such as pH, aw, salt and other microorganisms in the food matrix or extrinsic 

factors, e.g. atmosphere and temperature (Baird-Parker and Kilsby, 1987). Predictive 

microbiology provides information for two main areas, namely prevention of microbial food 

spoilage and the protection of the consumer against hazards in foods (Mossel and Drion, 

1979). Effective predictive models allow researchers to predict the behavior of microorganisms 

in foods under foreseeable conditions in advance and become important decision support tools 
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(Pérez-Rodríguez and Valero, 2013). Current applications of predictive microbiology in an 

industrial context can be summarized into three groups: 1) Product innovation, e.g. new 

products and processes are developed; 2) Operational support, e.g. implementing or running 

a food manufacturing operation; 3) Incident support, impacts on consumer safety or product 

quality are estimated based on reports of problems with products on the market (Membré and 

Lambert, 2008). 

 

2.5.1 Model development 

Predictive models can be divided into three groups, namely: primary, secondary and tertiary 

models (Pérez-Rodríguez, 2014). Primary models describe how microbial counts change over 

time and estimate kinetic parameters (e.g. maximum growth rate, lag phase, inactivation rate). 

Secondary models predict the changes in the kinetic parameters of primary models as a 

function of the effect of environmental conditions (e.g. pH or aw) (Pérez-Rodríguez, 2014). 

Finally, tertiary models identify patterns in the parameters of the secondary models as a 

function of the organism and the nutrient source (as proposed by Baranyi et al. (2017)). They 

were first introduced as software programs that provide simplified user interfaces (Buchanan, 

1993). Multiple programs are available e.g. ComBase, DMFit or the food safety and spoilage 

predictor (FSSP).  

In the literature, a broad range of primary and secondary models are available and the 

selection of an appropriate model is essential to achieve adequate fitting of the parameters. 
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models. Interaction models consider the effect of the food microbiota on the growth of 
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In the following, primary inactivation models will be further addressed. A known quantitative 

microbiology tool for microbial inactivation is the Geeraerd and Van Impe Inactivation Model 

Fitting Tool (GInaFiT). GInaFiT is a freeware Add-in for Microsoft Excel, which includes 

different types of microbial survival models employing linear and nonlinear regression 

approaches. The tool is useful for bridging the gap between developers of predictive modelling 

approaches and end-users in the food industry or research groups who are not familiar with 

advanced non-linear regression analysis tools (Geeraerd et al., 2005). The first version of the 

application published by Geeraerd et al. (2005), comprised nine model types: (i) classical log-

linear curves, (ii) curves displaying a so-called shoulder before a log-linear decrease is 

apparent, (iii) curves displaying a so-called tail after a log-linear decrease, (iv) survival curves 
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displaying both shoulder and tailing behavior, (v) concave curves, (vi) convex curves, (vii) 

convex/concave curves followed by tailing, (viii) biphasic inactivation kinetics, and (ix) biphasic 

inactivation kinetics preceded by a shoulder. A tenth model, curves with a double 

concave/convex shape, extended the software. The model takes into account the development 

of bacterial resistance during inactivation curves (Coroller et al., 2006).  

An overview of primary inactivation model equations is provided in Table 1. 

Table 1. Primary inactivation model equations.  

Equation name Equation  Source 

Log-linear 
(Bigelow) 

𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔(𝑁0) −
𝑘𝑚𝑎𝑥 ∗ 𝑡

𝑙𝑛(10)
 

Eq. (1) Bigelow and Esty 
(1920); Geeraerd et al. 
(2005) 

Log-linear with tail 
(Bilinear) 

𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔(𝑁0) −
𝑘𝑚𝑎𝑥

𝑙𝑛(10)
∗ 𝑡, 𝑡 ≤ 𝑆𝑡 

𝑙𝑜𝑔(𝑁𝑡) = log(𝑁𝑟𝑒𝑠), 𝑡 ≥ 𝑆𝑡 

Eq. (2) Buchanan and Golden 
(1995) 

Log-linear with tail 
(Geeraerd without 
Sl) 

𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔[(10𝑙𝑜𝑔(𝑁0) −10𝑙𝑜𝑔(𝑁𝑟𝑒𝑠) ∗ 𝑒−𝑘𝑚𝑎𝑥∗𝑡 + 10𝑙𝑜𝑔(𝑁𝑟𝑒𝑠)] Eq. (3) Geeraerd et al. (2005)  

Log-linear with 
shoulder and tail 
(Trilinear) 

𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔(𝑁0) , 𝑡 < 𝑆𝑙 

𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔(𝑁0) −
𝑘𝑚𝑎𝑥

𝑙𝑛(10)
∗ (𝑡 − 𝑆𝑙), 𝑆𝑙 ≤ 𝑡 ≤ 𝑆𝑡 

𝑙𝑜𝑔(𝑁𝑡) = log(𝑁𝑟𝑒𝑠), 𝑡 ≥ 𝑆𝑡 

Eq. (4) Buchanan and Golden 
(1995) 

Log-linear with 
shoulder and tail 
(Geeraerd) 

𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔[(10𝑙𝑜𝑔(𝑁0) − 𝑙𝑜𝑔(10𝑙𝑜𝑔(𝑁𝑟𝑒𝑠)) ∗𝑒−𝑘𝑚𝑎𝑥∗𝑡

∗ (
𝑒𝑘𝑚𝑎𝑥𝑆𝑙

1 + (𝑒𝑘𝑚𝑎𝑥𝑆𝑙 − 1) ∗ 𝑒−𝑘𝑚𝑎𝑥𝑡
) + 10𝑙𝑜𝑔(𝑁𝑟𝑒𝑠)] 

Eq. (5) Geeraerd et al. (2005) 

Weibull 
𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔(𝑁0) − (

𝑡

𝛿
)𝑃 

Eq. (6) Mafart et al. (2002); 
van Boekel (2002) 

Biphasic 𝑙𝑜𝑔(𝑁𝑡) = 𝑙𝑜𝑔(𝑁0) + log(𝑓 ∗ 𝑒−𝑘𝑚𝑎𝑥1∗𝑡 

+(1 − 𝑓) ∗𝑒−𝑘𝑚𝑎𝑥2∗𝑡 

Eq. (7) Cerf (1977) 

The parameter Nt is the concentration of microorganisms (CFU/ml or IPIU/ml) at a specific time point, N0 (CFU/ml 

or IPIU/ml) is the initial concentration of microorganisms, kmax the maximum specific inactivation rate (1/h), t [h] is 

the time after inoculation, Nres the residual population density (CFU/ml or IPIU/ml), Sl the duration of shoulder 

effect (h) and St the time arriving tail (h), δ the time for the first decimal reduction (h) and p as shape parameter of 

the Weibull model. 

An inactivation model with shoulder and tail and a Weibull model are presented in Figure 1. 

 

Figure 1. Illustration of models used for describing the inactivation of pathogens in foods (modified 

according to Pérez-Rodríguez and Valero, 2013). 
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Figure 1. lllustration of models used for describing the inactivation of pathogens in foods (modified 
according to Pérez-Rodriguez and Valero, 2013).
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Commonly used secondary models are the square-root-type models (Ratkowsky et al., 1982) 

or cardinal parameter models (Zwietering et al., 1992), whereby the latter is more complex and 

requires more input parameters. If applicable, simple linear regressions can also be used to 

predict the effect of environmental parameters on the parameters of primary models. 

Classical predictive models have been developed using a two-step fitting process (Whiting and 

Buchanan, 1993). For this, a primary regression that estimates kinetic parameters from 

observed cell counts and a secondary regression that independently fits parameter estimates 

from the primary regression to experimental variables are necessary. During this separate 

fitting process errors can accumulate and propagate in each step of the data analysis during 

the model development process (Huang, 2017). A one-step approach avoids these drawbacks 

as primary and secondary models are analyzed together during the estimation of kinetic 

parameters (Huang, 2017). 

 

2.5.2 Model evaluation and validation 

Statistical “goodness-of-fit indices” are used to assess whether the chosen mathematical 

function fits well to the data points after a mathematical function is fitted by regression. Not all 

indices are suitable for all cases and the selection should be made according to the type of 

function applied during the fitting procedure. A first overview of standardized residuals can be 

obtained by using simple scatter plots (Pérez-Rodríguez and Valero, 2013).  

For model evaluation, the goodness-of-fit indices are mainly the coefficient of determination 

(R2) and the root mean square error (RMSE) (Pérez-Rodríguez, 2014). The R2 gives 

information about the percentage of data point variation than can be explained by the model, 

thus the closer the R2 is to one, the better the model represents observations (Pérez-Rodríguez 

and Valero, 2013). The RMSE is simple to calculate and easy to interpret. Further, it is suitable 

for a first approach to the fitted model, as it is a valid index for linear and nonlinear functions 

(Ratkowsky, 2003). A low RMSE value indicates better adequacy of the model in describing 

the data, while a large value of RMSE points to a poor fit to the data. A drawback of RMSE is 

that it is not a standardized (absolute) measure. It depends on the magnitude of the data value, 

whereby data sets with different units are not directly comparable by RMSE. An F-test can be 

used to compare the goodness-of-fit for different models, if the models have the same number 

of regression parameters or are at least mathematically derived from each other (so-called 

“nested models”) (Zwietering et al., 1990). 

Validation is an imperative step in the modelling process, wherby the capacity of a model to 

predict the behaviour of the real system is assessed. Validation requires model-independent 

observations from challenge tests or data from the scientific literature (Gibson et al., 1988). 
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Predictive models should not be applied without previous validation (Dym, 2004). Graphical 

validation is used to categorized models as “fail-safe models”, if predictions overestimate 

growth or as “fail-dangerous models”, if predictions underestimate growth. A fail-safe model is 

maybe preferred for pathogenic bacteria as the predictions are more conservative and 

therefore safer in terms of public health (Pérez-Rodríguez and Valero, 2013). 

The validation indices, bias factor (Bf) and accuracy factor (Af), or the acceptable predictions 

zone (APZ) are used for model validation. The bias and accuracy factor were proposed by 

Ross (1996) and give a good estimation of the reliability of models. The bias factor indicates 

whether a model systematically predicts growth to be faster (fail-safe) or slower (fail-

dangerous) than observed (Ross, 1996). The accuracy factor is similar to the bias factor and 

is defined as the absolute value of the ratio between predictions and observations, where Af = 1 

indicates perfect agreement between observations and predictions and Af = 2 means that 

predictions and obervations vary by a factor of 2 (Pérez-Rodríguez and Valero, 2013). Both 

factors have limitations as they are mean values that might not detect certain forms of 

prediction bias and are subject to bias by outliers (Ross, 1996; Delignette-Muller et al., 1995). 

The APZ method overcomes these limitations as it classifies a model as acceptable when 70% 

of residuals are within the APZ, that can be defined as -1 log10 (fail-safe) to 0.5 log10 (fail-

dangerous) (Oscar, 2005). The validation index of the APZ method is defined in the percentage 

of residuals within the APZ (Oscar, 2005). 

 

2.5.3 Predictive models for Campylobacter spp. in raw milk 

Several predictive models are available for Campylobacter spp. inactivation in meat or other 

food products (Oyarzabal et al., 2010; Lori et al., 2007; Curtis et al., 1995), but few options are 

available for survival in raw milk. Only two are applicable to survival in liquid (Membré and 

Lambert, 2008) or raw milk (Boleratz and Oscar, 2022). The predictive model in liquid is based 

on a meta-analysis including survival data within a temperature range of 0 to 42°C. A log-linear 

model has been used to describe the survival of Campylobacter spp. (Membré and Lambert, 

2008). Boleratz and Oscar (2022) developed an artificial neural network model for non-thermal 

inactivation (without external heat treatment) of C. jejuni in raw milk based on CFU data 

obtained from ComBase. Both models showed a faster non-thermal inactivation at warmer 

temperatures than at cold temperatures used in the experimental set-up. The models are 

based on CFU data and did not take VBNC data into account. 
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2.6 Risk analysis 

The risk analysis paradigm, according to the Food Agriculture Organization (FAO) and World 

Health Organization (WHO) (FAO/WHO, 1995) comprises three components: risk 

management, risk assessment and risk communication (Figure 2).  

 

Figure 2. Interaction between the three elements of risk analysis (modified according to FAO/WHO, 2006). 

Risk assessment is the central scientific part of the risk analysis. It deals with the qualitative 

and/or quantitative evaluation of the adverse effects linked to a hazard (biological, chemical or 

physical agent) in the whole farm-to-fork food production chain or the part that is relevant to 

the problem (FAO/WHO, 2013; Nauta, 2008; Codex Alimentarius Commission, 1999). The 

term “risk” is defined as the probability of occurrence of an adverse health effect as a 

consequence of the presence of a hazard in food (FAO/WHO, 2013). 

Risk management includes risk evaluation, assessment and selection, implementation of risk 

management strategies, and monitoring and review (FAO/WHO, 2013). The decision of 

whether a risk assessment is necessary and the evaluation of whether it is an acceptable risk 

are the tasks of risk managers, compromising industry, public body representatives and policy 

makers alike. They also decide which control measures must be implemented in the case of 

non-acceptable risk (FAO/WHO, 2013).  

Risk communication is the interactive exchange of information and options throughout the risk 

analysis process - including the explanation of risk assessment findings and the basis of risk 

management decisions - between risk assessors, risk managers and all stakeholders (e.g. 

industry, academic community and consumer). The exchange with the consumer is additionally 

attempted in order to enhance trust and confidence in the safety of the food supply (FAO/WHO, 

2013).  

The three interacting components of risk analysis should be 1) functionally separated and 2) 

documented systematically to avoid conflicts of interest or bias in the risk assessment process. 

The risk analysis needs to be performed in a transparent manner. The risk analysis process 

may be evaluated and reviewed when appropriate, taking into account newly generated 

scientific data (FAO/WHO, 2013).  
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2.7 Risk assessment  

A risk assessment is the qualitative and/or quantitative evaluation of the adverse effects linked 

to hazards that might be present in foods (FAO/WHO, 2013). In a qualitative risk assessment, 

the risk is described by descriptive terms (e.g. low or high), while a quantitative risk assessment 

represents the risk in terms of numerical outcomes. 

Quantitative risk assessment can be divided into deterministic and stochastic approaches with 

regard to how input variables are handled (Campagnollo et al., 2022). In the deterministic 

approach, point-estimated values are used for variables. However, the outcomes are not 

representative of real situations. Stochastic models use probability distributions taking 

variations around the values into account. An iterative calculation process, a so-called Monte 

Carlo simulation, is used for distribution calculation. During the Monte Carlo Simulation each 

iteration takes one output value from each of the distributions and calculates the expected 

number of microorganisms per serving or risk of illness per serving (Schaffner, 2008). 

Within the quantitative risk assessment, the quantitative microbial risk assessment (QMRA) 

has been widely used to assess the human exposure to microorganisms that can cause 

diseases. As any risk assessment, the QMRA follows a structured approach comprising four 

fundamental steps: hazard identification, hazard characterization, exposure assessment and 

risk characterization (Figure 3) (FAO/WHO, 2013). 

 

Figure 3. QMRA model structure. QMRA model are usually developed along the four elements of a risk 
assessment (hazard identification, hazard characterization, exposure assessment and risk characterization). The 
different model classes that belong to the elements can be combined to form a full QMRA model (modified according 
to Haberbeck et al., 2018). 
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iteration takes one output value from each of the distributions and calculates the expected 

number of microorganisms per serving or risk of illness per serving (Schaffner, 2008). 

Within the quantitative risk assessment, the quantitative microbial risk assessment (QMIRA) 

has been widely used to assess the human exposure to microorganisms that can cause 

diseases. As any risk assessment, the QVIRA follows a structured approach comprising four 

fundamental steps: hazard identification, hazard characterization, exposure assessment and 

risk characterization (Figure 3) (FAO/MHO, 2013). 

Quantitative microbial risk assessement (QMRA) model 

Research question \ 

Hazard Product Population (e.q. Campylobacter) (e.g. raw milk) 

Dose-response model 
Process model 
(modula process risk model) 

Consumption model 
(or consumption data) 

Hazard 

characterization 
Exposure model Exposure 

assessement 

Risk characterization 
/ 

Risk characterization model 

Figure 3. QMIRA model structure. QMIRA model are usually developed along the four elements of a risk 
assessment (hazard identification, hazard characterization, exposure assessment and risk characterization). The 
different model classes that belong to the elements can be combinedto forma full QMRA model (modified according 
to Haberbeck et al., 2018). 
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Before starting the hazard identification, the objective of the QMRA must be defined as a 

research question regarding the food product, population, food production chain and the 

microbiological hazard (Nauta, 2008). Generally, risk managers in consultation with risk 

assessors develop the research question. 

The hazard identification is the qualitative description of the microbiological hazard, which may 

be present in foods (Codex Alimentarius Commission, 1999), e.g. a description of 

thermotolerant Campylobacter spp. in raw milk. After the hazard identification, the 

characterization of the hazard with focus on the consumer takes place, by description of the 

adverse health effects of the hazard. The dose-response relation is also part of the hazard 

characterization. A dose-response assessment determines the relation between the 

magnitude of exposure (dose) to a hazard and the severity and/or frequency of associated 

adverse health effects (response) (Codex Alimentarius Commission, 1999). The exposure 

assessment evaluates the likely intake of a hazard. In the last stage of the risk characterization, 

the probability of occurrence and severity of an adverse health effect in a population is 

estimated based on hazard identification, hazard characterization and exposure assessment 

(Codex Alimentarius Commission, 1999).  

The Codex Alimentarius Commission guidelines (1999) for conducting QMRA gives a list of 

principles and definitions, but does not present a modelling methodology. A modular process 

risk model (MPRM) approach is recommended (Nauta, 2008). MPRM states that the 

transmission of the hazard through the food pathway can be regarded as a series of basic 

processes. In detail, following the MPRM approach, the food pathway describes where the 

bacteria enter the food pathway and what can happen to the bacteria in terms of either a 

microbial process (growth and inactivation), often described by predictive models, or product 

handling processes (cross contamination, mixing, removal or partitioning) (Nauta, 2008). The 

MPRM structure is determined by this series of basic processes. They may be used in any 

QMRA study. This can range from industrial food processing to “farm to table” risk assessment 

models. Besides the evaluation of likelihood of intake of the hazard via food (qualitatively 

and/or quantitatively estimated), general consumption data of the food product are included 

(FAO/WHO, 2008). In addition, the amount of product that is consumed has an impact on the 

likelihood to be exposed to the hazard. 

The results of a risk assessment and the estimation of microbial concentration and prevalence 

in food by the end of the production process are an important management tool. They can help 

in the detection of critical control points (HACCP) in the food chain and in the assessment of 

intervention strategies and are consequently of great interest to the industry (FAO/WHO, 

2008). The European Food Safety Authority (EFSA) focused on the estimation of microbial 
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concentration and prevalence in food at the time of consumption. Consumer behavior must 

therefore be included to assess the final risk for the consumer. 

 

2.7.1 Variability and Uncertainty 

In the development of stochastic QMRA models, it is essential to address variability and 

uncertainty, and to consider them independently of each other. In the context of QMRA 

“variability” represents the true biological heterogeneity in a population. Variability is not 

influenced and irreducible by additional data or better measurements since it is related to 

natural randomness (Anderson and Hattis, 1999; Murphy, 1998). To reflect the variability of 

data, statistical metrics such as standard deviation or quantiles are often used. 

On the other hand, the term “uncertainty” represents the lack of perfect knowledge of the true 

value of a parameter due to a lack of data, analytical limitations or low precision of 

measurement methods (Anderson and Hattis, 1999). It should be reduced whenever possible 

by further data generation or, if applicable, adjustment of the experimental set-up. In exposure 

assessment, the uncertainty is usually quite large based on many unknown steps in the 

production process as well as at the consumer stage. Surveys addressing consumer behavior 

are limited. Therefore, the effect of the uncertainty in the consumer phase on the uncertainty 

of the risk estimate can be very large. 

Most data sets include variability and uncertainty at the same time. Two approaches are 

possible for considering both independently in a stochastic exposure assessment model: the 

development of a nested set of distributions describing each factor (second order Monte Carlo 

simulation model) or different scenario analyses (e.g. mean, worst-case, etc.). In a second 

order Monte Carlo simulation, model uncertainty and variability are considered simultaneously 

(Nauta, 2000). Scenario analyses are used to consider variability and uncertainty after each 

other. 

 

2.7.2 Dose-response model 

The dose-response relationship provides the link between the hazard and population group 

and is part of the hazard characterization. In detail, this means the relationship between 

pathogen exposure and the probability of occurrence and severity of an adverse effect (e.g. 

infection, illness or death) (FAO/WHO, 2003).  

Dose-response data are available for many microorganisms based on studies in human 

volunteers and animal models (Haas, 1983). Some dose-response models are assessed from 
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outbreak data of the microorganism, if the collected data on exposure are accessible 

(FAO/WHO, 2003) (Figure 4). 

The current understanding is that any single pathogen may be capable of causing infection in 

the “single-hit concept” (Haas, 1983). It is not assumed that there is a minimum dose, a 

threshold below which infection cannot occur. Hence, the probability that any pathogen causes 

infection is independent of number ingested. 

 

Figure 4. Overview of classic dose-response model and outbreak dose-response model. r* is the probability 

of each single pathogen being individually capable of causing infection in the exposed individual; r** is parameter 

estimated for pathogen model of illness dose-response. 

This “single-hit concept” is a non-threshold approach, calculating the probability of infection 

(Pinf) given dose (D) of ingested microorganisms as (Eq. (8)). 

𝑃𝑖𝑛𝑓 = 1 − (1 − 𝑟)𝐷         Eq. (8) 

where r is the probability of each single pathogen being individually capable of causing 

infection in the exposed individual (by means of independent action).  

The probability r depends on pathogen (e.g. pathogenicity, adaption to attack and grow), food 

item (e.g. fat content) and the host (e.g. microbiome or immune system). This model estimates 

the risk at the population level as it assumes that the interaction between the pathogen and 

the host is constant for every individual in the population (Sanaa and Guillier, 2022). 

In a Beta Poisson model the variability between strains and the variability between individual 

consumers are considered (Sanaa and Guillier, 2022) (Eq. (9), Figure 4A, lower part). A Beta 

distribution of parameters α and β is used to describe how different hosts respond to exposure 
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to a similar dose (Sanaa and Guillier, 2022). The dose parameter represents the mean of 

Poisson distributed doses (Nauta et al., 2009). 

𝑃𝑖𝑛𝑓 = 1 − (1 +
𝐷

𝛽
)−𝛼         Eq. (9) 

Frequently, the Beta Poisson model does not describe the doses as accurately as is necessary 

for a QMRA food chain model since individuals are exposed to discrete numbers of bacteria. 

However, it can be accurate for fluid foods, like water, where the Poisson assumption makes 

sense. A more heterogeneous distribution is assumed in foods (Nauta et al., 2009). Therefore, 

a better implementation of the dose-response relationship is given by using the Beta Binomial 

model (Eq. (10)), for which the same parameters can be used as in the Beta Poisson model 

(Haas, 2002). 

𝑃𝑖𝑛𝑓 = 1 −
Г(𝛼+𝛽)Г(𝑛+𝛽)

Г(𝛼+𝛽+𝑛)Г(𝛽)
        Eq. (10) 

where Г(.) is Euler’s Gamma function (Nauta et al., 2009; Haas, 2002) and n is the discrete 

dose. 

For Campylobacter spp. two main dose-response models are available. The “classic” dose-

response model with α =0.145 and ß =7.59 (Teunis and Havelaar, 2000) assessed from data 

from a human challenge study (C. jejuni strain A 3249) (Black et al., 1988) and an “outbreak” 

dose-response model (Nauta et al., 2022; Teunis et al., 2018), which combines data from 

human and primate challenge studies and data from epidemiological studies on foodborne 

diseases (raw milk outbreak studies). In recent studies, the median estimates of the model 

parameters provided by Teunis et al. (2018) for outbreak studies were used in the “outbreak” 

dose-response model with α =0.38 and ß =0.51 (Nauta et al., 2022). 

For the “classic” dose-response model, the probability of illness given infection (Pill/inf) is a 

constant (0.33) (Nauta et al., 2007; Black et al., 1988), independent of the dose. The “outbreak” 

dose-response model uses a pathogen model of illness dose-response (with parameters r and 

η estimated by host species and strain) for Pill/inf (Teunis et al., 2018) (Eq. (11), Figure 4B, 

lower part). 

𝑃𝑖𝑙𝑙/𝑖𝑛𝑓 = 1 − (1 +
𝐷

η
)−𝑟        Eq. (11) 

with r= 0.76 and η= 0.0092 

 

In the end, the number of ill consumers (Ill) is calculated by multiplying the mean of Pinf and 

Pill/inf (Eq. (12)). 

𝐼𝑖𝑙𝑙 = 𝑚𝑒𝑎𝑛𝑃𝑖𝑛𝑓 ∗ 𝑃𝑖𝑙𝑙/𝑖𝑛𝑓        Eq. (12) 
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The “outbreak” dose-response model indicates that infection with C. jejuni occurs at low doses 

but acute illness requires high doses (Teunis et al., 2018). 

 

2.7.3 QMRAs for Campylobacter spp. along the raw milk supply chain 

There are already existing QMRAs for Campylobacter spp. along the raw milk supply chain 

based on data from Italy and New Zealand (Giacometti et al., 2015; Anonymous, 2009). 

The QMRA from New Zealand is based on four pathogens that can occur in raw cow’s milk: 

Campylobacter spp., EHEC, Salmonella spp. and Listeria monocytogenes (Anonymous, 

2009). This model incorporates fecal concentration data for Campylobacter spp. based on the 

MPN method from Stanley et al. (1998). The mean concentration is 1.79 log10 CFU/g ± 1.01 

log10 CFU/g feces. For the dose-response relationship, the classical Beta Poisson dose-

response model for Campylobacter spp. is applied. Three different scenarios are performed: 

(1) consumption from the bulk milk tank, (2) domestic consumption after farm gate purchase, 

(3) domestic consumption after packaging, distribution and retail sale, which leads to mean 

prediction of 19.9, 4.7 and 0.1 cases of illness respectively for adults from Campylobacter spp. 

per 100,000 daily servings of raw milk (Anonymous, 2009). 

A recent QMRA from Italy focused on the prevalence of Campylobacter spp. in raw milk at 

vending machines and different raw milk handlings before consumption (boiled and unboiled) 

(Giacometti et al., 2015). A total of 1.08 x 108 servings per year were estimated whereby the 

model predicted for the population of the investigated regions 301,785 and 230,776 cases for 

the best (4°C) and worst time-temperature scenarios (11°C ± 0.5°C), respectively (Giacometti 

et al., 2015). The best-case scenario was performed at 4°C in order to prevent the growth of 

pathogenic bacteria. However, Campylobacter spp. is inactivated more rapidly at higher 

temperatures, resulting in lower case numbers in the worst-case scenario (11°C). 

The QMRAs for Campylobacter spp. in raw milk were mainly focused on the raw milk storage 

and handling before consumption. Transmission data for Campylobacter spp. during the 

milking process were not integrated. No QMRA for Campylobacter spp. in raw milk in Germany 

is available. In order to reduce consumer exposure to Campylobacter spp. by identifying 

potential intervention measures QMRAs are needed over the whole food chain. Different risk 

mitigation strategies on farm level and along the supply chain need to be explored to identify 

data gaps and support risk managers in controlling Campylobacter spp. 
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corresponding author, I submitted the article and considered and responded to the reviewer 
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Abstract 

The consumation of raw milk from Gairy cows has caused mutiple food-bome outbreaks of 
campylobacteriosis in the European Union (EU) since 2011. Cross-contamination of raw 
milk through faeces is an imporant vehicle for transmission of Campylobacterto consum- 
ers. This systematic review and meta-analysis, aimed to summarize data on the prevalence 
and concentration of Campylobacter n faeces of dairy cows. Suiteble scienific articles pub- 
lished up to July 2021 were identified through a systematic literature search and subjected 
toscreening and quality assessment. Fiity-three out of 1338 identified studies were eligivle 
for data extraction and 44 were further eligible for meta-analysis. The pooled prevalence 
was calculated in two different meta-analytic models: a simple model based on one average 
prevalence estimate per study and a multilevel meta-analytic model that included allpreva- 
lence outcomes reported in each study (including different subgroups of e.g. healtn status 
and age ol dairy cows). The resulls ol the wo models were significantly different with a 
pooled prevalence estimate of 29%, 95% C [23-36%] and 51%, 85% Cl [44-57%], respec- 
lively. The eflect of sub-groups on prevalence were analyzed wilh a multilevel mixed-effect 
model which showed a significant effact of the faecal collection methods and Campylobacter 
species on the prevalence. A meta-analysis on concentration data could not be performed 
dus to the limited availability of data. This systematic review highlights important data gaps 
and limitations in current stugies and variation of prevalence outcomes between avallable 
studies. The included studies used a variety of methods for sampling, data collection and 
analysis of Campylobacter that added uncertainty to the pooled prevalence estimatas. Nev- 
ertheless, the performed mete-analysis improved our understanding of Campylobacter 
prevalence In faeces of dalry cows and is considered a valuable basis for the further devel- 
‘opment of quantitative microciological risk assessment models for Campylobacterin (raw) 
milk and food products thereof. 
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Introduction 

Since 2003 campylabacteriosis, caused by bacterin of (he genus Campylobacter, s the most 
commaonly reported foodburne gastroinlestinal infection in humans in the £U [1]. The EU 
Member States reported an overall incidence of 120,946 confirmed cases of human campylo- 
bacteriosis, corresponding to an EU notification rate of 40.3 per 100,000 population in 2020. 
Although a decrease in cases was observed in 2020, the overall campylobacteriosis trend in the 
last four years was stable 1], Campylobecteriosis symptoms include fever, vomiting, abdomi- 
nal cramps and watery or bloody diarrhea. Associated chronic complications involve Guillain- 
Barzé syndrome, irritable bowel syndrome and reactive arthritis [2] 

Important animal reservoirs for Campylobacter spp. are poultry, in particular chicken, and 
cattle [3, 4]. However, the bacterium is mainly transmitted through contaminated food, direct 

contact with animals or untreated water [4-6]. In addition to uncooked poultry meat or poor 
Kitchen hygiene in connection with the handling of raw meat, Canspylobacter infections are fre- 
quently reported in connection with the consumption of raw mill and products thereof [1, 7~ 
10]. From 2011 to 2020 raw milk was one of the food vehicles causing most strong-cvidence 
foodborne campylobacteriosis outbreaks in the EU [1]. This is critical in light of the increasing 
consumer demand for raw milk [11], the intensisication of local sales via raw milk vending 
machines [12] and the common neglect to boil raw milk before consumption. Surveys in Italy 
demonstrated that 13.9 to 43% of consumers did not boil raw milk before consumption |13, 14]. 

Ttis generally assumed that contamination of raw milk with pathogens is mainly of faccal 
origin [9, 15-17]. However, it is unclear which mechanisms underiic this contamination and 
how likely raw milk s to be confaminated during milking [14. 15, 18, 19]. In addition. icis also 
unclear whether there are seasonal ditferences in the occurrence and concentrations of Cami- 

pylobacter spp. in faeces of dairy cows, which could potentially help to explain the seasonal 
trend in campylobacteriosis cases [ 1]. Different mitigation options along the raw milk supply 
chain need to be assessed in order to understand the role of faecal contamination and 2 poten- 
tal seasonality in the public health risk associated with the consumption of Campylobacter- 
contaminated raw milk. Prevalence and concentration data for Campylobacter spp. in facces 
form a basis for such 2 risk assessment., 

In microbiology, a risk assessment i the qualitative andfor quantitative evaluation of the 
adverse effects linked to biological agents that may be present in foods [20]. During a quantita- 
tive microbial risk assessment (QMRA) the risk is estimated in terms of numerical outcomes, 
typically the probability of llness or death [21]. Quantitative data, lise the concentration in 
contamination sources (e.g. facce o the food matris, is needed during exposure assessment 
for the relation betsieen the dose ingested and the frequency of a given effect. To reduce the 
risk of human exposure to Campylobacter spp. it is essential to assess the prevalence and con- 
centration of Canspylobacter in facces of dairy cows”. In this sense, a systematic review is neces- 
sary to identify all literature on this particular topic. Further a meza-analysis is a highly 
valuable statistical tool whaose objective is to combine the results of al studies on 2 particular 
research question to determine the size and direction of the effect. 

“This systematic review and meta-analysic aimed to provide znd estimate the prevalence and 
concentration of Campylabacter in dairy cow facces. Moreaver, potential data gaps for risk 
assessments were identified in order to highlight where further recearch is needed. The knowl- 
edge and data generated from this study is ought to contribute to the development of QMRASs 
and the evaluation of ifferent contamination or exposure scenarios along the raw milk supply 
chain, thereby helping risk maragers to identify mitigation strategies to control Canspylobacter 
spp. and to reduce the public health risk associated with the consumption of Cantpylobacter- 
contaminated raw milk. 
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Material and methods 

Literature search and inclusion criteria 
A systernatic review was performed according to the Preferred Reporting ltems for Systematic 
Review and Meta- Analysis Protocols (PRISVIA-P) 201 statement [22] (1 Checklist). A pre 
specified study protacel was published an the Tnternational Prospective Register of Systernatic 
Reviews (PROSPERQ) datahase (CRDA2021261914, hittps://ovew.crd.yorkac.uk/prospero/ 
display_record. php?RecordD=261914), in order to avoid duplication and to minimize bias. 
Literature searches were carried ont using PubMed, Scopus and Web of Science databases for 
papers published to July 19th 2021. A detailec overview of search terms per datzbase is pro- 
vided in Table 1. Synonyms for relevant search terms were identified using the Medical Subject 
Headings (MeSH) thesaurus by the US National Library of Medicine [23] (hitps/wwsw nlin 
nihgovimesh/ieshhome htaul) 

Atitle and abstract screening was perfocned, followed by o full-text sereening for eligibility 
for inclusion and exclusion criteria already defined in the PROSPFRO protocol and for the 
removal of duplicate publications of the same resalts or siudy. T the answer (0 Une a priori 
defined exclusion crileria remaimed unclear during the initial screening he sludy was for 
warded (o the full-text screening, All relevant articles were uplondead (o (he Rayyan Systerms 

asion and exclusion and 1o document the 4] welb tol for efficient organization of 
reasons for exclusion. Two researchers (ADK, TC) performed both screenings independently 
in Rayyan, Discrepancies were resalved by a third researcher (NG). Studies were excluded i 
they met (he pre defined exclusion criteria. 

Data extraction 

Full text articles were examined and relevant date was extracted from text and tables into pur- 
pose-built tables using Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, USA). Metadata 

on the general study design and metadata related to each reported outcomes was extracted sepa- 
rately. The following generel metadata was extracted from each study: year of publication, coun- 
try of study. faccal collection mcthed, method for Campylobacter detection enumeration and. 
specics identification, number of dairy cow farms sampled, age class of cows, health status of 
ows, whether repested samplings for individual cows or cow farms were performed, whether 
the repeated outcomes for individual cows or for cow farms were reported. and whcther the 
availzble repested outcome were reported by scason (i.c. summer, fall, winter, spring) 

Each study may comprise more than one prevalence outcome ¢.g-derived from different 
sub-groups or sampling conditions (i.c. Campylobacter specics, age class, health status 

Table 1. Overvicw af scarch stratcgy and mumbr of articles found specific o the respective datathase 
Date Search Datshase | Number af articles | Search stringterms and Himits 
performed eetrived 
1 Pubned |45 All= (Scarch #1) AND All = (Search 72) AND Al = (Search 73) 
15.July 2021 Scopus 453 le Keyword = (Sesrch 41) AND Abstrust, Tk, Keyiword = (Search £2] AND Abstrecs Tile. 

(Searc 13) 
15, uly 2020 Webof TOPIC - (Search #1) AND TOPIG - (Search #2) AND TOPIG - (Search #5) 

Science 
here: 
Search 21 mpyloacier) 
Search 12 {cow) OR (catle) OR fbavine) OR (rursinant) OR (dairy) OR (heifer) OR (caf) OR (hos indlicus) OR 

{50) O {bos grinnens) OR (k) O, (has tarns) 
search 13 {feces) OR (facces) O (excrersent) OR (fzcal] OR {faeca) OR (dung) 

bitas o 010137 jou neQ2TEDIE 101 
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scasons) and outcomes may be reported repeatedly within one study based on different sub- 
grouping or data aggregation. All relevant prevalence outcomes were extracted and the sub- 
grouping was documented in the metadata. Each extracted outcome was associated with the 
following additionsl metadata: Campylobacter specics, season, number of facces samples col- 
lected, health status of cows and age class of cows. 

“The review and data extraction was performed by two researchers (ADK, TC) individually 
and tables were subsequently merged. Discrepancies were resolved by discussion or consulta- 
tion ofa third researcher (NGJ. Authors of included articles were not contacted in case of 
missing data. The created database was double-checked independently by two researchers 
(ADK,TC). 

Bias assessment 

i animal Ihere is curzently no validated tool for risk of bias {Ro) assessment in observation; 
studies including prevalence studies. The available tools are appropriate for animal experi- 
ments (e, SYRCLE [25], CAMARADES 261 or human observational studies (e.g. ROBINS-1 
[27]). s a result, risk of bias was assessed based on a purpose-built modified Ro tool. Appli- 
cable questions from the sbove mentiored tools were gathered in @ table and adapted for prev- 
alence studies (c.g. were rephrased or split into multiple, more study specific criteria). In total 
ten questions were included in the final ool (52 Teble). During the data extraction, the review- 
ersalso filled the RoB tool for cach study, counted the number of “yes”, *no” and “uncleer” 
answered questions, and labelod studics with more than four “yes” answers as “low risk of 
bias”. Questions answered with “no” and “unclear” contributed to high risi: of bias. No funncl 
plotwas drawn since funnl plots are not appropriate for assessing the publication bias in stud- 
ies with prevalence outcomes (28] 

Description of data sets for meta-analysis 
Study outcomes for pooled faceal samples and vatcomes where the nuaber of animals sam- 
pled was unclear o not specified were excluded from the meta-snalysis. As described i see- 
tion data extraction, we extracled ell relevant prevalence outcomes from cach study. This 
introduced duplications of the same data under different sub-groupings (ic. Campylobacter 
species, age class, heal(h status, and seasons) in our data set for meta-analysis. T'o consider the 
effect of these duplicates on the analysis we chose (o work with two different data sets and 
mela- analytic models. One dataset was reduced (o only those prevalence outcomes that were 
reported us an average across the whole study (e.g across all polential sub-groups such as age 
class, health status and seasons). This dataset will hereaiter be referred (o as aggregated sample 
(51 Teble). The other dataset included all extracted outcomes, including potential duplications 
due to different sub-groupings and data aggregation. The method for meta-analytic model was 
chosen accordingly. This data set will hereafter be referred to as the non-aggregated sample 
(81 Table). 

Potential influencing factors of interest were. the scason during faccal sample collection, the 
Campylobacter specics, the ege class and the health status of the cows as well as the faccal col- 
lection method. The etiect of these factors on the prevalence estimates was further investigated 
via statistical analysis. 

Statistical analysis 
We used R Software version 4.1 for statisticel analysis 120 and the packages “meta” [30] and 
“metafor” [31] for the development of the meta-analytic models. 

PLOS ONE | hipsidol.orgi10. 187 journal.pone 276018 Qctober 14, 2022 a9



 
26 3 Publications 3 Publications 

PLOS ONE Mata-analysis Campylobacter 

Meta-analytic models. Two meta-analytic models were used to estimate the pooled prev- 
alence. In the first model the prevalence outcomes of the aggregated sample were included in a 
random effect model for proportions with an inverse variance method, which we will refer to 
as simple model. 

In the second model, the non-aggregated sample was included in 2 multilevel model where 
prevalence outcomes reported in each study were in onelevel and studies were compared in 
the other level. For each level an inconsistency index (1°) was calculated s a measure of hetero- 
geneity which is defined as the percentage of varizbility i the effect estimates that is not 
explained by the sampling error. In both models the estimates were double arcsin 
transformed. 

‘Subgroup analysis. T'or subgroup analysis, we used the aggregated sample prevalence if at 
least three outcomes from different studies were available. The Q-test was used to test the dif- 

ference betieen the subgroups. 
Titect of subgroups on the prevalence. We performed an analysis on the non-aggregated 

sample (using all the extracted outcomes) to investigate the effect of subgroups on the pooled 
prevalence estimate based on 2 multilevel mixed-etfect model with restricted maximum-likeli- 
hood estimation (REMLJ. The model features included the Campyiobacier specics, health sta- 
tus and age class of the dairy cows, the season of outcome mezsurement and the faccal 
collection method. As with the previous multilevel model, the prevalence outcomes reported 
for each study were considered as one level and the comparison between the studies was calcu- 
lated in the other level, 

Meta-regression. We performed a meta-regression to evaluate the effect of the publica- 
tion year of studies on the prevalence estimates. Tor this analysis, we added the publication 
year as a variable to the simple model regression and created a graph of the prevalence values 
versus publication year. 

Sensitivity analysis. The created data table for RoB analysis was used to estimate the 
pooled prevalence for the high and low risk of bias studies of the aggregated sample and the 
results were compared using a Q-test. As the second sensitivity analysis, the pooled prevalence 
estimate from the aggregated sample in the simple model and results from the pooled non- 
aggregated sample in the multilevel model were compared. 

Results 

Search summary of the systematic review 

Filly-hree out of 1338 identified studies were eligible fir data extraction afer screening and 
eligihility testing according 1o PRISVIA P (Fig, 1), 

OF these, 17 studies were from Furope (129), 15 from Narth-America (28 3%), seven from 
Qceania (13.2%), six from Asia (11.3%), five from South America (49.5%) and three from 

5,9.4%). Other Euro 
y. Lalvia, Lithuania and Sweden were repre 

Alrica (5.7%). Most of the Europe based studies were from the UK (N 
pean counlries ie. Austria, Denmark, Germa 

sented by one study each, while Finland, Haly and Sweden were represented by two studies. 
On average, 432 (+ 678) dairy cows and 21 (= 34) farms were sampled in the included stud 

s, The health status of the sampled dairy cows was not specified in « majority of studies 
(N = 35 6644, while other studies (N = 18 345%) gave a clear description of the health status of 
the dairy cattle (kg 22). ifferent age groups of dairy cows were sampled throughout the 
included studies (Fig 25). However, in some studies no description of the sge group of cows 
was given (N = §; 15%) 

“The feceal collection methods were the collection of cow pats from the floor (N = 9: 17%) 
and dircct rectal extraction methods (N = 31; 38.5%). In six studics (11.3%) the faccal 
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Fig 1. Flow dingram of selested studies included in the systematic review aud ueta amalysi. Aggiegated sunple 
means 1 speilic prevalence vulcorae was epurted a5 n aversge outsome sstoss Uhe whole study, whereas with aon- 
agaregated sample an outcome vas reparted for a specific < proup or conditian. 
htps:/doi og/10.137 1o amal pon 02760189001 

collection method was not stated and some studies pooled faccal samples before analysis 
(N'=7;13.2%) (Fig, 2¢). Campylobacter was mainly detected by culture-based methods 
(N=49;92.5%), Only a few studies used PCR-based methods (N = 3, 5.7%) or a combination 
of PCR- and culture-based methods (N = 13 1.9%). The majority of siudies (N = 37 69.8%) 
tested faccal samples for two or more Campylobucter species (including Campylabaster spp.). 
Campyiobacier spp. (N = 35; 66%) and the species C. jejicai (N = 265 19%) and C. coli (N = 11; 
20.5%) were most commonly reported in all included studies. Other species such as . 
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Fig 2. Numher of studics reporting data for potential influencing factars and thelr subgranps, which are the health statms () and age class (b) of 
dairy cows, as wellas the fecal collection method (c) and the Campylohacter specics (d). Tn some stuccs the callected faceal amples were 11¢ 7o 
for moce than ane species. 
itps:4dol.rg/10 171 cumal pone 02750780002 

hyointestinalis, C. fetus, C. spuionum, C. lari, and C. fecalis, weze rarcly tested for, while some 
species could not be identified (Fig 2d). 

Aliost 50% of all studies (N = 26) reported repeated samplings for fazms under study. 
Only summe of these (N = 15; 28.3%) were taken sccording (o scasons in temperate regions (i.c. 
spring, sumner, aulumn, winter), while others (N = 5; 9.4%) were laken sccording o rainy 
and dry scason, depending on the geographical location of the country. In general, only few 
studies (N = 1 26.0%) madle the resulls of the repeated sampling explicity available in their 
publication. This means thal although repeated samplings were laken, the results of Urese som 
plings were not reported individually, but ralher aggregated or not shown at all. Repeated sam- 
pling for individual cows were only laken in a small number of studies (N = 5;9.4%), but none 
of these studies made the results for individuzl cattle available in their publication. Data 
extracted from publications and included in systematic review and meta-analysis are available 
inS1 Table. 

Risk of bias assessment 

The number of “yes”, “no” and “unclear” answers for cach RoB criteria is shown in $2 Table. 

No study answered all the RoB criteria with “yes”. The highest answer rate was cight out of ten 
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“yes” answers for 0ne study. Twenty-two studics (42%) had four or more “yes” answers which 
wies considered as low risk of bias. Results of the meza-analysis on prevalence outcomes of RoB 
sub-groups are furcher presented in result section sensicivity analysis. 

Findings from the concentration outcomes 
Concentration outcomes were anly reported in seven (13.29%) of the 53 studies included in the 
review. The pravided concentration outcomes in three of these studies [32-31] was a sem 
quantitative estimate, shicl was determined by the most prabable number (MPN] method for 
Carmpyiobacier spp... Concentration vutcomes from another study could not be exiracled as 

udies nled ma bos plot [35]. A mea nlysis for the remaiming threes 
[36- 58] with quanitative concentration uicomes could not be performed, as one of these 
studies [33] 
concentralion. 

 provide any standard deviation or confidence intervals for lhe reporied 

average Campylobacter spp. concentration in Danish dairy farms of 120 dairy cows was 
2.1+ 0.45 log colony forming unit (CEU)g facces 361, In contrast, a Lithuanian study deter 
mined for cows higher concentrations of 3.5+ 092,417 +0.54, 3.29 + 0 44 log CEUfg freces 
in three different dairy farms [37]. Another study from the Uniled Kingdom found similar 
average concentrations with s 
winter, 
[38]. 

sonal differences of 1 log CEU/g facces between summer and 
h an average of 3.2 log CEU/g faeces in summer and 42 log CEUJg facces in winter 

Findings from the meta-analysis on prevalence outcomes 
After excluding the studies with prevalence ontcomes reported far pooled faccal samples and 
studies where the number of dairy cows sampled was not clear, 44 studies remained. 

Out of these 44 studies, only 32 studies reported a prevalence for the aggregated sample, 
swhich equates to 32 prevalence outcomes. For the non-aggregated sample, including these 4¢ 
studies, 331 prevalence outcomes for different sub-groups and conditions were reported (51 
Table). 

The overall prevalence estimate of the simple model that was based on the 32 prevalence 
autcomes of the aggregated sample was 29.3%, 95% CI [23-37%] with high heterogeneity I* = 

9850 [98-99%] and 2 prediction interval of 1.3% to 73% (Fig 3) [15, 36, 37, 39-67] 
The paoled prevelence estimate of the multileve] model that was based on the 11 eligible 

studies and all their pooled prevalence was 51% with 95% CT [41-57%] and T = 97.96% and 
prediction interval of (0% 10 10%. The sampling error was 2.01%. The heterogeneity within 
studies 
tofal v 

Subgraup 

i 62.86% and the amuunt of hetween study helerogenety constituled 35.1% of the 
i war sty (51 Fig) 

lysis. A sub group analysis of (e aggregated sample was performed for the 
faecal collection metho ps in (he aggregated sam 

ause loo few prevalence oulcomes per group (N<:3) were 
i he age class uf caws. All other sub gron 

[ ple could nol be analys 
available 

For the faecal collection methad, the prevalence outcomes between a recte] faccal extraction 
(18 studies) and the collection of cow pats (¢ight studies) from the floor (of the stable or 
meadow] were compared (Fig a). The prevalence estimate for the rectal extraction was 28%, 
95% C1 [19-385] and for the cow pat collection 32%, 95% C1 [22-44%]. The difference 
between these prevalence estimates was not significantly different (p = 0.52). 

Only the prevalence outcomes of calves (five studics) and adult cows (19 studics) could be 
compared for the aggregated sample. For heifers, not enough aggregated outcomes were avail- 
able (N<:3) to be incluced in the analysis. The prevalence estimates for calves and adult cows 
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Study Events Total Weight IV, Random, 95% CI IV, Random, 96% CI 
Silveira et al, 2021 [39] 0030 60 30% 0.00(000;003] 
Adesiyun et al, 1996 [40] 18981 333 32% 006003008 
MeAuley et al. 2014 [41) 0960 16 25%  0.06[0.00;0.24] 
Duncan et al., 2013 [42] 404700 4260 33% 0.10[0.08;0.10] 
Acha et al., 2004 [43] 43230 393 32% 0.11[008;014] 
Messelnacuser et al. 2006 [44] 29380 226 32% 0.13[0.08;0.18] 
Watner-Toews etal, 198645 20280 156 32%  0.13[0.08,0.19] 
Padunglod and Kaneene 2005 (46] 31500 235 32% 0.14[0.10,0.19] 
Kiein ot al. 2013 [47] 56918 382 32% 0.15[0.11;019] 
Roug 2012 [48] 2040 12 23% 017[0.01;044) 
Adesiyun et al 1982 [49] 60085 293 32% 020[016;025] 
Baserisalzhi et al. 2007 [50] 25410 121 31% 021[0.14;029] 
Dong et al,, 2016 [51] 46948 194 32% 0.24[0.18;030] 
Satoetal. 2004 [52] 332289 1191 33% 0.28(0.250.30] 
Bianchi ct al , 2014 [15] 25010 82 31% 030[021;041] 
Hoque etal., 2021 [53] 166880 540 33% 031[027;035) 
Hagey etal , 2018 [54] 46500 150 32% 031[024;039] 
Nielsen et al. 2002 [36] 106904 332 32% 032[027,037] 
Khalifa et al. 2013 [55] 18000 50 0% 032(020,046] 
Kashoma el al. 2015 [56] 67988 192 32% 0.35[029,042] 
Kwian et al. 2008 (57) 433672 1208 33% 0.36[0.33;0.39) 
Grinberg et al., 2005 [56] 57960 161 32% 0.36[0.29;044] 
Atabay and Corry 1987 [59] 48960 136 32% 0.36[028;044] 
Sanad etal, 2013 [60] 83082 227 32% 0.37(030;043] 
Acik and Gentinkaya 2005 (61) 110000 250 32%  0.44 [0.38; 0.50] 
Hakiinen and Hacninen, 2009 [62] 168980 340 32% 050 [0.44: 055) 
Englen ctal , 2007 [63] 734720 1435 33% 0.51[0.49;054] 
Adhikari et al. 2004 [64] 28080 52 30% 054[040;067) 
Rapp etal, 2020 [65] 48600 90 31% 05¢[044;064] 
Cha etal. 2017 [66] 33988 58 30% 0.59(046;071] 
Giacoboni et al, 1993 (67 61006 94 31% 065[055 074 
Ramonait etal, 2013 [37) 157000 200 32% 0.78[073084] 

To(al (95% CI) 13459 100.0%  0.29 [0.23; 0.36] - 
n interval [0.01; 0.72] 

Yau 00453; Ch” = 213864, df = 31 (P = 0); I = 89% 
0 02 04 06 08 

Fig 3. Farest plot of the aggregated sample estimaring the pooled prevalence of Campylohacter spp. n cows’ facces from 32 studies. Pyt is 
pooled prevalence times number of iné vidualcatz sumpizd 
ips:/dolorg/10.137 1/oumal.p91e 0275018.9003 

were 18%, 95% C1 [11-27%] and 30%, 93% CI [21-30%] respectively (+ig 4b). No significant 
difference between these results was found (p = 0.06). 

“The effect of subgroups on the prevalence. I'he multilevel mixed-efiect model showed a 
variance of 3.7%, 95% CI [1.9-7.3%] between studies and a variance of 3.8%, 95% CI [3.1- 

4.7%] for within study variance estimates. The variables Campylobacter species C. hyointestina- 
lisand C. jejuni and the rectal faccal collection had a significant impact on the prevalence. The 
heterogencity measure within the studics after accounting for the subgroups was 49.46% and 
the heterogencity between the studies accounted for 48.29% of the total variability (81 Fig) 

Meta-regression. In addition, we assessed the effect of study year of publication on the 
prevalence estimate in a meta-regression of the aggregated sample. The meta-regression 
showed that the study year explained less than 1% of the heterogencity (0.88%) observed in the 
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Fig 4. Farest plot of the sub-growp analysis of the aggregated sample comparing the prevalence estimatcs of Campylabarter spp. n facees of dairy 
‘cows between different faecal collection methods (A) and age classes of the dairy cows (B). Tvent s pocled prevalence tmes number of individua 
cattle samled. 
tps:/doiong/10.137 1/ cumal.0ane 27518.9004 

prevalence outcomes and was not significantly affecting the prevalence estimate. The bubble 
plot based on the meta-regression confirms the finding (52 Fig), 

Semsitivity analysis. The risk of bias assessment was performed on all studies included in 
the systematic review (N = 53) and 22 (42%) of these grouped as Jow risk of bias. In the studies 
included in the simple meta-analytic model 13 of the 32 studies (41%) were in the low risk of 
bias group. The pooled prevalence cstimate in the simple meta-analytic model was 32.5%, 95% 
(C1[22-44%] and 27%, 95% CI [18-37%] in the low and high risk of bias group, respectively. 
(p = 0.45) (33 Fig). The sccond sensitivity analysis was the comparison between the pooled 
prevalence estimate from the simple and multilevel mete-analytic model. The enalysis showed 
a significant difference between the fwo models. The estimated prevalonce was 20% 23-36%) 
and 51% [44-57%] and the prediction values were '1-73%] and [0-100%] for the simple and 
multilevel meta-analytic model, respectively. 

Discussion 

Kased an (he incres g consumer demand for fresh and raw products and the resulting cor 
sumption of unhailed raw milk, the raw milk supply chain has become more ol a focus in 
recent decades. Especially because rw millc s one of the lop vehicles cansing sirong evidence 
outbrealcsin the EL [1]. This might have contributed to the increase in studies focused on 
prevalence of Campylabactor in dairy cows faeces in the last 20 years (52 Fig). In addition, 
animal health and farm management sre further reasons for incressed studies. However, sys- 
tematic reviews and meta-analysis which allow for an estimation of the prevalence and concen- 
tration of Campylobacter spp. in cow facces and identify potential data gaps have not been 
carried out yet. The assumption that Camtpylobacier contamination of raw milk is mainly 
caused by feccel contamination highlighted the importance of such systematic review end 
meta-analysis (9, 15-17]. The prevalence and concentration af Campydobacter spp. in facces of 
dairy cows form an important basis for the mathematical modelling (via QMRAS] of potential 

PLOS ONE| hitpsziol orgf10.1871/joural pone 0276018 Octaber 14, 2022 10019



 
32 3 Publications 

PLOS ONE 

3 Publications 

Wata-analysis Campylobacter 

cross-contamination events and mechanisms along the raw milk supply chain. The develop- 
ment of such QMRAs can furthermore help to identity different mitigation options along the 
supply chain in order to reduce the public health risk associated with the consumption of 
Campyiobacter-contaminated raw milk. 

Here, we could only extract quantitative data on the concentration of Capylobacter spp. 
in faeces of dairy cows from three stadies, as other studies gave only semi-quantitative esti- 
mates of the concentrations or presented results in a figure. which did not enable the extrac- 
tion of ¢g. a mean and standard deviation for the concentration. The average reported 
concentration of Campylobacter in facces varied between the three studies and a meta-analysis 
could not be performed due to missing uncertainty measures (e.g. standard deviations). Specif- 
ically concentzation data (including mean and standard deviation) are an important input for 
QMRAS, because the risk i the product of the probability that a random serving is contami- 
nated and the probability that a contaminated serving results in disease. To clarify, the proba- 
bility that a random serving is contaminated is based on the prevalence data and the 
probability thata conteminated serving results in diseases are calculated with concentration 
data that are used as input for the dose-response relationship [20, 21, 68]. These results clearly 
highlight the lack of concentration data (including uncertainty measures), which currently 
impedes risk assessments and consequently the refinement of mitigation options to reduce the 
public health risk from contamination of Campylobacter in cows' faeces. 

‘The prevalence data for Campylobacter in dairy cow facces were widely available in the sci- 
entifc literatures, however, the range of prevalence varied highly (0-100%). In addition, some 
of the studies differed greatly in study design and quality .z, in the specific and often missing 
information, e.g.. on the health status studied (g 2). Subgroup analysis could therefore only 
be performed for the faccal collection method and the age class of dairy cows. All other sub- 
groups of influencing factors of interest (i the scason curing faccal sample collection, the 
Campyiobacier species, and the health status of the cows) could not be compared because less 
than three prevalence outcomes per group were available, 

Our RoB analysis could have been improved using a validated tool for observational animal 
studies. We hope future studies develop such a tool to make Rob analysis more standardized 
among prevalence studies. I addition, the RoB analysis showed that less than half of the stud- 
ies are having a low risk of bias. Tt also showed that only five studies explicidy mentioned the 
application of IS methods for Campylobacter detection and characterization. For most stud- 
ies (N - 42) it remained unclear (meaning that it was not explicitly mentioned) whether an 
150 method (e.g. 15010272-1:2017 [69] and/or ISO10272-2:2017 [70]) was used. A detailed 

subgroup analysis of studies with and without the application of IS methods was also not 
possible due to too few prevalence outcome in cach group. This emphasizes the problem of 
wide heterogencity between the studies further, especially since the detection and characteriza- 
tion of a sensitive bacterium such as Campylobacter spp. has proven challenging [71, 72]. 

‘The meta-analytical models aimed to estimate the pooled prevalence and to subsequently 
evaluate which influencing factors might affect the prevelence estimates and to some part 
explain the heterogeneity. The multilevel model offered the apportunity o include all 
extracted prevalence outcomes (N = 331) from the 11 studies. The pooled prevalence estimate 
from this model was higher than the estinate from the simple model. The prediction interval 
v alsar wider going from 7ero to ane, belter reflecting the heterngeneity between the out- 
comes. When adding the subgroups (o the multilevel model the results were in some cases dif 
ferent to subgroup analysis bused on aggregaled sample (e for frecal collection method). Fur 
the mixed effect mullilevel model, the bless of Campylnbacier species C. jejuni aud €. 
hywintestinalis (in comparison o coli) and rectal faecal collection method (in comparison (o 
cow pat collection) additionally frad a significant impact on the pooled prevalence estimite. 
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‘The subgroup analysis, in contrast, showed no difference in prevalence between the two faccal 
collection methods (rectal collection and cow pat) probably due to the remaining hetcrogene- 
ity between the two subgroups, which have been adjusted for to an extent in the multilevel 
mised-effect model 

Heterogeneity between studies yas also evident in all meta-analytic models and their high 
inconsistency index (g 3 and $1 Fig). The variation was most likely a result of the different 
study designs and the subgroup differences, In the multilevel model it was evident that the var- 
ation between studies contributed less to the total variation than the within study variance. 
When subgroups were included in the multilevel model the within study variance decreased 
from 62.86% to 49.46% and as a result the between study variance accounted for almost half of 
the total variability (from 35.1% to 48.29%). Thus, making an estimation of the prevalence of 
Campylobacter in tacces of dairy cows difficult based on current studies. 

Interestingly. mixed-etfect multilevel model showed a significant effect of the faecal collec- 
tion method on the pooled prevalence estimate. However, the subgroup aralysis of aggregated 
samples in this study showed no signiticant difference between the prevalence obtained by rec- 
tal extraction (28%) or cow pats (32%] (Fig 42). These findings were contrary to 2 study by 
Hoar et al, [72] that showed that the prevalence in cow pats was lower compared to rectal 
extraction in beef cattle. Nevertheless, the prevalence obtained in this study were quite low 
with only 5% for rectal faccal samples and 0.5% for cow pats |73]. We assumed that the cow 
pats in most of the studies included in this review and meta-analysis were examined immedi- 
ately after shedding, which could explain the high prevalence found in cow pats. Another rea- 
son could be that the rectal extraction is not necessary allow for a mixture of a large amount of 
facces, but rather supports the extraction of a few grams (e.g; rectal swab), which might not 
reflect the true prevalence. However, these findings also emphasize that Campylobacter already 
exhibits several survival strategies to adapt harsh conditions, e.g. in cow pats, by genetic 
exchange [74, by adaption mechanisms [75-77] or undergoing the viable but non-culturable 
state [75]. Accordingly, the survival of Campylobacter in cow pats in the stable environment 
may have been underestimated in the past. 

The subgroup analysis of the ageregated prevalence estimates for calves and adult cows 
were 18% and 30%. The lower prevalence in calves could possibly be due to the use of straw 
compared o the stalls of adult cows [79]. Anyway, no significant difference between these 
resuls was found based on the subgroup analysis (Fi; 45). The multilevel mixed-effect 
model also showed no significant effect of the subgroups on the pooled prevalence estimate 
In the search for quantitative data, two studies were identified that detected significantly 
higher concentrations of Carpylobacter in the facces of calves compared to dairy cows 36, 
37). 

In general, thermotolerant Campylobacter; mainly C. jejuni und C. coli, accounted for most 
human campylobacteriosis cases [30]. Nevertheless, other Campylobacter species such as C. 
hyointestinalis have also been reported to cause disease [£1, 521, It is important to mention 
that different methods of cultivation favour different species of Campylobacter [33]. C. hyroin- 
testinalis mainly colonized cons, but the cultural detection of C. hysointestinalis 1s not ahways 
ensured hased on the fact that this species is nat known to be thermotolerant and higher detec- 
tion levels would occur afier enrichment at 37°C compared with direct culture [31]. Sill, the 
Campylobacier species C. hyointestinalis and C.jejuni are predominantly found in dairy cows 
(59,621, Accordingly, in the meta-anal 
tinalis and C. jejani i a 

with the multilevel mixed-effect model C. fyointes 
guificant impact on the paoled prevalence estimate (51 7ig). 

Repeated prder (0 examine whether the prevalence and concentra 
tion of Campylobacter in faeces of dairy cows follaw a seasonal patiern. In total 14 studies have 
tiken repealed samples according (o season in temperale regions and made data availible in 
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thcir publication. Anyway, this were not cnough data for subgroup analysis on the aggregated 
samplc and only the multilevel mixed-eifect model could be sed to analyse the effect of sca- 
sons on the pooled prevalence estimate (55 Fig). The results from the multilevel mixed-cftect 
model showed no significant effect of seasons on the pooled prevalence estimate which was 
contrary to results reported by other studies [1, 34, 851, Seasonal changes in Camipylobacter 
concentration in cow facces were expected based on the observations that the occurrence of 
Campyiobacter in the facces of food-producing animals has been shown to be subject to sea- 
sonal changes [3, 56] and that every year a seasonal increase in Campylobacter infections is 
recorded in the warmer months [55. 87, 58]. It has been shown tha Campylobacter has a char- 
acteristic seasonality with a sharp increase of cases in the summer and a smaller but distinct 
winter peak [1]. Additionally, a distinet peak in the Campylobacter concentration in cow facces 
in cither winter or summer has been reported [89]. However, a bimodal trend with faecal 

extraction in spring and autumn has also beer observed [34], 

Strengths and limitations of the study 

This systemalic review demonstrales the important date gaps for the meta ysis of the prev- 
alence and concentration of Campylobicier in cow's faeces. The major hurdle in ex; uating 
prevalence data for Cargyiobucier spp. in faeces of dairy cows from the literature was that the 
dati were often made avaitable anly in an aggregated state (¢ per subgroup). Other 
identified data gaps were related (0 the missing metadata regarding the description of (he pop 
ul wl health slatus), the sampling conditions (e, seson) or i under study (e, age dass 

collection method and the use of 1SO methods for Camylo 
bacer detection). Thus, meta analysis and evaluation using the specific subgroups was signifi 
canlly limited. A further limitation was based on the high heterageneity between studies, 
which made an estimation of the prevalence difficult. This high helerogeneity was most likely 
based o the high degzee of variability between studics in populations under study, sampling 
conditions, methodology and so on. In addition, heterogeneity was likely also affected by data 
aggregation end missing metadata 

Futuze studics should therefore consider publishing rew data in non-aggregated state in 
order to provide better re-usability of data and to move towards the Findability, Accessibility, 
Interoperability, and Reuse (FAIR) data principles for scientific dzta [90]. Morcover, we are 
suggesting that authors of future studies carcully consider which metadata to collect and 
report in their publications to further support re-usability. 

In addition, we highlighted the importance of analysing the prevalence and concentration 
of Campylobacter in tood-producing animals at farm levels in order to better understand and 
estimate potential cross-contamination mechanisms along the food chain. Specifically concen- 
tration data (including mean and standard deviation) are an important input for QMRAs and 
this review and meta-analysis emphasizes the need for more studies that collect concentration 
data for Campylobacter in dairy cow facces. 

Nevertheless. the analysis of the extracted prevalence data presented in this study is consid- 
ered a valuable basis for the further development of OMRAs 2nd different risk mitigation strat- 
egies along the raw milk supply chain for Campylobacter spp. in (raw) milk and foed products 
thereof. 

e melhodology used (e.g faec 
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S1 Fig. Heterogencity. (A) Heterogeneity 
mulsilevel mixed effects model. 
(TIF) 

$2Tig. Bubbleplot. 
(TIr) 

$3 Fig. Forest plot RoB. 
(TTF) 

the multilevel model, (B) Hererogencity in the 

54 Fig, Forest plol species. 
(r1ey 

$5 Fig. Forest plot scason. 
(TIF) 

§1 Table. Extraction table. 

(XLEX) 

52 Table. Risk of bias. 
(XLSX) 
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Longitudinal Study for the Detection and Quantification of 
Campylobacter spp. in Dairy Cows during Milking and in the 
Dairy Farm Environment 
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Absiract: Campylobacteriosis outbreaks have repealedly been associated with the consumption 
ion of of raw milk. This study aimed to explore the variation in the prevalence and concentrs 

ws’ milic and feces, the farm environment and on the teat skin over an 
£t small German dairy farm. Bisweekly samples wore collected from the environment 

(boot socks), teats, raw milk, milk filters, milking clusters and feces collected from the recta of 
ter spp.. £. coli, the lotal aerobic plate count 
obacter spp. was found to be the highest in 

dairy cows. Samples were analyzed for Canpylls 
and for Peudomonas spp. The prevalence of Cartpy 

[ il feces (77.1%), completely absent in milking equipment and low in raw milk (0.4%). The mean 
Chmion: Keipper, A Gl 5, CONCenfTation of Canpylabacter spp. was 243 logyq colony forming units (CFU)/g in feces and 
ting, K Chorsihi, N, 1.26 logy CFU/seat swab. Only a single milk flter at the end of the milk pipeline and one individual 
Fadier Tenhagen, € Bandicko Ny €0 s raw milk sample wore positive on the same day, with a concontration of 2.74 oo € FU /filter 
Tenhgen, BoA Crease, T and 257 loggo CFU /mL for the raww milk. On the same day, nine teat swab samples tested positive 
Longitudin Study forthe Detection (or Cavnpylobacter spp. ‘This study highlizhts the persistence of Campylobacter spp. ot al least ane 
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The limited number of studies on and low concentrations of Canpylobacter spp. along 
the raw milk supply chain have challenged previous risk assessments for raw milk con- 
sumption. Some studies investigated the prevalence of Campylobucter spp. in the bulk milk 
tank and milk filter. A meta-analysis of results trom North America, Europe and New 
Zealand provided an estimated mean prevalence of 1.54% for Campylobacter spp. in bulk 
tank milk and 1.75% in milk filters [13]. Two studies attempted to quantify the contamina- 
tion using the most probable number (MPN) method. They found 16 + 30 MPN/100 mL in 
the bulk tank milk [14] and 1 MPN/21 mL in raw milk from farm vats [15]. Despite the 
low bacterial prevalence and concentration, the consumption of raw milk is considered a 
high-risk behavior [15]. Consumers are advised to boil raw milk prior to consumption to 
inactivale pathogens [2]. However, surveys in Tialy found that 13.9% Lo 43% of consumers 
did not boil raw milk before consumption [17]. 

The prevalence of Canpylobicter spp. in the feces of dairy cows vary widely from 
0o 100% [18]. The studies included in the meta-analysis differed in their design and the size 
of the herds investigated [15]. Seven studies reported quantitative data for Campuiohacter spp. 
in cow feees [1925]. The concentration ranged from 2 logjg colony forming units (CFU) /g 
teces to 4 logy CFL /g feces [20,21]. One study in New Zealand investigated the ditferences 
in the fecal concentrations of C. jejuiti between individual cows besed on rectal sampling [22]. 
Three cows on a pasture and three cows in confinement housing were grouped together as a 
“high-shedder group”, harboring a median concentration of 3-3.6 loggg C. jejuri per g of fresh 
feces [73]. 

Few studies have focused on the raw milk supply chain and the herd-level epidemi- 
ology of Campylobacter spp. [6,26-29). To estimate the transmission of Campylobacter spp. 
from feces Lo milk, i1 is necessary Lo invesligale both in the same setling, Timiled longi- 
tudinal data on cross-contamination with Campylobucter spp. from foces to raw milk are 
available. Frequent sampling is required to detect contamination events and to estimate 
their frequency because the contamination of milk with Capylobacter spp. is expected 
to occur only sporadically. To the best of our knowledge, only one study from Norway 
provides concurrent qualitative prevalence data on Campylobucter spp. in cows’ feces, an 
teat siin, in raw milk and in cnvironmental samplos [30]. However, Campylobacter spp. 
were not quantified in that study. 

In our study, the prevalence and concentration of Cantpylobacter spp. in fecal samples, 
teat swabs, raw milk, milk filters and boot sock samples from the stable alley were dete 
‘mined ta close the gaps in the described knowledge and data. We determined the frequency 
of fecal shedding of Campylobacter spp. in individual cows and in different seasons. We 
compared the occurrence of Campylobacter spp. on teat skin, in raw milk and in milk 
filters with the fecal shedding of this pathogen. Escherichia coli, Pseudomonas spp. and Lhe 
total aerobic colony count (TACC) were analyzed s indicators of fecal and enviranmental 
contamination throughout the milking process. 

2. Materials and Methods 
2.1, Suvping Siti 

A Tolstein cow herd with 22 lactating animals in Berlin, Germany, was sampled over 
4 period of ane year, from the 196h of April 2021 to the 8th of April 2022, Cows were kept 
ina free-stall barn with 2 concrete floor and access to an outdoor sand paddock throughout 
the year. Samples were taken on two consecutive days every two weeks from primiparous 
(1 19) and second lactation (1 3; cow ID 4301, 4317, and 4320) cows. The animals 
were fed a diel consisling of 27.7% grass silage, 29.5% maize silage, 6.0% straw, 30.1% hay, 
6.0% beet pulp, and (1.61% minerals ad libitum throughout the year. Concentrates were 

provided individually in a transponder-controlled automatic feeder to meet the energy 
requirements for 25 kg/d of energy-corrected milk. On the first day, samples were collected 
from raw milk, milk filters, teat skin and milking clusters at 6 a.m. Teat swabs and raw milk 
samples were taken from twelve lactating cows over the entine period. The same cows were 
sampled on every occasion with some exceptions: (1) dry cows on specific sampling days 
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were replaced by lactating cows; (2) two cows had to be treated with antibiotics against 
‘mastitis during the trial period. These were excluded ance from teat swab and raw milk 
sampling during treatment, These exceptions resulted in teat swab and raw milk samples 
from 21 different cows. 

On the second day, rectal fecal samples were taken from twelve cows and boot sock 
samples were obtained from the stable corridor. A mathematical randomization fixed the 
twelve cows always wsed for rectal fecal sampling, One cow (6057) left the herd for a reason 
unrelated to the study and was replaced by a new cow (5005), who was used for rectal fecal 
sampling. Samples were transported on ice to the laboratory; and microbiological processing 
was carried out within two hours of sampling at the latest. The entire experiment was 
approved by the State Office for Health and Sacial Affairs (I AGESO) (Reg.-No.: G 0215/20) 

2. Saniple Preparation 
2.1, Teal Swab Samples 

Two gauze pads (10 x 10 cm, 8-fold) were placed in a plastic bag and moistened with 
8mL 0.9% NaCl. The bag was closed and stored at 4 “C until sampling. One bag was used 
per cow. On two occasions, teat swabs could only be collected from 11 cows, resulting ina 
total of 286 teat swirb samples (instead of 288, 24 x 12 cows) during the study. 

All four teats of a cow were wiped with the two gauze pads while wearing gloves 
before being cleaned by the milkers with moist cleaning wipes (udder wipes, clean paper®, 
Lauchhammer, Germany). The gloves were changed belween sampling each individual cow 
0 avoid cross-contamination. In the laboralory, the gauze pads were visually scored (o assess 
the fecal contamination of the teat skin. Four scoring categories were used: K1: gauze pad 
clean; K2: gauze pad colored yellowish; K3: gauze pad discolored brown, possibly with fecal 
particles; K4: gauze pad brownish in color, feces clearly visible on the gauze pads. 

Twenty-five milliliters of 1% phosphate-buffered peptone water (PW) was added 
to cach teat swab sample (consisting of two gauze pads) and homogenized using a 
GRINDOMIX GM200 (Retsch GmbH, Haan, Germany) for 120 s a 4000 rpm. 

222, Raw Milk Samples 
While wearing gloves and after the teats were cleaned with udder wipes {clean paper® 

Lauchhammer, Germany), raw milk samples were obtained from ll four teats and pooled 
in 50 mL falcon tubes, No disinfectant was applied before the raw milk was sampled. On 
two occasions, raw milk samples could only be collected from 11 cows, resulting in a total 
of 286 raw milk samples (nstead of 288, 24 x 12 cows) during the study. 

223, Milking Clusters Samples 
After the completian of the milking process, ane paoled sample was taken from each 

‘milking cluster (with four teat cups). One swab (nerbe plus, Winsen/Luhe, Germany) was 
used for each teat cup. Four swabs from the same cluster were pooled into one sample. 
Tour milking clusters were used at the farm. One of the clusters was not used on seven 
oceasions for technical reasons. Therefore, only 89 samples (instead of 96, 24 4 clusters) 
were analyzed. 

Each sample was covered with 18 mL PW and homogenized as previously described. 
During the study, intermediate disinfection of the teat cups with 3% peracetic acid 

between cows was introduced on the farm. The disinfection was introduced to achieve 
better milking hygiene between cows due (o the poor udder health of some cows. However, 
we continued to take samples from the teat cup at the end of the completed milking process 
of all cows. 

22.4. Milk Filter Samples 
The milk filter was installed at the end of the milk pipeline, at the start of the milking 

process, i.e., all milk collected on that day passed through the filter. One milk filter was 
taken on each sampling day (1 - 24). The filters measured 6 cm > 52.5 cm, and the pore
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size ranged from 100 pum to 250 um. After the milking process was finished, the milk filter 
was remaved and transferred o a plastic bag. Tn the labaratary, it was homogenized after 
being covered with 35 mL PW. 

225. Boot Sock Samples 
Sacks (romerlabs, surface boal cover swabs, 10001911 (BTSW200BPW)) were placed 

on shoes before sampling. One pair of oot socks was taken on each sampling day (n = 24). 
‘The entire barn corridor was walked with the boot socks (approx. 80 steps), avoiding fresh 
fecal pats. After sampling, the socks were placed in a stomacher bag and transported to 
the laboratory in a cool box. At the laboratory, 180 mL PW, enough to cover the sacks, 
was added to the stomacher bag, and the same procedure as described above was applicd 
for homogenization. 

226, Fecal Samples 
Focal samples were obtained from the recta of twelve cows, using gloved hands 

and a lubricant gel. On one sampling day, only eleven cows were sampled. Therefore, 
287 samples were analyzed (instead of 288, 12 cows = 24 samplings). The samples were 
placed in plastic cups with a screw-on lid. Gloves were changed between individual cows 
to avoid cross-contamination. Tn the laboratory, 10 g of feces per sample was transferred 
into stomacher bags and mixed with 90 mL PW. Three scoring categories were used to 
assess the consistency of the feces (K1: liqui; K2: mushy (normal) consistency: K3: dry 
and compact). The samples were homogenized individually for 120's at 4000 rpm. 

2.3. Microbiological Analysis 
231, Detection and Quantification of Microorganisms 

The detection limits of all microorganisms in the samples are provided in Table S1 
coli (beta-glucoronidase-positive), TACC and Pseudonionas spp. were quan- 

tified according to 15O 16649-2:2001 (using the spread plate method instead of the pour 
plate method), 150 48332015 and 150 13720:2010, respectively. The samples were further 
diluted 110 in PW, and 100 L per dilution step was spread on agar plates. Escherichia coli 
was cultured on tryptone bile X-glucuzonide (TBX) agar (Oxoid Deutschland GmbH, Wesel, 
Germany) for 24 h at 415 °C, TACC on plate count agar (carl roth® GmbI1 + Co., KG, 
Karlsruhe, Germany) for 72 h al 30 °C and Pseudomonas spp. on cephaloridine fucidin 
cetrimide (CFC) agar (Merck KGaA, Darmstadt, Germany) lor 24 h at 25 “C. Thermophilic 
Campylobacter spp. were detected according to 10 10272-1:2017, using modified charcoal 
cefoperazone deoxycholate agar (mCCDA, mixture of Merck & Co., Kenilworth, NJ, USA 
and Oxoid; 48 h, 41.5 *C). For the envichment of Campulobacter spp., Preston broth (Merck 
KGaa, Darmstadl, Germany; 24 h, 415 °C) was used. The enrichment for teal swabs, milk, 
swabs from milk clusters and milk filters was performed using 5 mL of the sample dilution 
and 45 mL of Preston broth. For boot sock samples, 1 mL of sample dilution was used in 
9 mL of Preston broth, One gram of fecal sample was weighed into a test tube and covered 
with 9 mL of Preston broth. 

Coneurrently, 150 10272-2:2017 was used for the enumeration of thermophilic Campy 
Iobacter spp. The samples were further diluted 1:10 in PW, and 100 pL per dilution step 
was spread on agar plates. In addition, 1 mL of the initial sample (raw milk) or sample 
suspension (all other sample matrices) was spread on agar plates. 

2.3.2. Species Identification 
One colony from each sample was selected for Campylobacier spp. identification. Canipy- 

Iobacter spp. colonies were sub-cultured on Columbia blood agar plates with defibrinated sheep 
blood (Oxoid Deutschland GmbH, Wesel, Germany) in a microacrobic atmosphere for 24 h at 
415 °C. Afterwards, further analyses were performed according to 15O 10272-1:2017. In short, 

characteristic morphology and motility were observed via phase contrast microscopy: A catalase 
activity test was performed by streaking a loop of culture into a drop of hydrogen peroxide
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solution on a clean microscope slide. The test was positive if bubbles appeared within 30's. 
The deection of cytochrome oxidase activity was performed using a Baclident™ Oxidase test 
strip (Mexck KGaA\, Darmstadt, Genmany), following the manufucturer s instructions. A color 
change to violet/blue indicated that hydrolysis had taken place. 

In addition, the genus and species identification of the colonies from sheep blood agar 
plates was performed using a Bruker MALDI-TOF Biotyper System (Bruker Scientific LLC, 
Billerica, MA, USA). Colonics were transferred to the MALDITOF target and covered with 
1.0 pL of e-cyano-4-hydroxycinnamic acid, according to the manufacturer's instructions 
(Bruker Scientific LLC, Billerica, MA, USA). The reference database for species identification 
was provided by Bruker Scientific LLC (MBT-BDAL-5468). 

2.33. Somatic Cell Count 
Somatic cell counts were determined using a simple cell count meter (DCC, DeLaval; 

Glinde, Germany). Sixty microliters of raw milk from individual cows was loaded into the 
cassette, and the measurement was carried oul according to the operating manual 

2.4, Weather Duiu 
Weather data were acquired from an official weather station close to the fam (hitps: 

7 /openeatherap org/ (eeessed on 22 June 2022)). The metcorological data collected were 
temperature (“C) (hourly), pressure (hl’a), humidity (%), wind (m/s) and rain (mm/h) data. 

25 Satistical Analysis 
Microsoft Excel® 2016 (Microsoft Corp., Redmond, WA, USA) was used to store the 

data. The software R, version 4.2.1 (Vienna, Austria) [31], was used for data analysis 

2.5.1. Multi-Level Modeling 

The cffect of the environment data and cross-contamination was evaluated using multi 
level modeling, which clusters the observations for each cow (repeated measurements) and 
offers variation effects on both the sample and cow level. 

Due to the large number of zero values in the final results, a multivariate general- 
ized lincar regression model was not possible because numerous zero values result in 
heteroscedasticity and collinearity. They also caused the distribution to be skewed and 
non-normal. As a result, the Campylobacter spp. concentration data were classified as a 
binary variable (0 and 1), and a multi-level mixed logistic regression was performed. Level 
one of the model comprised the bi-weekly observations for each cow. Tevel twa consisted 
of the cows. 

Only the teat and feces samples were selected as dependent variables for modeling 
since the occurrence of Campylobacter spp. in almost all other samples was negative. The 
accurrence of Campylobacier spp. in the leats and feces was modeled against weather data 
(minimum temperature, pressure, wind and humidity), scasons, the concentration values 
of other microorganisms (E. cali, Pseudomionas spp. and TACC), teat cleanliness scores, fecal 
consistency scores and somatic cell count. Each parameter was added to the model ina 
stepwise manner, and the goodness-of-fit was decided based on the Akaike information 
criterion (ATC). Due to the relatively small number of observations and the difficulty in 
‘merging the model, only parameters with a significant effect were refained in the final 
model. To test whether the effect of minimum temperature was related to the occurrence of 
Campylobacter spp. in the teat ot feces samples, an interaction variable was integrated into 
the mulii-level model 

The intraclass correlation coefficient (ICC) was calculated to evaluate the variation in 
concentration values between the cows (Level 2) and for each cow throughout the year 
{Level 1). Multi-level modeling was performed using the Ime4 package [32]. 
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2,52, Correlation Analysis 
The correlation of the concentration of Campylobacter spp. on teat skin with its con- 

centration in feces was graphically and statistically assessed using the Spearman rank 
correlation coefficient for non-paramelric data. 

3. Resulls 

3.1, Species Identifi 
Campylobacter spp. were isolated from 263 of the 997 samples tested. Of the 263 isolates, 

256 (97.3%) were identified as C. jefuni and 7 as C. yointestinalis (2.7%). The latter was 
only isalated from feces. Five of the seven isolates were obtained from one cow (6001). The 
remaining bwo isolates were obtained from two other cows (4664 and 4652). All Canipy 
Iobacter spp. isolates were positive for catalase activity and eytochrome oxidase activity: 

3.2. Prevalence and Concentration Data 

An averview of all prevalence data for the specific sample types and analyzed bacter 
is shown in Table 1. 

Table 1. Prevalence data for all sample types and taxa analyzec. 

Sample Type ‘Total Number of Samples Proportion of Posilive Samples (%) 
Campylobacter spp. L.coli Pseudonionas spp. 

Teat swab 286 122 816 976 
Raw milk 286 0.4 150 7.7 

Milking cluster 59 0 157 517 
Milk filter 2 42 455 958 

Feces 287 771 948 Not tested 
Boot socks 24 292 100 56.3 

The prevalence of Canipyiobacter spp. was the highest in fecal samples (77.1%), followed 
by bool sock samples (29.2%), teat swabs (12.2%), milk fillers (42%) and raw milk samples 
0.4%). No Campylobacter spp. were detected in the milking clusters. 

Escherichia coli vas most frequently detected in the fecal samples (94.8%), boot sock 
samples (100%) and teat swab samples (81.8%). Pscudontoitas spp. were most frequently 
delected on the teals (97.5%), in the milk filters (95.8%), the milking clusters (51.7%) and in 
raw milk (71.7%). Fecal samples were not lested for Pseudomonas spp. 

The somatie cell count in the 286 milk samples ranged from 3 to 933 x 10° cells/mL. 
One sample taken on 7 July 2020 had a somatic cell count of 4.7 » 10° cells/mL. This sample 
appeared normal, without signs indicative of inflammation such as flocculation. 

An overview of the quantitative data on all bacterial microorganisms in all sample 
typus can be found in Table 2. 

Campylobacter spp. were only detected in one raw milk sample and one milk filter, 
with a concentration of 2.37 log1p CTU/mL and 2.74 logyg CFU /filter, respectively. These 
samples were taken on the same sampling day. Otherwise, the highest mean concentration 
of Campylabucter spp. detected in the bool sock samples was 3.01 — 1.05 log;q CFU/2 socks 
and 243 + 09 log,p CFU/g in the cow feces. The mean concentration of Campylobacter spp. 
at the cow teats was 126 £ 075 logjo CFU/4 teats. It is important to note the different 
units in the concentration data. 
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Table 2. Mezn logyy concentration and standard deviation for all sample types and microonganisms 
analyzed. 

Sample Type [Unitl ‘Concentration Data (No. of Positive Samples) 
Campyiotnier spp. E i Praudomonss spp. 

[r————— w26 207 W zom s zoa 

o ——— 
S —— i 205 amos 

ilk filer log; CTU/fler] e B L 

Feces [logio CFU/g] “é;f 9 & 4?;,/ 8 Not tested 

Boot socks [logy CFU2 sacks] Bl L ma i 

toral acrabic colany count; < no standard deviation caleulation possible 

3.3. Campylobacter spp. Prevalence and Concentration in Feces 
The fecal consistency scores were not related to the Campylobacter spp.-pusitive fecal 

samples. In total, 26, 191 and 70 teat swab samples were categorized as K1, K2 and K3, 
respectively. The scoring for the positive Canpylobacter spp. samples ranged from K1 to K3 
(Table 52). A seasonal overview indicated that Caipylobacter spp. could be detected in the 
herd's feces throughout the year. The mean concentration of the positive Campylobacter spp. 
samples ranged between 19 logig CEU/g and 2.9 logie CEU/ g (Figure 1A). The propor 
tion of negative samples was lower in the warm months (July and August) compared to 
colder months (November, January, February and April) except for December and March 
(Figure 1B). 
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Figare 1. (A) Concentration of Comprglobacter spp. in feces per month. (B) Proportion of negative, 
qualitative positive (enrichment) and quantitative positive samples. 

The concentration of Catpylobacter spp. in the feces of individual cows over time is 
depicted in Figure 2 and Table 52. Occasionally, no Canipylobacter spp. were detected in 
individual cows. All caows carried Campylobacter spp. in at least two samples. Cow 4317 

only tested positive for Campylobacter spp. on two conseeutive sampling occasions in July. 
Cows 4320, 4659 and 6005 were always positive.
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Figure 2. Overview of the concentration of Campyiobicier spp. in feces of individual cows (ID 
numbers). In total, 24 samplings were performed over ene year. The first sampling tok place in April 
(week 1), Cow 6057 was replaced by cow G003 after the 17th sampling. The limits of quantification 
and detection for enrichment are depicted as & red and blue line, respectively. Dots below tae limit of 
detection indicate negative samples. Dots at the blue line indicate samples that were qualitatively 
positive but could not be quentified 

The highest median concentrations in the feces of individual cows shedding Campy- 
Iobacier spp. were 2.9 £ 0.9 logig CFU/g (4659), 2.8 + 0.96 logyg CFU/3 (4664) and 
2.7+ 1.09 logip CFU /g (6057) and the lowest were 1.6 + 068 logn CFU/g (4660) and 
204 057 log p CFU/g (6001) 

3.4 Campylobacter spp. in Teat Stab Sanples 
Among the 286 teat swab samples, 35 were positive for Campylobacter spp. These 

originated from 15 different cows (Table $3). Teat swab samples from the individual cows 
were positive for Campylobacter spp. on up to three occasions. On one sampling day (14 June 
2021), nine leal swab samples were positive for Campylobacier spp. On the same day, the 
pasilive raw milk sample and the positive milk filler were obtained. The posilive raw milk 
sample was from one cow (6003) tested as a replacement for another cow in the dry period. 
Therefore, no fecal sample was collected from this cow. 

On the other sampling days, 2 maximum of two teal swab samples were positive 
for Campylobacter spp. The cleanliness scores of the leal samples could nol be linked lo 
the Campylobucter spp. positive teat swab samples. In total, 23, 117, 93 and 53 teat swab 
samples were categorized as K1, K2, K3 and K4 respectively. The scoring for the positive 
Campylobacter spp. samples ranged from K1 to K4 (Table 53). 

Campylobacter spp. positive teat swab samples were detected at minimum outdoor 
tem peratures between —4 °C and 17 °C (Figuze 3). The negative samples were observed at 
all minimum temperatures. The qualitative positive samples oceurred within a smaller tem- 
perature range. The mean minimum temperature for the detection of negative, qualitative 
and quantitative positive samples were 5 °C, 4 °C and 7 °C, respectively. 



 
49 3 Publications 3 Publications 5 

Foads 2023, 12, 1639 20f15 

L 

Mi
ni

mu
m 

Tom
per

atu
re 

(‘G
) 

Figure 3. Association of minimum temperature with the oceurrence of Campylobacter spp. on teat 
sidn (Campylobacter spp. negative, qualitatively positive (enrichment) and quantitatively positive 
teat swab samples). The black line indicates the median temperature, and the boxes display the 
interquartile rane. 

3.5 Muli-Level Model and Correlation Analysis 

The multi-level model (Table 3) with a binary outcome of Campylobacter spp. (depen- 
dent variable) shws the effeclive paramelers on the occurrence af Campylabacter spp. 
the teat swab and fecal samples. 

Table 3. Multi-level model with parameters with an eifect on the occurrence of Campylobacter spp. in 
Leal swalb and feces samples, The confidence intervals (CT) demonsirale the variability of the odds 
ratio (OR). When confidence interval contains 1, the effect is not significant 

Effect Eslimate (OR) Lower CI Upper CT 
Tall 286 052 
Spring 072 0.3 
Summer 1502 215 121189 

Teals 001 000 0.03 
Togyy F. coli 156 12 211 

Minimum lemperature 096 0.34 L13 
Type Minimum Temperature (interaction term) 079 .67 092 

The scasons fall, spring and summer wene individually compared to the winter. The 
effect of the season as a whole also signiticantly improved the model it. The etfect of the 
sample type is shown by the comparison of the teat and feces samples. 

An integrated interaction term between the minimum temperature and the sample 
type (feces or teat swab) demonstrated a different temperature effect of the occurrence of 
Campylobacter spp. for the two sample types. 

Other parameters tested, including the weather conditions (humidity, wind and rain), 
other microorganisms (Pseudontonas spp. and TACC), the scoring of teat and fecal samples 
and somatic cell caunts, did not show an influence on the occurrence of Campuinbacter spp. 

The ICC of the multi-level model was 1111, indicating that 11% of the variation in the 
model comes from the variation between the cows, whereas the rest of the heterogeneity 
originates from the variation in the measurements for each cow that happened throughout 
the year. 

Correlation analyses were performed for the concentrations of Canigs 
teat swab samples and the concentrations of Campylobacter spp. in the feces samples. No 
correlations were detected in these analyses. 

jobucier spp. in 

4. Discussion 

To explore the risk associated with the consumption of raw milk, the occurrence of 

Canipylobacter spp. in a small German dairy herd was studied. In our study, the highest
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proportion of positive samples was found in the feces (77.1%), and the lowest proportion of 
positive samples was found in the milking clusters (1%) and raw milk (0.4%, one sample). 

The high prevalence of Camylobucter spp. in the cows’ fecal samples is consistent with 
some previous studies, which reported a prevalence between 66.7% and 78.5% [21,27,30,32). 
A lower prevalence (7-38%) of Canpylobacter spp. in cow feces was reported in other 
studies [20,26,32,35]. Two of these studies used comparable study designs and detection 
methods [26,31]. One study did not mention the inferval between sampling and testing [20] 
“Lhe last study reported that the samples were analyzed one day after sampling [35]. I'he inter- 
val between sampling and testing could have influenced the detection of Canspylobicter spp. 
in the samples as Canspylobacter spp. is a fastidious organism (with a low oxygen tolerance 
and sensilivily 1o temperature and pH) [36]. Tn addition, a low prevalence was observed in a 
study carried out on smaller farms, while a larger farm displayed a higher prevalence [26] 

This is the first study to monitor the concentration of Canpylobacter spp. in individual 
dairy cows in Germany over a period of one year using rectal fecal sampling. The concen- 
tration of Campylobacter spp. in the fecal samples varied between individual cows. It ranged 
between high concentrations (over 5 logig CFU/g) and negative samples. Some cows shed 
Campyjlabacter spp. consistently (4320, 4659), whereas other cows shed Caniprylabacter spp. 
less often (4662) or only twice (4317) throughout the year. The proportion of negative 
samples was lower in the warmer months than in colder months, whereas the mean con- 
centration in any individual month was relatively constant, between 1.9 loggg CFU/g and 
29 login CFU/g. 

The overall mean concentration of Caipylobacter spp. in fecal samples determined 
in this study was 243 1 0.9 log:g CTU/g. A similar value of 2.1 1 0.45 logyy CFU/g was 
reported ina Danish study [20]. A longitudinal study in New Zealand examined the concen- 
tration of Camrdobacter spp. in feces from individual cows on pasture and in confinement 
housing [23]. The concentration of C. jejinni varied between 0 and 6.0 1og.o CFU/g in the 
herd on pasture and between 0 and 5.7 logig CFU/g in the confinement-housed herd. The 
‘median concentration of Campulobacter spp. in feces per cow was between 2.9 logjg CFU/g 
and 1.6 logig CFU/g for the individual cows. Significant differences in the frequency and 
range of the C. jejuni concentrations occurred among individual cows. At least three cows 
in the two different herds were identified s high shedders of Campylobacter spp., with a 
‘median concentration between 3.3 logyg to 3.6 logyg CFU/g [23]. Our study underscores the 
previous finding that cows excrete Campylobacter spp. intermittently [14,23,26], although 
according to the criteria of the New Zealand study, the cows we sampled would not be 
classified as high shedders. 

Overall, 29.2% of the boot sock samples tested positive for Canspylobacter spp., with 
a mean concentration in posilive samples of 3.01 + 105 logjg CFU/2 socks. The samples 
were taken in the bam corridor, avoiding direct contact with fresh cowpats. The positive 
boot sock samples were found once each in January, May, June and July. In November, both 
oot sock samples were positive. Both the prevalence and the concentration values show 
that Campylobacter spp. can be found in the barmn environment, and that this can represent a 
contamination risk throughout the year. 

Another study found a higher prevalence (60%) of Campylobacter spp.-positive boot 
sock samples [27). However, they did not avoid fresh dung pats, and it was described 
that all parts of the socks were in contact with the feces [27]. The intensity of the fecal 
contamination of the boot sock samples could explain the differences in the concentrations 
found in our study 

I'he finding of Campyiobacter spp. in 12.2% of teat swabs with a mean concentration 
of 1.26 L 0.75 logyy CI'U/4 teats underlines that the teat skin can become contaminated 
with Campylobacter spp. The origin of these bacleria is likely the fecal contamination of 
the environment. The occurrence of Campylobacler spp. in leal swah samples was nol al a 
specific minimum temperature (Figure 3), although the multi-level model indicated the 
‘minimum temperature as an effective parameter. However, the weak but reliable effect of 

the temperature on the occurrence of Campylobacter spp. was based on feces and teat swab 
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samples. An interaction term indicated that both sample types were influenced differently. 
However, the number of positive teat swab samples is too small to effectively analyze the 
wffect. Further, the negative, qualifative positive and quantitative positive samples all lay in 
the same temperature range. The minimum temperature was used for the analysis since the 
teat swab samples were taken early in the morning, Previous i1 pifro studies demonstrated 
a slower inactivation of C. jejuni by oxygen at cooler temperatures [37-39]. This was riot 
observed in our study, as all elasses of results oceurred in the same temperature range 

In this study, the raw milk samples were taken after the teats had been cleaned. No 
sterile milk sampling with teat disinfection was performed to mimic the routine milking 
situation. Only one raw milk sample (0.4%) was positive. The Campylobacter spp. concen- 
tration in the raw milk sample was 2.37 log;g CFU/ml . The contamination of the milk 
sample indicates that not all Campylabucter spp. had been removed from the teat skin by 
the routine cleaning process. A concentration of Campylobacter spp. of 2.74 logiy CFU/filter 
was detected in the milk filter on the same sampling day. The entry of Canipylcbacter spp. 
into the milk pipeline, as indicated by the positive milk filter, could have occurred through 
the transmission of Compylobafer spp. from the teat skin to the milk during milking, which 
is in line with the positive milk sample on the same day. In addition, the nine positive 
teat swab samples on the same sampling day indicated a cross-contamination event of the 
raw milk and milk filter samples. The milking clusters did not test positive for Canpylobac- 
ter spp. and were therefore not assumed to he an entry source. A recent mela-analysis 
estimated the prevalence of Cantpylobacter spp. in raw milk samples at 1.18% [13]. Two 
studies estimated concentration data for Campylobacter spp. in raw milk using the MPN 
method [14,15]. They found low concentrations of <5 MPN/100 mL, but one outlier of 
100 MPN/100 ml . was delected [11]. Tn the other study, the Campylobacter spp. level of one 
sample was 1 CFU/21 ml, of raw milk from the farm vats [15] 

A recent study indicated that there is only a limited detection of Campylobacter spp. 
CFU in raw milk, possibly due to the Canpylobacter spp. entering a viable but non-culturable 
(VBNC) state [40]. This was underlined by a newly developed viable gPCR using propidium 
monazide (PMA). This gPCR allows for the detection of infact and putatively infoctious 
units (IPIUS) comprising CEU and VBNC bacteria. It demonstrated an underestimation of 
the survival of Campulabacier spp. with a difference of up to 4.5 logy, between the CFUs and 
IPIUs. Furthermore, within a certain time period, the CFUs of those IPIUs could be restored 
using a special “low-oxygen” atmosphere, confirming the viability of the bacteria [40]. 
However, in field samplos, the application of the viahle qPCR method is difficult due to the 
low concentration of Campylobacter spp. in raw milk, and the detection limit and application 
of different atmospheres is beyond the current IS0 10272-1, 

Recent studies have shown thal milk filler sampling is a polential approach Lo assessing 
theisk of Canpylobutter spp. contamination in milk. The milk filter is installd at the end of 
the milking line so that all raw milk from all cows passes through it before ending up in the 
bulk tank. The reported prevalence of positive milk filters ranged from 0-14% [27,28,30,41]. 
In some studies, none of the concurrently collected bulk milk tank samples were positive, 
ora low prevalence was detected. Tn our study, one milk filter was positive, with a 
concentration of 2 74 logyo CFU /tilter. On the same sampling day, nine teat swab samples 
and one raw milk sample were positive. 

In summary, our data indicate a low risk of Camipylobacter spp. contamination in the 
raw milk of the herd under study. Still, even in such a small herd, the contamination of 
milk can occur sporadically. Further rescarch is required to better understand the reasans 
for sporadic contamination events. 

We have used a multi-level logistic model to investigate the effective parameters on the 
presence of Canpylobacter spp. in the feces and leal swab samples. The ICC shows that 11% 
of the variation in the accurrence was between (he caws, whereas he rest of the variation 
happened throughout the year for each cow. The effect of the seasons was confirmed in the 
‘multi-level model, indicating the significant difference between the summer and winter. 
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Based on our model, temperature affects the concentration of Camipylobacter spp. in teat and 
feces samples differently. However, other weather data were not shown lo have an effect 

W used E. colias a fecal confamination indicator sinee feees are vonsidered the primary 
source of milk contamination during or aiter the milking process [42,43]. Pseudomionas spp. 
were used as an indicator of environmental contamination. We could show that the preva- 
lence of L, coli was the highest in the feces, on the teat swab and in the boot sock samples. 
Tn contrast, the prevalence of Pseudomonas spp. was the highest on the teat swab and in 
the milk filter, milk equipment and raw milk samples. 'l he Escherichia coli concentration 
data comprised a parameter effecting the occurrence of Campylobacter spp. in the feces and 
teat swab samples. This strengthens the assumption that the cross-contamination of teats 
with Campylobacter spp. had a fecal origin. However, Pseudomonas spp. and TACC had no 
effect on the occurrence. Another study assumed a relationship between the presence of 
C. jejusti in the bulk tank milk and a high load of Enterobacteriaceae in the same samples [6]. 
They found no association and supposed that fecal contamination might not be the only 
‘mechanism responsible for the presence of C. jejuni in raw milk. Tt has been suggested 
that udder infection may play a role in raw milk contamination, wherchy the pathogen is 
directly excreted into the raw milk [6,44,45]. Unfortunately, the somatic cell count was not 
measured in any of these studies. 

The health status of the studied cows is often rot reported [15]. Campylobacter spp. 
commanly colanizes the intestine of asymptomatic cows [19,25,35,46-50]. Our data confirm 
that Campylobacter spp. are part of the intestinal microbiota of healthy dairy cattle. 

In one sample, 7 July 2022, there was a somatic cell count of 47 % 10° cells/mL. In this 
sampling event, we found no association between the occurrence of Campylobacter spp. and 
he high somatic cell count. Tn the following sam pling runs, this cow was excluded from the 
milk samples for ais long as the local antibiotic treatment continued. The Campylobuctir spp.- 
positive raw milk sample in this study had a low somatic cell count of 11 x 10% cells/mL. 
However, there was only one positive sample, and future research might therefore be 
necessary to determine whether there is an association of Campylobacter spp. with high 
somatic cell counts. 

The scoring was used to either monitor whether the cows had diluted feces or a severe 
fecal contamination of the teats. In the experimental setup of this study, the teat scores 
were not found to be a parameter that influenced the occurrence Campylobacter spp. in 
the multi-level model. Another study also found no association between scores and the 
detection of Camgrylabacter <pp. in bulk milk tanks, milk filters or foces. They demonstrated 
an association between cow hygiene and the detection of Campylobacter spp. in the teat 
milk [50]. However, they used a mean score calculated for the herd at each visit and not 
only a leal skin score direclly related Lo the Campylobacter spp. concentration. 

This study demonstrated that the contamination of raw milk with Canpylobacter spp. 
was a rare event, although the cows were consistently colonized with Campylobucter spp. in 
the intestine, and cross-contamination of the teats with Cantpylobacter spp. did occur. On 
one sampling day, nine teat swab samples, one raw milk sample and the milk filter tested 
positive for Cangyivbacter spp. Tn terms, of the annual study, we could not demanstrate a 
parameter that influenced this sporadic contamination event 

Conclusions 
The obtained data can be integrated into risk assessments for Campulibucier spp. along 

the raw milk supply chain. The oceurrence of Cimpylobucter spp. in feces differs between 
individual cows throughout the year. The season, E. coli concentration, minimum tempera- 
ture and sampling type are effective parameters for the occurrence of Canpylobacter spp. in 
feces and teat swab samples. No correlation was observed between the concentrations of 
Campylobacter spp. in fuces and teat swab samples. Further rescarch is required to explain 
sporadic Campylobacter spp. contamination in raw milk. 
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1 | INTRODUCTION 
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Abstract 
Campylabacter spp. cannot grow in raw milk, but it is able to transform into a viahle. 
but non-culturable (VBNC) state enzbling the survival in such harsh condisions. In this 
study, Campylabacter jejuni survival in raw milk was investigated taken into consider- 
ation colony-forming units (CFUs) and VBNC cells. CFU from two different strains of 
C. jejuni (DSM 4688 and BIR-CA-18043) were enumeraled at three temperatures, 
(5°C. 8°C, and 12°C). In parallel. a viability real-time PCR was conducted to quantify 
intact and putatively infectious units (IPIUs} (comprising CFU and VBNC bacterial. 
The data generated were used to model the vial ity of C. jejuni during raw milk stor 
age. Here, a one-step fitting approach was performed using parameter estimates 
from an intermediate two-step fit as starting values to gencrate tertiary modeks. 
Different primary model equations (Trilinezr and Weibull) were required to fit the 
CFU and the IPIU data. Strain-specific linear secondary models were generaled to 
analyze the effect of storage temperature on the maximum specific inactivation rate 
of the CFU data. The time of the first decimal reduction parameter of the IPIU 
models could be modeled by 2 strain-independent linear secondary model. The devel- 
oped tertiary mocels for CFU and IPIU differ significantly in their predictions, for 
example, for the time required for a one log:o reduction. Taken into consideration 
that VBNC could revert to 3 culturable state during the raw milk storage, our results 
underline the importance of considering IPIU and not only CFU to avaid underesti- 
mation of the survival of C. jejuni in raw milk. 

term complications (Jackson et al, 2014: Keithlin et al. 2014; Leonharc 
el o, 2019), Campylobucter infections in humans primarly originate 
from contaminated raw meat and raw milk, direct contact with colo Campylobacteriosisis the most commonly reportec foadbome gastroin 

sessinal infection in humans in the Eurgpean Union (EU) with 127,840 
reporced cases In 2021 (EFSA, 2022). Typicel actte symptoms of cam 
pyiob iosis are diares. abdominel pain, and fever. In addtion, in 

ses, resctive arthiiis, irtable boviel syndrome, and neurclogical 
complications such as Guillin Baré syndrome can also occur as leng- 

nized animals or consumpton of contaminatec untreated water 
(Kazkeush ot al, 2015; Mughini Cras ot al, 2016; Rosner et al, 2017) 
Cjefun ' the most common Compylobacter species in human infections 
and the main route of zoonctic transmission to humans might ccaur 
from fecal cross-contaminzion of raw meat or raw milk (Del Colo 

medium. provided the crigina work is properly cited, the use is non-commercizland r 
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et al, 2077; EFSA, 2011 Knipper et al, 2023) However, the prevalence: 
dzta of Carpyicbacter spp. in feces f dairy cows herds vary inscientific 
lteratures (0-1C0%) {Knipger et . 2022) 

In 2020, four campylobacteriosis outbreaks assoclated with milk 
and milk products veere reporled in the EU. The fooc vehicles had 
hesn atirhatec with “strong-evidence™ (FFSA, 2021). These out- 
breaks might be asscciated with  high consumer demand for raw ik 
{Oiver et al, 2009) and the intensification of local sales via raw mill 
vending machines (TMR, 2016). Raw milk should be cooled down after 
milking to less than 4°C and maintained at this temaerature during 
wansportaton and storage in vending machines (CFSA. 2015). 
Athough most ven 
ard an agiator t ensure homogenous cooling of the raw milk 
(EFSA, 2015), average tempersiure of raw milk measured directly on 
site was 7.7 + 38°C and ane third of the samples nad a temperature 
exceeding 8°C with the maximum of 16.6°C (Bahnlein el al. 2020) 

2red that 13.9% 43% of consumars did nof foil 

device g machines are equipped with 2 coc 

Sturveys in fraly st 
raw milk before consumption (Giacometti et al, 2012; Giacometsi 
ctal. 2013 
e orly grows uder special conltions, that s, & high temmpers- 

‘ares and fow xygen leveds, and i generl, it non 
by oxygen is sower &t cold temperatures (Coleratz § Oscar, 2022 
Olofsson et al, 2015 Yoon et al. 2004, Adcitonially, Camoyiobacter 5pp. 
is highly adiapted o surviving harsh conditcns by ndergping;the “viable 
but non-culturable” (VENC stace. 1 that state, they are no longer detect- 
able by cultural detectien methacs (Bzffone et al. 2004), but are able 
revive s infectious potential under speciic condiions (Batlong 
of al, 2006 Fecleighi of al, 1998: Rolins & Colwell, 1986; Waltven 
etal, 20200 

Only a fow sudics investigercd the sunival of dfferent strains of 
Camoyiobacter 530, i 7aw, skitmed or unoaste.rized mik at cistinct ter- 
peralures (Bokralz & Osar, 2022: Chiistopher el al, 1962 Duyle & 
Roman, 1562; Jaakkonen et al, 2020; Wolsten et zl, 2020), and only one 
investigated the possilty of survival of Campylobacter sp. in VENC 
state in raw milk (Wulsten ¢ al, 2020}, In this sudy, Wsten et al 
2020) used a newly developed viabilty real-time PCR (v-GPCR] wich pro- 
pldium monoazide (PMAJ staining. This method enbles to specifically 
auaniy intact and putatively infectious units 1PIU)—nat is, all viable 
hicteria-—camprising colony-forming units (CFUS) s well a5 VBNC hacte- 
iz, Cansequentl, it was shown that C. jeii survival in raw milk would 
bz highly underestimated when using only CFU dama, since up 1.5 
logo mere IPIL than classically enumerated CFU were detected. They 
cl demonsirale el hese TPIU could be reverted Lo the cullurable 

herml inactvation 

state within an experimental ime window by extremely lowe-ing the par- 
sl pressre of oxygen (Wulster et &l, 2020, 

Predictive microbiolozy models that describe the growth or inactive 
tion of foodberne patiogens and spoiage micrccrganisims i focds are 
helpful tools to assess food safety and qualty risés anc are used to sup- 
port decisions in regulztory agencies and food industries (Pérez-Rodri- 
ez & Vialern, 2073). The high sereirvity of €. ejani t cxygen and other 
environmental stressors (eg, pH, termperature] (AlQadii et al, 2015; 
Chuistopher etal 1982; Doyle & Roman, 1982; Kin el al, 2017) together 
with tae fimitation of avaiable auantitative detection methods not only 

makes, € jeuri dificut to be cultured and enurmerated, but 5o leads to 
highy variable results. Therefore, data fo- model development and validar 
tion are ill imitec  this area and to our knowledge,just one predictive 
mathematical mocel dsseribing the sunvivel of C. jeunl in milk have been 
developed 5o far, bul the authors did nol ke into account the IPIU dats, 
but st the CTU data (Bole-atz & Oscar, 2077). 

fccording o the cefiriton proposed by Wiiting and Buchanzn 
(1993 the data analysis in precictve. micrabiniogy roscarch follows 2 
standard approach of swo-step fiting process, I the firt step, a prinary 
macel describing bacteril growth/inactivation/survval over time under 
constant environmental conditions (e.3. temperature, humidity and water 
activity) & generatect. In the second step, 3 suifable secondry model i 
used to analyze the effect of temperat.re and other environmentzl condi- 
tions on the Kinelic parameters of the primary models 
lag; ime, or D value]. Orice the primary and sacondary mocels are cevel- 

8. growth rate, 

oped, they are combined as 3 Lertary model o predict the fingl number 
of micrnorganisms aver tar time nder e difforent cavironmentzl condi- 
tiors (Bzranyi et al, 2017, However, = one-step app-oach has aiso been 
videly usod in kinctic analyss. In this onc-stop analysis, the primary and 
secondary models are aralyzed together during the estimation of kretic 
paramelers (Dolan & Mishra, 2013: Huang, 2017; Jewel, 2012). 

‘The okjectives of the present study were: 

obtzin reliable experimental datz on the survival of . jsiuni in raw 
milk. taking into consideration not only CFU data but lso IPIU 
data and recovery data of non-culturablz cells; 

2. model 
1PIU data: 
compare the survival kinatics of CFU and IPIU based models anc 

 precict the survival of C. jejuni based on the CFU anc 

analyze the differences between the survival estimses 

2 | MATERIALS AND METHODS 

Experimental data generation 

Preparatian of inoculum 

The € jejui DM 4588 reference strain was obtained from the DSMZ 
strain collection (DSMZ, Braunschweig, Germany. The field strain 
BIR-CA-1803 (Secuence type [STi-21 according to multiiocus 

scheme [Dingle et al, 2001: Jolley et al, 2018]) iso- 
laled from feces of dairy cow al Le Nelional Reference Laboralory 
(NRL) for Campyiahacter at the German Federal Institute for 
Assessment (BFR). In addition, the sirain C. jejuni BfR-CA-13040 
(ST 61) a0 obtained from fecal sample from dairy cow, was analyzed 

model vadation purposes, but jus: at 5°C. 
Strains were stored at - 80°C in eryocultures (MAST Group Lt 

Bootle, UIK). Bacteria were culturec on Columbia blocd agar (ColbA 
Oxcid, Therma Fisher Scientific Inc., Walthiam, MA) supplemented with 
9% defibrinated sheep blood (Oxoid, at 42.5°C under microserobic con- 
ditiots 155 O, 10% €Oy rest N for 24 h. After subculture on ColbA 
18+ 2 h under the same conditions, cels were resuspendd in Brucellz 

sequence typin; 

for 
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broth (Becton Dickinson, Frankin Lakes, NJ) at QDyy = 02, corre- 
sponding to ~9 logo cell counts per mL (Kriger et al, 2014). Further- 
more, a 10-foid dilution was performed to reach § Iogio cell counts per 
L which was kept on ice befre spiking of the raw ik 

212 | Inoculation of raw milk 

Ravw milk sanmples were s kec with one of the mentioned C. jeun strains 
 reach an Inltal concentraticn of  Iogao cells/mL. raw milk. Inoculzzed 
aw il samples were kept in closed SC-m. tubes and incubated at 5°C. 
£ 054°C occredited refrigerator with Siis storage moritoring <oftvare), 
810.1°Cor 12 1 0:2°C for up to 57 h uncer normzl atmospheric condi- 
‘ions. A data logger [olug & track. France) mornitored the tempereture for 
#C and 12°C at 30 min intervaks. pH was measured (Mettlzr Toledo, 
Columbus, OH) troughoul Lie experiment and was stable aL 6.8 = 0041 
campzred to a control sample at cach temperaire. 

2.13 | Study of the survival of C. jejuni 

Samples were analyzec at tree different cemperatures (5°C, €°C, and 
12:C) by quantfying CFU and v-aPCR arclysis in parclel. A schermatic 
overview of the experimental set-up s shown in Figure 1. The range 
of temperatures was selected accorcin o the experiments carried 
out by Bahnlein et al, 2020. For CFU quantification of thermophilic 
Campylobacter sop. modified charcoal cefoperazone decxychoate 
agar (mCCDA) (mixturc of Merck & Co, Kerilwortn, NJ and Oxoid) 
was used according to IO 10272-2:2017 ith 2 theoretical sensitiv- 
ity of 1 CFU/mL milk. The mCCDA was incubated for 48 h at 41.5°C 
under microaerobic atmosphare. 

I order Lo verify if (e survivel of C. jejani in rew cow milk could 
be reproduced in previously frozen cow milk. some prefiminary ana- 
Iyses were necessary. For that purpose, the same baich of raw bulk 
cank milk obtained from the insttute's ceiry herd was used. Fresh raw 
Mk vias kept 3t 4°C untl processing. but not longer than 4 h sfter 
miking. Previously frozen raw milk batches were frozen at —20°C 
befor use s t 200 days. For the prefifinary experirments, we used 
the DSM 4688 strain in fresh and frazen raw milk at 5°C. Comparison 
Of the results showed that there wiere no difference betvieen them 
and therefore we carried cut our experiments with previously frozen 
milk. This prefiminary data obtained for the DSM 4638 strain at 5°C in 
fresh e was subsequently used for uelida tion purposes. 

214 | Viability real-time PCR {v-qPCR) 

Live and dead C. jefuni cells were differantiated according to already 
publisned metheds (Pacholewicz et al. 2017; Stingl et al, 2021; 

Wilsten et 71, 2020), a5 7 previous step to the v-qPCR. 
In brief, from each raw milk samole two aliquots of 1mL were 

needed; one wias processed with the CNA intercalating agent PMA 

{Biatium Inc.. Hayward, CA| (enly viable cels) and the other was used 
wilhoul PMA (olel amount of cell). Fist (o enable Uiz PMA staining 

Food satety [ WILEY-L 22 

bt afiuots were 10-fold diuted in 9 ml of precceled Bracclh broth 
and centifuged 2t 8000 » g for 20 min at 4°C using 15 mL centrifuga 
o tubes. Superzzants were discarded, pelets suspended in 1L PBS 
(Wailsten et 21, 2020) and transferred te 2 1.5 mL tube and scored on ice 
nll PRA staiing. Allerwarcs an inlenral sample process conlrol I5PC) 
af dead C. sputonm cels Pachelevdc? et a. 2019) was used at different 
concentrations (ISPC A 10° copies/mL. ISPC B 10° copies/mL (Sting] 
et a1, 2021) to confirm relizhilty of the PMA steining and monitor DNA 
Toss during processing. 

‘The sample and 2 control (1 mL peptone water) were treated with 
PMA as folows: 25 ul of 3 20mM PMA solution in 20% DM 
(Dimethylsulfoxide, Carl Roth, Karisruhe, Germany) and 10 L of 1SPC 
A viers adced, vortexed and incubated for 15 min at 30°C an¢ 
700 rpm in the dark. Crosslinking ws performed for 15 min at room 
temperature using the PRAST Blue phote-activation system (GenlUL 
Termassa, Spain) al 100% Hght intensity. Aller cross/inking samoles 
wiers placed on ice for 2 min, 10 1 ISPC B was addod, centrifuzed at 
4°C at 16000 » g for 5 min and the superatans was ciscarced. The 
ol pellets vicre srorer at —20°C unril DNA extraction 

Sampes 2nd controls (again 1 Ml pegtone water) without staiing 
wiere placed o ice. Ore: of the four control received 10 L 1S3C A, Ten 
microliters of 1SPC. B were added to al contrels and the samples, vortexed 
and centrfuged at 4°C at 16000 « g for 5 min, The supermatants vere 
discardad and cell pelets were stored at -20°C until DNA extraction 

DNA extraction for v-aPCR wias performed using the Genelet 
Genoric DNA extraction kit (Thermo Fisher Sclentific Inc| according 
1o the manulacurers' protocol using 100 L elution volume. A 
negative-DNA-exiraction control was indluded for quality assurance. 
A volume of 10 UL of the extracted DNA of all samples and controls 
wias analyzed in duplicate by v-GPCR. 

Avoiding a competition of the Campylobacter signal on tae S°C 
signal, based on U high laad of thermophilic Campylobacter in our 
setting, two duplex v-qPCR were agplied (Stngl et al, 2021). One 
duplex v-aPCR was Lergeting shermophilic Campyictacter and IPC- 
nth2 plasmic ¢ an intermal ampification cantrol (ACI. The ather one 
wias targeting C. sputorum, the intermal orocess control (SPC), and the 
IAC. Genomic DNA standards from C. jejuni NCTC 11168 and 
. sputorum DSM 5353 as wiell IPC-nth2 plasid as internal amplifica- 
tion cantrel were prepared accar 
ing 3 fragment f the 165 rRNA gene of C. jeiuni or of C. sputorum, 
Furthermore, qPCR was zppled on a QuantStudio 5 Real-Time PCR 
system (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA). 

Quanitalive messresnent wis ensared Ly genonic standards, conr 

ingly. GPCR was parforme targat- 

prising five decil serial dlutons ranging f-om 50,000 to § genormic copies 
per reaction included in each aPCR run and resu'ts were analyzed using 
the excel sheet for analys's (Stingl et a1 2021), Suprl.Information 3 

215 | Recovery of vizble but non-culturable cells 

Wulster: et 21. (2020) demonstrated that C. fejuni VBNC ceuld return 
0 & cultivable state (recovery) wilhin 3 cerlain time period after 

incubarion in raw milk. However, thelr experiments were carried with- 
ul covering the wiiolz range of Lemperalures ncluded in our study 
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C.ieiomi strains: 
DsM asss, 
RO Inacuation 
ROBBCAIR0R afer suspending in 
T Arucella houllon 

Blocd agar 

Quantification methods and sampling points 

. = 
{5°C,8°Cor12°C 

Duplicates 

W 

N 

on 3h 6h 7 1 9h 101 2ah 251 29 30h S1h 48h 490 72h 73h GOh 7R 

DSM 3683 / B1R-CA-18043 150 107722 
BfR-CA 18090 

Recovery of VBNC DSM 1688 / BIR-CA18043 

DSM 368 / BfR-ca18023 wqpen 
BIR-CA-18010° o 

*Lustfor validation aurposes 

FIGURE 1 Overview of experimental sel-up for spiking of rew milk and cullure-devendent. plus cullure-independent method for 
quantificztion of viable Campyiobacter ejuni in raw milk 

bt just at 5°C. In arder tn verify, ¥ th recovery of VANC could be 
possitle under our experimental conditions and to knows the percent- 
2gc of VBNC that could be recovered, the raw milk samolcs were 
spiked 25 Gescribed before and controlled by piatting on MCCDA 
under sLandard incubsation condition. Recosery of CFU in C. jejun vias 
reached using a gas mixture viith extremely low cxygen partal pres- 
sure, by incubation for 4-5 days 3t 37°C under 3.5% Ha 1% Cs, 105 
€Oy, and rest Ny (Wulsten et al, 2020). Semples of 100 L were 
‘aken at different time po/nts up £9 80 h after inoculacion,leading to 3 
hecretical detection limit of 10 CFU/mL per mL of mik. 

Recovery rates were calculated s the percentage of celsthat are 
culturtle compared to the inaculum a: follow: 

Concentration of culturable cells 
Recovery rate = ) 

Inoculum (BT 

22 | Dataanalysis and modeling 

221 | Model generation process 

Experimental CFU and IPIU dats from Lhe DSM 4688 and the BIR- 
CA-18043 strains (at 5°C, B°C, an¢ 12°C) were included for the model 
Leneralion process (Figure 1. 

n raw milk To model €. jeuni survival a one-srep fitting 
approach was performed analyzing primary anc secondary mocels 
together during the cstimation cf kinctic parameters. However, in 
order to make an initial estimate of the parameters to be used 25 2 
starling point for (e one-step fitling approsch. an intennediale 
two-step fitting approzch wias carried out. fisting the primary and 
secondary models separately, The models created under the one- 
step fitting anproach are referred in this paper 5 tertiary models 
(Barany, etal, 2017). 

For the Initial twor step fitting approach, different primary mac! 
equations were fitted to all individual CFU (log. CFU/L vs. time] 
and IPIL data (logyg IPIU/ml. vs. fime) obteined from three consant 
temperatures (5°C, 8-C,and 12°C). 

Fitting vias performed using R 4.2.1 (R Core Team, 2020) and R 
package “nisMicrebio” (Baty & Delignstte-Muller, 2014) Generated 
models were compared pirvise Uiough an F-lest using R 421 
(R Care Team, 2070) to identify the least complex primary macel 
equation reeded. 

The three kinetic parameter macels (Geeraerd with S, [Ceeracrd 
et al, 20051 and Trilinear [Bucharzn & Goiden, 19957) had the best 
‘goodness-of-fit for the CFU data compared to the two kinetic param- 
eter models without shoulder 2s indicated by the lower oot mean 
squarcd cmor (RMSF] anc the higher cotermination cocficient (27 
Valuies and F-test (Tzble 52). The Gesraerd with 5 and Tril near models 
have a similar goodness-of-fit and were able Lo accurately describe 
the experimental dara. Howiever, the Trilinear mode! (Equation 2) was 
sitmpler and it voas Wherefore sefected or Uhe present study as follow: 

i 
i 

H 

H 

H 

£



 
60 3 Publications 

KNIPFER £ o 

3 Publications i 

102 (N1 — 10830 N )t <& @ 

Krs 08 32N} — logzo(No) (E-S05 stsS in10) 

10816(N:) = 0g 0Ny 2 5 

whore Ny the nital concontration (CFU/mL), N, s the hacrerial con 
centration (CFU/mL) at time ¢ (), Ny s the residual population den- 
ity K 15 the maximum speciiic inacthvation rate {1/0), S, the 
duration of shoulder effect i), and S, is the time arriving tail (). This 
last parameter vaas calculated using Equation (3 

n10 515+ (0B 30Mn — 108 3c M) = @ 

For the IPIU data set, the Weibull model (Fewation 4) had the hes: 
goodness-cfit compared to the other primary models tested 
Table 2] and was usedt 23 follow: 

o) = oot - ) @ 

where & is the time for the fist cecimel reduction (1] and p is the 
shape oarameter (van Bockel, 2002). 

The effect o temperaturz on the primary Inactivation rate param- 
eler of Uhe Trlinear mogel k. 25 well as of the Weibull model 
parameter 6. was morcled by 3 lincar socondary modl (Foatiors 5 
ardor 

108 sk = Incercept + Slope T 6] 

o,y = Inercept | Slape~T. & 

where Ts the temoerature in °C 
T decide whether temperture influenced the survval of the ref- 

erence and the fleld strains differently. Independent secondary models 
were generatec and compared using an F-test. 

Finzlly. the pars meters csrimated in the two-step fitting pra- 
cedure were used as starting values for the one-step fitting 
aoproach. In this way. models could be generated that diractly link 
observed concentration datz with enviranmental canditions. In 
Case of the CFU data, we substituted kn in the Trilinear model 
equation (Fquation 2) by the linear secondary macel equation 
(Equation 5). 

10g 2N = 10836 Na )t <51 

et SopeT) 
g 10(No) g =i log 1g(Ne) 

log50(N:) = loga0iNrasi 22 S, o 
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Furthermore, the mean of S valucs obtaine in the primary mode 
fising step on cll exartined temperatures was used as starting value 
forftting che parcmter § in he teriary mocel. 

o cbtain 2 tertiary model for 2l IPIU data the Insar model for & 
(Ecustion 6) was integraled Tilo the Weibull model ecuatior 
(Feuation 4] 

( t 1ogio(N) g 10(%)]  ( Sgmemmrsasers ® 

The mean of £ values obtained in the primary model fitting step 
an all examined temperatures was used 2 starting value for fiting 
the parameter p in the tertiary mocel 

The value of Ng was determined by the experiments! sel-up and 
fixed 10 5.7 1030 CFU/mL or 5.54 log o IPIU/mL, respecively. To sim- 
plity the model ilting process we assigned Lo all data points below 
the derotion limit of 1 CFU/ml anc to the residzl popularion den 
sity (log1o M) parameter a value of ~0.1 logio CFU/mL This infor- 
mation an the implications for the interpretation of predicted valies 
below 2 CFU/mLis provided in the annotation of the model fls [see 
below] 

The gocness-of-fit of the created tertiary models viere docu- 
mented by calculating RMSE and R valuzs. Additionally, visual evalu- 
ation o the fitted curves was performes 

To check if different tertiary models were necessary for 
tae different scrains (reference and fleld strain), the obtained 
terliary models for the different stains were compared using an 
Fetest 

222 | Model validation 

The three tertiary models generazed for the C. jejuni survival in rew 
itk were validated with the following data: 

* Independent experimenzal dats from the DSM 4686 and the BIR- 
CA-16042 strains not used during the model generation phase 
(ot 3 Canc 12°C) 

« Data generated in frosh ravs milk from the DSM 4688 strain at 5°C 
« Data generated from a different C. jejuni strain [BfR-CA-1804C] 

atsc 

I order Lo decive il these dals were eligible Tor the mode! 
validation purpose an unpairec t-test was performed. Far the 
DSM 4688 strain no significant difference in ki estimates (for 
CFU datz] or § estimates (for IPIU cata) could be identified 
when comparing the experiments carried out with previousy 
frozen raw milk versus fresh raw milk at 5°C. There was also no 
significant difference between the survival of the two field 

ins, BfR-CA-18040 and BfR-CA-18043, at 5°C. Thercfore 
tae data for fresh raw milk, that was not previously frozen, and 
the data from the BIR-CA-18040 slrain were considered as 

stra 
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suitable for the vali ion of the related tortiary models for the 
DSM 4688 strain and the BfR-CA-18043, respectively. 

In zddition, a systemtic search was carried out in the literature 
2nd in ComBase dataase in order 1o find suitzble data for the exter- 
nal velidelion of the model. 

The model performance was describec by a graphical validation 
2nd by calculation of RMSE and R vaiuss for predicted concentration 
walies versus the corresponding validation dara. 

223 | Model exchange and reusability 

The final CFU data derived models for the C. jejuni [DSM 4608 and 
BIR-CA-L8048 strains| 
converted ino the Food Safety Knowladge Exchange (FSKX] for- 
mat, with the aim of improving Uiansparency in the model genera~ 
<on pracess and facilitate the cxchange and reusability of the 

well as the IPIU data derived model were 

models created. These FSICX fles nold all model parzmeter esti- 
mates, the raw experimental data and all elovant metadata, includ 
ing a description of the model's range of applicabilicy. The model 
files can be accessed and downloaded via the following model 
repository:  htip: “berlin/lardingpage/ RAKIP-Nodel- 
Repositery, and exccuzed in the open-source software sclution 
FSK-Lab (de Alba Aparicio et al, 2078 

fknire. 

23 | Comparison of the survival kinetics 

To ensble 3 comparison of the sunvival kinetics of the CFU and 
IPIU data derived models, the time required to obtain an x logio 

reductien (t.) was czlculated (Buchanan et al., 1993). The tus 

for Lhe CFU and IPIU models was caleulalid for x = 2, 2, 3, or 
4 logy based on the fitted parameters of the generated tertiary 

models. 
The t,4 for the CFU data was caleulated using Equation (2) (Patil 

etal.. 2010). 

ta=5- 004500 o 

The t,q for the IPIU data was calculated using Equation 110) iPatil 
etal. 2010, 

fumte i 0 

Normal distribution and hemogeneity of variances were tested 
using Shapiro-Wilk test and Levene-test, resoectively. Homogene ty 
of wariances was not found. Therefare, the differences betwaen 
obtained t,, values from CFU and IPIU data of DSM 4688 or BIR-CA- 
18043 were compa 2d pairvise performing » Wilcoxon signed- 
rank test 

For al slat 
level was appliec. 

tical tests zpplied in this study Lhe 0.05 sigificance 

3 | RESULTS 

31 | Experimental data 

For bolh data sels (CFU and IPIU). the measured dala poinls of 

C i strin BR-CA-18043 and stran DSM 4638 in raw mik 
exposed w0 5°C, 8°C, and 12°C are shown in Figure 2. CFU survival of 

DSM 4688 strain was wer compared to 1 BIR CA 16043 strein 
(Figure 2, dots]. Only low concentrations up tc a maximum of C.5 

logyp CFU/ml of the strain BfR-CA-18043 were detected at 49 b, 

C. jejuni CFU cell concentration for both strains [DSM 4663 and BfR- 

CA-18043) wers below the detection limit from the next sampling 
time ooint (72-73 h] onwards. 

The IPIU cata showed ne strain and temperature-specific differ- 

ences in C. jejuni survival (Fizure 2, triangles). 

Recovery of C. eun stain DSM 4638 fram the YBNC state nto 
b state was shown by extremely lowecring the partial pres 

sure of oxygen at B C and 12'C. In acdition, with the same methoc 
strein BR-CA-18043 displayed time-dependent rocovory of CFU 
from VBNC wichin B0 h o incubation in raw milk at 8'C and 12'C 
(Figure 7). AL12°C the BIR-CA-18043 strain was recovered up Lo 
72 while the DSM 4668 strain was only recovered up to 48 
Recovery rates varied widely (Table 1) not oriy between strains an 
temperatures, but also within strains at the same temoerature condi- 
tions, Lower recovery rates were observed over time. 

32 | Madeling process 

321 | Intermediate two-step fit: primary models 

Figure 2 shows (e selected primary models for CFU and IPIU dalz. 
Due to the large differences In the survival kinetics of the cell popula- 
tios, iwo cifferent primary model eguatins had to be used to mode! 
the survival of C. jeun. 

322 | Intermediate two-step fit: secondary models 

For the CFU cat, a linear relation could be observec berveen the 
fog.o-transformed survival rates (0gcknad and the storage tempera- 
tures, This relzsionship was modeled In wo secondary mads's with 
Equalion (11} for the DSM 4888 siain (RMSE=003) ang 
Equation (12) for the BfR-CA-18043 strain (RMST — 0.09). 

DSM 4688 108 1 Kmex = ~0 35 (£0.05) + 0 014(=0.005) T (12) 

BIR - CA— 18043 108 0k rac = ~0.60(+0.07) + 0.026 (+0.008) =T 
(12) 

Comparison cf the 95% confidance intervals of the estimatec 
slopes and intercepls of these linear seconcary modsls showed over- 
lap ir values, requiring an -test (Table 53). The F-rest indiczted that 
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FIGURE 2 _Survival kinetics BIR-CA-13043 BIR-CA-18043 BR-CA-18043 
or Campylobacter cjni strzin 3 - 
51R-CA-16043 (top row) and #e B 12°¢ 
strain DSM 4638 (hottom row) in g ; . 
raw milk at 5°C, 8°C, and 12'C 3 2 5 
storagc. Data points indicatc 4 4 2 
colony forming units (CFU_s) and 2 2 3 
intact and putatively infectious = i 5 
units (P, 8) Lines show the it 5 0 -- 0 o 
with e Tilinearmedel fr FU € T T T m T P il 
deta (dashed lne)znd the Weloull 3 
model for IPIU data (solid fnc). 5 DsMaces DSM 4686 
Detection [mitof CFU dstawas @ 5c e 
1CFU/mL 2y 7 7 

6 ¢ & 3 gs B e S i H a0 
a 3 3 
2 2 3 N 

i i 1 'y 
o .0 o | E O, 

T % < 60 8 10 0 2 40 % e 10 0 20 4 0 80 10 
Time ih) 

TABLE 1 Recovery rales of Campylobucler jeun strais DSM 1688 and BIR-CA-18043. 
) oh 2ah 0k asn 724 h 

DsM acss s 443-70% 0-2% 0233 0225 
12 75-100% o0-22% o-225 % 

BIR-CA-18013 s 745-82% .67-788% 233-60% 21-38% 
12 80-100% 0-732% 0-6583% 0-282% 

Note: The minimum and masmum recovery rates & 

o separate modsls vere needed for the CFU dats of he DSM 4688 
and BIR-CA-18043 strain, which showed the differen: impact of the 
semperature on the bwo Campylobacter stains 

s alzo shown in recent publications, due to the high varinilty 
found in the shou/cer region, a secordary model for the 3 perameter 
was not possible (Pérez-Rodrig 

Regarding IPIU dats, a livear equation for the secondary model 
was used o deseribe the log.-transfarmed primary model parameter 
5. For the DSM 4638 strain, the model in Equation (13) vield an RMSE 
0f 0.3 whereas the model for BfR-CA-13043 data Equation (14) had 
2 RMSE of 0.74, 

DSM4663 logc5 —2.63{1077) +0028{L009)+T (13} 

B/R— CA—18043 log 166 = 3.07 (=0.72) - C.02(+0.08)+T {14 

The comparison of the 95% canfidence intervals of the morel 
prameters from the two strains incicated that there is no significant 
difference between the two obtained cquations (Tabie S2). Also, an £~ 
test indicated that a single model (Equation 15 was sufficient to 
describe the IPIU data. This model yieided a RMSE and R of 0.4 and 
0.53 everall data 

hown for each time-temperature and sirain comsination. 

5295 (£0.51) 1 0028 (=0.06)+ T s) 

323 | One-step fitting: tertiary models 

The estimated oarameters frorm the rmediate two step-aoorcach 
wiere used a5 starting point to generate: tertiary models. For the CFU 
data-derived tertiary models the estimatec R and RMSE values are 

Table 2. In general, the CFU data-derived tertiary modelz 
predicted the inactivation rate of the correspondin strains reasonably 
wiell, s indicated the by RMSE and B values. 

In Figure 3, the relationship netween the predictions and the 
experiments| CFU data for DSM 4638 and BIR-CA-13043 are shown 
As It can be seen, n the specific case of the strain BR CA 18043, the 
wiide scattering of the experiments! data led to models that carnot 
provide an “accurate” prediction for the survival of C. jefuni at some 
time points. 

The estimated 27 and RMSE values for the developed IPIL data- 
derived tertiary model are shown in Table 3. The developed IPIU- 
derived tertiary model is able Lo predict the baclerial concentralion 
viith 2 variatien of about 0.5 logyn IPIU/mL [Figure 4), 

shown i 
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TABLE2  Estimatec oarameters and goodness-of-fit values for the developed CFU data-derived tertiary models of Campylobacrerjejuni strain 
SM 4688 and BIR-CA-18043, 

i 
i 

Number of observations 
for model development  Model parameters Goodness-of-fit value H 

Temperature Data Survival H 
Tertiarymodel range(C)  points  cunves Intercept Slope. Shoulder (h) RMSE R 

osacss sz % P 03110371020 0007O0-CEE 5IUK-59 041 05 i 
BIR-CA-18013 5-12 a2 b ~0.467(-07410059) 005004-006) 1599(1355-1843) 045 093 

Note: Numbers in parentheses are 95% cenfidence i 

(a)| DSM 4688 data-derived model BfR-CA-18043 data-derived model 
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FIGURE 3 Relationship between predicted-concentrations (1ugo No from te (a) DSV 4688-derived and (b) BIR-18043-erived tertiary 
models and tac data tised for the modo development, Non deroets wore assigned a value of ~0.1 log CFUmL 

TABLE 3 Estimated parameters and goodn 
05M 4688 and BIR-CA-13043. 

< of fit for the developed tortizry mode! derved from IPIL data of Campylobocter fefunl strain 

T H 
for model development  Model parameters. Goodness of-fit-value H 

Temperature Data Survival H 
Tertiarymodel  range (C) points curves Intercept Slope P RMSE R 

e 068001710152 0311009 0053 025 €006 026 035 
BIR-CA16043 

Note: Numbers n narentheses are 95% cenficznce i 

IPIU data-derived model 324 | Madel validation 

The results of the model validation are provided in Figures 5 and 6, 

Tabies 55 2nd 56, 
For the DSMI 4688-derived models, independent dats from 

C jejuni strain DSM 4688 in raw milk (5° nd in previously frozen 

raw milk 8'C, 12°C) were used. The BfR-CA-13043 derived mods! 

wias validated with data from C. jejuni BfR CA-18043 (8°C, 12°C) in 

raw milk and BR-CA-18040 (5°C] in previcusly frozen raw milk, The 

varlable evaluzted for the madsl validation was N.. 

As indicatec by the RVSE 2nd R* values for each experimental 

run {Tables S5 and S6), the CFU cata-derived tertiary models arc 
FIGURE 4 Relatonshp between predicted-concentrations o “HIE ¢ M3ke accuratepredictans, Vaidation o the incernal exper- 
N fram Uh intacL and potatively nfectious uits (PIU) derivesd imeatal data [Figure 5) showed that most of he CFU data were 
Tertiary model and data use for model development. under the equivalence fine for the DSM 4688 data-derived modiel 
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BfR-CA-18043 data-derived model 
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FIGURE § 
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Validation o the predicted-cancentrations llog:c Ny from the (a) DSM 4688 and (0] BfR-CA-18043 derive terdary models and 
indepencent (incernal anc external) experimental validation data. Non detects were assigred a value of 0.1 log CFU/mL. 

IPIU data-derived model 
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E 
2 
[ 3¢ 
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I as 50 55 
Observed Log Nt (IPIU/mL) 

FIGURE 6  Validation of the predicted-concentrations {log 

from the Intact and putativaly Infectious units (IPIL) drived tertizry 
model and indepencent (internal and excerna ) experimenzal val dation 
data for Campylabocter ejuni (DSM 488, BIR-CA-18040 anc BIR- 
CA-18043)  previously frozen raw milk at differant temperatures. 

and above the equivalence line for the B7R-CA-18043 data- 
derived model. 

1| CFU dala available ir: C 
for madtel validation 25 these were curside the application range of 
the gererated models. 

Only the data from Wulsten et al [2020), obtainec under the 
sanme experimental conditions, could be used for external validssion of 
our models. In case of the tertiary model precicting IPIU, RMSE, and 
&% values demonstratec ¢ good performance and accuracy of the 
madel predictions (Figure & and Table 56). However, resuis from the 
model validation using; CFU data from Walsten et al. (2020) were not 
acceptable (Flgure 5a, Table 55), 2s their experimental deta differed 
sreatly from the data obtained in our study. 

Experimen Bt could nol be used 

TABLE4  The by (time toachieve. 1ol values 
for CFU and IPIL data for Campylonacter jejuni strains in raw milk of 
different temperatures. 

Temperature 
Strain Data ('C) Lt alh) oo ) tag ) 
DSM4é88  CFU 5 85 130 173 216 
DSM4és8  CFU & 85 127 171 212 
DSM 1688 CFU 12 B4 121 1518 1656 
BIR-CA-180/3 CFU 5 1846 2452 3138 878 
BR-CA180¢3 CFU 8 1855 2341 2823 8812 
BIR-CA18043 CFU 12 1379 176 2141 2522 
DSM4688 1PV 5 »100 »1000 1000 »1000 
DSMdes8  IPIU 8 100 »1000 1000 >1000 
DsMacs U 12 100 »1000 1000 »1000 
BIK-CALE0Z3 PV 5 1000 »1000 >1000 1000 
LIRCA-LE0ZS I & 1000 >1000 >1000 >1000 
BIR-CA16043 IPIU 12 >1000 »1000 >1000 >1000 

33 | Comparisan between calany-forming unit 
and intact and putatively infectious unit predicted 
survival 

An overview of e lime regured o oblain 3 1+, 2, 8-, and 4 log 
reductions (1) is zvailable ir Table 2 The t,, from the IPIU data- 
derived model was significantly higher than for the CFU data-derived 
medel, ndependent of the strain and temperature. For the CFU data 
derived model & sianificant difference in ¢ between 
between temperatures for the same smain were found. In coni 
the IPIU dzta-cerived model nc significant difference between strains 

evident. For the CFU data, the time needed to reach one log 
reduction. varies ketween 8.5 and 1844 hours depending on the 
strein and he temperature. On the other hend, the predictions of the 
£, for IPIU data wers outside the application range of the Weibu 
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model (100 b, which inficates tat €. jjumiin VBNC state can sur- 
wive until the end of the shelf-life of raw milk, assuming that raw milk: 

is kept in the fridge for a week. 

4 | DISCUSSION 

The consamption of raw milt has repeatedly heen associated with Cam 
pviobactar spp, cutbreaks (EFSA, 2015, 2021; Heuvelink et al, 200%; 
Teans e al, 2018). i had been shovn that fecal cross-contomination of 
seat skin from dairy cows can cccur (KGipper et al, 2023), even though it 
s rare detectoble event. Trad tonal cultural methods used for the detec- 
tion of Campyobacter spp. in raw ik are challenging due to repic cecline 
of CFU [Barell, 1981; Doyle & Roman, 1982; Humphrey, 1986). Even 
when Campylabacter s, cannot arow in raw ik filling; statiens during 
storage. it has been suggested (el it can survive under unfavorable ewi- 
ronmental conditions in the VANC state (Rlins & Colwell 1286).In s 
state, shey putatvely remain dathogenic, oncs favorakle cancitions recur 
(Baffonc ct al, 2006; Federghi ct al, 1998; Rolins & Colwel, 1936; 

1., 20200, Until now, there was o mesnod capable of detect- 
ing cells in the VBNC state in rav milk. However a recently developesd 
¥-aPCR enadles the detection of IPIU (comprising CFU ard VBNC) of 
Camoyiobacter 509, in tow mik Walsten et al, 202} This rises 
opportunity m study how efficiently Campylosacter sop. can sunive in 
raw il at diffeent temperatures based on CFU and IPIU data, 

In our work experimental dzta were obtalned by using a culture- 
depencent method for detection of CFU (SO 10272-2:2017) and a 
culnure-independent method for detection of IPIL (v-gPCR, [Wiilsten 
et al. 2020]). The v-6PCR enabled the cetection of IPIU while exclud- 
ing DNA from alrcady cead ccls since PMA staining is performed 
prior to DNA extraction (Walsten et al, 2020). In conast to a con- 

el GPCR withoul staining, in the v-GPCR Campyiobucter sur- 
vuel Js ot overestimated by DNA from dead cells (Kriger 
et al. 201; Pacholewicz et al, 2019; Wulsten et al, 2020, According 
0 Walsten et al. (202}, we eould demonstrete an underestimarion of 
the survival of C. jejuri by CFU. We were able to confirm the data 
from Walsten et al. (2020) for the DSM 4638 ar 5°C and furthermore 
demonstrated that there is also no difference in the IPIU datz at 4°C 
and 12°C.In this study the BiR-CA-18043 field strain <howed 2 pro- 
longed CFU survival compared to the refersnce strain DSM 4¢38. 
Walsten et al. {2020), cbserved the same for the “outbreak” strain 
(BfR-CA-13290) isolated frem raw milk compared to the reference 
ol DSM 4688, This could e explained by Une fact thal due (o the 
leve! of stress tolerance, resistance and pragression o the VBNC vary 
between different strains of C. jejuni L et al. 20201, wit1 the field 
trains being more stress tolerant than the reference strains. 

The generated experimental cita were used for model 1g genera- 
tlon purposes. In cur work, we appliec a ane-step fitting approach 
using parameter estimates from an intemediate two-step fit as start- 
ing values for the fitting of tertiary made! cquations. Traditionally. 
two-step fitting approach has been Used. in which primary and sec- 
ondary models are generated in wo different steos and then inte- 
frated in a software tocl a5 a tertiary model to predict the number of 

Wusten e 

e 

microorganisms under the different environmenal conditions. How- 
ever, this approach is not without drawoacks, as it can accumulate 
and prpagate the errars in each step of the dats analys's during the 
medel development process [Huang, 2017). A one-step fitting 
approach in which the primary and secondary models are eralyzed 
together ciring the estimation of kinetic parameers, have been also 
wiidely used in Kinetic analysis as it is befieved that the resulting ter- 
tary models g 
sion diagnostics &nd standard errors can be also obtained with this 
latter approach (Dolan & Misra, 2013; Huang, 2017; Jewell, 2012). 

During the model design some assumptions were necessary. This 
s the case, for example, with the handiing of non-detects during 
medel fitting. As escribed before, the detecton limit of our method 
wias 1 CFU/mL. After zround 70 h, we were not sble to detect CFUs 
in raw milk. To simplify the generation of 2 precictive model applica- 
bl over the whole exverimental time soan we opled for a tilinear 
model that cantains a fail. As we fixed the valics for non-derocts at 

0.1 logso CFU/mL this mode! precicts this concentration for all time 
points after S, To provent uscrs from misintorprofing this value we 
provide 3 dedicated annotation to the output arametr n the FSIX 
model file. In addition, we explored if for example, maximum 
heod estimasion (MLE-based methec for parzmeter estimation given 
censored data would have yielded significantly differen results, which 
wias ot the case (data not shown). Tnerefore, we decided to stick to 
the genersted tilinear model for prediction purpose. 

The wide scattering of the experimental CFU data led to CFU- 
derived tertary models thal cannol provice an “accurate” prediclion 
for the survival of € jejuni at some fime points. This is the case, for 
example, of the strain BR-CA-18023, In addition. the quality of the 
model prediction on the concentration at a specific time poirt, cspe. 
cially of the DSM-4688-derivec tertiary model, could be improved in 

i hotrer fits to the data. Directly intorpretable rogres: 

Ui fulure by integrating further dats. This applies speciiically to the 
time range between 9 znd 30 h, where thers were only few anc 
wiidely scattered cata avaizble. 

On the other hand, the develoned IPIU derived tertisry madel 
showed  smizll variation i the prediciion of the IPIU, which could be 
linked to the more complax method of deracting IPIL by v-qPCR 
However, the IPIU-derived model demonstrated to be better able to 
predict the concentrations than the CFU-derived madel, which could 
be attriouted to two reasens: 1. CFU data have a high variability com- 
parad to IPIU d=ta. and 2. the inactivation of IPIU occurs in a chort 

irst fews hours. Furthermers, fer the period of time, usually within t 
P data lardly any reduction on the mumber of cells will ot afler 
the initial phase. 

The validation process carried out with the internally generated 
validation datz indicated that CFU data derived tortiry models were 
able to make accurate predictions indicatec by the RMSE and &* 
valucs. WMot of the CFU data wera under the equivalence line for the 
DSM 4668 datarderived model and above the ecuivalence line for 

dorived medel. That mens that the DSM 
4638 dzta-derived model precicts 3 lower population of microorgan- 
s than observed. meanwhile Lhe BIR-CA-18043  datarderived 
medel,precicts 2 nizher populaton of micreo ganisms than observec! 
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Experimental data at temperatures ataer than those used in the 
experiments should be includec in the future for further intemal 
validarion. 

Experimenal CFU data-sets avalable in ComBzse strongly devizted 
o the measared values oblsined in our experients and could nol be 
sec for the external mordel validation hecatise were ouside the applca- 
ion range of the generated models, Comparison of model predictions 
with dara from orher studics that do nor mareh the range-of model 
appicabilty i difficult beczuse the matrix and strain effects on the sur- 
wival vary strongly. Thiz underlines the importance of proper model 
annotations tc clearly inform o the a0 caticn range of each model. 

Only data from Wulsten et sl (2020] could be used for the exter- 
2l made! validation. A good performance and accurzey of the model 
predictions for the [PIU model were confirmed. This could be 
expleined by the fact that IPIU levels in milk seem to remain 
unchanged irrespeciive of the specilic maliix or stiain used. This is 
#lsa in I with the results from Walsten ct al, (2020), vhich showed 
<hat the developed v-GPCR is robust sganst different milk batches. 
The validarion of CFU modcks with dara from Wilsten ct al, (2020) 
s, however, not acceptable. The large deviation from our data and 
therfare from e predictions of our model could be atlributed to the 
different batch of the raw milk used. Cven when the raw milk in bath 
studies came from the same herd, our experiments were carried cuz 
3 years later. Animal feed and therefore the amount and percentage 
of the comparents i ravs milk, ike protein and fat, may have chan- 
ged. Further experiments with milk from differant herds or even milk 
from different batches within the same herd shoud be carry out in 
order fo evaluate the impact o the variations of mill composition 
in the CFU survival data, 

The calculated time needed to reach ane log reduction, demon 
strated big differences between CTU and IPIU data, s for CFUs it var- 
fed belveen 8.8 snd 184811 (depending on the strain wnd Uhe 
semperature) while for IPIU data was predicted to be greater than 
10 h fineperdent of the temperature and the sirain usec, This large 
difference 2gzin shows the underestimation of the concentration of 

gjun if only CFU are taken into account. 
Regarding the recovery of CFU from VBNC, Wulsten et al. (2020) 

showed that it is possible to recover C. jeiuni strain DSM 4688 from 
the VBNC state inta 2 culturable sta in raw milk by extremely lower- 
ing the partial pressure of Gxygen at 5°C. We reproduced this phe- 
nomencn for the DSM 4888 strain in 3 wicer range of temperature 
frem 3°C to 12°C) and furthermore, could demenstrate that for a 

e from cow feces, BIR-CA-18043, 
displayedt time-depercent recovery of CFU from VBNC. The recovery 
of CFU from VBNC showed that C. jejuni was viable at least during 
80 (both strains) ar &°C and 48 h (DSM 4688} and 72 1 (BIR CA 
18043) 3t 12°C. 

Due 1o the recovery of CFU from VENC, the CFU concentration 
Of C. jejuni in rave milk varies dependent on speci 
{aeyond standard incubation procedurcs), and hercfore: might mnge 
between our model predictiens of CFU and IFIU, but so far it is 
unknown, Therefore, further studies inducing the modeling of the 
recovery data under different canditions sheuld be carried out in 

recently isolated field strain de: 

onditions 

Food satety [ W1 LEY- L2222 

arder to be sble to get mare realstic predictions on the concentration 
of CFU i raw milk. 

CFU recovery required very specific conditions L et al, 2012, 
and depended on many factors such as the strain used, the age of 
VBNC cells, lhe condilions hal induced the VENC slale and, 
af caurse, the conditions provided for recovery (Piato et al, 2011] 
CFU recovery from VENC hzs ben reported to happen in micrczero- 
bic conditions (Bovill & Mackey, 1997). n embroynated chicken cggs 
(Cappelier et al.. 1959) and in vive using mouse infection models 
(Baffone et al, 2606). Sa far, it has not been cenfirmed if this recovery 
‘occurs in the human gut, but if 50, this woul mean that the risk of 
exposure to infective cells through consumption of raw milk, leading 
to human cisease, may be unerestimated. 

Tt vas assuried that VBNC cells are avirulent, s they have a coc 
coid shape and a reduced rate of gene expression and protein transia- 
lion required for pathogenesis (Ramamurthy el al. 2014). However 
VBNC el that are recovered hack into CFUS can regain full infec. 
tious poterial (Baffone et al. 2006}, For example, it was demon- 
stretod that Campylobacter cclls rocovored after cmbryonaredt-cgg 
passzge—cons derec 3s an animal mods! with reduced 21/mal defense 
properlies—since they regained allachment capacity Lo Hela cell: 
(Cappelier ezal, 1999) 

Maintenance of zdhesion poentisl was used os pathogericity 
indicator and suggested that the VENC stere of Campylabacter does 
in fact, constitute 3 pablic health concen (Cappelier et &, 1999). This 
capacity of recovery with 1o appzrent loss of virulence notential evi- 
dently raises concenns regarding Ue presence of VENC bacteria in 
food (lict 2, 2014). 

Nevertheess. the infectivity of VBNC cells is not 4nown. One 
approach to test thc infectivity of VBNC cells would be to test VBNCs 
viithin and beyond the “recavery wincow” in animal models. It shoule 
be oled Whal U “recovery window” is based on current knovledge 
on concitions for in vitro recovery of VBNCs, vihich might be 
extended in future. Hence, it is worth investigating if &l VBNC cells 
are infectious or only those thet can be recovered by spacial treat 
mentinto CFUs. 

W condlude that as long as the infectivity and pathagenicity fac- 
tors from VENC and recoversd CHU are not entirely understood in 
raw mill, the IPIU-derived model should be considered as a werst- 
case scenario, assuming that these VBNC might also be infectious. 
Nevertheless, even vihen the davelopec model cou'd help o cuantify 
the consumer exposure to C. [ejuni through censumptic of ravs milk. 
e resuls presented in (s study should Le interpreted wilh caation, 
as they are hased on a specific scenario, dara and assumptions 

5 | CONCLUSION 

Our study cerreborate that the survival of C.jejuniis argely underesti- 
mated if anly based an CFU data, This werk confirmed the potentis) 
for underestimation of C. jejuni cercentrations in raw milk, not only at 
5°C bul also al 8C and 12°C. Furthermore, we confirmed that 
VBNCs in raw mik could be successiully recoversd within & 
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relevant time window by drastically reducing the oxygen parial 
pressure. Three mathematical medels were developed on the basis 
of the newly generated experiments! data that can precict the 
effect of temperature on the survival of C. jeluni DSM 4688 and 
BIR-CA-L8043 in raw milk. For Lhe IPIU survival of (e C. jejuni our 
model predicts that not even 2 one log reduction will be nhserved 
within 100 h while the same reduction is predicted to occur at leas: 
after 18 h for CFUs, The obtained tertiary mo 
strate the potential for underestimation of the survival of C. jejuni 
in raw milk Ac the degree of infactivity of cells In VBNC status is 
still unknown, IPIU dzta shoulc be taken inzc account &5 a worst- 

clearly demon 

case scanario, a5 these VBNGs stil might be infectious. To improve 
model-based predictions of IPIU anc CFU concentratins it is nec- 
essary (o collect more data, as the varlability in C. jejuni survival in 
the complex matrix of raw milk is very high. In addition, it must be 
investigated vealher VBNGs remain infectious even beyond the 
rocovery window.” Despire of these cansicerations, the nowly 

developed models might become valusbl resources for food man- 
2gors and risk assossars, 
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ARTICLL INFO 

Camplobaerzriss 

Assrrac 

‘The consumer demand for raw mil fram cairy cows has inerzascd 2nd lacal salcs via vending machines have 
beer s esifed. Therefore, s study iuied o essess Ure risk associated with the consumptior of uabuiled raw 
mill contaminated with Camoylabazrer by estimating the murber of campylobacteriosis cases. For this a ste- 
chustic quantenrive micrabial isk nssessment (QVIA) model was devrlaed that cavered the whale sopiy 
chain, Information and data for model parametrization were obtained from research pubiications. Different 
‘prebability cistrbacions were used 1o represant the data whenzver possible and probabilistic ik estiatics i 
perdartzzd using Moate Carle simulations. Simulations for outbeaks o single verding mackites weze per- 
formed using the develaped QMIRA hnse'ine model, 
chata were evaluated to suppor: risk managers in co 

ihes, different isk miigarion scerarins alang the soply 
crolling Garpylobaceer. Tae aaclysis suggest a role for 

Campylobecer infecsions due (o fecal contamimation of cows” udder, The mudel cza eaily be adapted ard 
extecded whr additional d. become available 2 i is srovides it the hamonizsc exchange Food S:lety 
Knowledgz Exchange (TSKX) format 

1. Introduction 

Campylobacter eauses eampylobacterisosis & diarcheal disease end 
represents one of the leading causes of zoonotic enteric infections 
worldwide. 1he 27 Europsan Union (EU) Member States reported an 
overall incidence of 127,840 coufimed cases ol human canpylo- 
hacieriasis, correspanding to an FU narification ratc of 41.1 cases per 
100,000 pepulation in 2021 (“F5A, 2022) 

~om 2011 to 2020 raw milk was one of the food vehicles causing 
most srong-evidence foodvorne Campylobacter outbreaks in the EU 
(EFS4, 2021), Tn recent yeers, zounoses moniloring in Germany reporied 
1 to 2.5% of bulk tank sarples positive for Campylobacter (51, 2010, 
012, 207 6a, 20116b, 2020). Further, in 2018 mast of the utbreaks were 

caused by Campylobacter and associated with the consumption of 
unboiled reww milk (49738 outbrezks) (51, 2019), 

Direct sale ol raw nilk (or burien consuplion by sellservice end 
automztic vending machines is conditionally allowed in many European 
countries, such as Germany, France, the Netherlands, Belgivm, 
Tenmark, ftaly, Treland and parts of the UK (FF5A, 2015). A survey in 
201 of state and county veter:nary agences for registered raw milk sale 
outlets in Germany indicated nearly 850 raw milk sale outlets or farm 

Gorrespending author. 
Sl address: s Delic Knlpoes @Dic bund de {A-D. Knipper). 

s/ /A0 01010164 mran 2023100774 

(Golein < a, 2020), Websites besed on farmers” voluntary entries 
eapture currently st ahaut half o the v millc supply in Germany. 
(Lizbers, 2013) 

A sign on the vencing machines stating that the raw milk must be 
boiled before consumption is legally required [531Y, 2015 Never- 
Ueless, date rom Tlaly demonstzated Ut up 1o 43% of consumers did 
nat bail raw milk before consamprion (Giacomeiti o al., 2073). 

Quantitative microbial risk essessment (QMRA) has emerged in the 
area of food safety as a comprehensive and systematic approach which 
allows an aprior assessmentof the effect of intervention measures along 
the whole foud ciin, or combinations of intervention measures on 
public health {ffavelaar ot al, 2005). QURA s based on she principles 
for mierobial risk &ssessment defined within the Codex Alimentariusand 
comprises four different stages: hazard identification, exposure assess- 
ment, hazard characterization and risk chasacterization (Codex Al 
wmeniarus Coniissiva, 1999), OF Uiese, exposure assessment olten 
requires the development of a food supply chain model that describes 
changes of prevalence and concentration of the mierobial hazard, during 
food production, proccssing and handling. Such models are often 
designed using the modular process risk model (MPIM) approach for 
exposure assessment, It describes where the bacteria enter the food 

Received 11 May 2023; Received in tevised form 2 July 2023; Accepted 23 July 2023 
Avallable online 25 July 2023 g 
nend4.00). 

2:3522/% 2023 The Suthor(s) Published by Llsevier 1Y, This s an open aceess aricle under the U B-NC-ND Ticense (b /creativecommons o5/ icenses -



 
71 3 Publications 

pRys— 

pathway and what ean happen to the bacterin in consecutive modules, in 
terms of cither a mieroial process (growth and inactivation) or product 
handling processes (cross-contamination, mixing, removal or partition- 
ing) (Nauta, 2005). The output of one module then serves as the input 
for the Tollowing module. The caleulated probability and amount of 
exposure are then used in combination with a dose-tesponse model to 
calculate the individual risk per serving. Further, to eapture the truc 
heterogeneity in a population (variahility) and the lack of knowledge 
related o e.g. low precision of measurement methods (uncerteinty), 
probabilicy distributions are used i the diflerent modules of a QMRA o 
estimate the risk for the population (Vembré and Bouc, 2018). 

“The aim of this study was to model the transfer of Campylobacter 
along the raw milk supply chain and fo assess the impact of potential 
mitigation options thet may reduce the public heelth risk associated 
with the consuption of Caryylobacter-contaninated raw wilk in Ger- 
many. For that, a food chain modeling approach was applied using the 
MPRM methodology. First 2 baseline modal was builc describing a 
‘normal" s milk production, distribution and cansumprion secnario. 

The changes in prevalence and concentrations of Campylobacter ct 
ditferent steps of the supply chain were simulated. Next, aliemative 
scenarios viere defined to identify the most important data gaps (ui- 
certainties) and (o evaluate the efects of potential intervenions. Two 
dose-response. models were wsed: the “classic” model for the dose- 
zesponse (Tevais and [evelase. 2000), based on a human challenge 
study (black et al., 1939) and a novel raw milk outbreak dose-resporse 
model (Teunis et al, 2018), 

2. Material and methods 

2.1, Description of the juod pathway and mode! implemeration 

‘The MPRM methodology (e-ta, 200%) was used to design the model 
structure, Fig. | displays the elements of the food pathway covered in 
the model. 

To perameterize the QVIRA experimental data from scientific liter 
awre wiere used, e.g. Kripper et al. (2023), Giecomett et al. (2015), 
Vissers ef al. (2007) and Tihnlein et 7l. (2020). The entire model was 
implemented and executed in @ Risk software (version 8.2 Pro, Palisade 
Corporation, Newfield. NY, U.S.) using the Monte Carlo simulation 
technique wih 100,000 iterations. In addition, the final model was 
implemented in software R 4.2.1 (R Core Team, 2020) and converred 
into the Food safety Knowledge Exchange (FSKX) format, with the aim 
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of improving transparency in the madel generation processand fcilitate. 
the exchange and reusability of the model ereated. The FSKX files hold 
all model parameter estimates, the raw experimental data and all rele- 
vant metadata. 1 he model files can be accessed and downloaded via the. 
followwing model repusitory: | tpss/ ke bl berlin/lending page/RAK 
1P Model Reposicory, and executed in the open source sofware solution 
FSK-Lab (de Alba Aparicio cr al, 2016). 

22, oseline model 

A detailed description of the distributions and parameters used is 
shown in 7ablc 1. First, a baseline model was develaped to estimate the 
mumber of Campylobacier eases through the consumption of raw milk 
from vending mechines in Getmany. This model includes the vasiability 
as explained below. 

Step 1: Intial contamination of cows” feces 

Campylobacter concentration i cows' fices llog calony-forming units 
(CFU)/g) was modelled by & normal distribution describing tae vasi- 
ability between infected covis: 
€ Normal (e 56 [&}) 

where “Meeer” I5 the mean concentration and “Sdrwe” the standard 
devi 

Step 2: Fecal cross-conanination of udders 

‘The amount of feces per udder (Geces) Was assumed 1o be 0.059 ¢ 
(Vissers ot al, 2007). To deserihe the variabilicy bervieen foeal 
crss-contamination of udders by different cows, a triangle distribution 
was used: 
G ~ Triangle (Gesner: Geveeros ey’ Greeson) @ 

Gpesan” the minimum amount, *Grcesmss ety being the most 
likely amount of feces per udder, and *Gpess mas” the meximum value. 

The prevalence of udders contaminated with feces (Pur) had a fixed 
value. 

Step 3: ing process and bulk tank 

[ Processsten | [ ] Unit | 

Step1: [ Coms fces 

Sta
ble

 

Step2: [ Faecald ron wides = Grmncortamineon 

© @ == 

7] . . — [} erving 

Fig. 1. Basellne model and an overview of the different processes and units sad to describe the concentratlon and prevalence of Campylobacter in the raw 
milk pathway.
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Table | 
Overview of variables and parameters i the beacline model enabling to estimate the number of Campyisbacier cases from consuming raw milk 
[ eeripton Dot Equtiom i P 
s 
1 e Viern of Crapyleaner o GrgOF/g oipper eral (2020 

s stancand devicion of 00 QopGUVs  <aipper val. (2028) 
Gampylbienr ceneeniator in 
cowsfeces 
Comenttation of Campyloate 1~ Notaal (e i) WG Cdedated 
o feces Variaily per ol 
Minimun amount of feccsper .00 i umation based o v sl (2007 
e 5% quintileof trangie distiburior) 
Mont Tkl aount of e per 0059 " Vs el (2007) 
uider 
Moxmum amoum of fecesper 03 3 umprion based on s - o, (20071 
dder (30 quanie of risng e disribution) 

Gh Gru feces per adder ~ Teaole G G it K Cole e 
Gaormd 
Viriably pee vl 

Fustr Srevelence of ontaminated ndders 12 " aipper tal c2023) 
it Cenp i 

3 Mo Mesn amowm of milk per o 30 ' owndeca 
Sdn e Sandard deviion o cmoustof 10 i Owndeaa 

ik pr e 
At Value a pameter Gamina 12 Veciathe Siated s o 5371, (20 

discibuton 
- Vol parsmecer Gomea B Viriabic e e on £ 

dstabuton 
A Nl of cows contibuted 5~ 1-Gound(GatimaArs Aua )0 Cow Cale.lued 

ulk ank Vartabily pes bulk tari 
- G milk e volume i Sulk ank - A Norzallma, s ' Galelated 

Vi) 
Vaciailty e buls ikl 

Aermrinset Nomberofcows with onizminated  ~ Binomis] oundlAue) i) = Galeslared 
udder Veriabiiy s bul tank] 

My Norher of Compybecter  single. G 105 ey ottt 
o contibute o bl 

Moot Nuber of Campylabscur I bulk  — RE(Hr) Somied 0 Amas CEUbUIkcank Galelated 
ank conn 

Clar Comcentration of Comptobecterper — Log (s et Ve emt) Wopriy s Caleslted 
e i b Lalk ik 

B Sercran Minimum corage ime 05 3 Giacome e . 
St ety Mo kel sorage tme B b Giaeomets oL 
Som Ui —— 12 " Gincoment ol 
S Tame ufraw il sorase = P Sycuns S s Sevcans) b Giscume ol 

Verlablt per sering] 
Minimu decimolreduerior tme 115 3 Gineomrs ol 2015 
Fased an 12 e 
Most kel decuial eduction tme 132 L Glacomett et al. (2015; 
Eased on 13 °C dana 
Vo cecimal ducton ime 151 3 Giscomett e al. 2015 
Eased on 12 °C data 
Dl et e il on P S S i b [ 
12°G dacs Senctrnl 

Virtbiit pes srving) 
Con i Concentetion f Crmpylbater 1. g Crlestated 

corsumption 
s Mevuna Mecn volume ofraw milk [ Asumsrion 4 mug) 

cormes 
Sewres Sanand devicn of e of 005 ' Sssmzrion 

o ik comsansd 
ot Sorton of rew milk consumed per ' Saimate cne ) 

srumg Vertabilly per serving] 
P e Paisni1 o H e ol et 

Vartbilty s does] 
Dose For Srobasily of nfecion (dose =1 Gamme 1 /) xGamema Teunl and Haeoar (3060) 
regon reaponse mod:l) (D) Commn o Dl 

G () 
“ Desesespouse model 0145 Teuis end Haelar (2000) 
» S response model 750 Toun end Havalaar (2060) 
Fog rin Meen probabily of nfction = vean 41 Galelated 

mean fo sl servings 
Py Bl o s iven s Sk e . (1985 

nfecion aveaar e 31, (2007 Nawea et sl £2007) 
ot e Mz probability cffllncss - Golesloed 
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Frocess 
step 

arkbie Descipion, DaEquaton 

Mt Saw milk's servings pec year as 05750 

Uriolled rw millsservings per 13, — 

nic Seferencas 

iszated based o0 Gscometd et o. (2013 
ol ct . (2020);Laboh e al. (2021 

Satiratior based on ¢ accmer <t . (20 
year 

Ot Caes pec yeur = P v * Bt Cle.Jaed 

The variability in the number of cows contributing to the milk tank ¥y Sttt ~ P (Srcinmic: St Sudrosuac) ®) wiss included using a gamma distribution (Ajerg). In Germany 3020, the 
average herd size an the farms was 72 covs, where 56% of all cairy cows 
were kept on farms sith more then 100 animals (311, 2022). This was 

to 2 Garma distribution, vielcing a mean of about 718 cows per 
fan, a minimum of 1 cow per farm end about 55.7% of the cows in a 
farmm with 100 cows or more: 
Ay~ 1+ (rnd (i (A Anats): 0) @ 

We assumed that each cow gives 30 liters per day with a standard 
derivation of 10 lters based on our owi! data (not shown. To take into 
cecount that the amount of milk per cow is independent between the 
cows, the volume o raw mill Tirer in hulk tank (Vg ) wa calenilared 

Vi~ A Norml (1 S { V' Avcs) @ 
WhEre ‘M " i the mean amount of milk per cow and “sdeoy e the 
standard deviarion. 

‘The nuber of cows contributing t the bulk tank with contaminated 
udders is: 
Ao - Uinomial (tound 5) 

Each of the Acniaminstes oWs contributes s different amount of feces 
and a different concentration, so the CFU added to the milk tank per cow. 
Is: 
e ©) 

and the total amount in the bulk tan is: 

ARRES S 
Next, the amount of Camnylobacter per liter was calculated and 

expressed on a log scale 
Ciat v — V08 IN it / Voo 1) ) 

The storage in the bulk tank s assumed to be short (up to 5 ) and at 
4 ¢, and considered to have negligible effect in comparison to the 
storage in vending machines (see below). 

Siep 4: Stomge (Vending machine) 

The decimel reducion cime of Campylobacter s higher at 4 ‘C (200 
1) an 12°C (100 h) (Giconne L el ¢, 2015). Therelore, we assuuned 
storage et 12 °C in the baseline model t study the effect of Gampylo- 
hacier concentration within the storage time of raw milk. Nevertheless, 
we have also considecd other storage conditions in seenarios analysis 
(see below) 

‘The variability of storage time (S} was included by a pert distri- 
bution, with & misimun 0.5 by, wost likely 24 1 and maxinum 120 1y 
ased on dota from G acometi e 11, (2015). The decrease of Gampylo 
bacier concentretion during;storage i a vending machine (Gro mad) was 
calculated based on a time-temperature profile. The decimal reduction 
time of Campylobacter in raw milk was adopted from Gicomett: et al. 
@015, 

To inelude the rialbility in the decimal reduction time a per 
tribution vins used: 

Afterwarés the concentration of Campylobacter (log CFU/1) afier 
storage was calculated: 

© Cumnin 

Step 5 Exposure 

A lugnonmal distribution was used (0 cover Le variability of e 
partion size: (Toamed) 

Ueomanss ~ LOEnOal{1 s Mot a0 

The ingested dose (Diggesea) in @ cav milk portion should be an 
integer value, us bacteria are discrete wnits. Assuming the bucteria are 
homogencously distributed in the raw milk, it is obtained as: 

Dy~ Poisson{ 106 icmsncs) an 
Additionally, we assumed the number of ravs milk portions (210 ml, 

=one mug) in Germany is about 4.44 » 107 per year, whereby 30% of 
the servings are not boiled prior to consumption (Cacometi et al, 
2013) resulting in 1.3 » 107 unhoiled ravs milk servings per year. This 
is calculated assuming thet 850 vending machines in Germany 
(S5hnein et al, 2020, operate 365 days a year, selling at least 30 litres 
per day [Labo/un et al, 2021), which corresponds to 143 servings of 210 
mil of milk. 

2.3, Dose-response (D) 

As part of the hagard cheracterization, a dose-response model nesds 
o beapplied ina risk assessment, Tn Lhe baseline mude, we are using the 
Reta-Poisson model developed by Teinis anc Havelanr (2000), which 
has been adopted widely before (EFSA, 2011, 2021; Newta et 21, 2009). 

It was implemented as: 
ia+Aro+4, 

Pu(Dia /) o+ DI a2 

where I() is Euler's Garma funetion (Haas, 2002; Nauta et 2l , 2009), 
D — Dirguaea @ — 0.145 and § — 7.59 (EFSA, 201 1; Teunis and [evelaar, 
2000) 

The probability ofilbress given infection s essumed (o be P = 1/3 
(Black et 71, 1988; Havelnar et al., 2000). 

2.4, Probability of a daily outbreak from a single vending machine 

Vit used (e devel A model L gel an estimate of e probability 
that a campylohacteriasis outhreak will oceur from the cansumprion af 
unboiled raw milk from one vending machine. 

If we assume nyuy, Servings of Unnnea | o unboiled raw milk are 

soved Crow m, phe pumber of servings containing D = 0,1,2, 
), can e obteined by sampling from a Multinomial 

distribution 
N(D =) < Mutinomial(i,es )



 
74 3 Publications 

P el 

for x = 0,1,2,..., where p, his (e Poisson density 
Dayp et 

Fram this, the number of rnw milk eonsumers thar actually get 
infeeted is obtained from 
Moy (2) ~ Binomial N0 —3), Pry 7)) 

with the number of cases 

P iy 3 Nurl¥) 

Ina tonte Carlo simulatior, we estimate the probabiliy that N 
01N 225, e the probabilities tht mure then 2 or § people would geCill 
from the consamption of anheiled s milk from the sme vending, 
machine on the seme day. Based o the data presented above we assume 
that 30% of 143 servings of raw milk from a vending machine are 
consumed unbolled, i = 43 = 0.37143 and that the serving size is 

021 1 The distribution of Graw mix is ublained from te [o— 

Table 2 
Overvien of the parameers evaluate uncertainty and their effect on the estimared campylobacr 
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baseline model. 

2.5, Scenario cnalyses 

In this assessment, uneertainties were taken ino aceaunt for a se 
Ieetion af variables considercd in the model through different scenario 
analyses as e.g.in Benamar et al. (2021) oe Tieloni et al. (2020). We used 
variables were we thought are important and cover different aspects 
over the whole food chain. The results from the scenario analyses were. 
further wsed 1o evaluate the implementation of different intervention 
smarcgies. An overvicw of the different variables that were modificd to 
evaluate diffecent scenarios is shown in Tble 2. 

Scenario analyses were performed for the initial contamination (step 
11 of the baseline model using a mean Concentration of i of 0.92 
CFU/g and .88 GFU/z, lower or higher than in the beseling model. Tu 
simulate e cffoet of the eross-cantaminafian (step 2) lawer r higher 
values of variables (56 quanile or 95% quantile) for the triangle dis- 
tribution of G and prevalence of contaminated udders (Puata) were 
used. The effect of the mixing (step 3) in the bulk taak was simulated 
wsing lower end higher mean amount of milk per cow (Mg e, In 

fosts risk duz 10 taw mill consumptlon, reative o the baseline 
snocel, Th effec s aiven as e reeive risk (RR, 7. 15) for cacl seeneo (set Fis. 2. 

Vroeess ey Seenaria Descwption of the ener Vel Arerarive Sore Vet Wn g 
sccondizg o sarte: v/ sscs/yers (scezario 
bascine model chinged diswibuion baseline) 

aveline o [ 
1 ,A Lomer nitial een Lo M X3 Assuption based n Kopres 520 ERY 

concentrzdon n cow feces 
B gt niial mean Hig M 388 173414 121 

concentreion in cow feces 
2 Lower amountof e et Low G, ~ Triaugle(®;  Asmunprion (3% usntle o 2560 057 

adler DOSLE0061 Gt e sy Grron] 
baged on Viscrs et <l (2007) 

Higrer amaunt of e per HIEA G Trngic Axampiion (955 quantic e m 
e ©089,024  Coccoix Gcemn iy Gpcras) 

03 baged on Viers et (2007) 
< Lomer prevaleree of 1w Futar 005 Asaumprion baed on Kaiprer 202 0z 

conaminste s with e o B quenie) 

E i o 005 Assuption el on Kopres 73818 o 
i (202 9% quantile) 

i Loner mean ool Low g, 20 Asapton 14505 017 
ill par o 

w Hgrormeanomoustol MM 0 saumpiion 714 on 
ik e e 
Lesscom contriued e Low Ay ~Lifroend  Assupton Eased on DVEL 749 o1 
il k. Gamma 56 Quandle of Auind A1 

351450 
a Vore cows ontebutedto 153 Aot ~Upnd  Asspton basedam INILC577) 10496 o 

Sl tank (Ganma (555 cuanileof Arand £ 1) 
@210010) 

1 Les reducton curing M Smaam  ~ Ponia2si62s: Based on Glhcoreni ol (2015 14790 017 
tormge haked on 4 dota 0y 

o No e on g o St O Bl un Wsten e (00) 16928 023 
worsze 

5 kS Lowermean vOlure o Y 10N Mg 0.1 Ssaumpion (5% quentle of <04 051 
ik consumed Mo.aned 10 

E Higter meanvomeot Mg Mot 05 on 5% quantle of P 035 
silk comsuned 

Doseresporse 11 Lescremilssvingsper Lo N 99175 Asaumption minimum va'ie 0 05 
year 20 e e yea e machine) 

e on Labolun e, . (2021) 
m Moreraw milk'ssevings HgaNaws 530703550 Assumption s um vl sas08 ost 

2eryear (000 e peryear per 
machin] based on b - 41 
) 

1 Less wboed s milk's Low 511,208 Based an Glacome a1, Q0131 4670 
servings per yer [— 114% uzboiled) 

a Vore w-boded o milk's  11gn s e am Gacorett 1 oL CO10) 14,16 e 
secving per v Netatetss 4% uaboiled] 
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addition, lower and higher values as input far the distribution of number 
of cows contributed t0 a bulk tank (Aper) were investigated. The impact 
of storage of raw milk (step 4) was determined using the decimal 
reduction time (S at 4 “C based on Giacometi et 1. (2015) and a 
scenario without reduction of Gapylobucter (Wulsten et 1., 2020). The 
effect of the exposure (step 5) was simulated with lower and higher 
mean volume of raw milk consumed (om0 a las step the values 
of the parameter used for the dose-respanse were taken info account 
using lower or higher values for raw milk's servings (Nunea) and 
unboiled raw milk's servings per year (Nured ). 

‘The scenario analyses were compared by calculating the log of the 
relative risks: 

Riskre | Relaiive risk = m( ) a3 

Riskiazte 15 the value for “Output” as prosented in Tale 1. For the 
Riskitmasne O parameter value in the model was changed into @ value 
that represents a low or high end of the uncertainty interval around the 
value chosen in the bascline model. This was perfornied to analyze the 
sensitivity of the risk estimate for some of the uncertain model parm 
eters. Addicionally the impact on the risk of different intervention 
strategies during milking were evaluated 

. Results and discussion 

2.1, Model ourput 

After simulation of the baseline model, the mean probablity of 
infection is 0.22% and the mean probability of illness is 0.074 for 
consuming a random caw milk portion (4 mug). Assuming that 1. 
107 Gampylobacter risk servings withant hoiling priar o consumprion 
were consumed in Germany per year, this zesults in an estimate of over 
9300 campylobacteriosis cases per year. In gencral, the model estimates 
high prevalence and low concenrations of Canpylobacter, Gonsidering. 
that a bulk tan' is contaminaled with Campylobacter when Acnommees > 
0, i.¢. a5 500n a5 one cow with conaminaced ucders contributes milk to 
the tank, the model predicts that the tre prevalence of contaminared 
bulk tanks is 93.3%. The distributior: of the concentations in contam- 
nated bulk tanks, Cia, 15a skewed empirical disteibution with amean of 
041 log (CRU/) and sd 0.67. The 93.3% prevelence is very high 
compared to the 1 to 2.5% of bulk tenk samples found positive for 
Campylobacter in the German zoonoses monitoring in recent years (511, 
2010, 2012, 2016, 201 6b, 2020), However, with the limit of detection 
0f 1 CFL/25 ml raw milk. as applied in this monitoring, by sampling. 
from a Poisson (10Cig40) distribution in the Monte Carlo simulations 
o account for the discrete nature of bacteria, we obtained an bserved 
prevalence of 2.3% contaminated bull tanks in the model, which shaws 
the model results do not contradict those of the monitoring 

‘The estimated mean ingested dose of Campylobaster in contaminated 
raw milk is Diggasea — 0.13 CFU/portion, which means a mean concen- 
ation of Garmpylobucter per 1l of rew mwilk from te bulk tank s equal (o 
0.00062 + 0.076 CFU/ml. Assuming a hamogeneanss distribution smd 
tking into account that bacteria are discrete units, it is found thet 
91.3% of the portions is uncontaminated (contains O CFU), 8.7% con- 
tains one or more Campylobacter cells and 040 contains ten or more. 

The simulations [or outbreaks from single vending machines, 
applying the bascline model, showed that the probability that more than 
W out of 43 consumers of raw milk get ill, PN > 2), equels 0.22%, 
whereas this probability for 5 out of 100, P(Ng > 5), equals 0.01%. For 
850 vending machines in Germany, this would be 2.2 and 0.05 daily 
outbreaks respectively, equivalent o abuut 800 and 20 amnual out- 
breaks, These numbers are much larger than what is observed, vhich, 
next to unertainty assoelated to the model, may be explained by the 
presumed acquired immunity of frequent consumers of raw milk and 
underreporting of campylobacteriosis. Further, we assumed a 
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homogeneaus distri of Campylobacer in the raw milk at every 
time point (e.g.in bulk tank or vending machine). We used this approach 
asa basic assumption as the real distribution is not known. This could be 
another reason why our estimation is higher than what is observed. 

The developed QMRA model captured the conlamination route of 
raw milk by Campylobacter through feces via the udder. This indirect 
eontaminarion fs assumed to be the most important route (Bianchini 
etal, 2014; Dl Collo etal,, 2017; Knipper et al, 2023; Modi et a., 2 
Schildt et al., 2006). One study reported a direct excretion of Campylo- 
buster vie e sammary gland (Orr ¢t 41, 1995), However, this knowl- 
edge is only based on one study and for one cow investigeted in that 
study. Therefore, this direet contamination has not been considered in 
this QMRA madel to darc. 

1o our knowledge, this is the first QMRA for Canpylobacter in raw 
milk in Germany, bul Lhe results can be compared with similar studies in 
Italy and New Zealand (Anonymous, 2009; Giacometti et al, 2015). In 

301,785 for the best time-temperature scenario (4 ° y 
mean concentration of Campyiobacter were estimated as 142 < 104 
CFU/ml and standard deviation 1.93 x 10°® (Giacomet et al, 201 
‘The mumber of expected cases in «dult consumers linked to raw milk 
consumption in relation to the percenages of consumers that do not boil 
milk before consumption and different time-temperature storage con- 
ditions ranged between 79.4/100,000 population;year and 333.1/100, 
000 population” year using the Beta Poisson dose-response modlel (o 
0.145 and [ = 7.589). For young cansumers (<5 years old) the Becl 
nomial model (x 0.011) was applicd and estimated 
cases for this sensitive population between 1013.7/100,000 pop- 
ulation/vear and 8110.3/100,000 population/year (Giacomet: et al, 
2015) 

The QMRA fram New Zealand predicted & mean number of eases of 
iliness for adulrs from Gampylobacter of 19.9 or 4.7 per 100,000 daily 
servings of raw milk based on consumption from the bulk milk tank or 
domestic corsumption after farm gate purchase respectively (Anony 
1os, 2009), We estiniate 69,5 cases per 100,000 caily unboiled serv- 
ings and 20.9 cases per 30,000 daily urboiled servings (ussuming that 
30% of the 100,000 scrvings are unboiled). 

Only few concentration data for Campyichacter in raw milk are 
available. These have been generated by the most probable mumber 
(VIPN) method due to the ofteq very low concentration of Canpyiobacter 
in raw milk One study reported 016 = 0.30 MPN/ml s mean 
Canpylobacter level from five samples (i1l et al., 2012). Another ane 
indicated approximately 0.047 MPN/ml (Himphrey and Becketr, 1937). 
‘The measured concentrations of Campylobacter in raw milk semples are 
higher than the mean estimate concentrations from QMRAS. This may 
be due to the fact that Canpylobacter is Gifficult to detect by cultural 
metlods and its survivel is often underestimated by plate counts (CFU) 
(Walsten et al,, 2020). 

Campylabactericsis outbreak date besed on raw milk consumption in 
Germany are available from 2017 (1754, 2016). In total, 15 outbreaks 
including 201 human cases were reported. Two of the outbreaks were 
attributed (o direet consumption of raw milk on the farm. The other 
occurred due 1o cansumption of raw milk from automatic distribution 
system for raw milk or inadequate heating at home. However, normally 
it s assumed that the number of cases in an outbreak associated with a 
farm visit, e.g. a total school class, is higher than in a 4-6 person 
bouselold drinkisg raw milk at home (Heavelio et ol 2009). 

Mare: recent data an campylobacteriasis outbreks relared 1 milk 
and milk products are available from the entire EU 2020 (EFSA, 2021) 
Only four outbreaks with in total 174 human cases were reported. 
‘Among them, three outbreaks occurred in Germany associated with the 
comsumption of raw milk. 

‘There are several reasons for the differences between the number of 
reported and predicted cases. Campylobacteriosis symptoms include 
mainly short-term complications such as fever, vomiting, abdominal 
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s and diarrhen. Only in few cases chronic complications aceur 
nekson et al, 2014; Keithiin et al,, 2014; Leonhard et al, 2019, This 
may lead t an underreporting in official numbers of campylobacter- 
iosis, since people with short-term complications might not consult a 
doctur (Sourksegl et al., 2014), 

Further, there are many uncertainties around the values integrated in 
the bascline model. These are based on lack of data or detection limits of 
methods. To get an understanding an the impact of these values for the 
relative risk different uncertainty analysis were applied. Another hy- 
pothesis is tat people who drink wiboiled oy wilk regular could get 
immune. Higher immunity would leed to overestimation of risk, since 
such {mmunity is not caprured in the “classic” dose response model 
CHinvelaar and Swart, 2014). 

Scenaio analysis 

Fighteen hypotherical secnarios were comparcd to the bascline 
model which can be used to evaluate the impact of parameter uncer- 
tinty on the relative risk and/or to explore the potential effect of 
different mitigation stategies aloug the rew wil supply chain (1ig. 2). 

For every scenario a higher (e.g, 95% usntile) and lower (e.g. 5% 
quantile) value for the paramerer were vsed, cxeept for the decimal 
rednetion time during storage. Here tvo scenarios with a lower decimal 
zeduction time or o reduction time during storage were applied. 

Wher, comparing different risk mitigacion options, the strongest 
seduction of campy lobacteriosis cases associated with the consumption 
of unboiled resy milk estimated per year are obtained by a lower con- 
centrarion of Campylobacter in cous foces (seenario 1A),  lower smanrt 
of fecal dirt on udders (scenario 1B) and a lower prevalence of 
contaminated udders (scenario 1C). On consumer side, a smallet portion 
size (scenario 1G), less taw milk portions consumed (scenario TH) and a 

scenario 21: more unaoiled partions 
scerario 11:lass unbailed pordions 
scenario 211 mere porbas consamed 
stenario 1H: less portions corsumed 
scenario 26 higher mezn volume of consumed rau milk 
scenario 16: lower mean velume of rsumed rew milk 
scenarlo 2F: no decimal reducdion time. 
sceraria I: high decimal reducton ime 
scenario 26 high smountof cows 
scenario 16 ow amount of cows 
scenio 20: mere smount of m ik per cow 
scenzro 10: less ameunt of milkper cow 
scenario 2 higher presalence of contaminated udeers 
scenarlo 1: lowar prevalence. centaminated udders 
scenaria 20: high amount ef dit 
scenarlo 18: low amount of ¢t 
scenario 24 higher mean concentration 1 feces 
scenzrlo 14: lower mean concentration In fec 

Fig, 2. Results of different scenarlo analysis o Investigate the uncertinty around the model perameter vl 
apion, relatize o the buseline ol 
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smaller amamnt of unboled portions for consumprion Gseenario 1) 
indiccted the highest reduerion. The amount of mil per individual cow 
as well as the amount of cows contributing to the bulk tan had 1o high 
impact on the relative risk (scenario 1,21 and 1,25). 

There was only & siall dilference in the increase of Uhe relative risk 
compared to a lower decimal reduction time (scenario 1F ard 2F), This 
could be explained by the fact thet the sorage time is smaller than the 
decimal reduction tire (time needed 1o achieve one log reduction) 

i Iffect of dose-response model choice 

In sldition Lo the “classic” DR model (Teanis and Havelar, 2000), 
which is hased an a human challenge sudy (Rlack o1 1 1986) and sed 
in the baseline medel, an elternative DR model wias applied. The alter- 
native model (Nauta et 2|, 2022; [curis et 2., 2015) was defined by the 
median estimates of the model parametess for outbreak studies. As in the 
Luseline model, e Bela-Poisson: suodel was applied (£, 112, witha = 
0.38 and § = 051 

Whereas in the “classic” DR model P s € consiant, lndependent 
of the dose, in the outbreak dose-response model it is calculated as: 

Dy 
Pun = ’[\‘*u" as) 

with 7 = 0.76 and j = 0.0092, D = Diyga 
Using the guibreals model, 595,991 campylobacleriosis cases are 

predicted for consuming raw milk in Germany. This value is much 
higher than the prediction from the baseline model. Campyiahacter 
might survive better in raw milk due to the protecting fat conent. In 
addition. in the outbreak dosc-response model specitic Campyiobacter 
sixains ave considered that ave very virule 

5 0n estimated campylobacteciosl sk i 1o rase milk
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2.4, Implicarions for risk management 

‘The QMRA performed provides insights in the effects of potential 
mitigation strategies o reduce the risk of campylobacteriosis from 
dritking v wilk. Additionally, 1 ideatilied gaps of knowledge. 

‘The results of the different scenario analyses confirmed that clean 
udders are of crucil importanee as improper hygiene ean lead to fecal 
cross-contamination during milking (0 iver e al - 2005). This confirms 
that if an inadequate udder hygienz practice is applied, a higher risk for 
Campylobucter-contaminated rav itk oceurs (Beumer et al, 1668, 

For example, surveillance data on the amount of raw milk sold and 
consumed, as well as on the prevalence and concentrations of 
Gampylobacter in vencing, machines in Germany would be helpful to 
improve the assessments 

4. Conclusion 

“This study prosents 7 QWRA 1o investigate the public health risk of 
uman infection with Campylobacter from the cor:sumption of raw milk 

in Germany. This is the first QMRA model for Campylobacter thet took 
nto account data fiom early steps i the supply chain including cow 
feces concentration data and prevalence data of conteminated udders. 
Farmers shauld focuis an performing good farm hygicne practicos as this 
will reduce the prevalence and rumber of Campylobacter on cow's udder 
and by this the risk for consumers. Further, to maintain sales of raw milk. 

a vending machines the consumers are il eacoureged (o heat-eat 
zaw mill prior to consumption. However, the comsumer practices 
cannot be changed easily and risk managemeat shonld take place an the 
farm side. In addition, consumer data on the amount of raw milk 
consumed in Germany is urgently reeded o provide a more accurate 
sisk assessiment. 
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4 Discussion 

Campylobacteriosis cases have been associated with the consumption of raw milk (Kenyon et 

al., 2020; Davis et al., 2016). In the years 2011 to 2020, raw milk was one of the food vehicles 

causing most “strong-evidence” foodborne campylobacteriosis outbreaks (EFSA, 2021). 

Thermotolerant Campylobacter spp. frequently colonize the intestines of dairy cows, without 

obvious negative health effects to host animals (Açik and Çetinkaya, 2005). Nevertheless, 

Campylobacter from cow feces can cross-contaminate teats and subsequently the raw milk, 

thereby posing a health risk to consumers (EFSA, 2015). The sale of raw milk is permitted in 

Germany and other countries, as long as guidelines are followed. These include the need for 

a label on vending machines to boil raw milk before consumption (BMJV, 2018). However, in 

a survey from Italy it became evident that 13.9% to 43% of consumers do not boil raw milk 

before consumption (Giacometti et al., 2013).  

For a better understanding of the potential of raw milk to be contaminated by Campylobacter 

spp., prevalence and concentration data on Campylobacter spp. in feces of dairy cows were 

summarized from scientific literature in this PhD project. Furthermore, the occurrence and 

transmission of Campylobacter spp. on a small dairy farm was investigated for the duration of 

one year. The data obtained from the dairy farm samples and from literature raised the 

research question of for how long and in which status C. jejuni can survive in raw milk during 

storage. Therefore, additional experimental data were generated and modelled for the survival 

of C. jejuni in raw milk at different temperatures. Finally, the obtained data were used in a 

developed QMRA model for Campylobacter in raw milk to gain insight on the impact and 

usefulness of different intervention strategies along the supply chain. 

 

4.1 Cow feces: The initial contamination source 

A systematic literature review with meta-analysis on Campylobacter spp. prevalence and 

concentration in feces of dairy cows was performed (Knipper et al., 2022). Campylobacter spp. 

prevalence and concentration were summarized and data gaps were analyzed.  

In the systematic review, 53 studies were included. Meta-data were extracted, and it was 

evident that there were substantial data gaps in the description and investigation of the 

individual studies. Most of the studies did not mention the health status of the cows investigated 

(n= 35) and did not further specify the Campylobacter species (n= 35). Samples were obtained 

primarily by rectal collection (n= 31). Different age groups of dairy cows were sampled with the 

most frequent being adult cows (n= 25). The age class and fecal collection method were not 

specified for eight and six studies, respectively (Knipper et al., 2022). 

4 Discussion 

4 Discussion 

Campylobacteriosis cases have been associated with the consumption of raw milk (Kenyon et 

al., 2020; Davis et al., 2016). In the years 2011 to 2020, raw milk was one of the food vehicles 

causing most “strong-evidence” foodborne campylobacteriosis outbreaks (EFSA, 2021). 

Thermotolerant Campylobacter spp. frequently colonize the intestines of dairy cows, without 

obvious negative health effects to host animals (Acik and Cetinkaya, 2005). Nevertheless, 

Campylobacter from cow feces can cross-contaminate teats and subsequently the raw milk, 

thereby posing a health risk to consumers (EFSA, 2015). The sale of raw milk is permitted in 

Germany and other countries, as long as guidelines are followed. These include the need for 

a label on vending machines to boil raw milk before consumption (BMJV, 2018). However, in 

a survey from Italy it became evident that 13.9% to 43% of consumers do not boil raw milk 

before consumption (Giacometti et al., 2013). 

For a better understanding of the potential of raw milk to be contaminated by Campylobacter 

spp., prevalence and concentration data on Campylobacter spp. in feces of dairy cows were 

summarized from scientific literature in this PhD project. Furthermore, the occurrence and 

transmission of Campylobacter spp. on a small dairy farm was investigated for the duration of 

one year. The data obtained from the dairy farm samples and from literature raised the 

research question of for how long and in which status C. jejuni can survive in raw milk during 

storage. Therefore, additional experimental data were generated and modelled for the survival 

of C. jejuni in raw milk at different temperatures. Finally, the obtained data were used in a 

developed QMRA model for Campylobacter in raw milk to gain insight on the impact and 

usefulness of different intervention strategies along the supply chain. 

4.1 Cow feces: The initial contamination source 
A systematic literature review with meta-analysis on Campylobacter spp. prevalence and 

concentration in feces of dairy cows was performed (Knipper et al., 2022). Campylobacter spp. 

prevalence and concentration were summarized and data gaps were analyzed. 

In the systematic review, 53 studies were included. Meta-data were extracted, and it was 

evident that there were substantial data gaps in the description and investigation of the 

individual studies. Most of the studies did not mention the health status of the cowsinvestigated 

(n=35) and did not further specify the Campylobacter species (n= 35). Samples were obtained 

primarily by rectal collection (n= 31). Different age groups of dairy cows were sampled with the 

most frequent being adult cows (n= 25). The age class and fecal collection method were not 

specified for eight and six studies, respectively (Knipper et al., 2022).
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No meta-analysis could be performed for concentration data since only three studies provided 

this data (Ramonaitė et al., 2013; Nielsen, 2002), and one did not include a measure of 

variation (Waterman et al., 1984). Other studies gave only semi-quantitative estimates of the 

concentrations (Rapp et al., 2014; Moriarty et al., 2008; Stanley et al., 1998) or presented 

results in a boxplot without providing raw data (Rapp et al., 2012). The reported Campylobacter 

mean concentrations ranged between 2.1 ± 0.45 and 4.17 ± 0.54 log CFU/g feces (Ramonaitė 

et al., 2013; Nielsen, 2002; Waterman et al., 1984). 

Only studies that included adequate information about prevalence could be included in the 

meta-analysis (n= 44). A total of 32 studies were identified that reported an aggregate 

prevalence value (average across the whole study). Based on that, the overall prevalence 

estimate was 29.3% with a prediction interval of 1.3% to 73% (Knipper et al., 2022). A multi-

level model was used to investigate the pooled prevalence estimate based on the 44 studies, 

taking into account potential duplications due to different sub-groupings and data aggregation. 

The pooled prevalence was 51%, with a prediction interval of 44% to 57% (Knipper et al., 

2022). The prevalence of Campylobacter spp. in cow feces varied widely. Some studies 

investigated flies or birds as additional contamination sources (Sanad et al., 2013; Adhikari et 

al., 2004). Adhikari and colleges (2004) found the highest prevalence in feces of cows (54%), 

followed by feces from sparrows (40%). Only a low prevalence was observed for whole flies 

(9%) (Adhikari et al., 2004). In contrast, another study found a significantly (p<0.01) higher 

prevalence of C. jejuni in birds than in dairy cattle (Sanad et al., 2013). Birds are also assumed 

to play a role as contamination source in the transmission of Campylobacter spp. along the 

raw milk supply chain. However, it is important to take into account the husbandry of the 

animals in order to evaluate the influence of birds. Birds often practically live in the barns. 

Therefore, stables cannot be cleaned that fast to avoid their droppings having an effect. The 

amount of feces produced per animal is significantly lower for most birds than for cows. Hence, 

we assumed that the greatest influence on Campylobacter spp. prevalence in raw milk is from 

cow feces. 

Sub-group analyses were performed on the aggregated sample prevalence if three or more 

outcomes were available per subgroup. It was performed for the fecal collection method and 

the age class of cows (Knipper et al., 2022). No significant difference (p= 0.52) was observed 

between the prevalence estimates for rectal extraction (28%) and cow pat collection (32%). 

For heifers, not enough aggregated outcomes were available for sub-group analysis (n<3). 

Therefore, the prevalence estimates for calves (18%) and adult cows (30%) were compared. 

No significant differences were found (p= 0.06). The results from the multi-level model 

including sub-groups differed partly from the sub-group analysis. Here, the rectal fecal 

collection method in comparison to cow pat collection was significantly associated with higher 
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prevalence data (Knipper et al., 2022). This is probably due to the heterogeneity between the 

two sub-groups, which have been adjusted in the multi-level mixed-effect model. It is clear that 

effective comparisons of raw data from the literature are only possible when sufficiently 

detailed descriptions of sub-groupings are reported.  

Based on this study, cow feces can be an initial source to consider that can lead contamination 

of raw milk. For this cross-contamination, Campylobacter positive feces must be excreted by 

the cow. Subsequently, the same or other cows must lie down in the cow pat to cause a 

potential contamination of the udders. Insufficient housing conditions and milking time hygiene 

can finally lead to contamination of raw milk. 

It is apparent that concentration data of Campylobacter spp. in cow feces is scarce. Prevalence 

data are available to provide an overview of the occurrence of Campylobacter in cow feces. 

The data from the literature were often only available in aggregated state. However, it is 

important for the further use of the data that the individual data are retained and available. 

Authors of future studies should move towards the Findability, Accessibility, Interoperability, 

and Reuse (FAIR) data principles for scientific data and also deposit raw data in a suitable 

format to enable further open-access analysis (Wilkinson et al., 2016). 

 

4.2 Transmission of Campylobacter spp. along the raw milk supply chain 

Longitudinal studies covering the raw milk supply chain are needed for assessing the potential 

of Campylobacter spp. contamination in raw milk. Concentration and prevalence data from the 

barn, teat skin and milking environment are particularly helpful in assessing the potential of 

possible transmission. 

A study was conducted to assess the potential of Campylobacter spp. contamination in raw 

milk through collection of feces samples from dairy cows and samples from the environment 

and during milking over one year (Knipper et al., 2023a). The highest Campylobacter spp. 

prevalence (77.1%) was found in cow feces, which supports the assumption that cow feces 

are an initial source of contamination (Knipper et al., 2023a; Knipper et al., 2022). The mean 

concentration of Campylobacter spp. in cow feces was 2.43 ± 0.9 log CFU/g (n=215) (Knipper 

et al., 2023a). In total, 29.2% of the boot sock samples taken from the entire barn corridor, 

avoiding fresh fecal pats, were positive for Campylobacter spp. For four boot sock samples 

quantitative data could be obtained for Campylobacter spp. with a mean concentration of 3.01 

± 1.05 log CFU/2 socks. Among the teat skin samples, 12.2% were positive for Campylobacter 

spp. The mean concentration of Campylobacter spp. in cow teat skin samples was 1.26 ± 0.75 

log CFU/4 teats (n=35). None of the swab samples of milking clusters (with four teat cups) was 

positive. To achieve better milking hygiene between cows due to the poor udder health of some 
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cows an intermediate disinfection of the teat cups between cows was introduced on the farm. 

However, the swab samples of milking equipment were performed at the end of the completed 

milking process of all cows. Therefore, in this study the milking clusters were not assumed to 

be an entry source of Campylobacter spp. in the raw milk supply chain. Raw milk samples 

were taken after the teats had been cleaned. No further disinfection of the teats was performed 

to map the routine milking situation. One raw milk sample (0.4%) from an individual cow and 

one milk filter were positive on the same day with 2.37 log CFU/ml and 2.74 log CFU/filter 

respectively. In addition, on the same sampling day, nine teat swab samples were tested 

positive (Knipper et al., 2023a).  

Rectal fecal extraction from 12 cows over the period of one year allowed examination of fresh 

feces and assignment of fecal samples to individual cows over time (Knipper et al., 2023a). 

Examination of fresh feces allows a higher chance of detection of oxygen sensitive 

Campylobacter spp. (Hoar et al., 1999). There were differences in Campylobacter spp. 

concentration in feces between cows and variations within the same cows at different sampling 

points (Knipper et al., 2023a). A study from New Zealand showed that cows intermittently 

excrete Campylobacter spp. with their feces (Rapp et al., 2012). This should be considered in 

the risk assessment of cross-contamination of raw milk by fecal origin using probability 

distributions.  

This is the first longitudinal study that generated quantitative data for Campylobacter spp. on 

cow teats in Germany (Knipper et al., 2023a). To our knowledge, there is only one study from 

Norway that found a similar prevalence with 13% (Idland et al., 2022). However, the positive 

samples were not quantitative analyzed for Campylobacter spp. 

A multi-level logistic model was used to investigate the association parameters on the 

presence of Campylobacter spp. in the feces and teat skin swab samples (Knipper et al., 

2023a). Season as a whole had a significant impact on the occurrence of Campylobacter spp. 

The model showed a significant difference between the summer and winter. The minimum 

temperature influenced the occurrence of Campylobacter spp. significantly where the 

temperature effects in teat and feces samples differ. Escherichia coli was used as fecal 

contamination indicator. An association was observed between E.coli and the occurrence of 

Campylobacter spp. (Knipper et al., 2023a). This supported the assumption that the cross-

contamination of teats with Campylobacter spp. had a fecal origin. The consistency of feces 

was not associated with the Campylobacter spp. occurrence. The teat scores for cleanliness 

of teats were not found to be a parameter that influenced the presence of Campylobacter spp. 

(Knipper et al., 2023a). Another study found also no association between the cow hygiene 

score (three zones: the udder, lower and upper portions of the hind limbs/flanks summarized 
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in one total score) and detection of Campylobacter spp. in feces and teat swabs (Idland et al., 

2022). Still, they observed an association between hygiene score and detection of 

Campylobacter spp. in teat milk samples (Idland et al., 2022). No association was found 

between Pseudomonas spp. (indicator of environmental contamination) or TACC and the 

occurrence of Campylobacter spp. (Knipper et al., 2023a).  

A correlation analysis was performed for the concentrations of Campylobacter spp. in feces 

samples and in teat skin swab samples (Knipper et al., 2023a). No correlation was detected. 

In conclusion, the results showed that sporadic cross-contamination of raw milk with 

Campylobacter spp. can occur. Although on one sampling day, nine teat swab samples, one 

raw milk sample and the milk filter was tested positive for Campylobacter spp. none 

investigated parameter was found that influenced this sporadic contamination event (Knipper 

et al., 2023a). The results suggested that there are still unknown factors not covered in this 

study influencing the occurrence of Campylobacter spp. in raw milk. However, the data can 

provide a basis for the development of a QMRA for Campylobacter spp. in the context of raw 

milk. 

The obtained C. jejuni isolates from the longitudinal study should be sequenced to perform 

cluster analysis to investigate which core-genome multilocus sequence types (cgMLST) are 

related to the different sampling matrices. The different time points of the samples should be 

considered in cluster analyses to analyze changes of the cgMLST over time. This could 

indicate whether adaptations of C. jejuni strains occurred over the year in which the 

investigation occurred or whether strains persisted. 

 

4.3 Survival of C. jejuni in raw milk 

C. jejuni and C. coli are the most important human pathogenic species of Campylobacter. 

C. jejuni occurs more frequently in poultry and cattle, while C. coli is more likely to be detected 

in pigs (BVL, 2022). In contrast to animals that are asymptomatically colonized by 

Campylobacter spp., severe infections can occur in humans (EFSA, 2022). Data from zoonotic 

monitoring in Germany demonstrated that between 1% and 2.5% of bulk tank milk samples 

have been Campylobacter positive in recent years (BVL, 2020, 2016, 2012, 2010). Only low 

concentrations of Campylobacter spp. are reported in raw milk (Jaakkonen et al., 2020; Hill et 

al., 2012; Humphrey and Beckett, 1987). 

In order to evaluate how high the risk is from the consumption of C. jejuni contaminated raw 

milk for the consumer, it is also necessary to investigate the survival of C. jejuni in raw milk. 

Campylobacter is a fastidious organism with the need for a reduced oxygen and increased 
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CO2 atmosphere and cannot multiply at temperatures below 30°C (Kim et al., 2021). It can 

survive harsh conditions in a VBNC state in which it is no longer detectable by cultural detection 

methods (Baffone et al., 2006). Comparing IPIU data obtained by a v-qPCR to CFU data, an 

underestimation of survival of up to 4.5 log10 CFU/ml by CFU data became evident for 

Campylobacter strains in raw milk stored at 5°C (Wulsten et al., 2020). Wulsten and colleagues 

(2020) showed this underestimation for the reference strains C. jejuni DSM 4688 and C. coli 

DSM 4689, as well as for an outbreak strain isolated from raw milk (BfR-CA-13290). Cells in 

VBNC status could be converted back to CFU status within a time window of 96 h for C. coli 

DSM 4689, 120 h for C. jejuni DSM 4688 and 144 h for BfR-CA-1290, using a gas mixture with 

extremely low oxygen partial pressure (Wulsten et al., 2020). 

Two cultural detection methods, the first according to ISO 10272-2 (enumeration of CFU) and 

the second with the modified gas mixture at 37°C and with prolonged incubation time (recovery 

of VBNC) were used. A molecular method, v-qPCR (detection of IPIU), was applied to further 

explore the survival of C. jejuni (Knipper et al., 2023b; Wulsten et al., 2020). The pH of the raw 

milk was stable during the experiment with 6.8 ± 0.041 at each temperature, measured in 

uninoculated control samples. 

The same C. jejuni reference strain DSM 4688 as in Wulsten et al. (2020) was used. C. jejuni 

DSM 4688 was obtained from the German Collection of Microorganisms and Cell Cultures 

GmbH (DSMZ) and was originally isolated from bovine feces in Belgium. In addition, two field 

strains were used, BfR-CA-18040 (sequence type (ST)-61 according to multilocus sequence 

typing scheme (Jolley et al., 2018; Dingle et al., 2001)) and BfR-CA-18043 (ST-21), previously 

isolated from feces of dairy cows from the BfR farm. 

C. jejuni strain DSM 4688 and BfR-CA-18043 recovered from the VBNC state into a culturable 

state at 8°C and 12°C (Knipper et al., 2023b). The recovery time periods for both strains were 

longer at 8°C compared to 12°C, with up to 80 h and 72 h, respectively. At 12°C, the BfR-CA-

18043 strain showed a longer recovery time (up to 72 h) compared to the DSM 4688 strain (up 

to 48 h). Wulsten and colleagues (2020) demonstrated recovery up to 120 h for C. jejuni (DSM 

4688 and BfR-CA-1290) at 5°C. It was evident that the time window for recovery of VBNC cells 

decreases with increased temperature.  

The recovery of VBNC at low oxygen levels led to the assumption of the presence of a yet 

unknown oxidative stress response sensor (Wulsten et al., 2020). Our data suggest that this 

oxidative stress response sensor might be influenced by temperature. A high temperature 

leads to a shorter period in which C. jejuni can be recovered from VBNC to CFU. 

Survival studies were performed at 5°C, 8°C, and 12°C, corresponding to the variation of 

temperature in raw milk stored in vending machines (Böhnlein et al., 2020). As previously noted 
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by Wulsten and colleagues (2020) at 5°C in raw milk, we could not detect a difference in 

survival between the C. jejuni strains based on IPIU data and tested temperatures. In contrast, 

the CFU data showed a reduced survival of DSM 4688 compared to BfR-CA-18043. The CFU 

data also showed a reduced survival of both strains at higher compared to lower temperatures. 

This is in line with previous studies indicating a slower non-thermal inactivation of CFUs at cold 

temperatures (Boleratz and Oscar, 2022; Christopher et al., 1982). 

The obtained CFU data and IPIU data confirmed the suspicion of an underestimated survival 

of Campylobacter spp. in raw milk from Wulsten et al. (2020). The recovery of VBNC cells into 

CFUs showed that C. jejuni was viable at least during the time periods of recovery (Baffone et 

al., 2006). Other studies reported CFU recovery from VBNC in microaerobic conditions (Bovill 

and Mackey, 1997), in embryonated chicken eggs (Cappelier et al., 1999) and in vivo using 

mouse infection models (Baffone et al., 2006). The capacity of recovery from the VBNC to the 

CFU state with no apparent loss of virulence potential of the resulting CFU highlights the 

potential regarding the presence of VBNC bacteria in food (Li et al., 2014). Nevertheless, the 

degree of direct infectivity of VBNC is not known, and awaits in-depth investigation. Further 

studies are needed to determine the infectious potential of Campylobacter spp. in the VBNC 

status. One approach would be to test VBNCs within and beyond the "recovery period" in 

animal models. Furthermore, the infectious doses of VBNC and CFU might be different and 

would need to be investigated in more detail. 

 

4.4 Modelling the survival of C. jejuni in raw milk 

Predictive models are tools for predicting microbial behavior in food environments (e.g. growth 

or decay). They enable a rapid response to specific food quality and food safety questions 

(Pérez-Rodríguez and Valero, 2013). The CFU and IPIU data sets were used to develop three 

tertiary models to predict the concentration of C. jejuni DSM 4688 and BfR-CA-18043 in raw 

milk at given time points depending on temperature (5°C to 12°C). 

The primary trilinear model equation best described the CFU data. The primary Weibull model 

equation had the best goodness of fit for the IPIU data (Knipper et al., 2023b). The need for 

different primary models to describe the CFU and IPIU data sets has already become evident 

from the graphical representation. The CFU data of the two strains required two secondary 

models to determine the effect of temperature on kmax, whereas the IPIU data were 

independent of the strain and could be described in one secondary model for δ.  

During the model design of the CFU data an assumption was included in the design. The tail 

of the trilinear model was set to -0.1 log CFU/ml. This was an assumption based on the 

detection limit of the experimental setup of 1 CFU/ml. Other approaches to deal with non-
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detects values have been already proposed, including fitting a distribution for differentiation of 

artificial and true zeroes (Duarte et al., 2015), or using the maximum likelihood estimation 

(MLE) or Bayesian models (Bahk and Lee, 2021). An analysis was performed to include 

censored data in the model development using a MLE with a normal distribution. The 

inactivation rate did not change significantly. However, in our model, the predictions of the 

values from the tail must not be seen as numerical values, but only as very low concentrations 

below the detection limit (Knipper et al., 2023b). 

Models were validated with independent internal data not used for model development at 5°C, 

8°C and 12°C. The CFU and IPIU data-derived tertiary models were able to make accurate 

predictions (Knipper et al., 2023b). External data from other studies often do not match the 

range-of-mode-applicability and are therefore difficult to use for comparison of model 

predictions. Experimental CFU data from ComBase (Christopher et al., 1982; Doyle and 

Roman, 1982) could not be used for model validation as these were outside the application 

range (5°C to 12°C) of the generated models. Christopher and colleagues (1982) determined 

the effect of temperature and pH on the survival of Campylobacter fetus in skim milk. The 

storage temperatures of the available data in ComBase of the survival studies were 1°C, 10°C, 

20°C and 30°C (Christopher et al., 1982). Even though the 10°C data fit the temperature range 

of the developed model, a different strain (C. fetus) and matrix (skim milk) were used. Another 

study determined C. jejuni survival in unpasteurized milk at 4°C (Doyle and Roman, 1982) 

where the temperature is outside of the application range of the generated models. The CFU 

and IPIU data of C. jejuni DSM 4688 from Wulsten et al., 2020 could be used for external 

validation as they were collected under the same experimental conditions. The tertiary model 

predicting IPIU demonstrated a good accuracy and performance of the model predictions using 

IPIU data (Knipper et al., 2023b). The outcome of the validation of the CFU DSM 4688-derived 

model with CFU data was not acceptable. The large deviation from the predictions of the model 

and the CFU data from Wulsten et al., 2020 are assumed to be attributed to the different 

batches of the raw milk used. Raw milk is a complex matrix made up of water, protein, fat, 

lactose, vitamins and minerals, with proportions of each being influenced by animal breed, 

feed, age and phase of lactation (Hudson et al., 2015). The results indicated that CFU data 

are more affected by environmental factors (e.g. matrix and temperature) than IPIU data. To 

make the developed models even more robust, further survival data at temperatures between 

5°C and 12°C should also be considered for validation. In addition, different milk batches 

should be used to clarify the influence of the composition of the complex milk matrix. 

An already existing model for survival of C. jejuni in liquid based on CFU data was developed 

based on a meta-analysis (Membré and Lambert, 2008). They used a log-linear model to fit 

the curves obtained from the literature. The log-linear model did not consider a possible 
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stationary phase (shoulder before log reduction). In our CFU data-derived models, we clearly 

demonstrated the need of a shoulder to accurately describe the data. Therefore, the model 

based on the meta-analysis underestimated the survival ability of Campylobacter spp. Raw 

milk is a complex matrix and CFU survival differed when using the same strain together with 

milk batches obtained from different years (Knipper et al., 2023b). Therefore, it can be 

assumed that the survival of C. jejuni differs remarkably in different liquid matrices. Data from 

ComBase were recently used to develop an artificial neural network (ANN) model for non-

thermal inactivation of C. jejuni in raw milk (Boleratz and Oscar, 2022). The ANN model is a 

different approach than the traditional regression method used in this study (Najjar et al., 1997). 

Even though this approach can be used to model data that are not possible to model by 

traditional regression methods, some disadvantages (parameters lacking biological meaning 

or poor interpolation) are given. However, they could demonstrate, similar to our case, that 

CFU survival was better at lower temperatures than at ambient temperatures. The validation 

of the model failed because of data gaps. No IPIU data were considered in the model. 

The developed CFU data-derived models and IPIU data-derived tertiary models differed 

significantly in the time required to achieve an x log reduction (txd) (Knipper et al., 2023b). For 

the CFU data it varied between 8.6 h and 18.46 h depending on the strain and the temperature. 

For the IPIU data it was outside of the application range of the Weibull model (>100 h). This 

demonstrated that C. jejuni can survive in VBNC state until the end of the shelf-life of raw milk, 

assuming that raw milk is stored for one week (Knipper et al., 2023b). 

The survival of C. jejuni is largely underestimated if only based on CFU data. In accordance 

with the recovery data of VBNC, the real potential of the presence of infective C. jejuni in raw 

milk should be at some point between the predictions of CFU and IPIU (Knipper et al., 2023b). 

The degree of infectivity of cells in VBNC status is unknown, IPIU data should be taken into 

account as a worst-case scenario, as these VBNCs still might be infectious. In addition, further 

recovery data should be collected and a predictive model developed on these data. 

 

4.5 Risk mitigation strategies 

QMRAs are a helpful tool for assessing different risk mitigation strategies of bacteria along the 

food chain. Two different QMRAs for Campylobacter spp. in milk are found in the literature. 

These are focused on the bulk tank milk and storage in vending machines (Giacometti et al., 

2015; Anonymous, 2009). 

A QMRA model for Campylobacter spp. along the raw milk supply chain in Germany was 

developed with focus on the farm level (Knipper et al., 2023c). The data used in the model 

were obtained during a longitudinal study over one year (Knipper et al., 2023a). Only CFU 
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concentration data of Campylobacter were considered in this model. A QMRA from Australia 

(Anonymous, 2009) used fecal concentration data of Campylobacter spp. from Stanley et al. 

(1998), where they used the MPN method (1.79 ± 1.01 log CFU/g). The other QMRA from Italy 

did not take into account fecal concentration data (Giacometti et al., 2015). 

The QMRA model predicts a mean probability of infection of 0.22% and a mean probability of 

illness of 0.07% for consuming a random raw milk portion (a mug) (Knipper et al., 2023c). We 

assumed that per year, 4.44 x 107 raw milk portions (210 ml; one mug) were consumed in 

Germany per year. The servings are calculated assuming that 850 vending machines in 

Germany (Böhnlein et al., 2020), operate 365 days a year, selling at least 30 litres per day 

(Labohm et al., 2021), which corresponds to 143 servings of 210 ml of milk. Of these servings 

30% are not boiled prior to consumption (Giacometti et al., 2013). This results in 1.33 x 107 

Campylobacter risk servings without boiling prior to consumption consumed in Germany.  

The model estimates over 9,300 campylobacteriosis cases per year. These are 69.5 cases per 

100,000 daily unboiled servings. A QMRA from Italy yielded between 79.4/100,000 

population/year and 333.1/100,000 population/ year of expected cases for adult consumers 

based on percentages of consumers that do not boil milk before consumption and different 

time-temperature storage conditions (Giacometti et al., 2013). In a study from New Zealand, a 

mean number of cases of illness for adults of 19.9 or 4.7 per 100,000 daily servings of raw milk 

were predicted based on consumption from the bulk milk tank or domestic consumption after 

farm gate purchase respectively (Anonymous, 2009). 

Overall, the model estimates a high prevalence but low concentration of Campylobacter spp. 

in bulk tank milk. The model predicts that 93.3% of the bulk tanks are Campylobacter 

contaminated with a mean concentration of -0.41 log10 (CFU/l). In comparison with the German 

zoonoses monitoring in recent years which monitored 1 to 2.5% of bulk tank samples positive 

the 93.3% prevalence obtained from the model is very high. For zoonosis monitoring, samples 

should be analysed in the laboratory as soon as possible, so that CFU is expected not to have 

considerably declined. However, in the baseline model it is assumed that as soon as one cow 

with contaminated udders contributes milk to the tank the bulk tank becomes contaminated. 

Nevertheless, with the applied limit of detection of 1 CFU/25 ml raw milk in the monitoring the 

observed prevalence in the model is 2.3% contaminated bulk tanks. This underlines the model 

results do not contradict those of the monitoring (Knipper et al., 2023c). 

We took into account that bacteria are discrete units (integer values), whereby it is found that 

91.3% of the portions are uncontaminated, 8.7% contain one or more Campylobacter spp. cells 

and 0.046% contain ten or more (Knipper et al., 2023c). In the literature only few concentration 

data for Campylobacter in raw milk are available. These have been generated by the MPN 
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method due to the often very low concentration of Campylobacter in raw milk. Studies reported 

0.16 ± 0.30 MPN/ml as mean Campylobacter level from five samples or indicated 

approximately 0.047 MPN/ml (Hill et al., 2012; Humphrey and Beckett, 1987).  

The model was applied for simulation for outbreaks from single vending machines. It was 

assumed that 30% of 143 servings of raw milk per year from a vending machine are consumed 

unboiled (nunb= 43 ≈ 0.3*143). The probability that more than two out of 43 consumers of raw 

milk get ill, P(Nill ≥ 2), equals 0.22%, whereas this probability for 5 out of 100, P(Nill ≥ 5), equals 

0.01%. This would be 2.2 and 0.05 daily outbreaks respectively, equivalent to about 800 and 

20 annual outbreaks in Germany for 850 vending machines (Knipper et al., 2023c). In 2018 

most of the reported outbreaks were caused by Campylobacter spp. associated with the 

consumption of unboiled raw milk (9/38 outbreaks) (BVL, 2019). 

In general, the estimated outbreak numbers obtained from the model are much larger than 

what is observed. There are several reasons for it. In general, campylobacteriosis cases are 

assumed to be underreported, since people with self-limiting complications might not go to a 

doctor (Bouwknegt et al., 2014). 

Furthermore, besides to uncertainty associated to the model, frequent consumers of raw milk 

may acquire immunity and this is not captured in the “classic” dose-response model (Havelaar 

and Swart, 2014; Teunis and Havelaar, 2000). We considered an alternative dose-response 

model which is defined by the median estimates of the model parameters for outbreak studies 

(Nauta et al., 2022; Teunis et al., 2018). This resulted with 895,891 campylobacteriosis cases 

in a higher value than the prediction from the baseline model. However, this dose-response 

model considered specific Campylobacter strains that are very virulent. 

Different scenarios were compared to the developed baseline model to evaluate the impact of 

parameter uncertainty on the relative risk and to explore the potential effect of mitigation 

strategies along the raw milk supply chain. The underestimation of survival of Campylobacter 

spp. in raw milk by CFU (Knipper et al., 2023b; Wulsten et al., 2020) was considered using a 

scenario were no inactivation of Campylobacter spp. during storage occurs. However, whether 

Campylobacter spp. is inactivated or not has only a low impact on the relative risk assuming 

that infections occur from rare high level contaminations. If there is already only a low 

concentration in the bulk tank, the inactivation no longer has a major influence. It was 

demonstrated that clean udders are of crucial importance (Knipper et al., 2023c). 

Nevertheless, important surveillance data for the amount of sold and consumed raw milk in 

Germany are lacking. Furthermore, concentrations of Campylobacter in vending machines in 

Germany are unknown, since only prevalence data for Campylobacter spp. are available (BVL, 

2017).  
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The developed QMRA model is the first QMRA model for Campylobacter spp. along the raw 

milk supply chain in Germany. It is the only existing one that includes concentration data for 

Campylobacter spp. in dairy cow’s feces and prevalence data from contaminated teats through 

fecal cross-contamination. A risk assessment model can give insights in levels below the 

microbiological detection limits. This is useful for the understanding of the microbiology and 

low risk situations. Risk is often in the tail (i.e. rare high concentrations) – for these more 

samples may be needed than is practically feasible. 

 

4.6 Limitations 

There were many prevalence data for Campylobacter spp. in cow feces from dairy cows in 

scientific literature (Knipper et al., 2022). However, there was hardly any quantitative data. No 

meta-analysis on quantitative data was possible. 

A longitudinal study was performed to detect and quantify Campylobacter spp. in different 

samples along the raw milk supply chain (Knipper et al., 2023a). Only one raw milk sample 

and one milk filter tested positive for Campylobacter spp. A high concentration could be 

detected in these samples. However, the concentration of Campylobacter spp. is usually very 

low at the end of the supply chain. The ISO 10272-1 detection method reaches its detection 

limit. Therefore, no statement can be made whether we still have very low concentrations of 

Campylobacter spp. or whether there is no contamination. The v-qPCR developed by Wulsten 

et al. (2020), which was used for the survival study, could not be applied in the longitudinal 

study. Because of the PMA staining and for DNA extraction in general, dilution of the samples 

must occur, which further dilutes the already low concentration of Campylobacter spp. The 

dilution steps reaching the detection limit of the method. The longitudinal study was performed 

on a small dairy farm (Knipper et al., 2023a). Good housing conditions and milking time 

hygiene were found. Only limited comparison to conventional farms is possible.  

The survival of C. jejuni was investigated and modelled for different temperatures in raw milk 

(Knipper et al., 2023b). Two different data sets for CFU and IPIU data were obtained. Since 

the infection potential of VBNC is unknown, the IPIU data can be used as a worst-case 

scenario for the survival of C. jejuni in raw milk. However, the true values are probably 

somewhere between the worst-case scenario and the CFU data. The recovery data obtained 

with a specific gas mixture with a lower oxygen level suggest a first hint as to how many cells 

are capable to reach cultivable state with potential infectivity. The recovery method should be 

used as a valid method in addition to the ISO 10272-2 method at low Campylobacter spp. 

concentrations. All existing dose-response models used in QMRAs are based on CFU data. 

Therefore, the use of IPIU data in QMRAs remains challenging. As soon as knowledge about 
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the infectivity of Campylobacter in VBNC status is obtained or about recovery of CFU within 

environmental niches (e.g. in conjunction with oxygen-consuming microbiota), the 

establishment of dose-response models for IPIU data can be initiated and discussed. 

The developed models are a first step towards a more accurate prediction of the survival of 

Campylobacter spp. in raw milk. Still, there is a need to extend the developed predictive models 

with further influencing parameters such as temperatures and differences in raw milk batches. 

When appropriate, other strains should also be used to improve and expand the models. For 

distinct outcome of the model, it is important to ensure that these do not differ significantly in 

survival. Likewise, two C. jejuni strains from the clonal complex CC-21 BfR-CA-18040 (ST-61) 

and BfR-CA-18043 (ST-21) could be combined in one model (Knipper et al., 2023b). 

The developed QMRA model is the first one to include farm-level data from Germany and give 

information about different risk mitigation strategies and control options (Knipper et al., 2023c). 

QMRAs also rely on surveys of the population, so consumption and storage data of raw milk 

in households in Germany are essential. There should also be an official platform or survey of 

raw milk outlets. Both sets of data are not yet publicly available. Only prevalence data for 

Campylobacter spp. in vending machines in Germany are accessible (BVL, 2017).  

 

5 Conclusion 

Campylobacter are fastidious bacteria with high requirements for survival. However, C. jejuni 

have been shown to persist on a dairy farm and contaminate bulk tank milk for seven months 

or longer (Jaakkonen et al., 2020). The transmission routes of Campylobacter spp. from fecal 

cross-contamination into raw milk is unknown.  

Scientific literature showed that cow feces are often contaminated with Campylobacter spp. A 

longitudinal study demonstrated that transmission of Campylobacter spp. can occur due to 

cross-contamination of teats by cow feces into raw milk even though it is a rare event. Survival 

of C. jejuni in raw milk is underestimated by CFU data. Therefore, IPIU data should be used 

as a worst-case scenario even though the infectivity of VBNC or its return into CFU is not yet 

clarified. VBNC can be recovered in CFU within a certain time window in vitro. During these 

periods VBNC might still be infectious. However, further experiments are necessary to 

investigate the infectivity of VBNC within and beyond the recovery period. A QMRA model 

indicated clean udders as crucial importance to lower the risk of Campylobacter-contaminated 

raw milk. However, consumers should primarily heat their raw milk before consumption to 

reduce exposure to Campylobacter spp. from raw milk consumption and the risk of 

campylobacteriosis.  

5 Conclusion 

the infectivity of Campylobacterin VBNC status is obtained or about recovery of CFU within 

environmental niches (e.g. in conjunction with oxygen-consuming microbiota), the 
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raw milk outlets. Both sets of data are not yet publicly available. Only prevalence data for 

Campylobacter spp. in vending machines in Germany are accessible (BVL, 2017). 

5 Conclusion 
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or longer (Jaakkonen et al., 2020). The transmission routes of Campylobacter spp. from fecal 

cross-contamination into raw milk is unknown. 
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periods VBNC might still be infectious. However, further experiments are necessary to 

investigate the infectivity of VBNC within and beyond the recovery period. A QMIRA model 

indicated clean udders as crucial importance to lower the risk of Campylobacter-contaminated 

raw milk. However, consumers should primarily heat their raw milk before consumption to 

reduce exposure to Campylobacter spp. from raw milk consumption and the risk of 

campylobacteriosis.
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6 Summary 

The consumer demand for raw milk has increased and local sales via raw milk vending 

machines have intensified in recent years. Alongside, many foodborne outbreaks in Germany 

were caused by Campylobacter spp. in raw milk that had not been properly heat treated prior 

to consumption. The consumption of not heat-treated raw milk contaminated with 

Campylobacter spp., remains a health risk for consumers. Campylobacter spp. often colonize 

the intestine of cows without causing clinical symptoms. Feces from Campylobacter-colonized 

cows pose a risk for cross-contamination of teats, which can transfer the Campylobacter spp. 

contamination into raw milk during the milking process. To date, it has not been clarified how 

exactly Campylobacter spp. contamination occurs along the raw milk supply chain.  

The aim of this PhD project was to identify and fill data gaps regarding Campylobacter spp. 

transfer along the supply chain of raw milk and to investigate its survival in raw milk. Finally, 

possible intervention strategies to minimize the risk from raw milk consumption were outlined. 

Within the framework of this PhD project a systematic review and meta-analysis was performed 

to summarize previous research on Campylobacter spp. in feces of dairy cows worldwide. The 

prevalence varied widely from 0-100%. Substantial data gaps within the studies, such as the 

health status of the animals and type of fecal sampling could be identified. Only limited 

quantitative data on Campylobacter spp. in the feces of dairy cows were available. The 

reported Campylobacter mean concentrations ranged between 2.1 and 4.17 log CFU/g feces. 

A longitudinal study was performed to investigate the transmission of Campylobacter spp. 

along the raw milk supply chain. Therefore, different samples were taken from a small dairy 

farm of the BfR over a period of one year. The investigated samples comprised rectal feces, 

boot socks, teat skin swabs, milking cluster swabs, raw milk and milk filters. Samples were 

analyzed for the presence and concentration of Campylobacter spp., E. coli, total aerobic 

colony count (TACC) and for Pseudomonas spp. A scoring was performed for the consistency 

of cows´ feces and the level of cleanliness of the teat skin swab samples. In total, 

Campylobacter spp. were detected in 77.1% of the fecal samples with an average 

concentration of 2.43 ± 0.9 log CFU/g. There was variation in the concentration of 

Campylobacter spp. in cow feces within the herd as well as individual cows and over time. The 

barn environment was tested with boot socks. Of the boot sock samples 29.2% were tested 

positive with a mean concentration of 3.01 ± 1.05 log CFU/two socks. Contaminated barn 

environment posed a risk for fecal cross-contamination of the cows' teats. Among the teat 

swabs, 12.2% tested positive for Campylobacter spp. None of the milking clusters were 

positive. Only one raw milk sample and the milk filter tested positive on the same day. In 
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addition, on this day nine teat swab samples were tested positive for Campylobacter spp. The 

results showed that contamination of raw milk, albeit rare, can occur.  

The data obtained from the dairy farm samples raised the research question about time and 

physiological state of C. jejuni during suvival in raw milk during storage. Therefore, the survival 

of C. jejuni was investigated by two different methods, culturally according to ISO 10272-2 and 

in addition using a quantitative polymerase chain reaction specifically detecting viable 

Campylobacter spp. in raw milk (v-qPCR). The experiment was performed at three 

temperatures (5°C, 8°C, and 12°C). While only colony-forming units (CFU) can be detected 

according to ISO 10272-2, the newly developed v-qPCR (Wulsten et al., 2020) allows detection 

of intact and potentially infectious units (IPIU), which includes CFU and viable but non-

culturable units (VBNC). The survival of three C. jejuni strains was tested. According to 

Wulsten et al. (2020) who performed their experiments at 5°C, the survival was also 

underestimated in our study by CFU for the strains and temperature tested. To date, the 

infectious potential of Campylobacter spp. in VBNC status is unknown. Wulsten et al. (2020) 

demonstrated that C. jejuni VBNCs developed upon incubation in raw milk at 5°C were 

recovered into a cultivable state (recovery) within a certain time period (at least 90 h), using a 

specific gas mixture with a lower oxygen level for 72 h. Here, the recovery was investigated at 

8°C and 12°C. The recovery time periods for both strains were longer at 8°C (up to 80 h) 

compared to 12°C (at least up to 48 h). Hence, the recovery period shortened with increasing 

temperature. 

Predictive models providing a rapid response for predicting microbial behavior in the food 

environment were developed on the two generated data sets. Three tertiary models consisting 

of one for all IPIU data and two for the CFU data due to the necessary separation according 

to the different C. jejuni strains, were provided to predict the survival of C. jejuni in raw milk 

between 5°C and 12°C. The time needed to reach one log reduction varied between 8.6 and 

18.46 hours for the CFU data depending on the strain and the temperature. For all IPIU data 

the time was over 100 h. 

Finally, a quantitative microbial risk assessment (QMRA) model was developed based on data 

scientific literature and incorporating the data generated in this PhD study. Through various 

uncertainty analyses, parameters with the greatest impact on the risk for consumers for 

drinking Campylobacter spp. contaminated raw milk were identified. In addition to the initial 

concentration of Campylobacter spp. in cow feces, the prevalence of contaminated teats had 

a major impact on the risk of consuming Campylobacter-contaminated raw milk. 

In summary, transmission of Campylobacter spp. can occur due to cross-contamination of 

teats by cow feces into the raw milk. However, this is a rare event. Clean udders are therefore 
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a major impact on the risk of consuming Campylobacter-contaminated raw milk. 

In summary, transmission of Campylobacter spp. can occur due to cross-contamination of 

teats by cow feces into the raw milk. However, this is a rare event. Clean udders are therefore
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of crucial importance. It was shown that survival of C. jejuni is underestimated based on CFU 

data compared to VBNC data at different temperatures in raw milk. The overall data are 

valuable to support risk managers in controlling Campylobacter spp. More CFU and IPIU data 

are needed to improve the developed predictive models. The significance of the finding on 

underestimated survival should be determined through studies, e.g., in animal models, on the 

infectivity of Campylobacter spp. in VBNC status, within and beyond the time window in which 

VBNC can be recovered to CFU.   
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7 Zusammenfassung 

Entwicklung von Modellen zur Vorhersage der Widerstandsfähigkeit von 

Campylobacter entlang der Warenkette Rohmilch 

Die Nachfrage der Verbraucher nach Rohmilch ist in den letzten Jahren gestiegen, und der 

lokale Verkauf über Rohmilchautomaten wurde intensiviert. Zudem wurden viele 

lebensmittelbedingte Krankheitsausbrüche in Deutschland durch Campylobacter spp. in 

Rohmilch verursacht, die vor dem Verzehr nicht ordnungsgemäß wärmebehandelt wurde. Der 

Verzehr von nicht wärmebehandelter Rohmilch, die mit Campylobacter spp. kontaminiert ist, 

stellt weiterhin ein Gesundheitsrisiko für die Verbraucher dar. Campylobacter spp. besiedeln 

häufig den Darm von Kühen, ohne klinische Symptome zu verursachen. Der Kot von 

Campylobacter-besiedelten Kühen stellt ein Risiko für eine Kreuzkontamination der Zitzen dar, 

wodurch die Kontamination mit Campylobacter spp. während des Melkens in die Rohmilch 

übertragen werden kann. Bis heute ist nicht geklärt, wie genau die Kontamination mit 

Campylobacter spp. entlang der Rohmilchversorgungskette erfolgt.  

Ziel dieses Dissertationsprojekts war es, Datenlücken in Bezug auf die Übertragung von 

Campylobacter spp. entlang der Lieferkette von Rohmilch zu ermitteln und zu schließen sowie 

das Überleben von Campylobacter spp. in Rohmilch zu untersuchen. Schließlich wurden 

mögliche Interventionsstrategien zur Minimierung des Risikos durch Rohmilchkonsum 

dargelegt. 

Im Rahmen dieses Promotionsprojekts wurde eine systematische Übersichtsarbeit und Meta-

Analyse durchgeführt, um die bisherige Forschung zu Campylobacter spp. im Kot von 

Milchkühen weltweit zusammenzufassen. Die Prävalenz variierte stark von 0-100%. Es 

konnten erhebliche Datenlücken in den Studien festgestellt werden, z. B. in Bezug auf den 

Gesundheitszustand der Tiere und die Art der Kotprobenahme. Es liegen nur begrenzte 

quantitative Daten über Campylobacter spp. in den Fäkalien von Milchkühen vor. Die 

berichteten mittleren Campylobacter-Konzentrationen lagen zwischen 2,1 und 4,17 log CFU/g 

Kot. 

In einer Längsschnittstudie wurde die Übertragung von Campylobacter spp. entlang der 

Rohmilchlieferkette untersucht. Dazu wurden über einen Zeitraum von einem Jahr 

verschiedene Proben aus einer kleinen Milchviehherde des BfR entnommen. Die untersuchten 

Proben umfassen rektalen Kot, Stiefelsocken, Zitzenhautabstriche, Melkzeugabstriche, 

Rohmilch und Milchfilter. Die Proben wurden auf das Vorhandensein und die Konzentration 

von Campylobacter spp. und E. coli sowie auf die Gesamtzahl aerober Kolonien (TACC) und 

Pseudomonas spp. untersucht. Die Konsistenz des Kuhkots und die Sauberkeit der 
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Zitzenhautabstriche wurden bewertet. Insgesamt wurden Campylobacter spp. in 77,1 % der 

Kotproben mit einer durchschnittlichen Konzentration von 2,43 ± 0,9 log KBE/g nachgewiesen. 

Die Konzentration von Campylobacter spp. im Kuhkot variierte sowohl innerhalb der Herde als 

auch bei einzelnen Kühen und im zeitlichen Verlauf. Die Umgebung des Stalls wurde mit 

Stiefelsocken getestet. Von den Stiefelsockenproben wurden 29,2 % positiv getestet mit einer 

mittleren Konzentration von 3,01 ± 1,05 log CFU/zwei Socken. Die kontaminierte 

Stallumgebung stellte ein Risiko für eine fäkale Kreuzkontamination der Zitzen der Kühe dar. 

Von den Zitzenabstrichen wurden 12,2 % positiv auf Campylobacter spp. getestet. Keines der 

Melkzeuge war positiv. Nur eine Rohmilchprobe und ein Milchfilter wurden am selben Tag 

positiv getestet. Außerdem wurden an diesem Tag neun Zitzenabstriche positiv auf 

Campylobacter spp. getestet. Die Ergebnisse zeigten, dass eine Kontamination von Rohmilch, 

wenn auch selten, vorkommen kann. 

Die aus den Proben der Milchviehbetriebe gewonnenen Daten warfen die Forschungsfrage 

nach dem Zeitraum und dem physiologischen Zustand von C. jejuni beim Überleben in 

Rohmilch während der Lagerung auf. Daher wurde die Überlebensfähigkeit von C. jejuni mit 

zwei verschiedenen Methoden untersucht: kulturell nach ISO 10272-2 und zusätzlich unter 

Verwendung einer quantitativen Polymerase-Kettenreaktion zum spezifischen Nachweis 

lebensfähiger Campylobacter spp. in Rohmilch (v-qPCR). Der Versuch wurde bei drei 

Temperaturen (5°C, 8°C und 12°C) durchgeführt. Während gemäß ISO 10272-2 nur 

koloniebildende Einheiten (CFU) nachgewiesen werden können, ermöglicht die neu 

entwickelte v-qPCR (Wulsten et al., 2020) den Nachweis von intakten und potenziell 

infektiösen Einheiten (IPIU), die CFU und lebensfähige, aber nicht kultivierbare Einheiten 

(VBNC) umfassen. Das Überleben von drei C. jejuni-Stämmen wurde getestet. Nach Wulsten 

et al. (2020), die ihre Experimente bei 5°C durchführten, wurde die Überlebensrate auch in 

unserer Studie für die getesteten Stämme und Temperaturen um die KBE unterschätzt. 

Bislang ist das infektiöse Potenzial von Campylobacter spp. im VBNC-Status unbekannt. 

Wulsten et al. (2020) wiesen nach, dass C. jejuni VBNCs, die sich bei einer Inkubation in 

Rohmilch bei 5 °C entwickelt hatten, innerhalb eines bestimmten Zeitraums (mindestens 90 

Stunden) wieder in einen kultivierbaren Zustand überführt wurden (Erholung), wobei ein 

spezifisches Gasgemisch mit einem niedrigeren Sauerstoffgehalt für 72 h verwendet wurde. 

Hier wurde die Erholung bei 8°C und 12°C untersucht. Die Erholungszeiträume für beide 

Stämme waren bei 8°C (bis zu 80 h) länger als bei 12°C (mindestens bis zu 48 h). Die 

Erholungszeit verkürzte sich also mit steigender Temperatur. 

Vorhersagemodelle wurden anhand der beiden generierten Datensätze entwickelt, die eine 

schnelle Reaktion zur Vorhersage des mikrobiellen Verhaltens in der Lebensmittelumgebung 

ermöglichen. Drei tertiäre Modelle, bestehend aus einem für alle IPIU-Daten und zwei für die 
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schnelle Reaktion zur Vorhersage des mikrobiellen Verhaltens in der Lebensmittelumgebung 

ermaglichen. Drei tertiare Modelle, bestehend aus einem fir alle IPIU-Daten und zwei fur die
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CFU-Daten aufgrund der notwendigen Trennung nach den verschiedenen C. jejuni-Stämmen, 

wurden erstellt, um das Überleben von C. jejuni in Rohmilch zwischen 5°C und 12°C 

vorherzusagen. Die Zeit, die benötigt wird, um eine logarithmische Reduktion zu erreichen, 

schwankt bei den CFU-Daten je nach Stamm und Temperatur zwischen 8,6 und 18,46 

Stunden. Bei allen IPIU-Daten lag die Zeit bei über 100 Stunden. 

Schließlich wurde ein Modell zur quantitativen mikrobiellen Risikobewertung (QMRA) 

entwickelt, das auf Daten aus der wissenschaftlichen Literatur beruht und die in diesen 

Promotionsprojekt gewonnenen Daten einbezieht. Durch verschiedene Unsicherheitsanalysen 

wurden die Parameter ermittelt, die den größten Einfluss auf das Risiko für Verbraucher 

haben, mit Campylobacter spp. kontaminierte Rohmilch zu trinken. Neben der 

Ausgangskonzentration von Campylobacter spp. im Kuhkot hatte die Prävalenz von 

kontaminierten Zitzen einen großen Einfluss auf das Risiko des Konsums von Campylobacter-

kontaminierter Rohmilch. 

Zusammenfassend lässt sich sagen, dass eine Übertragung von Campylobacter spp. durch 

eine Kreuzkontamination von Zitzen mit Kuhkot in Rohmilch erfolgen kann. Dies ist jedoch ein 

seltenes Ereignis. Saubere Euter sind von entscheidender Bedeutung. Es wurde gezeigt, dass 

die Überlebensrate von C. jejuni auf der Grundlage von KBE-Daten im Vergleich zu VBNC-

Daten bei verschiedenen Temperaturen in Rohmilch unterschätzt wird. Die Gesamtdaten sind 

hilfreich, um Risikomanager bei der Überwachung von Campylobacter spp. zu unterstützen. 

Um die entwickelten Vorhersagemodelle zu verbessern, werden mehr CFU- und IPIU-Daten 

benötigt. Die Bedeutung des Ergebnisses der unterschätzten Überlebensrate sollte durch 

Studien, z. B. in Tiermodellen, über die Infektiosität von Campylobacter spp. im VBNC-Status 

innerhalb und außerhalb des Zeitfensters, in dem VBNC zu KBE zurückgewonnen werden 

kann, ermittelt werden.  

7 Zusammenfassung 

CFU-Daten aufgrund der notwendigen Trennung nach den verschiedenen C. jejuni-Stammen, 

wurden erstellt, um das Uberleben von C. jejuni in Rohmilch zwischen 5°C und 12°C 

vorherzusagen. Die Zeit, die benétigt wird, um eine logarithmische Reduktion zu erreichen, 

schwankt bei den CFU-Daten je nach Stamm und Temperatur zwischen 8,6 und 18,46 

Stunden. Bei allen IPIU-Daten lag die Zeit bei tber 100 Stunden. 

SchlieRlich wurde ein Modell zur quantitativen mikrobiellen Risikobewertung (QMRA) 

entwickelt, das auf Daten aus der wissenschaftlichen Literatur beruht und die in diesen 

Promotionsprojekt gewonnenen Daten einbezieht. Durch verschiedene Unsicherheitsanalysen 

wurden die Parameter ermittelt, die den gréRten Einfluss auf das Risiko fur Verbraucher 

haben, mit Campylobacter spp. kontaminierte Rohmilch zu trinken. Neben der 

Ausgangskonzentration von Campylobacter spp. im Kuhkot hatte die Pravalenz von 

kontaminierten Zitzen einen groRRen Einfluss auf das Risiko des Konsums von Campylobacter 

kontaminierter Rohmilch. 

Zusammenfassend lésst sich sagen, dass eine Ubertragung von Campylobacter spp. durch 

eine Kreuzkontamination von Zitzen mit Kuhkot in Rohmilch erfolgen kann. Dies ist jedoch ein 

seltenes Ereignis. Saubere Euter sind von entscheidender Bedeutung. Es wurde gezeigt, dass 

die Uberlebensrate von C. jejuni auf der Grundlage von KBE-Daten im Vergleich zu VBNC- 

Daten bei verschiedenen Temperaturen in Rohmilch unterschétzt wird. Die Gesamtdaten sind 

hilfreich, um Risikomanager bei der Uberwachung von Campylobacter spp. zu unterstitzen. 

Um die entwickelten Vorhersagemodelle zu verbessem, werden mehr CFU- und [PIU-Daten 

bendtigt. Die Bedeutung des Ergebnisses der unterschatzten Uberlebensrate sollte durch 

Studien, z. B. in Tiermodellen, Uber die Infektiositat von Campylobacter spp. im VBNC-Status 

innerhalb und auRerhalb des Zeitfensters, in dem VBNC zu KBE zuriickgewonnen werden 

kann, ermittelt werden.
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$1. PRISMA checkiist. 

&  PRISMA 2009 Checkiist 

- - e Reported Section/topic # Checklistitem P 

TTLE 
Title ‘ 1 [ Identify the report s a systematic review, meta-analysis, or both, 1 

| ABSTRACT 
Struotured summary 2 [ Provide & stnuciured summary including, as appiicable: background objectives: data sources: study eligibilty criteria, | 2 

parlicipants, and interventions: sludy appraisal and synthesis mathods; results; limitations; conclusions and 
implications of key findings; systematc review registration number. 

| INTRODUCTION 
Rationale, 3 | Describe the rationale for the review in the context of what is already known. 34 

Objectives 4 | Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, 
outcomes, and study design (PICOS). 

| METHODS 
Protocal and registration 5 [ Incicate if a review protocol exists. i and whera il can be acosssed (6.6., Web addrass), and, it available, provide | 5 

ragistration information including registration number. 
Eligibility criteria 6 | Specify study characteristics (8.g., PICOS, length of follow-up) and report characterislics (e.g.. years considered, 56 

language, publicalion status) used as criteria for eligibility, giving rationale. 

Information sources 7 | Describe all information sources (e.g., databases with dates of coverage. contact with study authors to icentify 5-6 

additional studies) in the search and date last searched. 

Search 8 | Present full electronic search strategy for at least one database, including any Iimits used, such that it could be Table 1 
repeated. 

Study selection 9 | State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, 67 
included in the meta-analysis). 

Data callection provess 10 | Deseribe method of dala extracion from reports (e.g._ pilcled farms, independently, in duplicale) and any processes | 5-6 
for obtaining and confirming data from investigators. 

Data items 11 | List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptians and - 
simplifications made. 

Risk of bias in individual 12 | Describe methods used for assessing risk of bias of individual studies (including specification of whether this was 7-8 

studies done al the stuy or aulcome lavel), and how (s informalion is 10 be used in any dala synihesis 
Summary measures 13 | State the principal summary measures (e.g., sk ratio, difierence in mean) 310 
Synthesis of results 14 | Describe the methods of handling data and combining results of studies. if done, including measures of consistency 9-10 

(e.9., 1A for sach meta-analysis. 

Page 1of2



 
112 9 Appendix 

 

  

9 Appendix 

28 PRISMA 2009 Checklist 

Reported 
on page # 

Risk of bies across stucies Specily any assessment of risk of bias thal may affect the cumulalive evidence (s.9.. publication bias, seleciive 7-8 
reporting within studies). 

Additional analyss 16 | Deseriba methods of additional analyses (a g.. sensitivity or subgroup analyses. meta-regression). if done. indicating | 9-10 
which were pre-specified 

RESULTS 
Study selection 17 | Give numbers of studies screened, assessed for eligibilty. 2nd included in the review, with reasons for exclusions al | 11, Fig 1 

each stage, ideally with a flow diagram. 

Study characteristics 18 | For each study, present characteristics for which data were extracted (.g., study size, PICOS, follow-up period)and | S1 table 
provide the citations. 

Risk of bias within studies 18 | Present dala on risk of bias of each study and, if available, any outcome level assessmenl (see item 12). 13 

Results of individual studies | 20 | For all outcomes considered (bensfis or harms), present. for each study: (a) simple summary data for each 14, Fig 3. 
intervention group (b) effect estimates and confidence intervals, ideally with a forest plot. 

Synthesis of results 21| Present esulls of each mela-analysis done, including confidence inlervals and measures of consslancy. Fig4 
Risk of bias across studies 22 | Prasent resulls of any assessment of risk of bias across sludies (see llem 15). 13 

Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see ltem 16]) 16-17 

DISCUSSION 
Summary of evidence 24 | Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to 17-22 

key groups (e.g.. healthcare providers. users, and palicy makers). 

Limitations 25 | Discuss limitations at study and cutcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of 23-24 

identified rescarch, reporting bias). 

Conclusions 26 | Provide a general interpretalion of the resulls in the conlext of olher evidence, and implications for fulure research. | - 

| FUNDING 
Funding 27 | Describe sources of funding for the systematic review and other support (e.g.. supply of data); role of funders for the | - 

systematic review. 

From: Moner D, Lberatl A, Tetzaff J. Aman DG, The PRISMA Group (2009). Preferred Reporting liems for Systemalic Reviews and Meta Analyses: The PRISMA Stasment. PLoS Wed 67) ¢1000097. 
40110.137 ouml prmed 100097 

For more information, visil: www.prisma-statement.org 
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Fig S1. Heterogeneity. 

(A) Heterogeneity in the multilevel model, (B) Heterogeneity in the multilevel mixed 

effects model. 

 

 

 

Fig S2. Bubbleplot. 
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Fig S1. Heterogeneity. 

(A) Heterogeneity in the multilevel model, (B) Heterogeneity in the multilevel mixed 
effects model. 

Total Variance: 0.086 B Total Variance: 0.077 

50— 

s 

25— P 40285 

0% 

Fig S2. Bubbleplot. 

@Remonzit e al, 2013 [37) 

@Giacaborni et al. 1993 [67] 
@Cha et 3l 2017 [66] OAdkar @l 2 0TS inen, 2000 lszwa&R @Acik and Centinkaya 2005 [61] 

2pp ot 2 

@Atabay and C 

©Adesiyun et . 1992 [49] DBuserisslen el ‘mfl%[’%"“ etal, 2018 (51 
@Watner-Toews et al., 1986 [45] ¥ Padun‘wflfié]agmgswmflfi?‘ 3147) 

@S ctel ORymenskgle?A 351011 
@Adesiyun el al., 1996 [20] 

@siven 

T T T T 
1990 2000 2010 2020 

Covariate Publication_year



 
114 9 Appendix 

Fig S3. Forest plot RoB. 
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Total (95% CI) 
Prediction interval 
Tau’= 

Total Weight IV, Random, 95% CI 

.0453; Chi’ = 2136.64, df = 31 (P = 0); I = 99% 

32% 

32% 

32% 

3.2% 

3.3% 

31% 

3.3% 

32% 

13459 100.0% 

Test for subgroup differences: Chi’ = 0.53, df = 1 (P = 0.47) 

0.11[0.08; 0.14] 
0.13[0.09; 0.18] 
0.15[0.11: 0.19] 
0.20 [0.16; 0.25] 
0.28 [0.25; 0.30] 
0.30[0.21; 0.41] 
0.31[0.27,0.35] 
0.31[0.24;0.39] 
0.36 [0.33; 0.39] 
0.36 [0.29; 0.44] 
0.54 [0.40; 0.67] 
054 [0.44; 0.64] 
0.78[0.73; 0.84] 

0.00 [0.00; 0.03] 
0.06 [0.03; 0.08] 
0.06 [0.00; 0.24] 
0.10[0.09; 0.10] 
0.13[0.08; 0.19] 
0.14[0.10; 0.19] 
0.17 [0.01; 0.44] 
0.21[0.14; 0.29] 
0.24[0.18; 0.30] 
0.32[0.27;0.37] 
0.32[0.20; 0.46] 
0.35[0.29; 0.42] 
0.36 [0.28; 0.44] 
0.37[0.30; 0.43] 
0.44[0.38: 0.50] 
0.50 [0.44; 0.55] 
0.51[0.49; 0.54] 
0.59 [0.46; 0.71] 
0.65[0.55; 0.74] 

0.29 [0.23; 0.36] 
[0.01; 0.72] 
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Fig S4. Forest plot species. 
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Fig S5. Forest plot season. 
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Table S1. Extraction table. 

(1) Review 

ID Author DOI or PMID

Publication_

year Study_year

Fecal_collec

tion_method

Detection_or

_quantificati

on_method_f

or_Campylo

bacter_spp.

Species_ind

entification_

method

Country_of_

study

Number_of_t

otal_fecal_s

amples_take

n

Number_of_t

otal_populati

ons_farms_h

erds_sample

d

Description_

age_class_o

f_cattle_sam

pled

Health_statu

s_of_cattle

Were_repeat

ed_measure

ments_for_in

dividual_cattl

e_recorded

Were_repeat

ed_measure

ments_for_p

opulations_f

arms_record

ed

Are_the_rep

eated_meas

urements_sp

lit_by_Grego

rian_season

s

Are_the_rep

eated_mesa

urements_for

_populations

_farms_avail

able

Are_the_rep

eated_mesa

urements_for

_individual_c

attle_availabl

e

Is_the_conc

entration_of_

Campylobac

ter_in_faces

_given

Is_informatio

n_about_the

_housing_of

_cows_given

Is_informatio

n_about_the

_feeding_of_

cows_given

Is_informatio

n_about_org

anic_or_conv

entional_far

ming_given

Was_inform

ation_about_

the_season_

weather_mo

nths_given_

when_sampl

es_were_tak

en

Is_informatio

n_about_any

_other_adjus

tment_variab

le_given*

Was_inform

ation_given_

whether_the

_cows_were

_selected_ra

ndomly_for_

sampling

Were_faces

_samples_p

ooled_before

_analysis_a

nd_was_the

_outcome_re

ported_for_p

ooled_sampl

es

Were_sampl

es_or_cows

_excluded_fr

om_the_anal

ysis_e.g._du

e_to_technic

al_or_metho

dological_fail

ure

Were_ISO_

Methods_ap

plied_for_the

_detection_q

uantification

_of_Campylo

bacter_spp.

Was_the_ou

tcome_repor

ted_for_all_r

elevant_sub_

groups_and_

the_whole_p

opulation_st

udied rob_yes rob

1 Acha et al., 10.1186/1751-0147-45-272004 1995 rectal collectionculture-based phenotypic Mozambique 393 8 calves mixed no yes yes, but non Gregorian seasonsno no no yes yes unclear yes yes no yes unclear unclear no 5 low

2 Acik and Centinkaya10.1111/j.1472-765X.2005.017802005 2003 rectal collectionculture-based PCR-based, flaA-typing, RFLPTurkey 250 1 adult healthy no no no no no no no no no no no no yes unclear unclear yes 2 high

3 Adesiyun and Kaminjolo10.1016/0167-5877(94)90086-81994 1992 rectal collectionculture-based not performedTrinidad 304 17 cows, heifers and calvesmixed no yes unclear no no no yes yes unclear yes no no yes unclear unclear no 4 high

4 Adesiyun et al.10.1016/0007-1935(92)90011-o1992 1991 rectal collectionculture-based phenotypic Trinidad 293 20 calves mixed no no no no no no yes no yes no yes no yes unclear unclear yes 5 low

5 Adesiyun et al.,10.1590/s0037-86822001000100005 2001 not specified rectal collectionculture-based not performedTrinidad 74 12 calves mixed no yes yes, but non Gregorian seasonsyes no no no no no yes no no yes unclear unclear no 2 high

6 Adesiyun et al., 9239938 1996 not specified rectal collectionculture-based phenotypic Trinidad 333 177 adult not specified no no no no no no no no no no no yes yes unclear unclear yes 3 high

7 Adhikari et al.,10.1080/00480169.2004.364552004 2002 rectal collectionculture-based other molecular methodNew Zealand 52 1 adult healthy no no no no no no no no yes yes yes yes yes unclear unclear yes 6 low

8 Atabay and Corry10.1046/j.1472-765X.1997.003471997 1995-1996 rectal collectionculture-based phenotypic UK 136 3 cows and calvesnot specified yes yes yes yes no no no no no yes no no yes unclear unclear yes 3 high

9 Baserisalehi et al.10.3923/pjbs.2007.1519.15242007 2006 rectal collectionculture-based phenotypic Iran 121 adult healthy no no no no no no no no no no no no yes unclear no yes 2 high

10 Bianchini et al.,10.1128/aem.03784-132014 2010-2012 rectal collectionculture-based PCR-based Italy 82 3 adult not specified no yes no no no no no no no yes yes yes yes unclear unclear yes 5 low

11 Cha et al., 10.3389/fmicb.2017.008182017 2012 not specified culture-based PCR-based, WGSUSA 58 1 adult not specified no no no no no no no no yes no no no yes unclear unclear yes 3 high

12 Dong et al., 10.1089/fpd.2016.21212016 2012-2014 rectal collectionculture-based PCR-based South Korea 194 1 adult not specified yes yes no no no no no no no yes no yes yes unclear unclear no 3 high

13 Duncan et al.,10.1017/s09502688130023792013 not specified cow pat culture-based PCR-based UK 4260 15 adult not specified no yes no no no no yes no no yes yes no yes unclear unclear no 4 high

14 Englen et al., 10.1111/j.1365-2672.2006.031892007 2002 rectal collectionculture-based PCR-based USA 1435 96 adult not specified no no no no no no no no no yes yes no yes unclear unclear no 3 high

15 Grinberg et al., 10.1080/00480169.2005.365662005 2002 rectal collectionculture-based phenotypic New Zealand 161 24 calves mixed no yes no no no no yes yes no yes yes no yes no unclear no 5 low

16 Guevremont et al.,10.1089/fpd.2013.1706 2014 2011 rectal collectionculture-based PCR-based Canada 797 40 adult not specified no no no no no no yes yes no yes yes yes yes unclear unclear no 6 low

17 Guevremont et al.,10.1089/fpd.2007.00542008 not specified pooled cow patsPCR-based PCR-based Canada 185 adult not specified no no no no no no no no no no no no no unclear unclear unclear 0 high

18 Hagey et al., 10.3389/fmicb.2019.010932019 not specified rectal collectionPCR-based other molecular methodUSA 150 10 adult not specified no no no no no no yes yes yes no yes yes yes unclear no no 6 low

19 Hakkinen and Hänninen10.1111/j.1365-2672.2009.042692009 2006-2007 cow pat culture-based other molecular methodFinland 340 3 adult not specified no yes yes yes no no no no no yes yes no yes unclear unclear yes 4 high

20 Hansson et al.,10.1136/vr.105610 2019 2015 pooled cow patsculture-based MALDI-TOF Sweden 110 5 cows, heifers and calvesnot specified no yes yes no no no no no no yes yes no no unclear unclear no 2 high

21 Harvey et al. 10.4315/0362-028x-67.7.14762004 2001 rectal collectionculture-based other molecular methodUSA 720 9 adult not specified no yes unclear yes no no no no no yes no no yes unclear no no 2 high

22 Irshad et al., 10.1017/S0950268815002782 2016 2009 pooled cow patsculture-based PCR-based New Zealand 72 20 cows, heifers and calvesnot specified no no yes no no no no no no yes no no no yes unclear no 2 high

23 Giacoboni et al.,10.1292/jvms.55.555 1993 not specified not specified culture-based phenotypic Japan 94 6 cows and calveshealthy no no no no no no no no no no no no yes unclear unclear yes 2 high

24 Jaakkonen et al.,10.1128/AEM.02910-18 2019 2014-2015 pooled cow patsculture-based PCR-based Finland 257 3 cows and calvesnot specified no yes yes yes no no yes yes no yes yes no no yes yes yes 7 low

25 Kashoma et al.10.3389/fmicb.2015.012402015 2013-2014 cow pat culture-based PCR-based Tanzania 192 3 not specified not specified no no no no no no no no no yes no unclear yes unclear unclear yes 3 high

26 Khalifa et al. 10.5829/idosi.gv.2013.10.3.712002013 not specified cow pat culture-based PCR-based Egypt 20 not specified diarrhea no no no no no no no no no no no yes unclear unclear yes 2 high

27 Klein et al. 10.3168/jds.2012-59872013 2009-2010 rectal collectionculture-based MALDI-TOF Austria 382 100 calves mixed no no no no no no yes yes yes no yes yes yes unclear yes no 7 low

28 Kwan et al. 10.1128/AEM.01669-072008 2003 cow pat culture-based PCR-based UK 1208 5 adult not specified no yes yes yes no no no no yes yes yes no yes yes unclear no 5 low

29 McAuley et al.10.3168/jds.2014-87352014 2013 and 2014not specified culture-based PCR-based Australia 16 3 adult not specified yes no yes no no no no unclear no yes no no yes unclear yes no 3 high

30 Merialdi et al. 10.4315/0362-028X.JFP-14-2242015 2012-2013 rectal collectionPCR-based and culture-basedphenotypic Italy 50 1 cows, heifers and calvesnot specified yes yes yes no no no yes yes no yes yes yes yes no unclear no 6 low

31 Messelhaeuser et al.10.2376/0003-925X-59-1032008 2004 not specified culture-based PCR-based Germany 226 4 not specified not specified no yes yes yes no no yes yes no yes yes no yes unclear unclear yes 6 low

32 Moriarty et al.10.1111/j.1365-2672.2008.039392008 not specified pooled cow patsculture-based PCR-based New Zealand 155 4 adult healthy no yes yes, but non Gregorian seasonsno no yes yes yes no yes yes no no unclear unclear no 4 high

33 Munroe et al. 10.1128/jcm.18.4.877-881.19831983 not specified rectal collectionculture-based phenotypic USA 412 10 not specified mixed no no no no no no no no no no no no yes unclear unclear no 1 high

34 Murinda et al.10.1089/153531404323143611 2004 not specified pooled cow patsculture-based PCR-based USA 98 4 not specified not specified no yes yes no no no no no no yes no no no unclear unclear no 1 high

35 Nielsen et al. 10.1046/j.1472-765x.2002.011432002 1999 rectal collectionculture-based other molecular methodDenmark 332 24 cows, heifers and calvesnot specified no no no no no yes no no no yes no no yes unclear unclear no 2 high

36 Oporto et al., 10.1111/j.1365-2672.2007.03328.x 2007 2003-2006 rectal collectionculture-based PCR-based Spain 493 11 not specified not specified no no no no no no yes yes yes yes yes no unclear unclear no 5 low

37 Padungtod and Kaneene10.4315/0362-028x-68.12.25192005 2000-2003 not specified culture-based PCR-based Thailand 225 25 adult not specified no no no no no no no no no no no yes yes unclear unclear no 2 high

38 Pradhan et al.,10.3168/jds.2008-14862009 2004 rectal collectionculture-based PCR-based USA 1010 3 adult not specified yes yes yes yes no no yes yes yes yes yes no yes unclear unclear no 6 low

39 Ramonait et al., 10.1186/1751-0147-55-872013 2012 rectal collectionculture-based PCR-based Lithuania 200 3 cows, heifers and calvesnot specified no yes no no no yes yes no yes yes no yes unclear yes yes 6 low

40 Rapp et al., 10.1111/jam.12425 2013 2011-2012 cow pat culture-based PCR-based New Zealand 990 21 adult not specified no yes yes, but non Gregorian seasonsyes no yes yes yes yes yes yes no yes unclear unclear no 6 low

41 Roug et al., 10.1016/j.cimid.2012.11.0062012 2005 cow pat culture-based PCR-based USA 50 not specified not specified no no no no no no yes no no no no no yes unclear unclear yes 3 high

42 Sanad et al., 10.1089/fpd.2012.12932013 2009 not specified culture-based PCR-based USA 227 11 not specified not specified no no no no no no no no no yes no no yes unclear unclear yes 3 high

43 Sato et al., 10.1128/AEM.70.3.1442-1447.20042004 not specified cow pat culture-based not performedUSA 1191 60 cows and calveshealthy no yes yes yes no no yes yes yes yes yes no yes no no no 6 low

44 Stanley et al., 10.1046/j.1365-2672.1998.8535111998 1993-1995 pooled cow patsculture-based phenotypic UK 1112 4 cows and calvesnot specified no yes yes no no yes no no no yes yes no unclear unclear no 2 high

45 Terentjeva et al., 10.1089/fpd.2018.25232019 not specified rectal collectionculture-based MALDI-TOF Latvia 180 18 calves not specified no no no no no no yes yes yes yes yes yes yes unclear yes no 8 low

46 Watner-Toews et al.,3017528 1986 1982 rectal collectionculture-based not performedCanada 156 87 calves not specified no no no no no no no no no yes yes no unclear unclear unclear no 2 high

47 Ward  and Guevremont10.1089/fpd.2014.1830 2014 not specified rectal collectionPCR-based other molecular methodCanada 40 2 adult not specified no no no no no no yes yes no yes yes yes yes unclear unclear no 6 low

48 Watermann et al., 10.1017/s0022172400064871 1984 not specified rectal collectionculture-based not performedUK 74 adult healthy no yes yes yes no yes no no no yes no no yes unclear no unclear 2 high

49 Wesley et al., 10.1128/aem.66.5.1994-2000.20002000 1996 rectal collectionculture-based PCR-based USA 2085 31 adult healthy no yes no yes no no no no no yes no no yes unclear unclear no 2 high

50 Hansson et al.,10.1111/jam.14914 2020 2015-2017 rectal collectionculture-based MALDI-TOF Sweden 223 7 calves mixed no yes no no no no yes no yes yes yes no no no yes no 5 low

51 Hoque et al., 10.3390/pathogens100303132021 2018-2020 rectal collectionculture-based PCR-based Bangladesh 540 90 cows, heifers and calvesmixed no no yes, but non Gregorian seasonsyes no no yes yes yes yes yes yes yes unclear unclear no 7 low

52 Rapp et al., 10.3390/microorganisms81218772020 not specified cow pat culture-based PCR-based New Zealand 90 1 adult not specified no yes yes yes no no yes yes yes yes yes no yes unclear unclear no 6 low

53 Silveira et al., 10.5380/avs.v26i1.745592021 not specified rectal collectionculture-based PCR-based Brazil 120 12 adult not specified no no no no no no no no no no yes no yes unclear unclear yes 3 high

* other adjustment variables were e.g. herd size, management practice, feeding system, milking system, hygiene standard, bedding
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Table S1. Extraction table. 
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(2) non-aggregated 

 

ID Author

Publication_

year Study_year

Fecal_collec

tion_method

Detection_or

_quantificati

on_method_f

or_Campylo

bacter_spp.

Species_ind

entification_

method

Campylobac

ter_species

Prevalence_i

n_population

Which_seas

on_is_the_pr

evalence_rep

orted_for

Number_of_i

ndividual_cat

tle_sampled

Health_statu

s_of_cattle

Description_

age_class_o

f_cattle_sam

pled

Specific_out

come_report

ed_for_whole

_data_set_or

_sub_group event*

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 0 not specified 23 diarrhea calves sub-group 0

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 0 not specified 55 healthy calves sub-group 0

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 0 not specified 78 mixed calves sub-group 0

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 10 not specified 230 healthy calves sub-group 23

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 10 not specified 239 mixed calves sub-group 23.9

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 11 not specified 330 healthy calves sub-group 36.3

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 11 not specified 393 mixed calves whole 43.23

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 11 not specified 63 diarrhea calves sub-group 6.93

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 16 not specified 31 diarrhea calves sub-group 4.96

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 22 not specified 9 diarrhea calves sub-group 1.98

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 25 not specified 76 mixed calves sub-group 19

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 31 not specified 45 healthy calves sub-group 13.95

2

Acik and 

Centinkaya 2005 2003

rectal 

collection

culture-

based

PCR-based, 

flaA-typing, 

RFLP coli 21.8 not specified 110 healthy adult sub-group 23.98

2

Acik and 

Centinkaya 2005 2003

rectal 

collection

culture-

based

PCR-based, 

flaA-typing, 

RFLP jejuni 50 not specified 110 healthy adult sub-group 55

2

Acik and 

Centinkaya 2005 2003

rectal 

collection

culture-

based

PCR-based, 

flaA-typing, 

RFLP

not 

identifiable 28.2 not specified 110 healthy adult sub-group 31.02

2

Acik and 

Centinkaya 2005 2003

rectal 

collection

culture-

based

PCR-based, 

flaA-typing, 

RFLP spp. 44 not specified 250 healthy adult whole 110

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 0 not specified 16 mixed heifers sub-group 0

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 11 not specified 100 mixed calves sub-group 11

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 16.5 not specified 121 healthy

heifers and 

calves sub-group 19.965

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 17.1 not specified 105 mixed calves sub-group 17.955

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 21.9 not specified 183 diarrhea

heifers and 

calves sub-group 40.077

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 33.3 not specified 42 mixed calves sub-group 13.986

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 39.1 not specified 23 mixed calves sub-group 8.993

3

Adesiyun 

and 

Kaminjolo 1994 1992

rectal 

collection

culture-

based

not 

performed spp. 44.4 not specified 18 mixed calves sub-group 7.992

4

Adesiyun et 

al. 1992 1991

rectal 

collection

culture-

based phenotypic coli 9.6 not specified 293 mixed calves sub-group 28.128

4

Adesiyun et 

al. 1992 1991

rectal 

collection

culture-

based phenotypic jejuni 10.9 not specified 293 mixed calves sub-group 31.937

4

Adesiyun et 

al. 1992 1991

rectal 

collection

culture-

based phenotypic spp. 17.8 not specified 118 healthy calves sub-group 21.004

4

Adesiyun et 

al. 1992 1991

rectal 

collection

culture-

based phenotypic spp. 20.5 not specified 293 mixed calves whole 60.065

4

Adesiyun et 

al. 1992 1991

rectal 

collection

culture-

based phenotypic spp. 22.3 not specified 175 diarrhea calves sub-group 39.025

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 0 not specified 5 healthy calves sub-group 0

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 4.3 not specified 23 healthy calves sub-group 0.989

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 12.1 not specified 33 healthy calves sub-group 3.993

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 16.6 not specified 6 diarrhea calves sub-group 0.996

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 26.8 not specified 41 diarrhea calves sub-group 10.988

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 28.1 not specified 32 diarrhea calves sub-group 8.992

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 33.3 not specified 3 diarrhea calves sub-group 0.999

5

Adesiyun et 

al., 2001 not specified

rectal 

collection

culture-

based

not 

performed spp. 60 not specified 5 healthy calves sub-group 3
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Atabay and 

Corry 1997 1995-1996
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collection

culture-

based phenotypic fetus 0 summer 9 not specified adult sub-group 0

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic fetus 0 winter 10 not specified adult sub-group 0

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic fetus 0 winter 5 not specified calves sub-group 0

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic fetus 2 all 94 not specified adult sub-group 1.88

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic fetus 4 summer 47 not specified adult sub-group 1.88

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic fetus 11 all 15 not specified

cows and 

calves sub-group 1.65

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic fetus 31 all 42 not specified calves sub-group 13.02

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic fetus 43 fall 30 not specified calves sub-group 12.9
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Atabay and 

Corry 1997 1995-1996
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collection
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based phenotypic

hyointestinal
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Atabay and 
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Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

hyointestinal

is 29 winter 7 not specified calves sub-group 2.03
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Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

hyointestinal

is 32 all 30 not specified

cows and 

calves sub-group 9.6
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Atabay and 

Corry 1997 1995-1996

rectal 

collection
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based phenotypic

hyointestinal

is 40 winter 5 not specified calves sub-group 2

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

hyointestinal

is 43 all 42 not specified calves sub-group 18.06

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

hyointestinal

is 46 summer 13 not specified adult sub-group 5.98

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

hyointestinal

is 47 fall 30 not specified calves sub-group 14.1

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

hyointestinal

is 56 summer 9 not specified adult sub-group 5.04

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 0 fall 30 not specified calves sub-group 0

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection
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based phenotypic jejuni 0 winter 10 not specified adult sub-group 0

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 0 winter 5 not specified calves sub-group 0

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 2 summer 47 not specified adult sub-group 0.94

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 2 all 42 not specified calves sub-group 0.84

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 7 all 7 not specified

cows and 

calves sub-group 0.49

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 10 all 94 not specified adult sub-group 9.4

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 11 summer 9 not specified adult sub-group 0.99

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 14 winter 7 not specified calves sub-group 0.98

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 23 summer 13 not specified adult sub-group 2.99

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic jejuni 27 winter 15 not specified adult sub-group 4.05

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

not 

identifiable 0 fall 30 not specified calves sub-group 0

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic

not 

identifiable 0 all 42 not specified calves sub-group 0

8

Atabay and 

Corry 1997 1995-1996
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collection
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not 
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Atabay and 
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collection
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not 
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not 
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collection
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not 
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collection
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not 
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collection
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collection
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not 
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culture-
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Corry 1997 1995-1996
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collection

culture-

based phenotypic

not 

identifiable 8 summer 13 not specified adult sub-group 1.04

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic spp. 36 all 136 not specified
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calves whole 48.96

8

Atabay and 
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rectal 

collection
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based phenotypic spp. 37 all 19 not specified adult sub-group 7.03

8
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rectal 

collection

culture-

based phenotypic spp. 39 all 28 not specified adult sub-group 10.92
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Atabay and 
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collection

culture-

based phenotypic spp. 40 all 5 not specified calves sub-group 2
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Corry 1997 1995-1996
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collection

culture-

based phenotypic spp. 43 all 7 not specified calves sub-group 3.01

8

Atabay and 
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collection
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based phenotypic spp. 77 all 30 not specified calves sub-group 23.1

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-
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8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic sputorum 0 fall 30 not specified calves sub-group 0
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8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic sputorum 30 all 94 not specified adult sub-group 28.2

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic sputorum 60 summer 60 not specified adult sub-group 36

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic coli 15 not specified 26 healthy adult sub-group 3.9

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic jejuni 30 not specified 26 healthy adult sub-group 7.8

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic lari 11 not specified 26 healthy adult sub-group 2.86

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic

not 

identifiable 23 not specified 26 healthy adult sub-group 5.98

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic spp. 21 not specified 121 healthy adult whole 25.41

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic sputorum 7 not specified 26 healthy adult sub-group 1.82

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic sputorum 11 not specified 26 healthy adult sub-group 2.86

10

Bianchini et 

al., 2014 2010-2012

rectal 

collection

culture-

based PCR-based

hyointestinal

is 3.3 not specified 30 not specified adult sub-group 0.99

10

Bianchini et 

al., 2014 2010-2012

rectal 

collection

culture-

based PCR-based jejuni 5.9 not specified 17 not specified adult sub-group 1.003

10

Bianchini et 

al., 2014 2010-2012

rectal 

collection

culture-

based PCR-based jejuni 28.6 not specified 35 not specified adult sub-group 10.01

10

Bianchini et 

al., 2014 2010-2012

rectal 

collection

culture-

based PCR-based jejuni 30.5 not specified 82 not specified adult whole 25.01

10

Bianchini et 

al., 2014 2010-2012

rectal 

collection

culture-

based PCR-based jejuni 46.7 not specified 30 not specified adult sub-group 14.01

11 Cha et al., 2017 2012 not specified

culture-

based

PCR-based, 

WGS jejuni 58.6 not specified 58 not specified adult whole 33.988

12 Dong et al., 2016 2012-2014

rectal 

collection

culture-

based PCR-based jejuni 24.2 not specified 194 not specified adult whole 46.948

13

Duncan et 

al., 2013 cow pat

culture-

based PCR-based fetus 9.5 not specified 4260 not specified adult whole 404.7

14

Englen et 

al., 2007 2002

rectal 

collection

culture-

based PCR-based spp. 51.2

not 

applicable 1435 not specified adult whole 734.72

15

Grinberg et 

al., 2005 2002

rectal 

collection

culture-

based phenotypic spp. 36 not specified 161 mixed calves whole 57.96

16

Guevremont 

et al., 2014 2011

rectal 

collection

culture-

based PCR-based coli 1.8 summer 797 not specified adult sub-group 14.346

16

Guevremont 

et al., 2014 2011

rectal 

collection

culture-

based PCR-based

hyointestinal

is 19.3 summer 797 not specified adult sub-group 153.821

16

Guevremont 

et al., 2014 2011

rectal 

collection

culture-

based PCR-based jejuni 6.5 summer 797 not specified adult sub-group 51.805

18 Hagey et al., 2019 not specified

rectal 

collection PCR-based

other 

molecular 

method spp. 31 not specified 150 not specified adult whole 46.5

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method coli 3.2 all 340 not specified adult sub-group 10.88

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method

hyointestinal

is 15.3 all 340 not specified adult sub-group 52.02

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 0 summer 19 not specified adult sub-group 0

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 10.5 winter 19 not specified adult sub-group 1.995

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 11.1 spring 18 not specified adult sub-group 1.998

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 15.8 spring 19 not specified adult sub-group 3.002

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 28.6 winter 21 not specified adult sub-group 6.006

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 29.4 summer 17 not specified adult sub-group 4.998

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 30 fall 20 not specified adult sub-group 6

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 37 spring 340 not specified adult sub-group 125.8

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 38 summer 340 not specified adult sub-group 129.2

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 38.9 fall 18 not specified adult sub-group 7.002

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 43 winter 340 not specified adult sub-group 146.2

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 44 all 340 not specified adult sub-group 149.6

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 45 fall 20 not specified adult sub-group 9

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 45 fall 340 not specified adult sub-group 153

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 55.2 summer 29 not specified adult sub-group 16.008

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 64 fall 340 not specified adult sub-group 217.6

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 68 fall 25 not specified adult sub-group 17

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 70.6 fall 17 not specified adult sub-group 12.002

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 81.8 fall 33 not specified adult sub-group 26.994

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 84.4 spring 32 not specified adult sub-group 27.008

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method jejuni 90.9 winter 33 not specified adult sub-group 29.997

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method spp. 49.7 all 340 not specified adult whole 168.98
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21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 0 not specified 60 not specified adult sub-group 0

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 0 not specified 60 not specified adult sub-group 0

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 1.7 not specified 120 not specified adult sub-group 2.04

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 1.7 not specified 60 not specified adult sub-group 1.02

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 3.3 not specified 60 not specified adult sub-group 1.98

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 3.3 not specified 60 not specified adult sub-group 1.98

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 5.8 not specified 120 not specified adult sub-group 6.96

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 6.7 not specified 60 not specified adult sub-group 4.02

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 10 not specified 60 not specified adult sub-group 6

21 Harvey et al. 2004 2001

rectal 

collection

culture-

based

other 

molecular 

method spp. 10 not specified 60 not specified adult sub-group 6

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic coli 0 not specified 60 not specified adult sub-group 0

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic coli 1.1 not specified 94 not specified

cows and 

calves sub-group 1.034

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic coli 2.9 not specified 34 not specified calves sub-group 0.986

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic fecalis 0 not specified 60 not specified adult sub-group 0

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic fecalis 1.1 not specified 94 not specified

cows and 

calves sub-group 1.034

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic fecalis 2.9 not specified 34 not specified calves sub-group 0.986

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic fetus 11.7 not specified 60 not specified adult sub-group 7.02

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic fetus 17 not specified 94 not specified

cows and 

calves sub-group 15.98

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic fetus 26.5 not specified 34 not specified calves sub-group 9.01

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic

hyointestinal

is 15 not specified 60 not specified adult sub-group 9

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic

hyointestinal

is 19.1 not specified 94 not specified

cows and 

calves sub-group 17.954

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic

hyointestinal

is 26.5 not specified 34 not specified calves sub-group 9.01

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic jejuni 13.3 not specified 60 not specified adult sub-group 7.98

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic jejuni 30.9 not specified 94 not specified

cows and 

calves sub-group 29.046

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic jejuni 61.8 not specified 34 not specified calves sub-group 21.012

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic lari 0 not specified 34 not specified calves sub-group 0

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic lari 2.1 not specified 94 not specified

cows and 

calves sub-group 1.974

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic lari 3.3 not specified 60 not specified adult sub-group 1.98

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 1.7 not specified 60 not specified adult sub-group 1.02

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 9.6 not specified 94 not specified

cows and 

calves sub-group 9.024

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 10 not specified 1 not specified adult sub-group 0.1

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 14.7 not specified 34 not specified calves sub-group 4.998

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 20 not specified 2 not specified adult sub-group 0.4

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 27.2 not specified 3 not specified adult sub-group 0.816

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 46.7 not specified 60 not specified adult sub-group 28.02

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 50 not specified 10 not specified adult sub-group 5

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 64.9 not specified 94 not specified

cows and 

calves whole 61.006

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 80 not specified 4 not specified calves sub-group 3.2

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 80 not specified 4 not specified adult sub-group 3.2

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 80 not specified 4 not specified adult sub-group 3.2

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 97.1 not specified 34 not specified calves sub-group 33.014

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 100 not specified 9 not specified calves sub-group 9

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 100 not specified 10 not specified calves sub-group 10

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 100 not specified 4 not specified adult sub-group 4

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 100 not specified 5 not specified calves sub-group 5

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 100 not specified 5 not specified adult sub-group 5

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 100 not specified 5 not specified calves sub-group 5

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based coli 6.3 not specified 32 not specified adult sub-group 2.016

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based coli 12.4 not specified 113 not specified adult sub-group 14.012

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based coli 12.8 not specified 47 not specified adult sub-group 6.016

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based jejuni 14.9 not specified 47 not specified adult sub-group 7.003
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33 not specited 
17 notspecited 
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sub-group 

sub-group 
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sub-group 

sub-group 
whale 

sub-group 

sub-group 

sub-group 
sub-group 

sub-group 

sub-group 

sub-group 
sub-group 

sub-group 

sub-group 
sub-group 
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25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based jejuni 15.6 not specified 32 not specified adult sub-group 4.992

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based jejuni 26.6 not specified 113 not specified adult sub-group 30.058

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based spp. 25 not specified 32 not specified adult sub-group 8

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based spp. 29.8 not specified 47 not specified adult sub-group 14.006

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based spp. 35.4 not specified 192 not specified adult whole 67.968

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based spp. 40.7 not specified 113 not specified adult sub-group 45.991

26 Khalifa et al. 2013 not specified cow pat

culture-

based PCR-based jejuni 32

not 

applicable 50 not specified adult whole 16

27 Klein et al. 2013 2009-2010

rectal 

collection

culture-

based MALDI-TOF spp. 13.2

not 

applicable 303 healthy calves sub-group 39.996

27 Klein et al. 2013 2009-2010

rectal 

collection

culture-

based MALDI-TOF spp. 14.9

not 

applicable 382 mixed calves whole 56.918

27 Klein et al. 2013 2009-2010

rectal 

collection

culture-

based MALDI-TOF spp. 21.5

not 

applicable 79 diarrhea calves sub-group 16.985

28 Kwan et al. 2008 2003 cow pat

culture-

based PCR-based spp. 35.9 not specified 1208 not specified adult whole 433.672

29

McAuley et 

al. 2014

2013 and 

2014 not specified

culture-

based PCR-based spp. 6

not 

applicable 16 not specified adult whole 0.96

30

Merialdi et 

al. 2015 2012-2013

rectal 

collection

PCR-based 

and culture-

based phenotypic jejuni 1.7 all 280 not specified

cows, 

heifers and 

calves sub-group 4.76

30

Merialdi et 

al. 2015 2012-2013

rectal 

collection

PCR-based 

and culture-

based phenotypic spp. 9.7 all 280 not specified

cows, 

heifers and 

calves sub-group 27.16

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 0 summer 72 not specified not specified sub-group 0

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 0 summer 72 not specified not specified sub-group 0

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 0 summer 72 not specified not specified sub-group 0

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 0 summer 75 not specified not specified sub-group 0

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 2.8 summer 72 not specified not specified sub-group 2.016

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 5.2 summer 75 not specified not specified sub-group 3.9

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 6.3 winter 79 not specified not specified sub-group 4.977

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 6.9 summer 72 not specified not specified sub-group 4.968

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 8.3 winter 79 not specified not specified sub-group 6.557

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 13 all 226 not specified not specified whole 29.38

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 14.7 summer 75 not specified not specified sub-group 11.025

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 14.8 winter 79 not specified not specified sub-group 11.692

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 20.1 winter 79 not specified not specified sub-group 15.879

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 20.7 summer 75 not specified not specified sub-group 15.525

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 23.5 summer 75 not specified not specified sub-group 17.625

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 41.7 winter 79 not specified not specified sub-group 32.943

33

Munroe et 

al. 1983 not specified

rectal 

collection

culture-

based phenotypic coli 0 not specified 314 diarrhea not specified sub-group 0

33

Munroe et 

al. 1983 not specified

rectal 

collection

culture-

based phenotypic coli 2 not specified 314 diarrhea not specified sub-group 6.28

33

Munroe et 

al. 1983 not specified

rectal 

collection

culture-

based phenotypic jejuni 17 not specified 314 diarrhea not specified sub-group 53.38

33

Munroe et 

al. 1983 not specified

rectal 

collection

culture-

based phenotypic jejuni 25 not specified 107 healthy not specified sub-group 26.75

35

Nielsen et 

al. 2002 1999

rectal 

collection

culture-

based

other 

molecular 

method spp. 9.2 not specified 120 not specified adult sub-group 11.04

35

Nielsen et 

al. 2002 1999

rectal 

collection

culture-

based

other 

molecular 

method spp. 20 not specified 105 not specified heifers sub-group 21

35

Nielsen et 

al. 2002 1999

rectal 

collection

culture-

based

other 

molecular 

method spp. 22.6 not specified 332 not specified

cows, 

heifers and 

calves sub-group 75.032

35

Nielsen et 

al. 2002 1999

rectal 

collection

culture-

based

other 

molecular 

method spp. 32.2 not specified 332 not specified

cows, 

heifers and 

calves whole 106.904

35

Nielsen et 

al. 2002 1999

rectal 

collection

culture-

based

other 

molecular 

method spp. 42.1 not specified 107 not specified calves sub-group 45.047

37

Padungtod 

and 

Kaneene 2005 2000-2003 not specified

culture-

based PCR-based spp. 14 not specified 225 not specified not specified whole 31.5

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 0 spring 82 not specified adult sub-group 0

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 0 spring 84 not specified adult sub-group 0

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 0 summer 28 not specified adult sub-group 0

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 5 winter 26 not specified adult sub-group 1.3

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 8.8 spring 34 not specified adult sub-group 2.992

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 9.4 fall 32 not specified adult sub-group 3.008

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 13.6 spring 44 not specified adult sub-group 5.984

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 13.9 fall 36 not specified adult sub-group 5.004

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 21.4 summer 28 not specified adult sub-group 5.992

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 26.2 fall 84 not specified adult sub-group 22.008

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 29.4 fall 34 not specified adult sub-group 9.996

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 29.7 spring 37 not specified adult sub-group 10.989

Kashoma st 

26 Kaite et 3. 
27 Wiein et 2. 

27 Wiein et 2. 

27 Wiein et 2. 
28 Waan et 

Meauley et 
20 

Ml et 
04, 

Ml et 
4, 

Messehasy 
Fseretal 

Messehasy 
Fseretal, 

Messehas 
Hseretal, 

Messehasy 
Fseretal, 
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3seretal, 

Messehasu 
Hseretal, 
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Fsereta, 
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Fseretal, 
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Hseretal, 

Messehas 
Fsereta, 

Messehasy 
Fseretal 
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Fseretal, 

Messehas 
Hseretal, 

Messehas 

Nieken et 
5 

Nieken et 
s, 

Nieken et 
5, 

Nieken et 
5, 

Nieken et 
5, 

Padungtod 
ana 

37 Kanene. 
Pradhan st 

215 DD 

215 DD 

215 DD 
215 D1 

215 DM 

215 DD 

13 nots pecited 
21 20210 

21 20210 

21 20210 
208 2003 

21 ana 
2D 

25 2R 

215 2R 

2008 204 

2008 204 

2008 204 
2008 204 

2008 2004 

2008 204 

2008 204 
2008 204 

2008 204 

2008 2004 

2008 2004 
008 2004 

008 2004 

008 2004 

2008 2004 
2008 204 

1683 notspecifed 

1683 notspecifed 
1683 notspecifed 

1683 ot s peciied 

02 800 

02 800 

002 g0 

002 000 

202 1060 

2005 20002008 

2000 2004 
003 2004 

008 2004 

008 2004 

2000 2004 
008 2004 

008 2004 

2003 2004 
003 2004 

003 2004 

008 2004 

2008 2004 

com pat 

com pat 

com pat 
com pat 

com pat 

com pat 

com pat 
eotal 
collcion 
eotal 
collcion 
eotal 
collction 
com pat 

nots pectied 

wotal 
collcion 

wotal 
collcion 

nots pectied 

nots pectied 

nots pectied 
notspectied 

nots pectied 

nots pectied 

notspectied 
nots pectied 

nots pectied 

nots pectied 

notspectied 
nots pectied 

nots pectied 

nots pectied 

notspectied 
nots pectied 
eotal 
collcion 
eotal 
collction 
eotal 
collcion 
eotal 
collcion 

wotal 
collcion 

wotal 
collcion 

wotal 
collection 
wotal 
collction 
wotal 
collction 

nots pectied 
eotal 
collecion 
eotal 
collcion 
eotal 
collcion 
eotal 
collction 
eotal 
collecion 
eotal 
collcion 
eotal 
collcion 
eotal 
collction 
eotal 
collcion 
eotal 
collcion 
eotal 
collcion 
eotal 
collction 

cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
PCRba e 
and culture. 
based 
PCRba e 
and culture. 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 

cuture 
based 

cuture 
based 

cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 
cuture 
based 

PeRbamed 

PeRbamed 

PeRbamed 
PeRbamed 

PeRbamed 

PeRbamed 

PeRbamed 
ALDTOF 

ALDITOF 

ALDITOF 
PeRbamed 

PeRbamed 

phenctypic 

phenotypic 
PeRbamed 

PeRbamed 

PeRbamed 
PeRbaed 

PeRbamed 

PeRbamed 

PeRbamed 
PeRbamed 

PeRbamed 

PeRbamed 

PeRbamed 
PeRbamed 

PeRbamed 

PeRbamed 

PeRbamed 
PeRbamed 

phenctypic 

phenotypic 
phenotypic 

phenotypic 
aher 
molecular 
mathod 
aher 
molecular 
mathod 
aher 
molecular 

molecular 
mathod 

PeRbamed 

PeRbamed 
PeRbamed 

PeRbamed 

PeRbamed 

PeRbamed 
PeRbamed 

PeRbamed 

PeRbamed 
PeRbamed 

PeRbamed 

PeRbamed 

PeRbamed 

o 

i 

s 

s 

s 

s 

i 

i 

i 

158 not specited 

256 net specited 

25 not spectied 
2.8 net specited 

.4 net specited 

.7 net specited 
not 

2 applcable 
192 applcable 

149 applcable 
not 

215 applcable 
.0 net specited 

not 
© appicable 

178 

07l 

0 summer 

0 summer 

0 summer 
0 summer 

28 summer 

52 summer 

6.3 winter 
6.9 sunmer 

8.3 witer 

B 

147 summer 
148 winter 

2.1 winter 

27 summer 

255 summer 
07 witer 

0 net specited 

2 net specited 
17 not specited 

25 ot spectied 

02 not specited 

2 ot spectied 

26 net specited 

22 net specited 

.1 net specited 

14 not specited 

0spring 
0spring 
0 summer 

Switer 

88 spring 
atan 

1385 pring 
g 
214 summer 

226 

2atm 

27 sping 

32 not specited 

113 net speciied 

32 not specited 
7 not specited 

162 net speciied 

113 net speciied 

50 not specited 

203 heathy 
B2 mixed 

70 dianhea 
1208 not specited 

18 et speciied 

250 not specited 

250 not specited 

72 not specited 

72 not specited 

72 not specited 
75 not specited 

72 not specited 

75 not specited 

70 not specited 
72 not specited 

70 not specited 

26 not specited 

75 not specited 
70 not specited 

70 not specited 

75 not specited 

75 not specited 
70 not specited 

314 dianhea 

314 dianhea 
314 dianhea 

107 heatthy 

120 net speciied 

105 net spectied 

352 not specited 

332 not specited 

107 net spectied 

25 not specited 

82 not specited 
84 not specited 

28 not specited 

26 not specited 

34 not specited 
32 not specited 

24 not specited 

38 not specited 
28 not specited 

84 not specited 

34 not specited 

37 not specited 

asun 
asun 
asun 
asun 
asun 
asun 
asun 
caes 
caes 
caes 
asun 
asun 
e 
cove 
e 
o 
— 
— 
S— 
— 
— 
S— 
p— 
— 
— 
S— 
p— 
— 
— 
S— 
p— 
— 
— 
S— 
— 
not specited 

adur 

heies 

heies and 
caves 
heies and 
caves 

not specited 

adur 
adur 

aduk 

aur 

adur 
adur 

aduk 

aur 
adur 

adur 

aduk 

aduk 
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sub-group 

sub-group 

sub-group 
sub-group 
whale 

sub-group 
whale 

sub-group 
whale 

sub-group 
whale 

whale 

sub-group 

sub-group 

sub-group 

sub-group 

sub-group 
sub-group 
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38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 32.5 fall 83 not specified adult sub-group 26.975

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 44 spring 84 not specified adult sub-group 36.96

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 53.6 fall 28 not specified adult sub-group 15.008

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 53.6 winter 28 not specified adult sub-group 15.008

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 57.3 fall 82 not specified adult sub-group 46.986

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 57.7 winter 78 not specified adult sub-group 45.006

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 61.5 spring 26 not specified adult sub-group 15.99

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 76.9 winter 26 not specified adult sub-group 19.994

38

Pradhan et 

al., 2009 2004

rectal 

collection

culture-

based PCR-based spp. 80.8 summer 26 not specified adult sub-group 21.008

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 53.2 not specified 21 not specified adult sub-group 11.172

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 60 not specified 20 not specified adult sub-group 12

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 60.6 not specified 61 not specified adult sub-group 36.966

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 70 not specified 20 not specified calves sub-group 14

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 70 not specified 20 not specified adult sub-group 14

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 78.5 not specified 200 not specified

cows, 

heifers and 

calves whole 157

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 85 not specified 20 not specified heifers sub-group 17

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 85 not specified 40 not specified heifers sub-group 34

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 86.2 not specified 80 not specified heifers sub-group 68.96

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 86.5 not specified 59 not specified calves sub-group 51.035

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 89.4 not specified 19 not specified calves sub-group 16.986

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 90 not specified 20 not specified heifers sub-group 18

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 100 not specified 20 not specified calves sub-group 20

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 36 summer 105 not specified adult sub-group 37.8

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 36 fall 45 not specified adult sub-group 16.2

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 42 summer 105 not specified adult sub-group 44.1

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 43 summer 105 not specified adult sub-group 45.15

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 49 all 210 not specified adult sub-group 102.9

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 53 fall 45 not specified adult sub-group 23.85

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 54 winter 105 not specified adult sub-group 56.7

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 54 all 390 not specified adult sub-group 210.6

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 55 all 390 not specified adult sub-group 214.5

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 56 winter 105 not specified adult sub-group 58.8

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 58 winter 105 not specified adult sub-group 60.9

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 62 summer 45 not specified adult sub-group 27.9

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 64 summer 45 not specified adult sub-group 28.8

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 66 winter 45 not specified adult sub-group 29.7

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 67 winter 45 not specified adult sub-group 30.15

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 71 spring 45 not specified adult sub-group 31.95

40 Rapp et al., 2013 2011-2012 cow pat

culture-

based PCR-based jejuni 76 spring 45 not specified adult sub-group 34.2

41 Roug 2012 2005 cow pat

culture-

based PCR-based jejuni 17 not specified 12 not specified adult whole 2.04

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 5.3 not specified 19 not specified adult sub-group 1.007

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 17.6 not specified 17 not specified adult sub-group 2.992

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 24 not specified 25 not specified adult sub-group 6

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 28 not specified 25 not specified adult sub-group 7

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 35 not specified 20 not specified adult sub-group 7

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 36.6 not specified 227 not specified adult whole 83.082

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 40 not specified 20 not specified adult sub-group 8

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 40 not specified 20 not specified adult sub-group 8

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 47.6 not specified 21 not specified adult sub-group 9.996

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 50 not specified 10 not specified adult sub-group 5

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 52 not specified 25 not specified adult sub-group 13

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 60 not specified 20 not specified adult sub-group 12

43 Sato et al., 2004 not specified cow pat

culture-

based

not 

performed spp. 18.9 fall 1192 healthy

cows and 

calves sub-group 225.288

43 Sato et al., 2004 not specified cow pat

culture-

based

not 

performed spp. 23.2 all 1191 healthy adult sub-group 276.312
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43 Sato et al., 2004 not specified cow pat

culture-

based

not 

performed spp. 27.9 all 1191 healthy

cows and 

calves whole 332.289

43 Sato et al., 2004 not specified cow pat

culture-

based

not 

performed spp. 32.7 all 1191 healthy calves sub-group 389.457

43 Sato et al., 2004 not specified cow pat

culture-

based

not 

performed spp. 36.8 spring 1191 healthy

cows and 

calves sub-group 438.288

45

Terentjeva et 

al., 2019 not specified

rectal 

collection

culture-

based MALDI-TOF coli 2.8 not specified 180 not specified calves sub-group 5.04

45

Terentjeva et 

al., 2019 not specified

rectal 

collection

culture-

based MALDI-TOF jejuni 12.8 not specified 180 not specified calves sub-group 23.04

46

Watner-

Toews et al., 1986 1982

rectal 

collection

culture-

based

not 

performed spp. 13 fall 156 not specified calves whole 20.28

47

Ward  and 

Guevremont 2014 not specified

rectal 

collection PCR-based

other 

molecular 

method jejuni 0 not specified 20 not specified adult sub-group 0

47

Ward  and 

Guevremont 2014 not specified

rectal 

collection PCR-based

other 

molecular 

method jejuni 55 not specified 20 not specified adult sub-group 11

48

Watermann 

et al., 1984 not specified

rectal 

collection

culture-

based

not 

performed spp. 13 summer 74 healthy adult sub-group 9.62

48

Watermann 

et al., 1984 not specified

rectal 

collection

culture-

based

not 

performed spp. 51 winter 74 healthy adult sub-group 37.74

49

Wesley et 

al., 2000 1996

rectal 

collection

culture-

based PCR-based jejuni 39.5 spring 542 healthy adult sub-group 214.09

49

Wesley et 

al., 2000 1996

rectal 

collection

culture-

based PCR-based coli 1.5 spring 542 healthy adult sub-group 8.13

49

Wesley et 

al., 2000 1996

rectal 

collection

culture-

based PCR-based coli 1.8 all 2085 healthy adult sub-group 37.53

49

Wesley et 

al., 2000 1996

rectal 

collection

culture-

based PCR-based coli 1.9 summer 1543 healthy adult sub-group 29.317

49

Wesley et 

al., 2000 1996

rectal 

collection

culture-

based PCR-based jejuni 37.7 all 2085 healthy adult sub-group 786.045

49

Wesley et 

al., 2000 1996

rectal 

collection

culture-

based PCR-based jejuni 40.5 summer 1543 healthy adult sub-group 624.915

51 Hoque et al., 2021 2018-2020

rectal 

collection

culture-

based PCR-based spp. 30.9 not specified 540 not specified

cows, 

heifers and 

calves whole 166.86

51 Hoque et al., 2021 2018-2020

rectal 

collection

culture-

based PCR-based spp. 41.1 not specified 180 not specified adult sub-group 73.98

51 Hoque et al., 2021 2018-2020

rectal 

collection

culture-

based PCR-based spp. 28.3 not specified 180 not specified heifers sub-group 50.94

51 Hoque et al., 2021 2018-2020

rectal 

collection

culture-

based PCR-based spp. 23.3 not specified 180 not specified calves sub-group 41.94

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 54 all 90 not specified adult whole 48.6

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 27 winter 15 not specified adult sub-group 4.05

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 53 winter 15 not specified adult sub-group 7.95

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 53 winter 15 not specified adult sub-group 7.95

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 80 spring 15 not specified adult sub-group 12

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 67 spring 15 not specified adult sub-group 10.05

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 47 spring 15 not specified adult sub-group 7.05

53

Silveira et 

al., 2021 not specified

rectal 

collection

culture-

based PCR-based spp. 0.05 not specified 60 not specified adult whole 0.03

*event= Prevalence_in_population x Number_of_individual_cattle_sampled
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(3) aggregated 

 

  

ID Author

Publication_

year Study_year

Fecal_collec

tion_method

Detection_or

_quantificati

on_method_f

or_Campylo

bacter_spp.

Species_ind

entification_

method

Campylobac

ter_species

Prevalence_i

n_population

Which_seas

on_is_the_pr

evalence_rep

orted_for

Number_of_i

ndividual_cat

tle_sampled

Health_statu

s_of_cattle

Description_

age_class_o

f_cattle_sam

pled

Specific_out

come_report

ed_for_whole

_data_set_or

_sub_group event* rob_yes rob

1 Acha et al., 2004 1995

rectal 

collection

culture-

based phenotypic spp. 11 not specified 393 mixed calves whole 43.23 5 low

2

Acik and 

Centinkaya 2005 2003

rectal 

collection

culture-

based

PCR-based, 

flaA-typing, 

RFLP spp. 44 not specified 250 healthy adult whole 110 2 high

4

Adesiyun et 

al. 1992 1991

rectal 

collection

culture-

based phenotypic spp. 20.5 not specified 293 mixed calves whole 60.065 5 low

6

Adesiyun et 

al., 1996 not specified

rectal 

collection

culture-

based phenotypic spp. 5.7 not specified 333 not specified adult whole 18.981 3 high

7

Adhikari et 

al., 2004 2002

rectal 

collection

culture-

based

other 

molecular 

method jejuni 54 not specified 52 healthy adult whole 28.08 6 low

8

Atabay and 

Corry 1997 1995-1996

rectal 

collection

culture-

based phenotypic spp. 36 all 136 not specified

cows and 

calves whole 48.96 3 high

9

Baserisalehi 

et al. 2007 2006

rectal 

collection

culture-

based phenotypic spp. 21 not specified 121 healthy adult whole 25.41 2 high

10

Bianchi et 

al., 2014 2010-2012

rectal 

collection

culture-

based PCR-based jejuni 30.5 not specified 82 not specified adult whole 25.01 5 low

11 Cha et al., 2017 2012 not specified

culture-

based

PCR-based, 

WGS jejuni 58.6 not specified 58 not specified adult whole 33.988 3 high

12 Dong et al., 2016 2012-2014

rectal 

collection

culture-

based PCR-based jejuni 24.2 not specified 194 not specified adult whole 46.948 3 high

13

Duncan et 

al., 2013 not specified cow pat

culture-

based PCR-based fetus 9.5 not specified 4260 not specified adult whole 404.7 4 high

14

Englen et 

al., 2007 2002

rectal 

collection

culture-

based PCR-based spp. 51.2

not 

applicable 1435 not specified adult whole 734.72 3 high

15

Grinberg et 

al., 2005 2002

rectal 

collection

culture-

based phenotypic spp. 36 not specified 161 mixed calves whole 57.96 5 low

18 Hagey et al., 2019 not specified

rectal 

collection PCR-based

other 

molecular 

method spp. 31 not specified 150 not specified adult whole 46.5 6 low

19

Hakkinen 

and 

Hänninen, 2009 2006-2007 cow pat

culture-

based

other 

molecular 

method spp. 49.7 all 340 not specified adult whole 168.98 4 high

23

Giacoboni et 

al., 1993 not specified not specified

culture-

based phenotypic spp. 64.9 not specified 94 not specified

cows and 

calves whole 61.006 2 high

25

Kashoma et 

al. 2015 2013-2014 cow pat

culture-

based PCR-based spp. 35.4 not specified 192 not specified adult whole 67.968 3 high

26 Khalifa et al. 2013 not specified cow pat

culture-

based PCR-based jejuni 32

not 

applicable 50 not specified adult whole 16 2 high

27 Klein et al. 2013 2009-2010

rectal 

collection

culture-

based MALDI-TOF spp. 14.9

not 

applicable 382 mixed calves whole 56.918 7 low

28 Kwan et al. 2008 2003 cow pat

culture-

based PCR-based spp. 35.9 not specified 1208 not specified adult whole 433.672 5 low

29

McAuley et 

al. 2014

2013 and 

2014 not specified

culture-

based PCR-based spp. 6

not 

applicable 16 not specified adult whole 0.96 3 high

31

Messelhaeu

ser et al. 2008 2004 not specified

culture-

based PCR-based spp. 13 all 226 not specified not specified whole 29.38 6 low

35

Nielsen et 

al. 2002 1999

rectal 

collection

culture-

based

other 

molecular 

method spp. 32.2 not specified 332 not specified

cows, 

heifers and 

calves whole 106.904 2 high

37

Padungtod 

and 

Kaneene 2005 2000-2003 not specified

culture-

based PCR-based spp. 14 not specified 225 not specified not specified whole 31.5 2 high

39

Ramonait et 

al., 2013 2012

rectal 

collection

culture-

based PCR-based spp. 78.5 not specified 200 not specified

cows, 

heifers and 

calves whole 157 6 low

41 Roug 2012 2005 cow pat

culture-

based PCR-based jejuni 17 not specified 12 not specified adult whole 2.04 3 high

42 Sanad et al., 2013 2009 not specified

culture-

based PCR-based spp. 36.6 not specified 227 not specified adult whole 83.082 3 high

43 Sato et al., 2004 not specified cow pat

culture-

based

not 

performed spp. 27.9 all 1191 healthy

cows and 

calves whole 332.289 6 low

46

Watner-

Toews et al., 1986 1982

rectal 

collection

culture-

based

not 

performed spp. 13 fall 156 not specified calves whole 20.28 2 high

51 Hoque et al., 2021 2018-2020

rectal 

collection

culture-

based PCR-based spp. 30.9 not specified 540 not specified

cows, 

heifers and 

calves whole 166.86 7 low

52 Rapp et al., 2020 not specified cow pat

culture-

based PCR-based jejuni 54 all 90 not specified adult whole 48.6 6 low

53

Silveira et 

al., 2021 not specified

rectal 

collection

culture-

based PCR-based spp. 0.05 not specified 60 not specified adult whole 0.03 3 high

*event= Prevalence_in_population x Number_of_individual_cattle_sampled
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Table S2. Risk of bias. 

 
Question  yes No Uncle

ar 

1 Is information about the housing of cows given? 23 30 0 

2 Is information about the feeding of cows given? 18 34 1 

3 Is information about organic or conventional farming 
given? 

14 36 3 

4 Was information about the season weather months 
given when samples were taken? 

39 14 0 

5 Is information about any other adjustment variable 
given? 

29 23 1 

6 Was information given whether the cows were 
selected randomly for sampling? 

13 38 2 

7 Was the outcome reported for individual samples 
separately rather than pooled samples? 

43 9 1 

8 Was the whole sample included in the analysis? 3 4 46 

9 Were ISO Methods applied for the detection 
quantification of Campylobacter spp.? 

5 6 42 

10 Was the outcome reported for all relevant sub groups 
and the whole population studied? 

18 33 2 

 

  

Table S2. Risk of bias. 

9 Appendix 

Question yes No Uncle 
ar 

1 Is information about the housing of cows given? 23 30 0 
2 Is information about the feeding of cows given? 18 34 1 
3 Is information about organic or conventional farming 14 36 3 

given? 

4 Was information about the season weather months 39 14 0 
given when samples were taken? 

5 Is information about any other adjustment variable 29 23 1 
given? 

6 Was information given whether the cows were 13 38 2 
selected randomly for sampling? 

7 Was the outcome reported for individual samples 43 9 1 
separately rather than pooled samples? 

8 Was the whole sample included in the analysis? 3 4 46 
9 Were 1SO Methods applied for the detection 5 6 42 

quantification of Campylobacter spp.? 
10 Was the outcome reported for all relevant sub groups | 18 33 2 

and the whole population studied? 



 
127 9 Appendix 

9.2 Supplementary material of Publication 2 

 

Table S1. Detection limits of microorganisms. 

Detection 

limit 

microorganism faeces 

[CFU/ 

g] 

teats 

[CFU/ 

4 

teats] 

raw milk 

[CFU/ ml] 

milk filter 

[CFU/ milk 

filter] 

boot socks 

[CFU/2 

boot 

socks] 

milking 

cluster 

[CFU/ 4 

cups] 

quantitative Campylobacter 

spp. 

10 25 1 35 180 18 

quantitative E. coli 100 200 100 350 1800 180 

quantitative Pseudomonas 

spp. 

100 200 100 350 1800 180 

quantitative total aerobic cell 

count 

1000 20000 1000 3500 18000 1800 

enrichment Campylobacter 

spp. 

1 5 0.20 7 36 3.6 

 

 

Table S2. Concentration data for Campylobacter spp. in feces of individual cows per 

sampling. Zero indicates a positive sample in enrichment; negative samples are not 

included. 

Sampling date Cow_ID log_campy scoring 
consistency 
of faeces 

20.04.2021 4662 2.10 1 

20.04.2021 4660 1.26 1 

20.04.2021 4652 2.85 2 

20.04.2021 4658 2.32 2 

20.04.2021 4659 3.1 2 

20.04.2021 4320 1.7 2 

20.04.2021 6057 2.21 2 

04.05.2021 4320 2.55 2 

04.05.2021 6001 1.30 2 

04.05.2021 4658 0 2 

04.05.2021 4660 1.6 1 

04.05.2021 6057 2.21 2 

04.05.2021 4662 1.48 1 

04.05.2021 299 1.48 1 

04.05.2021 4659 2.04 2 

04.05.2021 4652 2.04 2 
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Table S1. Detection limits of microorganisms. 

Detection microorganism faeces teats raw milk  milk filter boot socks milking 
limit [CFU/ [CFU/ [CFU/ml] [CFU/ milk [CFU/2 cluster 

gl 4 boot [CFU/ 4 
teats] socks] cups] 

quantitative Campylobacter 10 25 1 180 18 
spp. 

quantitative E. coli 100 200 100 1800 180 

quantitative Pseudomonas 100 200 100 1800 180 
spp. 

quantitative total aerobic cell 1000 20000 1000 18000 1800 
count 

enrichment  Campylobacter 1 5 0.20 36 3.6 
Spp. 

Table S2. Concentration data for Campylobacter spp. in feces of individual cows per 

sampling. Zero indicates a positive sample in enrichment; negative samples are not 

included. 

Sampling date Cow_ID | log_campy | scoring 
consistency 
of faeces 

20.04.2021 4662 2.10 1 

20.04.2021 4660 1.26 1 

20.04.2021 4652 2.85 2 

20.04.2021 4658 2.32 2 

20.04.2021 4659 3.1 2 

20.04.2021 4320 17 2 

20.04.2021 6057 2.21 2 

04.05.2021 4320 2.55 2 

04.05.2021 6001 1.30 2 

04.05.2021 4658 0 2 

04.05.2021 4660 1.6 1 

04.05.2021 6057 2.21 2 

04.05.2021 4662 1.48 1 

04.05.2021 299 1.48 1 

04.05.2021 4659 2.04 2 

04.05.2021 4652 2.04 2 
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18.05.2021 4665 0 3 

18.05.2021 4320 2.87 2 

18.05.2021 6001 1.7 2 

18.05.2021 4658 2.79 2 

18.05.2021 4660 1.30 2 

18.05.2021 6057 2.21 3 

18.05.2021 299 4.19 3 

18.05.2021 4659 4.17 2 

18.05.2021 4652 3.09 2 

01.06.2021 4665 3.97 3 

01.06.2021 4320 2.16 2 

01.06.2021 6001 2.97 2 

01.06.2021 4658 2.5 2 

01.06.2021 4660 1.30 2 

01.06.2021 6057 3 2 

01.06.2021 299 2.24 2 

01.06.2021 4659 1 2 

01.06.2021 4652 2.74 2 

15.06.2021 4665 2.91 3 

15.06.2021 4664 2.56 3 

15.06.2021 4320 2.6 2 

15.06.2021 6001 2.51 2 

15.06.2021 4658 2 2 

15.06.2021 4660 2.37 1 

15.06.2021 6057 2.7 2 

15.06.2021 4662 2.85 2 

15.06.2021 299 2.65 2 

15.06.2021 4659 2.54 2 

15.06.2021 4652 4 2 

29.06.2021 4665 3.02 1 

29.06.2021 4664 0 3 

29.06.2021 4320 2.49 2 

29.06.2021 6001 1.66 2 

29.06.2021 4658 2.11 2 

29.06.2021 4317 2.5 3 

29.06.2021 4660 3.39 2 

29.06.2021 6057 2.23 2 

29.06.2021 4662 3.88 2 

29.06.2021 4659 1.86 2 

29.06.2021 4652 2.36 2 

13.07.2021 4665 2.26 2 

13.07.2021 4320 2.48 2 

13.07.2021 6001 2.37 2 

13.07.2021 4658 2.80 2 

13.07.2021 4317 2.28 2 

18.05.2021 4665 0 3 

18.05.2021 4320 2.87 2 

18.05.2021 6001 1.7 2 

18.05.2021 4658 279 2 

18.05.2021 4660 1.30 2 

18.05.2021 6057 221 3 

18.05.2021 299 4.19 3 

18.05.2021 4659 417 2 

18.05.2021 4652 3.09 2 

01.06.2021 4665 3.97 3 

01.06.2021 4320 216 2 

01.06.2021 6001 297 2 

01.06.2021 4658 25 2 

01.06.2021 4660 1.30 2 

01.06.2021 6057 3 2 

01.06.2021 299 224 2 

01.06.2021 4659 1 2 

01.06.2021 4652 274 2 

15.06.2021 4665 291 3 

15.06.2021 4664 2.56 3 

15.06.2021 4320 26 2 

15.06.2021 6001 251 2 

15.06.2021 4658 2 2 

15.06.2021 4660 237 1 

15.06.2021 6057 27 2 

15.06.2021 4662 2.85 2 

15.06.2021 299 2.65 2 

15.06.2021 4659 254 2 

15.06.2021 4652 4 2 

29.06.2021 4665 3.02 1 

29.06.2021 4664 0 3 

29.06.2021 4320 249 2 

29.06.2021 6001 1.66 2 

29.06.2021 4658 2.11 2 

29.06.2021 4317 25 3 

29.06.2021 4660 3.39 2 

29.06.2021 6057 223 2 

29.06.2021 4662 3.88 2 

29.06.2021 4659 1.86 2 

29.06.2021 4652 2.36 2 

13.07.2021 4665 226 2 

13.07.2021 4320 248 2 

13.07.2021 6001 237 2 

13.07.2021 4658 2.80 2 

13.07.2021 4317 228 2 
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13.07.2021 4660 2.49 2 

13.07.2021 6057 1.78 2 

13.07.2021 4662 2.3 2 

13.07.2021 299 1 2 

13.07.2021 4659 4.79 2 

13.07.2021 4652 2.16 2 

27.07.2021 4665 2 3 

27.07.2021 4320 2.60 2 

27.07.2021 6001 1.8 2 

27.07.2021 4658 2.43 3 

27.07.2021 4660 1.7 3 

27.07.2021 6057 1.85 2 

27.07.2021 4662 2.6 2 

27.07.2021 299 2.77 2 

27.07.2021 4659 3.6 2 

27.07.2021 4652 2.81 2 

10.08.2021 4665 3.81 3 

10.08.2021 4664 3.91 3 

10.08.2021 4320 2.21 3 

10.08.2021 6001 2.32 2 

10.08.2021 4658 2.88 2 

10.08.2021 4660 2.37 2 

10.08.2021 6057 2.11 2 

10.08.2021 4662 2.53 3 

10.08.2021 299 4.42 1 

10.08.2021 4659 3.32 3 

10.08.2021 4652 1 2 

24.08.2021 4665 4.6 2 

24.08.2021 4664 2.82 2 

24.08.2021 4320 4.41 2 

24.08.2021 6001 3 2 

24.08.2021 4658 2.41 2 

24.08.2021 4660 2.55 1 

24.08.2021 6057 2.95 3 

24.08.2021 4662 2.37 3 

24.08.2021 299 4.74 1 

24.08.2021 4659 3.28 2 

24.08.2021 4652 0 2 

07.09.2021 4665 3.74 2 

07.09.2021 4664 2.92 2 

07.09.2021 4320 2 2 

07.09.2021 6001 1.3 2 

07.09.2021 4658 2 3 

07.09.2021 4660 2.42 2 

07.09.2021 6057 1.9 2 

13.07.2021 4660 249 2 

13.07.2021 6057 1.78 2 

13.07.2021 4662 23 2 

13.07.2021 299 1 2 

13.07.2021 4659 4.79 2 

13.07.2021 4652 2.16 2 

27.07.2021 4665 2 3 

27.07.2021 4320 2.60 2 

27.07.2021 6001 1.8 2 

27.07.2021 4658 243 3 

27.07.2021 4660 17 3 

27.07.2021 6057 1.85 2 

27.07.2021 4662 26 2 

27.07.2021 299 277 2 

27.07.2021 4659 36 2 

27.07.2021 4652 2.81 2 

10.08.2021 4665 3.81 3 

10.08.2021 4664 391 3 

10.08.2021 4320 221 3 

10.08.2021 6001 232 2 

10.08.2021 4658 2.88 2 

10.08.2021 4660 237 2 

10.08.2021 6057 2.11 2 

10.08.2021 4662 253 3 

10.08.2021 299 4.42 1 

10.08.2021 4659 3.32 3 

10.08.2021 4652 1 2 

24.08.2021 4665 46 2 

24.08.2021 4664 2.82 2 

24.08.2021 4320 4.41 2 

24.08.2021 6001 3 2 

24.08.2021 4658 2.41 2 

24.08.2021 4660 255 1 

24.08.2021 6057 295 3 

24.08.2021 4662 237 3 

24.08.2021 299 474 1 

24.08.2021 4659 3.28 2 

24.08.2021 4652 0 2 

07.09.2021 4665 3.74 2 

07.09.2021 4664 292 2 

07.09.2021 4320 2 2 

07.09.2021 6001 13 2 

07.09.2021 4658 2 3 

07.09.2021 4660 242 2 

07.09.2021 6057 19 2 
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07.09.2021 299 3.65 3 

07.09.2021 4659 3.76 3 

07.09.2021 4652 2.36 2 

21.09.2021 4665 3.1 2 

21.09.2021 4664 2.19 2 

21.09.2021 4320 2.34 2 

21.09.2021 4658 2.34 3 

21.09.2021 4660 1.3 2 

21.09.2021 6057 4.88 2 

21.09.2021 4662 1.26 3 

21.09.2021 299 2 1 

21.09.2021 4659 3.74 2 

21.09.2021 4652 2.91 2 

05.10.2021 4665 3.24 2 

05.10.2021 4664 4.14 2 

05.10.2021 4320 2.5 2 

05.10.2021 4658 2.34 2 

05.10.2021 4660 1 2 

05.10.2021 6057 2.9 2 

05.10.2021 299 2.93 2 

05.10.2021 4659 3.06 2 

05.10.2021 4652 2.23 2 

19.10.2021 4665 2.42 2 

19.10.2021 4664 4.35 2 

19.10.2021 4320 2.49 2 

19.10.2021 4658 2.45 2 

19.10.2021 4660 1.66 2 

19.10.2021 6057 3.19 2 

19.10.2021 4662 2.46 2 

19.10.2021 299 2 2 

19.10.2021 4659 2.95 3 

19.10.2021 4652 2.5 2 

02.11.2021 4665 2.75 2 

02.11.2021 4664 2.67 3 

02.11.2021 4320 3 2 

02.11.2021 6001 2 2 

02.11.2021 4658 2.04 3 

02.11.2021 4660 1.48 3 

02.11.2021 6057 2.74 3 

02.11.2021 4662 2.56 1 

02.11.2021 299 3.28 2 

02.11.2021 4659 2.62 3 

02.11.2021 4652 2.55 2 

16.11.2021 4665 2.3 2 

16.11.2021 4664 3.68 2 

07.09.2021 299 3.65 3 

07.09.2021 4659 3.76 3 

07.09.2021 4652 2.36 2 

21.09.2021 4665 3.1 2 

21.09.2021 4664 2.19 2 

21.09.2021 4320 234 2 

21.09.2021 4658 234 3 

21.09.2021 4660 13 2 

21.09.2021 6057 4.88 2 

21.09.2021 4662 1.26 3 

21.09.2021 299 2 1 

21.09.2021 4659 3.74 2 

21.09.2021 4652 291 2 

05.10.2021 4665 324 2 

05.10.2021 4664 414 2 

05.10.2021 4320 25 2 

05.10.2021 4658 234 2 

05.10.2021 4660 1 2 

05.10.2021 6057 29 2 

05.10.2021 299 293 2 

05.10.2021 4659 3.06 2 

05.10.2021 4652 223 2 

19.10.2021 4665 242 2 

19.10.2021 4664 435 2 

19.10.2021 4320 249 2 

19.10.2021 4658 2.45 2 

19.10.2021 4660 1.66 2 

19.10.2021 6057 3.19 2 

19.10.2021 4662 2.46 2 

19.10.2021 299 2 2 

19.10.2021 4659 295 3 

19.10.2021 4652 25 2 

02.11.2021 4665 275 2 

02.11.2021 4664 267 3 

02.11.2021 4320 3 2 

02.11.2021 6001 2 2 

02.11.2021 4658 2.04 3 

02.11.2021 4660 1.48 3 

02.11.2021 6057 274 3 

02.11.2021 4662 2.56 1 

02.11.2021 299 3.28 2 

02.11.2021 4659 262 3 

02.11.2021 4652 255 2 

16.11.2021 4665 23 2 

16.11.2021 4664 3.68 2 
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16.11.2021 4320 3.34 2 

16.11.2021 6001 1.26 2 

16.11.2021 4658 2.39 2 

16.11.2021 4660 1.7 2 

16.11.2021 6057 2.76 2 

16.11.2021 299 2.07 1 

16.11.2021 4659 3 2 

16.11.2021 4652 2 2 

30.11.2021 4665 1.7 2 

30.11.2021 4664 3.32 3 

30.11.2021 4320 3.15 3 

30.11.2021 4658 1.86 3 

30.11.2021 4660 2.68 3 

30.11.2021 6057 5.92 3 

30.11.2021 299 3.13 2 

30.11.2021 4659 1.44 3 

30.11.2021 4652 2.07 3 

14.12.2021 4665 3 2 

14.12.2021 4664 2.71 2 

14.12.2021 4320 3.04 2 

14.12.2021 6001 2.37 3 

14.12.2021 4658 2.11 3 

14.12.2021 4660 1 2 

14.12.2021 299 2.81 3 

14.12.2021 4659 2.62 2 

11.01.2022 4665 1.7 1 

11.01.2022 4664 2.68 1 

11.01.2022 4320 2.61 2 

11.01.2022 4658 0 2 

11.01.2022 299 2.41 1 

11.01.2022 4659 1.85 2 

11.01.2022 6005 2.34 2 

25.01.2022 4665 1.3 2 

25.01.2022 4664 2.91 2 

25.01.2022 4320 3.21 2 

25.01.2022 299 2.86 1 

25.01.2022 4659 2.98 3 

25.01.2022 4652 1 2 

25.01.2022 6005 1.9 2 

08.02.2022 4665 2.19 2 

08.02.2022 4664 2.32 2 

08.02.2022 4320 2.44 2 

08.02.2022 4658 1.48 3 

08.02.2022 299 0 2 

08.02.2022 4659 1.6 2 

16.11.2021 4320 3.34 2 

16.11.2021 6001 1.26 2 

16.11.2021 4658 239 2 

16.11.2021 4660 1.7 2 

16.11.2021 6057 276 2 

16.11.2021 299 2.07 1 

16.11.2021 4659 3 2 

16.11.2021 4652 2 2 

30.11.2021 4665 1.7 2 

30.11.2021 4664 3.32 3 

30.11.2021 4320 3.156 3 

30.11.2021 4658 1.86 3 

30.11.2021 4660 2.68 3 

30.11.2021 6057 592 3 

30.11.2021 299 3.13 2 

30.11.2021 4659 1.44 3 

30.11.2021 4652 2.07 3 

14.12.2021 4665 3 2 

14.12.2021 4664 271 2 

14.12.2021 4320 3.04 2 

14.12.2021 6001 237 3 

14.12.2021 4658 211 3 

14.12.2021 4660 1 2 

14.12.2021 299 2.81 3 

14.12.2021 4659 262 2 

11.01.2022 4665 1.7 1 

11.01.2022 4664 2.68 1 

11.01.2022 4320 261 2 

11.01.2022 4658 0 2 

11.01.2022 299 2.41 1 

11.01.2022 4659 1.85 2 

11.01.2022 6005 234 2 

25.01.2022 4665 13 2 

25.01.2022 4664 291 2 

25.01.2022 4320 3.21 2 

25.01.2022 299 2.86 1 

25.01.2022 4659 298 3 

25.01.2022 4652 1 2 

25.01.2022 6005 19 2 

08.02.2022 4665 2.19 2 

08.02.2022 4664 232 2 

08.02.2022 4320 244 2 

08.02.2022 4658 1.48 3 

08.02.2022 299 0 2 

08.02.2022 4659 16 2 
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08.02.2022 4652 0 2 

08.02.2022 6005 2.11 2 

22.02.2022 4665 1.48 2 

22.02.2022 4664 2.03 3 

22.02.2022 4320 1.65 3 

22.02.2022 6001 2 2 

22.02.2022 4658 1.95 2 

22.02.2022 299 2.2 2 

22.02.2022 4659 1.6 2 

22.02.2022 4652 2.15 1 

22.02.2022 6005 2.19 2 

22.03.2022 4665 1.7 1 

22.03.2022 4664 2.79 2 

22.03.2022 4320 1.48 2 

22.03.2022 6001 1.6 2 

22.03.2022 4658 2 2 

22.03.2022 299 2.54 2 

22.03.2022 4659 2.82 3 

22.03.2022 6005 1.85 2 

05.04.2022 4665 2.07 1 

05.04.2022 4664 2.73 3 

05.04.2022 4320 2.51 2 

05.04.2022 4658 3.08 3 

05.04.2022 299 2.59 1 

05.04.2022 4659 2.81 2 

05.04.2022 6005 2.46 2 

 

 

Table S3. Concentration data for Campylobacter spp. on teat swab samples of 

individual cows per sampling. Zero indicates a positive sample in enrichment; negative 

samples are not included. 

Sampling date Cow_ID log_campy Scoring 

03.05.2021 4662 0 3 

17.05.2021 299 2 4 

17.05.2021 4659 0 2 

31.05.2021 6001 0 3 

14.06.2021 4652 0 3 

14.06.2021 4656 2.26 3 

14.06.2021 6077 2.15 2 

14.06.2021 4658 1.78 4 

14.06.2021 6074 0 3 

14.06.2021 6057 1.3 2 

14.06.2021 4659 2.26 3 

08.02.2022 4652 0 2 

08.02.2022 6005 2.11 2 

22.02.2022 4665 1.48 2 

22.02.2022 4664 2.03 3 

22.02.2022 4320 1.65 3 

22.02.2022 6001 2 2 

22.02.2022 4658 1.95 2 

22.02.2022 299 22 2 

22.02.2022 4659 16 2 

22.02.2022 4652 2.15 1 

22.02.2022 6005 219 2 

22.03.2022 4665 1.7 1 

22.03.2022 4664 279 2 

22.03.2022 4320 1.48 2 

22.03.2022 6001 16 2 

22.03.2022 4658 2 2 

22.03.2022 299 254 2 

22.03.2022 4659 282 3 

22.03.2022 6005 1.85 2 

05.04.2022 4665 2.07 1 

05.04.2022 4664 273 3 

05.04.2022 4320 251 2 

05.04.2022 4658 3.08 3 

05.04.2022 299 259 1 

05.04.2022 4659 2.81 2 

05.04.2022 6005 2.46 2 
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Table S3. Concentration data for Campylobacter spp. on teat swab samples of 

individual cows per sampling. Zero indicates a positive sample in enrichment; negative 

samples are not included. 

Sampling date Cow_ID | log_campy | Scoring 

03.05.2021 4662 0 3 

17.05.2021 299 2 4 

17.05.2021 4659 0 2 

31.05.2021 6001 0 3 

14.06.2021 4652 0 3 

14.06.2021 4656 2.26 3 

14.06.2021 6077 2.15 2 

14.06.2021 4658 1.78 4 

14.06.2021 6074 0 3 

14.06.2021 6057 13 2 

14.06.2021 4659 2.26 3 
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14.06.2021 4660 2.72 4 

14.06.2021 6005 2.3 3 

23.08.2021 299 1.86 3 

23.08.2021 4660 0 4 

23.08.2021 6005 0 4 

20.09.2021 6057 2.68 3 

20.09.2021 4665 1.6 4 

04.10.2021 299 0 2 

04.10.2021 4652 1.3 4 

04.10.2021 4662 0 3 

04.10.2021 4665 2.16 4 

18.10.2021 6001 1.6 2 

18.10.2021 4665 2.26 3 

18.10.2021 4320 1.6 2 

01.11.2021 4658 0 3 

29.11.2021 4659 0 3 

13.12.2021 4660 0 2 

10.01.2022 4652 0 3 

24.01.2022 4320 0 1 

07.02.2022 299 0 4 

21.02.2022 4320 0 3 

04.04.2022 6005 1.3 4 

04.04.2022 299 0 2 

04.04.2022 4317 0 2 

 

 

  

14.06.2021 4660 272 4 

14.06.2021 6005 23 3 

23.08.2021 299 1.86 3 

23.08.2021 4660 0 4 

23.08.2021 6005 0 4 

20.09.2021 6057 2.68 3 

20.09.2021 4665 16 4 

04.10.2021 299 0 2 

04.10.2021 4652 13 4 

04.10.2021 4662 0 3 

04.10.2021 4665 216 4 

18.10.2021 6001 16 2 

18.10.2021 4665 226 3 

18.10.2021 4320 16 2 

01.11.2021 4658 0 3 

29.11.2021 4659 0 3 

13.12.2021 4660 0 2 

10.01.2022 4652 0 3 

24.01.2022 4320 0 1 

07.02.2022 299 0 4 

21.02.2022 4320 0 3 

04.04.2022 6005 13 4 

04.04.2022 299 0 2 

04.04.2022 4317 0 2 
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9.3 Supplementary material of Publication 3 

 

 

Fig. S1. Recovery of non-culturable C. jejuni from raw milk. In total, two independent 

runs (dot or triangle symbol) in duplicates were performed. The dashed line represents 

the detection limit of 10 CFU/ml. 
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Fig. S1. Recovery of non-culturable C. jejuni from raw milk. In total, two independent 

runs (dot or triangle symbol) in duplicates were performed. The dashed line represents 

the detection limit of 10 CFU/mI.
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Table S1. Parameter estimates and goodness-of-fit† resulting from fitting different primary model equations to CFU data of survival of C. 

jejuni in inoculated raw milk. The parameter for the tail (LogNres) was set to a constant of -0.1. 

Strain Temp. 
(°C) 

Primary model equation 

  Geerard without shoulder 
(2 parameter) 

Bilinear 
(2 parameter) 

Geeraerd with shoulder and tail 
(3 parameter) 

Trilinear 
(3 parameter) 

  kmax RMSE R2 kmax RMSE R2 Sl kmax RMSE R2 Sl kmax RMSE R2 

DSM 4688 5 0.46 0.37 0.98 0.44 0.37 0.98 4.75 0.54 0.31 0.98 4.18 0.52 0.31 0.98 

 8 0.48 0.59 0.95 0.47 0.58 0.95 4.38 0.55 0.53 0.96 4.21 0.52 0.52 0.96 

 12 0.54 0.45 0.97 0.54 0.44 0.97 6.04 0.69 0.22 0.99 5.34 0.64 0.23 0.99 

BfR-CA-
18043 

5 0.25 0.49 0.96 0.25 0.49 0.96 15.93 0.39 0.32 0.98 15.21 0.36 0.33 0.98 

 8 0.26 0.97 0.85 0.26 0.96 0.85 20.89 0.77 0.86 0.88 13.36 0.35 0.89 0.87 

 12 0.37 0.57 0.95 0.37 0.57 0.95 8.43 0.49 0.47 0.96 6.66 0.44 0.47 0.96 

† Values obtained from the fit of all individual data points carried out at each temperature.  

RMSE: root mean square error; R2: determination coefficient. 
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Table S1. Parameter estimates and goodness-of-fit' resulting from fitting different primary model equations to CFU data of survival of C. 

Jjejuniin inoculated raw milk. The parameter for the tail (LogN..s) was set to a constant of -0.1. 

Strain Temp. | Primary model equation 

(°C) 

Geerard without shoulder Bilinear Geeraerd with shoulder and tail | Trilinear 
(2 parameter) (2 parameter) (3 parameter) (3 parameter) 

Kmax RMSE R? Kmax RMSE R? N Kmax RMSE | R? S Kax RMSE R? 

Dsm 4688 | 5 0.46 0.37 0.98 0.44 0.37 0.98 4.75 0.54 |0.31 0.98 4.18 0.52 | 0.31 0.98 

8 0.48 0.59 0.95 0.47 0.58 0.95 4.38 0.55 |0.53 0.96 4.21 0.52 | 0.52 0.96 

12 0.54 0.45 0.97 0.54 0.44 0.97 6.04 0.69 |0.22 0.99 5.34 064 |0.23 0.99 

1B£RUA%A’ 5 0.25 0.49 0.96 0.25 0.49 0.96 1593 |0.39 |0.32 0.98 15.21 | 0.36 | 0.33 0.98 

8 026 097 0.85 026 |096 0.85 20.89 |0.77 |0.86 |088 |13.36 |0.35 |0.89 0.87 

12 037 |057 0.95 037 |057 0.95 843 |0.49 |047 |096 |666 |044 |0.47 0.96 

*Values obtained from the fit of all individual data points carried out at each temperature. 

RMSE: root mean square error; R% determination coefficient.
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Table S2. Parameter estimates and goodness-of-fit† resulting from fitting different primary model equations to IPIU data of survival of C. 

jejuni in inoculated raw milk.  

Strain Temp. 
(°C) 

 

  Bigelow 
(1 parameter) 

Geeraerd without shoulder 
(2 parameter) 

Bilinear 
(2 parameter) 

Weibull 
(2 parameter) 

Biphasic 
(3 parameter) 

  kmax RMSE R2 kmax Log10Nres RMSE R2 kmax Log10Nres RMSE R2 ρ δ RMSE R2 𝑓 kmax1 kmax2 RMSE R2 

DSM 
4688 

5 0.02 0.17 0.51 0.22 4.63 0.11 0.79 0.04 4.6 0.11 0.79 0.21 568.82 0.07 0.92 0.67 0.28 0.005 0.11 0.81 

 8 0.01 0.18 0.36 0.07 5.31 0.17 0.45 0.03 5.32 0.17 0.42 0.41 470.05 0.04 0.96 0.53 0.09 0.003 0.17 0.45 

 12 0.02 0.16 0.51 0.35 5.14 0.11 0.77 0.03 5.05 0.12 0.74 0.21 800.5 0.08 0.88 0.59 0.55 0.008 0.09 0.82 

BfR-
CA-
18043 

5 0.01 0.21 0.21 0.27 4.63 0.15 0.64 0.04 4.6 0.16 0.55 0.14 2247.65 0.15 0.63 0.71 0.29 0.002 0.15 0.64 

 8 0.01 0.25 0.12 0.27 4.92 0.19 0.51 0.04 4.87 0.21 0.38 0.16 1098.85 0.19 0.50 0.67 0.45 0.006 0.2 0.44 

 12 0.02 0.25 0.29 0.96 5.0 0.14 0.78 0.04 4.94 0.22 0.44 0.07 14513.2 0.13 0.80 0.75 1.46 0.004 0.13 0.79 

† Values obtained from the fit of all individual data points carried out at each temperature.  

RMSE: root mean square error; R2: determination coefficient. 
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Table S2. Parameter estimates and goodness-of-fit' resulting from fitting different primary model equations to IPIU data of survival of C. 

Jjejuniin inoculated raw milk. 

Strain | Temp. 

(C) 

Bigelow Geeraerd without shoulder Bilinear Weibull Biphasic 
(1 parameter) (2 parameter) (2 parameter) (2 parameter) (3 parameter) 

kmex | RMSE | R? kmax | LogioNes | RMSE | R? kmax | LogioNes | RMSE | R? P 3 RMSE | R? f kmax1 | kmax2 | RMSE [ R? 

DSM |5 0.02 | 0.17 051|022 | 463 0.11 0.79 | 0.04 | 46 0.11 0.79 | 0.21 | 568.82 | 0.07 0.92 | 0.67 | 0.28 | 0.005 | 0.11 0.81 
4688 

8 0.01 | 0.18 0.36 | 0.07 | 531 0.17 045 | 003 | 532 0.17 042 | 041 | 470.05 | 0.04 0.96 | 0.53 | 0.09 |0.003 | 0.17 045 

12 0.02 | 0.16 051|035 | 514 0.11 0.77 | 0.03 | 5.05 0.12 0.74 | 0.21 | 800.5 0.08 0.88 | 0.59 | 0.55 | 0.008 | 0.09 0.82 

BfR- 5 0.01]0.21 021027 | 463 0.15 0.64 | 0.04 | 46 0.16 055 | 0.14 | 224765 | 0.15 0.63 | 0.71 | 0.29 |0.002 | 0.15 0.64 
CA- 
18043 

8 0.01]0.25 0.12 | 0.27 | 492 0.19 0.51 | 0.04 | 487 0.21 0.38 | 0.16 | 1098.85 | 0.19 0.50 | 0.67 | 0.45 | 0.006 | 0.2 044 

12 0.02 | 0.25 0.29 | 096 | 5.0 0.14 0.78 | 0.04 | 494 0.22 044 | 0.07 | 14513.2 | 0.13 080|075 | 1.46 | 0.004 | 0.13 0.79 

*Values obtained from the fit of all individual data points carried out at each temperature. 

RMSE: root mean square error; R% determination coefficient.
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Table S3. Estimated parameters for the linear secondary kmax model of C. jejuni strain 

BfR-CA-18043 and strain DSM 4688. Numbers in parentheses are 95% confidence 

intervals. 

Parameters Fitted values (for log10 mean kmax per trial) Fitted values (for all obtained log10 kmax 
estimates)  

BfR-CA-18043 DSM 4688 BfR-CA-18043 DSM 4688 

Intercept -0.6 (-0.79 - -0.41) -0.35 (-0.47 - -0.24) -0.6 (-0.74- - 0.44) -0.35 (-0.45 - -0.25) 

Slope 0.03 (0.01 - 0.05) 0.01 (0.00 - 0.03) 0.03 (0.00 – 0.04) 0.01 (0.01 – 0.02) 

RMSE 0.07 0.03 0.09 0.05 

 

 

Table S4. Estimated parameters for the linear secondary δ model of C. jejuni strain 

BfR-CA-18043 and strain DSM 4688. Numbers in parentheses are 95% confidence 

intervals. 

Parameters Fitted values (*for all obtained log10 δ estimates) 
 

BfR-CA-18043 DSM 4688 Combination of BfR-CA-
18043 and DSM 4688 

Intercept 3.07 (1.46 – 4.68) 2.83 (1.1 - 4.56) 2.95 (1.9 - 4.0) 

Slope 0.02 (-0.17 - 0.2) 0.028 (-0.17 - 0.22) 0.023 (-0.1 – 0.14) 

RMSE 0.74 0.8 0.44 
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Table S3. Estimated parameters for the linear secondary kna model of C. jejuni strain 

BfR-CA-18043 and strain DSM 4688. Numbers in parentheses are 95% confidence 

intervals. 

Parameters = Fitted values (for logio mean knax per trial)  Fitted values (for all obtained log o Kmax 
estimates) 

BfR-CA-18043 DSM 4688 BfR-CA-18043 DSM 4688 

Intercept  -0.6 (-0.79--041)  -0.35(-047--0.24) -0.6(-0.74--0.44) -0.35(-0.45--0.25) 
Slope 0.03(0.01-0.05) 0.01(0.00-0.03)  0.03(0.00-0.04)  0.01(0.01-0.02) 
RMSE 0.07 0.03 0.09 0.05 

Table S4. Estimated parameters for the linear secondary & model of C. jejuni strain 

BfR-CA-18043 and strain DSM 4688. Numbers in parentheses are 95% confidence 

intervals. 

Parameters = Fitted values (*for all obtained log:, & estimates) 

BfR-CA-18043 DSM 4688 Combination of BR-CA- 
18043 and DSM 4688 

Intercept  3.07 (1.46 — 4.68) 283 (1.1- 4.56) 295(1.9-40) 
Slope 0.02(-0.17-0.2) 0.028 (-0.17 - 0.22) 0.023 (-0.1-0.14) 
RMSE 0.74 038 0.44
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Table S5. Comparison of observed and predicted concentration at a specific time point (log10Nt) for C. jejuni CFU data in raw milk at 

different temperatures obtained by using the tertiary models for CFU data. 

     DSM 4688 derived model BfR-CA-18043 derived model 
     Log10 Nt (CFU/ml) Validation values Log10 Nt (CFU/ml) Validation values 
Refa Species Strain Temp. [°C] Time [h] Observe

d 
Predicte

d 
RMSE R2 Observed Predicted RMS

E 
R2 

1 C. jejuni DSM 4688 5 7 5.64 5.27   - - - - 
     5.43 5.20       
     5.64 5.51       
     5.48 5.39       
    25 3.87 1.08       
     2.88 1.00       
     1.74 1.31       
     2.10 1.19       
    31 2.28 -0.1       
     1.07 -0.1       
     0.30 -0.1       
     0.48 -0.1 1.30 0.57     

2 C. jejuni DSM 4688 5 18 5.21 2.56   - - - - 
     4.98 2.56       
     4.58 2.56       
     5.05 2.56       
     4.36 2.22       
    24 4.49 1.16       
     4.06 1.16       
     3.25 1.16       
    42 2.49 -0.1       
     2.30 -0.1       
     1.48 -0.1       
     1.87 -0.1       
     1.28 -0.1       
    48 0.60 -0.1       
     1.11 -0.1       
     0.48 -0.1       

9 Appendix 

Table S5. Comparison of observed and predicted concentration at a specific time point (logso\:) for C. jejuni CFU data in raw milk at 

different temperatures obtained by using the tertiary models for CFU data. 

DSM 4688 derived model BfR-CA-18043 derived model 
Logso N (CFU/ml)  Validation values  Logso N; (CEU/mI) Validation values 

Ref? Species Strain Temp. [°C] Time[h] Observe Predicte RMSE R? Observed Predicted RMS R? 
d d E 

1 C. jejuni DSM 4688 5 7 5.64 5.27 - - - - 
5.43 5.20 
5.64 5.51 
5.48 5.39 

25 3.87 1.08 
2.88 1.00 
1.74 1.31 
2.10 1.19 

31 2.28 -0.1 
1.07 -0.1 
0.30 -0.1 
0.48 -0.1 1.30 0.57 

2 C. jejuni DSM 4688 5 18 5.21 2.56 - - - - 
4.98 2.56 
4.58 2.56 
5.05 2.56 
4.36 222 

24 4.49 1.16 
4.06 1.16 
3.25 1.16 

42 2.49 -0.1 
2.30 -0.1 
1.48 -0.1 
1.87 -0.1 
1.28 -0.1 

48 0.60 -0.1 
1.1 -0.1
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    66 -0.1 -0.1       
     -0.1 -0.1       
     -0.1 -0.1       
     0.00 -0.1       
     -0.1 -0.1 1.88 0.99     

1 C. jejuni DSM 4688 8 7 5.46 5.40   - - - - 
     5.29 5.22       
    25 0.70 0.99       
     0.48 0.81 0.22 0.99     

1 C. jejuni DSM 4688 12 6 4.96 5.22   - - - - 
     4.96 5.38       
    9 4.94 4.44       
     4.84 4.60       
    24 0.48 0.50       
     0.60 0.66 0.30 0.98     

1 C. jejuni BfR-CA-18040 5 7 - - - - 5.75 6.00   
         5.64 5.85   
         5.74 5.82   
         5.18 5.86   
    25     4.58 4.56   
         4.01 4.41   
         3.49 4.38   
         2.63 4.42   
    31     2.32 3.60   
         2.24 3.44   
         2.29 3.41   
         2.30 3.45   

    49     1.36 0.71   
         0.78 0.56   
         1.51 0.53   
         0.90 0.57 0.86 0.74 

1 C. jejuni BfR-CA-18043 8 7 - - - - 5.82 6.00   
         5.71 5.83   
    25     5.00 4.01   
         4.84 3.84   
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66 -0.1 -0.1 
-0.1 -0.1 
-0.1 -0.1 
0.00 -0.1 
-0.1 -0.1 1.88 0.99 

1 C. jejuni DSM 4688 8 7 5.46 5.40 - - - - 
5.29 522 

25 0.70 0.99 
0.48 0.81 0.22 0.99 

1 C. jejuni DSM 4688 12 6 4.96 522 - - - - 
4.96 538 

9 4.94 4.44 
4.84 4.60 

24 0.48 0.50 
0.60 0.66 0.30 0.98 

1 C. jejuni BfR-CA-18040 5 7 - - - - 5.75 6.00 
5.64 5.85 
5.74 5.82 
5.18 5.86 

25 4.58 4.56 
4.01 4.41 
3.49 438 
263 4.42 

31 232 3.60 
224 3.44 
229 3.41 
2.30 3.45 

49 1.36 0.71 
0.78 0.56 
1.51 0.53 
0.90 0.57 08 074 

1 C. jejuni BfR-CA-18043 8 7 - - - - 5.82 6.00 
5.71 5.83 

25 5.00 4.01 
4.84 3.84
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    31     3.44 2.68   
         1.64 2.51   
    49     0.48 -0.1   
         -0.1 -0.1 0.68 0.99 

1 C. jejuni BfR-CA-18043 12 6 - - - - 5.36 5.58   
         5.53 5.56   

    9     5.32 5.58   
         5.46 5.56   
    24     3.02 2.85   
         2.73 2.83   
    30     1.00 0.81   
         0.60 0.79 0.17 0.99 

a References: (1) this publication (2) Wulsten et al., 2020. 

- Comparison between the two models was not performed. 
 

9 Appendix 

31 3.44 268 
1.64 251 

49 0.48 -0.1 
-0.1 -0.1 0.68 099 

1 C. jejuni BfR-CA-18043 12 6 - - - - 5.36 558 
5.53 5.56 

9 5.32 558 
5.46 5.56 

24 3.02 285 
273 283 

30 1.00 0.81 
0.60 0.79 0.17 099 

a References: (1) this publication (2) Wulsten et al., 2020. 
- Comparison between the two models was not performed.
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Table S6. Comparison of observed and predicted concentration at a specific time point 

(log10Nt) for C. jejuni IPIU data in raw milk at different temperatures obtained by using 

the tertiary model for IPIU data. 

     Log10 Nt (IPIU/ml) Validation 
values 

Refa Species Strain Temp. 
[°C] 

Time 
[h] 

Observed Predicte
d 

RMSE R2 

1 C. jejuni DSM 4688 5 7 4.60 4.45   
     4.56 4.47   
     4.75 4.76   
     4.68 4.28   
    25 4.43 4.32   
     4.52 4.34   
     4.53 4.63   
     4.64 4.15   
    31 4.38 4.30   
     4.25 4.32   
     4.66 4.61   
     4.23 4.13   
    49 4.35 4.25   
     4.59 4.27   
     4.52 4.56   
     4.44 4.08   
    73 4.44 4.20   
     4.43 4.21   
     4.34 4.50   
     4.42 4.02   
1 C. jejuni BfR-CA-18043 5 7 4.59 4.55   
     4.59 4.55   
     4.69 4.69   
     4.69 4.45   
    25 4.64 4.42   
     4.51 4.42   
     4.70 4.56   
     4.63 4.32   
    31 4.52 4.40   
     4.36 4.40   
     4.42 4.54   
     4.58 4.30   
    49 4.16 4.35   
     4.40 4.35   
     4.45 4.49   
     4.45 4.25   
    73 4.50 4.30   
     4.32 4.30   
     4.31 4.43   
     4.57 4.20   
2 C. jejuni DSM 4688 5 18 5.50 5.06   
     4.90 4.81   
     4.73 4.58   
     4.73 4.75   
     4.90 4.90   
    24 5.28 5.03   
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Table S6. Comparison of observed and predicted concentration at a specific time point 

(log1oN\:) for C. jejuni IPIU data in raw milk at different temperatures obtained by using 

the tertiary model for IPIU data. 

Logso N (IPIU/mI) Validation 
values 

Ref? Species Strain Temp. Time Observed Predicte RMSE R? 

[C] [h] d 
1 C. jejuni DSM 4688 5 7 4.60 4.45 

4.56 4.47 
4.75 4.76 
4.68 4.28 

25 4.43 4.32 
4.52 4.34 
4.53 4.63 
4.64 4.15 

31 4.38 4.30 
4.25 4.32 
4.66 4.61 
4.23 4.13 

49 4.35 4.25 
4.59 4.27 
4.52 4.56 
4.44 4.08 

73 4.44 4.20 
4.43 4.21 
4.34 4.50 
4.42 4.02 

1 C. jejuni BfR-CA-18043 5 7 4.59 4.55 
4.59 4.55 
4.69 4.69 
4.69 4.45 

25 4.64 4.42 
4.51 4.42 
4.70 4.56 
4.63 4.32 

31 4.52 4.40 
4.36 4.40 
4.42 4.54 
4.58 4.30 

49 4.16 4.35 
4.40 4.35 
4.45 4.49 
4.45 4.25 

73 4.50 4.30 
4.32 4.30 
4.31 4.43 
4.57 4.20 

2 C. jejuni DSM 4688 5 18 5.50 5.06 
4.90 4.81 
4.73 4.58 
4.73 4.75 
4.90 4.90 

24 5.28 5.03
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     4.63 4.78   
     4.43 4.55   
    42 5.26 4.96   
     4.39 4.71   
     4.35 4.48   
     4.32 4.65   
     4.85 4.80   
    48 5.33 4.95   
     4.29 4.70   
     4.43 4.47   
    66 5.20 4.91   
     4.45 4.66   
     4.38 4.43   
     4.81 4.60   
     4.73 4.75 0.31 0.45 

1 C. jejuni DSM 4688 8 7 5.18 4.86   
     5.27 5.34   
    25 5.09 4.77   
     5.03 5.25   
    31 5.06 4.75   
     5.07 5.23   
    49 5.03 4.71   
     5.05 5.19   
    73 4.90 4.67   
     4.97 5.15   
1 C. jejuni BfR-CA-18043 8 7 4.82 4.92   
     4.72 4.82   
    25 4.79 4.83   
     4.85 4.73   
    31 4.72 4.81   
     4.82 4.71   
    49 4.64 4.77   
     4.44 4.67   
    73 4.46 4.73   
     4.62 4.63 0.20 0.21 

1 C. jejuni DSM 4688 12 24 5.06 5.11   
     5.01 4.88   
    48 4.76 5.07   
     4.42 4.84   
    72 4.99 5.05   
     4.69 4.82   
1 C. jejuni BfR-CA-18043 12 24 5.08 5.08   
     4.71 4.88   
    48 4.83 5.04   
     4.41 4.84   
    72 4.90 5.02   
     4.74 4.82 0.22 -0.057 

a References: (1) this publication (2) Wulsten et al., 2020. 
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4.63 4.78 
4.43 4.55 

42 5.26 4.96 
4.39 4.71 
4.35 4.48 
4.32 4.65 
4.85 4.80 

48 533 4.95 
4.29 4.70 
4.43 4.47 

66 5.20 4.91 
4.45 4.66 
4.38 4.43 
4.81 4.60 
473 4.75 0.31 0.45 

1 C. jejuni DSM 4688 8 7 5.18 4.86 
5.27 5.34 

25 5.09 4.77 
5.03 5.25 

31 5.06 4.75 
5.07 523 

49 5.03 4.71 
5.05 5.19 

73 4.90 4.67 
4.97 5.15 

1 C. jejuni BfR-CA-18043 8 7 4.82 4.92 
4.72 4.82 

25 4.79 4.83 
4.85 473 

31 472 4.81 
4.82 4.71 

49 4.64 4.77 
4.44 4.67 

73 4.46 473 
4.62 4.63 0.20 0.21 

1 C. jejuni DSM 4688 12 24 5.06 511 
5.01 4.88 

48 4.76 5.07 
4.42 4.84 

72 4.99 5.05 
4.69 4.82 

1 C. jejuni BfR-CA-18043 12 24 5.08 5.08 
4.71 4.88 

48 4.83 5.04 
4.41 4.84 

72 4.90 5.02 
4.74 4.82 0.22 -0.057 

a References: (1) this publication (2) Wulsten et al., 2020.
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