Assessing the potential transmission of major Salmonella serotypes from chicken feed to humans in Belgium based on the national monitoring program (2010-2017)

Salmonella transmission in the chicken food chain
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Summary
Vertical and horizontal transmissions of Salmonella spp. along the food chain (FC) have been reported to play an important role in the contamination of foodstuffs and of humans. This study aims first to clarify to what extend some selected major Salmonella serotypes are represented along the chicken FC and potentially transmitted from feed to humans. Then to discuss if the sampling results of the Belgian National Salmonella monitoring program may be considered as proxy to predict possible dominant serotypes and trends in humans. 
By using results of this programme, this study tried to highlight statistically significant differences in yearly prevalences between broilers exit status and other matrices (e.g. feed, other chicken categories, foodstuffs). Then to show up statistically significant changes from year to year prevalences in broilers exit status and to look if these changes can also be observed in the other matrices. 
Results have showed significant differences in yearly prevalences. They also pinpointed that the prevalence for the same serotypes could significantly vary from year to year in broilers exit status but this variation was inconsistently observed in the other matrices. These observations do not support the assumption of significant vertical and horizontal bacterial transmission along the chicken FC. Results in the national program cannot be considered as proxy. Determining the contribution of contaminated animal feed to human illness is challenging as the interplay of many factors makes it difficult. Coupling the actual programme with network analysis, source attribution and genome sequencing would be a way to explore deeper the spread of Salmonella serotypes along the FC. Belgium has put efforts to decrease Salmonella Enteritidis and Salmonella Typhimurium prevalence along the FC, but attention should be also paid to other pathogens that could fill the vacant niche left as Salmonella infantis which prevalence has been increasing in some matrices.
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1. Introduction
Food-borne disease is defined as any disease resulting from the ingestion of food or water that have been contaminated by pathogenic bacteria, viruses and parasites (World Health Organisation, 2017). Among these hazards, the genus Salmonella is of important public health concern for both humans and animals in developed and developing countries (Whiley and Ross, 2015, Ranjbar et al., 2016, Djeffal et al., 2017). Nontyphoid salmonellosis is usually a self-limiting but life-threatening invasive infection may occur in high risk groups (i.e. young, old, pregnant, immunodeficient people) (Antunes et al., 2016). According to a European Union integrated control programme for food safety from the farm to the fork, the number of salmonellosis cases reported in Europe has decreased by 50% between 2004 and 2009 (European Food Safety Authority, 2014) and by 32% between 2008 and 2012 (Antunes et al., 2016). However Salmonella spp. still remains the second most frequently reported zoonosis, after Campylobacter, and the most frequent cause of human illness in Europe (European Food Safety Authority and European Centre for Disease Prevention and Control, 2017). In Belgium, salmonellosis annual notification rates have been stabilized in the past years at 25 confirmed cases per 100,000 inhabitants (around 3000 cases are annually reported) (European Centre for Disease Prevention and Control, 2019). The Belgian community incidence of salmonellosis has been estimated at 479 cases per 100,0000 inhabitants (confidence interval (CI) 95%: 286 – 791), which means 53707 (CI95% 32 023 – 88 575) symptomatic cases occurring annually in Belgium (Jacquinet et al., 2018). Salmonellosis constitutes an economic burden due to an increase in health services (direct costs). Indicatively, the annual cost in the United States in 2013 was estimated at USD $3 666 600 031 (United States Department of Agriculture Economic Research Service, 2014). Furthermore, it leads to loss of productivity of diseased people and damage to the animal market (indirect costs) (Welby et al., 2011).
Poultry meat and eggs constitute a major source of protein for humans (Food and Agriculture Organization of the United Nations, 2010), but are also a major reservoir of Salmonella. Chicken and turkey are frequently Salmonella healthy-carriers, explaining why the disease tends to be unnoticed in farms, to easily spread within herds and flocks and to be subsequently transmitted through the food chain and infect humans by consumption of contaminated food (Andino et al., 2014). Several studies have indicated a horizontal transmission between Salmonella contaminated animal feed, infected animals and human salmonellosis (Crump et al., 2002, Hald et al., 2012, Bucher et al., 2007). Vertical transmission, from the breeders to eggs and chicks, also plays an important role in the contamination of poultry  (Namata et al., 2009). To tackle contamination and to decrease pathogen prevalence along the animal production chain, Belgium follows the European Salmonella control programme according to the European Regulation 2160/2003/EC (European Union, 2003). The purpose of this programme is to concretely fight against horizontal transmission of Salmonella spp. in all production stages and to also reduce vertical transmission, especially for the Salmonella serotypes Enteritidis and Typhimurium. This is achieved by breeders and  layers vaccination (not in broilers because of their short life expectancy)(Namata et al., 2009). To achieve its purpose, this programme imposes sampling from feed to food, laboratory Salmonella isolation and typing and adequate measures in case of non-compliant results to reduce Salmonella spread to humans. According to the Directive 2003/99/EC, Belgium also reports cases of human salmonellosis  (European Union, 2003). However, these data have never been analyzed together. Therefore, the aim of this study was to perform statistical analysis of the Belgian National Salmonella monitoring programme data in order to understand how Salmonella was potentially horizontally or vertically transmitted along the poultry food chain and if the program may be used as a proxy to predict possible serotype distribution and trends in humans. 

2. Materials and methods
2.1. Data sources
 Data from the official Salmonella monitoring program for Belgium (2010-2017) to comply with EU regulations and carried out by the Federal Agency for the Safety of the Food Chain (FASFC) were used to monitor sampling results of Salmonella in the food chain (FC). This monitoring included sampling in different components of the poultry FC (feed, broilers day-old (broilers in), broilers exit status (broilers out), layers day-old (layers in), layers in production, breeders day old, breeders in production, chicken meat at slaughter (carcasses), chicken food products, eggs and eggs products). Data from the National Reference Centre for Salmonella were collected to monitor the annual number of human salmonellosis cases reported cases in Belgium from 2010 to 2017. In this study, all these components were called ‘matrices’.

2.2. Broilers
Samples were taken in accordance with the European Regulations 2160/2003/EC (European Union, 2003) and 200/2012/EU (European Union, 2012) and with the Belgian Royal Decree of 27 April 2007 (Ejustice, online) on the control of salmonella in poultry which Decree imposes compulsory sampling (faeces) of one day-old chicks (broilers in) and one more sampling in the last three weeks before slaughter (broilers out) in all flocks for the farms with more than 5000 birds and those willing to trade their meat. 

2.3. Layers
Faeces were taken in accordance with the European Regulations 2160/2003/EC and 517/2011/EU (European Union, 2011a) and with the Belgian Royal Decree of 27 April 2007 (Ejustice, online) on the control of salmonella in poultry for laying hens of Gallus gallus, imposing that all laying hen flocks on farms with at least 200 laying hens must be involved in the Salmonella control programme. Flocks are sampled by the farmers at the age of one day-old chicks (layers in), 16 and 24 weeks (not included in this study), every 15 weeks during production and in the last 3 weeks of production (layers production).

2.4. Breeders production
Adult breeder flocks that include separate elite, grandparent and parent flocks were sampled (faeces) every 2 weeks. During the production period, sampling was performed using boot swabs in accordance with the provisions of the Regulation 200/2010/EU (European Union, 2010) and with the Royal Decree of 27 April 2007 on the control of salmonella in poultry (Ejustice, online). 

2.5. Chicken meat at slaughterhouse, chicken food products at retail, eggs and eggs products
The FASFC selected for this national monitoring programme at least 200 Belgian slaughterhouses and at least 100 retail points, representative of the Belgian production of carcasses and meat. Bacteriological analysis of chicken carcasses and meat is imposed by the Regulations 2073/2005/EC (European Union, 2005) and 1086/2011/EU (European Union, 2011b) and was performed as described in these Regulations. Eggs collected in flocks and ready-to-eat egg products were also included in this sampling, following the Regulations 178/2002/EC and  2073/2005/EC (European Union, 2002, European Union, 2005).
2.6. Chicken feed 
Microbiological testing for the detection of Salmonella in compound feeding stuffs and in raw materials were performed in the FASFC laboratories, as imposed by European legislation (767/2009/EC)(European Union, 2009). The sampling methodology was described in the Regulation 152/2009/EC, and transposed in the Belgian legislation with the Royal Decrees of 01 March 2009 and 20 September 2012. The database provided by the FASFC was cleaned to keep only feed samples that could be consumed by chicken (cereals, ovoproducts, fish meal). 

2.7. Humans
In Belgium, surveillance of human salmonellosis is based on peripheral clinical laboratories that collect Salmonella isolates from human patients and send them voluntarily to the National Belgian Reference Centre (NRC) for Salmonella and Shigella (Ceyssens et al., 2015). In this study, the epidemiological unit was the confirmed case of salmonellosis reported by the NRC. 

2.8. Laboratory analysis
 All animal and feed samples were analyzed in accredited and by the FASFC approved laboratories within 48 hours. Salmonella isolation was performed according to the standard bacteriological method ISO 6579:2017 using Modified Semi-solid Rappaport Vassiliadis. Other samples were tested in the regional laboratories of FAFSC or in the national reference laboratory (Sciensano), all accredited ISO/IEC 17025 and using the ISO 6579:2017 as detection and isolation method for Salmonella. 
All isolated strains were then sent to the national reference centre (NRC) of Sciensano ISO 15189/ ISO 17025 accredited for serotyping following the Kauffmann-White scheme (Grimont and Weill, 2007). Final results were binary expressed by sample and serotype :positive or negative.

2.9. Statistical analysis
2.9.1. Inclusion criteria
Analyses were only conducted for the major Salmonella serotypes considered of interest for Belgium. These serotypes were selected amongst the five most prevalent serotypes in broilers out or in layers production flocks and isolated during minimum four consecutive years during the study period (2010 to 2017).

2.9.2. Descriptive analysis
Data from 2010 to 2017 were prepared and merged. The epidemiological unit was a sample or a human case, except for live animals that was a flock. A flock is defined as a “group of chickens from the same hatchery, belonging to the same herd, with the same sanitary and immune status, reared in the same room or barn, and having the following common characteristics: species, category (breeders, production), type (laying, broiler), stage of production (age), sanitary status” (Namata et al., 2009). A flock was considered positive the moment one or more samples of that particular flock were tested positive for Salmonella. If different serotypes were isolated more than once in the same flock, the flock was considered positive only once. Prevalences and 95% confidence intervals (CI) were computed using a generalised linear model (SAS 9.3 software (SAS Institute Inc., Cary, NC, USA)).

2.9.3. Statistical comparisons in yearly prevalences between broilers out and other matrices
The hypothesis was if major vertical or horizontal transmission occurs, annual prevalences between broilers out and other matrices for the serotypes of interest should not significantly differ.
 Fisher exact t-test was used in SAS 9.3 software to compare prevalences. A difference characterized by a p-value <0.05 was considered as statistically significant. For humans, frequencies were calculated as the sum of the reported cases on the whole Belgian population (current Belgian population estimated at eleven million inhabitants). If no Salmonella serotypes were isolated in the sample (prevalence=0), Fisher t-test was not performed because the division by 0 is not relevant.

To help for the interpretation, the proportions of non-statistically significant t-test results were calculated by serotype and by matrix. To do so, p-values >0.05 or with prevalences equal to zero in both matrices were coded as 1, while p-values <0.05 or with prevalence equal to zero in one matrix were coded as 0. These values (1/0) were summed and divided by the study duration (in years) to get a 'mean proportion of statistically significant results by serotype. Following, the mean proportions of statistically significant results by matrix were also calculated.

2.9.4. Odds ratio within and between matrices from year to year
The hypothesis was if vertical or horizontal transmission occurs, significant decreases or increases in prevalences from year to year for the serotypes of interest in broilers out should also be observed in other matrices. To do so, univariate logistic regression in SAS 9.3 software was first carried out within broilers out flocks to compare year to year prevalences. If statistically significant differences were observed (odds ratio excluding 1) then it was looked up if similar significant trends were also be observed in the other matrices for the same period of time calculation was achieved only if prevalence was higher than zero.

3. Results
3.1. Sampling
The number of samples collected and serotyped from 2010 to 2017 is presented in Table I. 

3.2. Statistical analysis
3.2.1. Inclusion criteria: serotypes of interest
S. Agona, S. Enteritidis, S. Derby, S. Infantis, S. Paratyphi B var. Java (S. Java), S. Livingstone, S. Minnesota, S. Rissen, S. Senftenberg, S. Typhimurium (including monophasic strains S.1,4,[5],12:i:-) fulfilled the inclusion criteria, as described in the Material and methods section, and were therefore considered as serotypes of interest (figure 3, figure 4).

3.3. Descriptive analysis
3.3.1. Chicken feed 
Many different serotypes were isolated from feed but with low prevalences, generally less than five positive samples per serotype per year (figure 1). From 2012 to 2016, S. Livingstone was the most frequently isolated strain, followed by S. Cerro and S. Infantis. However, the prevalences of S. Livingstone remained extremely low, ranging from 0.38 % (CI:  0.21%-0.67%) in 2014 to 0.09% (CI: 0.03%-0.027 %) in 2016. S. Infantis was not isolated in 2012 but its prevalence increased from 2013 and became the most prevalent strain from 2016 onwards. S. Java has never been isolated in feed.

3.3.2. Broilers in
S. Minnesota was the most prevalent serotype in 2011 and 2012 but prevalence continuously decreased until 2016 (no positive flock in 2016). S. Enteritidis was the most frequent serotype from 2013 to 2015 but it was not isolated in 2011 and 2016. S. Agona, S. Java and S. Rissen have never been isolated (figure 2).

3.3.3. Broilers out
The most prevalent serotypes in 2010 were S. Senftenberg, S. Java, S. Minnesota, S. Rissen, S. Typhimurium but their prevalences decreased - by more than 55% for S. Senftenberg, S. Rissen and S. Typhimurium between 2010 and 2013. Even if prevalences increased in 2016 or in 2017 for S. Livingstone (+0.21%), S. Java (+0.26%) and S. Minnesota (+0.15%), they remained lower than in 2012. On the opposite, from 2010 to 2013, S. Infantis showed relatively low prevalences (around 0.1%) compared to the other serotypes but prevalences constantly increased from 2013 to 2017, with a peak in 2016 (0.73%; 95% CI:  0.58%-0.92%) and became the most prevalent serotype from 2015 to 2017 (figure 3). 

3.3.4. Layer 1 day old chicks 
All flock were negative excepted in 2013 (n=1 S. Agona, n=1 S. Typhimurium) and in 2017 (n=1 S. Kedougou). 

3.3.5. Layers production
Compared to broilers out, prevalences of S. Enteritidis and S. Infantis were higher in layers production status. S. Enteritidis was the most frequently isolated strain until 2015 since then it was S. Infantis. S. Java has never been isolated (figure 4).

3.3.6. Breeders production
S. Typhimurium, S. Senftenberg, S. Enteritidis and S. Infantis have been the most prevalent serotypes isolated in flocks but no clear domination along the years. In 2017, prevalence of S. Agona increased (+ 0.014%) compared to 2016. S. Rissen has never been isolated (figure 5).

3.4. Chicken meat at slaughter 
S. Infantis was the serotype that prevalence increased the most from 2013 to 2017. Its prevalence was 0% in 2013, 0.22% (95% CI: 0.06%-0.89%) in 2014, 1.58% (95% CI: 0.94%-2.65%) in 2015, 4.54% (95% CI: 3.35%-6.14%) in 2016 and 4.99% (95% CI: 3.67%-6.77%) in 2017 (figure 6). It was the most frequent isolated strain in 2016 and in 2017.
Prevalence of S. Java increased from 2012 to 2014 to become the most frequent strain in this matrix for the 2012-2015 period but was stabilized below 2% since 2015. Prevalences of all other serotypes were under 1%, except S. Agona in 2015.

3.5. Chicken meat at retail
Seven serotypes of interest were isolated in this matrix but without continuity along years. S. Infantis is the serotype that has reached the most frequently the top prevalence (2013, 2016 and 2017). S. Derby, S. Minnesota, S. Senftenberg have never been isolated (figure 7).

3.6. Eggs and ovo-products
 Only years 2013 (n= 1 S. Typhimurium), 2014 (n=2 S. Typhimurium monophasic 4,5,12:i:- ) and 2016 (n=1 S. Enteritidis) presented positive samples.

3.7. Human cases
S. Typhimurium and S. Enteritidis were clearly the two serotypes the most often reported in humans. S. Infantis was the third most frequent reported serotype, with an increasing report from 2011 to 2015 (+37 cases) but a decrease from 2015 to 2017 (-26 cases). S. Derby reported cases have globally continuously increased since 2010 and its prevalence was higher than S. Infantis’ in 2017 (figure 8).

3.8. Statistical comparisons in yearly prevalences between broilers and other matrices 
Several significant differences were found in yearly prevalences between broilers out and other matrices (table II). In average, 40% of prevalences between broilers out, feed, layers production and 25% of prevalences between broilers out and in broilers in, meat at slaughter, meat at retail not differ significantly. All prevalences in humans were statistically significantly lower than prevalences observed in broilers out.
Analysis by matrix and by serotype showed that 87% of the prevalences between S. Livingstone in feed and in broilers out did not significantly differ. This proportion was 75% for S. Agona in feed, S. Senftenberg and S. Typhimurium in layer production. Other proportions were lower.

Descriptive analysis showed that S. Infantis prevalences increased in feed (2016-2017), in broilers out (2015-2017), in layers production (2016-2017) and in meat at slaughter (2015-2017). In table II there was no statistical significant difference in S. Infantis prevalence between broilers out and layers production from 2015 to 2016 but prevalence was significantly higher in layers production in 2010, 2013, 2014 and 2017. S. Infantis prevalences were also significantly higher in meat than in broilers out from 2015 to 2017. In broiler in, S. Infantis prevalences were significantly lower than in broilers out for all years.
In layer production S. Enteritidis was the most prevalent serotype from 2010 to 2015, and S. Enteritidis prevalences in layers production were significantly higher than in broilers out during the eight years study. 
 In broilers in and in meat at slaughter and at retail, prevalences were often 0% for the serotypes of interest and it was not always possible to make statistical comparisons between consecutive years.  Meat at slaughter presented significantly higher prevalences than broilers out for S. Agona and for S. Infantis (2015 to 2017) and for S. Java (2013 to 2017). As prevalences in layers in and eggs/eggs product were 0% (or close to 0%) it may be assumed that prevalence was statistically significantly higher in broilers out.

3.9. Odds ratio within and between matrices from year to year comparison
Based on odds ratio, prevalences from year to year within broilers out showed statistically significant increases in S. Enteritidis (2017 vs 2016), S. Infantis (2014 vs 2013, 2016 vs 2015), S. Livingstone (2017 vs 2016), S. Minnesota (2012 vs 2011, 2017 vs 2016), S. Typhimurium (2016 vs 2015). It also showed statistically significant decreases in S. Agona (2016 vs 2015), S. Derby (2014 vs 2013), S. Minnesota (2013 vs 2012), S. Java (2013 vs 2012), S. Rissen (2013 vs 2012), S. Senftenberg (2011 vs 2010, 2012 vs 2011), S. Typhimurium (2013 vs 2012 and 2017 vs 2016) (figure 9).

No significant difference in prevalence with broilers out between two consecutive years were highlighted in S. Agona and S. Infantis in meat at slaughter (2016 vs 2015), S. Senftenberg and S. Typhimurium in humans (2011 vs 2010; 2013 vs 2012 respectively). However, statistically significant opposite trends were detected in S. Enteritidis and S. Typhimurium in humans (2017 vs 2016 and 2016 vs 2015 respectively). Other trends were observed but were not statistically significant (table III).

4. Discussion 
Contaminated poultry meat, eggs and eggshells have been identified as one of the major causes of foodborne Salmonella worldwide (Whiley and Ross, 2015, Kalaba et al., 2017). To limit the vertical and horizontal transmission of Salmonella, a control programme is in place in every EU Member States. This programme includes mandatory vaccination of layers, sampling, laboratory isolation and typing, and control measures to reduce the Salmonella prevalence in case of non-compliant results. In the current study, results from eight years (2010-2017) of the Belgian Salmonella programme in the chicken food chain were analysed. To the authors’ knowledge, there is only one study published (Skarżyńska et al., 2017) describing the distribution of Salmonella serotypes along the food chain at national level. However, this analysis was restricted to prevalence description.
The descriptive and statistical analyses highlighted that the prevalences of the selected serotypes vary in a statistically significant way between and within matrices, which is not in favour of a massive vertical and horizontal bacterial transmission. By consequence, determining the overall contribution of contaminated animal feed to human illness, relative to other sources of contamination, is difficult. Reasons are that many factors (e.g. control measures in case of non-compliant testing, sampling method, technological pressure like temperature, competiting micro-flora, external contamination) are interplaying and make it difficult to understand how bacteria are introduced, become dominant and are transported along the food chain.  Here a listed potential reasons by matrix why prevalences vary along the food chain. 
· In feed, once it is ingested, factors like animal age and genetic susceptibility, stress, illness, level of pathogen exposure and virulence of the organism, play an important  role to help the most adapted strain to become dominant in the gut (Jones, 2011; Alali and Hofacre, 2016). Sampling strategy also gives a biased picture over the real prevalence. Organisms are not uniformly distributed in feed and might be damaged that makes the isolation and detection more difficult. Microbiological and molecular laboratory methods are also more limited regarding their detection in dry sample matrix (Alali and Hofacre, 2016). Finally aseptic sample collection, which is difficult in practice, is also pointed out to be essential in the assessment of the true prevalence (Jones, 2011). 
· Breeders have been often identified as the original source for the  vertical transmission of contamination to the final product (Van Der Fels-Klerx et al., 2008; Chriél et al., 1999; Skov et al., 1999; Alali and Hofacre, 2016; Liljebjelke et al., 2005; Crabb et al., 2018). In Belgium, once a flock is positive, strict procedures are followed to directly eliminate the bacteria (e.g. cleaning and disinfection, followed by hygienograms), that can explain why Salmonella spp. prevalence in Belgian breeders is very close to zero. This process has probably helped to guarantee relative absence of Salmonella vertical transmission to one day old chicks and to the rest of the food chain. Salmonella spp. contamination found in production animals may be due to introduction or recontamination in the poultry units after cleaning and disinfection by feed, humans, domestic, wild and feral animals, birds, insects, contaminated equipment or water  (Chousalkar et al., 2018, Luyckx, 2016, Marin et al., 2011). Then the bacteria can further spread within and between holdings through movements of people, vehicles and equipment (Cerdà-Cuéllar et al., 2019, Velhner et al., 2018). In addition to strict biosecurity measures, cleaning and disinfection need to be perfectly implemented as Salmonella spp. can survive for long periods in the environment (Luyckx, 2016). 
· Regarding slaughterhouse, transmission of Salmonella spp. to broiler carcasses was reported to be a main determinant for contamination of the end-product (Heyndrickx et al., 2002). However, in the current study, prevalences significantly differed for the high majority of serotypes between broilers out and carcasses at slaughter and at retail even if few days separate the two last samplings. A first possible explanatory factor is the time of feed withdrawal (8 to 12 hours pre-slaughter), a common practice used to reduce the amount of faeces in the birds’ crop and gut. The birds search for feed during this period and consume contaminated litter, which may result in crop and caeca pathogen contamination (Alali and Hofacre, 2016). In this litter, Salmonella serotypes are present, which are different from those found in feed and in the broilers’ gut and are adapted to the pH found in the crop (Alali and Hofacre, 2016). A solution for this at farm level could be to move the birds from that litter or to reduce the period of feed withdrawal. Prevention strategies have centred around approaches that either provide nutrients to sustain the crop lactic acid bacteria or supplement with external antimicrobial compounds that simulate the preventative nature of the crop (Maciorowski et al., 2006). A second explanatory factor is the technological procedures at slaughter. Faeces from contaminated flocks could infect the slaughter line (Olsen et al., 2003, Rasschaert et al., 2007) and contaminate other Salmonella-free carcasses during several days as the pathogen could survive well at refrigeration temperatures (Bucher et al., 2007, Mouttotou et al., 2017). Since carcass disinfectants are prohibited in the EU, a logistic and scheduled slaughter plan should be put in place as well as cleaning of transport trucks (Mouttotou et al., 2017), in order to avoid any carry over during processing. 

As observed previously (Hald et al., 2012, Simpson et al., 2018), the results of this study show that the most frequently occurring serotypes in humans (S. Typhimurium and S. Enteritidis) are rarely isolated from animal feedstuffs and foodstuffs. However, the true prevalence of other serotypes may be underestimate, probably due to lower infectivity and virulence of the other serotypes in humans and because most mild cases do not require medical attention and aetiological diagnoses are rarely made (Chironna et al., 2014). It should also be noted that this study did not make a distinction between the different sources of contamination (other than poultry) for the human case. S. Typhimurium  in humans  is mostly attributed to pork, in which S. Typhimurium is the dominant serotype (European Food Safety Authority, 2019). However, even if prevalence of S. Enteridis and S. Typhimurium in layer production and eggs/egg products are low in Belgium according to the results of our study, contamination to humans may be more significantly attributed to broilers. That is because Salmonella spp. carrier chickens infect a limited number of consumers by meat, whereas layers have the potential to infect a much higher number of consumers via eggs. Unsafe food practices associated with eggs may increase the risk of human salmonellosis (Simpson et al., 2018). 

S. Infantis is a Salmonella serotype with mandatory notification to the European Food Safety Agency (EFSA). It is one of the five most common Salmonella serotypes worldwide but is not considered as significant in foodborne infections compared to S. Enteritidis and S. Typhimurium (Yokoyama et al., 2019). However, in Belgium, the prevalence of S. Infantis was multiplied by 9 from 2013 to 2017 in broilers out. It was the most frequently isolated serotype in broilers out, layer production and in feed since 2015 in this study. A possible explanation may be that the vaccination using live vaccines are targeting S. Enteritidis and S. Typhimurium induces a serotype replacement by other serotypes, not covered by vaccination, such as S. Infantis (Skarżyńska et al., 2017). Besides vaccination, other measures like improving biosecurity and hygiene along the whole food chain, could be implemented, not only for the EFSA target serotypes, but also for other Salmonella serotypes and other pathogens that could emerge.

5. Conclusion
This study does not support the assumption of significant vertical and horizontal bacterial transmission along the chicken food chain. Determining the overall contribution of contaminated poultry to human illness is difficult as many interplaying factors make difficult to understand how bacteria are introduced, become dominant and are transported along the food chain.
The current control programme should not be limited to sampling only, that offers a snapshot of the Salmonella prevalence, without any idea of the possible transmission pathway but combined with network analysis, molecular typing methods and source attribution to explore specifics of spread of particular Salmonella serotypes along the food chain and to set priorities for prevention and control strategies.
Finally, the Belgium and other EU countries have been targeting principally S. Enteritidis and S. Typhimurium by using vaccination, but attention should be accorded to other pathogens that could fill the vacant niche left.
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