
  Now that we understand what pathogens are, let’s focus on foodborne pathogens. A pathogen is considered foodborne when it is transmitted to humans through the consumption of contaminated food or beverages. It is classified as foodborne if it has been (repeatedly) reported as a causative agent in a foodborne outbreak or if multiple individual reported cases could be attributed to food consumption.


  In this chapter, we aim to answer the following questions:


  –How do foodborne pathogens end up in our food? What are the transmission routes?


  –How do we monitor and detect foodborne outbreaks?


  –What is the burden of disease caused by foodborne pathogens?


  2.1Transmission routes


  The main transmission route for foodborne pathogens is by eating specific foods (of animal or plant-based origin). However, the same pathogen can also be transmitted through other sources like environmental exposure (e.g., waterborne transmission), direct contact with animals, and human-to-human contact (Figure 11). So, foodborne pathogens can infect humans via routes beyond food. For example, exposure to these pathogenic microorganisms can occur during holiday and leisure activities. For instance, for Campylobacter spp., next to the foodborne route also waterborne transmission, due to swimming in lakes or seawater is a well-known route.


  
    Figure 11. Major transmission routes for enteric pathogens


    [image: Image16]

  


  While traveling to other countries is not a direct transmission route, it can be a risk factor for food poisoning, but this depends on the destination. For a single reservoir, there may thus be different transmission routes (Figure 11).


  The main reservoir for zoonotic foodborne pathogens such as Salmonella, pathogenic E. coli, or Campylobacter is livestock (domesticated food-producing animals), but they can also be present in wildlife or pets (companion animals). Transmission of these pathogens to humans may be through contaminated food, environmental exposure, or via direct contact with animals. Zoonotic pathogens typically occur in the intestinal tract of animals, usually without making these animals ill. During slaughter of livestock and subsequent processing, including processing into meat cuts, minced meat or other preparations (marinated, stuffed meat, burgers), these pathogens can contaminate the raw fresh meat. Pets such as cats or dogs can also carry zoonotic pathogens, which is why they are not welcome in kitchens or food premises. Furthermore, good hygienic practices also require effective rodent control both in kitchens and in food manufacturing plants. Reptiles such as turtles, lizards, or snakes, as well as amphibians such as frogs, can also carry Salmonella bacteria on their bodies, even when they are healthy and look clean. Salmonella infection has even been reported in persons who keep reptiles or amphibians in terraria.


  Zoonotic pathogens can, starting from their primary reservoir in animals, also be disseminated in the environment by faecal pollution of water or soil (Figure 12a). In an agricultural setting, wild and domestic animals, including birds, can also introduce pathogenic bacteria by direct contamination of field crops (e.g., faecal droppings). Manure might be applied to fields to dispose of animal waste and fertilize the soil. However, if it is improperly composted or treated to inactivate pathogenic microorganisms, fertilized soil can contaminate vegetables or other produce. Depending on the season, Salmonella and pathogenic E. coli can survive for several weeks or even months in manure-fertilized soils. Therefore, waiting times need to be respected between the application of fertilizer and the planting of ready-to-eat edible crops such as leafy greens. Another important source of contamination in the field is faecal contaminated water, used for irrigation or for pesticide application. Borehole water is most of the time of good microbial quality and not subject to faecal contamination with enteric pathogens. However, surface water (e.g., ponds) is more susceptible to contamination from run-off water from animal pastures or from faecal droppings of wildlife and birds. Furthermore, roof-harvested rainwater (e.g., from greenhouses) requires careful attention as it can be contaminated by bird faecal droppings. It might need treatment before use, particularly if rainfall occurs after a long dry period. The risk of contaminating fresh produce by irrigation also depends on the type of irrigation system used. Drip irrigation has a lower likelihood of transmitting pathogens as the water is not directly introduced on (the edible part of) the plant. Sprinkler or overhead irrigation will contaminate the leaves or cause splashes from soil on the plant. Therefore, special attention should be given to microbial water quality, especially for ready-to-eat fresh vegetables and fruits.


  Presence and spread of zoonotic pathogens can occur directly from animals to food during slaughter (or occasionally direct contact), or indirectly via the wider environment (soil, water) to edible crops preharvest. But they can also contaminate foods (of animal and non-animal origin) at harvest or post-slaughter as they can be introduced from the raw material into the food processing environment. Listeria monocytogenes is such a foodborne pathogen that is known to persist well in the often cold and humid conditions of a food processing factory. Salmonella might survive in the dust in a dry environment at room temperature. Enterotoxin producing Staphylococcus aureus or Bacillus cereus can be encountered in a processing or kitchen environment. They might develop biofilms on processing equipment (e.g., slicing machines), transport belts, cutting boards or air vent covers if these are not regularly and properly cleaned and disinfected. As such, a persistent ‘house-pathogen’ can develop and be a continuous source of cross-contamination to foods.


  
    Figure 12. Transmission routes of a) zoonotic bacterial pathogens e.g., Salmonella or Campylobacter (animal reservoir); b) pathogens with a human reservoir e.g., norovirus; c) environmental bacterial pathogens e.g., Bacillus cereus (saprophytic pathogens) (Created in BioRender)
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  Manual handling during food preparation, such as making sandwiches or setting up buffets at catering facilities, or food harvest including manual picking of berries, can also lead to contamination of ready-to-eat foods (Figure 12b). Infected food handlers, particularly those who are asymptomatic carriers, play an important role in food contamination for foodborne pathogens with a human reservoir such as norovirus or Hepatitis A. Proper hand hygiene, especially after using the restroom, and regularly changing gloves are therefore crucial preventive measures. Additionally, food handlers who are ill should refrain from coming to work. When an individual is ill, norovirus can spread efficiently through direct person-to-person contact and via aerosols generated by vomiting, which can contaminate the surrounding environment and surfaces.


  It is important to note that large-scale outbreaks are often the result of a combination of several transmission routes. This is in particular true for norovirus. An outbreak of norovirus may begin with a foodborne transmission, for example, when an asymptomatic food handler contaminates food served to a vulnerable population (e.g., in childcare or nursing homes). This can be followed by a more efficient spread via direct person-to-person contact or through a contaminated environment. However, this type of non-foodborne transmission route is only applicable to human pathogens, like norovirus, which are highly infectious even at very small doses and can persist on inert contact surfaces (e.g., doorknobs) in the environment. Most other foodborne pathogens will not easily transmit via direct person-to-person contact, because the infective dose (the number of microbial cells needed to cause infection) is unlikely to be transferred through casual contact. In case of norovirus, commonly associated with ‘winter vomiting disease’, the human wastewater can be contaminated by both symptomatic and asymptomatic persons shedding virus particles. Sewage water treatment might be insufficient to remove viral particles and discharge polluted water. On that occasion shellfish such as oysters can bio-accumulate viral particles from a large quantity of water. Since they are often consumed uncooked, they can lead to foodborne illness. So, consuming raw oysters on New Year’s Eve could be a gamble you didn’t mean to take.


  Next to zoonotic pathogens (animal reservoir) and some foodborne viruses with a human reservoir, there are also foodborne pathogens with an environmental reservoir such as Bacillus cereus. Their main habitat is in soil, (decaying) vegetation or field crops (Figure 12c). Often, but not always, these are sporeforming bacteria that can survive for prolonged time under adverse environmental conditions. Spores may be dormant in soil but might also develop within soil organisms, such as in the digestive tracts of insects and earthworms. B. cereus spores or other pathogens that might be introduced from the environment in the food supply chain are also present in the digestive tracts of warm-blooded animals, including farm animals grazing on grassland or fed with hay, silage or other plant-based by-products. The main transmission route to humans for these types of human enteric pathogens with an environmental reservoir is food (and not direct contact with the environmental reservoir i.e. soil, vegetation or water). This is mainly due to the need for oral ingestion of somewhat higher numbers needed to cause food poisoning. Due to its abundance in soil and vegetation, they can contaminate practically all foods, including foods of animal and non-animal origin. But there is usually the need to multiply and grow in the food during distribution or storage prior to consumption.


  As already mentioned, transmission of these foodborne enteric pathogens to humans may occasionally also occur via other routes. Besides food, oral ingestion of contaminated water can be the direct source of infection. Municipal water typically undergoes treatment processes such as filtration, disinfection (e.g., chlorination or UV) to ensure the water is safe for human consumption. In addition, potable tap water and its distribution system are generally well controlled for microbiological (and chemical) contaminants. When contamination is detected, public alerts and corrective actions are implemented, but in rural or remote areas where shallow well water is used as drinking water, there is a higher risk of infectious disease. Shallow wells are water wells that are typically less than 15 meters deep and draw water from unconfined aquifers, which are more directly influenced by surface water and rainfall. Consequently, they are more vulnerable to contamination from surface runoff, septic systems, animal waste, or agricultural activities. Pathogens like STEC or Salmonella can enter the water supply and cause gastrointestinal illnesses. In most outbreak investigations, drinking water (except if bottled) is included in the environmental transmission route, separate from the foodborne route (bottled water is classified as ‘food’). Recreational water sources, such as coastal waters or lakes used for bathing, can also be included in the environmental category. Campylobacter is next to being a well-established foodborne pathogen, also known as waterborne pathogen, as it is often found in lakes or rivers due to faecal contamination of birds or wildlife.


  Finally, some infections are classified as travel-related cases. Traveling abroad often involves changes in diet but also exposure to other, sometimes poor hygiene practices, which can increase the risk of food poisoning. Consuming contaminated food or water is a common way in which travellers get infections like traveller’s diarrhoea (often caused by diarrheal E. coli) or Hepatitis A, which is regularly found and consistently present in many developing countries. In the Global North we have usually not been exposed to these types of bacteria or viruses before and thus have no immunity yet. A vaccination is recommended for Hepatitis A when travelling to the Global South, but for travellers’ diarrhoea, protection by vaccination is not possible. Furthermore, many lowand middle-income countries face challenges with water and sanitation infrastructure. This increases the risk of transfer and circulation of pathogens from humans and animals (wildlife or livestock) to the environment (water, soil), agricultural production, and food supply chain. It is also important to be aware of antibiotic-resistant bacteria. In countries where antibiotic use is not strictly regulated, travellers face a higher risk of acquiring antibiotic-resistant Salmonella or other pathogens. This can complicate treatment and lead to more severe illness. To prevent travel-related food poisoning, it is recommended to drink (chlorinated) potable water, eat thoroughly cooked foods, and choose clean food establishments.


  2.2Monitoring and detection of foodborne outbreaks


  The definition of a human pathogen as a foodborne pathogen is based on the (repeated) reporting of a microbial agent in a foodborne outbreak or individual reported cases. Box 3 explains some terminology.


  
    Box 3. Terminology related to outbreak investigation and monitoring of foodborne pathogens


    Monitoring: a program elaborated for systematic collection, analyses, dissemination and often international exchange of data on the occurrence of foodborne infectious disease, foodborne pathogens (usually also including related antimicrobial resistance assessment) or other causative agents (toxins) of food poisoning.


    (Outbreak) case: Person involved in the outbreak as defined by the investigators. This can include both ill people (whether or not disease is confirmed by microbiological detection) and people with confirmed asymptomatic infections.


    Foodborne outbreak: Two or more people developing the same foodborne illness after eating or drinking the same food. Or a situation in which the observed number of human cases exceeds the expected number (the baseline) and where the cases are linked, or are probably linked, to the same food source.


    Food vehicle: A food product is the item intended for consumption, while a food vehicle refers specifically to a food item that has served as the carrier of a pathogen or contaminant in the context of foodborne illness.


    Detection in a food vehicle or its component: identification of the causative microbial agent or toxin in a food vehicle or its food components (ingredients, additives) taken in the course of the outbreak investigation.


    Detection in food chain or its environment: identification of the causative microbial agent or toxin in samples taken from the preparation or processing environment of the suspected food vehicle, or from batches of similar foodstuffs produced under the same conditions or in primary production where the suspected food vehicle originated.


    Detection in human cases: direct (e.g., microbiological culture) or indirect (e.g., genetic via DNA or RNA techniques or serological via antibody-antigen reactions) identification of the causative microbial agent or toxin in clinical samples (feaces, blood, urine, etc.) taken from outbreak cases.


    Descriptive epidemiological evidence: suspicion of a food vehicle in an outbreak based on the identification of common food exposures, from the systematic evaluation of cases and their characteristics and food histories over the likely incubation period of the suspected microbial agent or toxin by standardised means (such as standard questionnaires) from all, or an appropriate subset of, cases.


    Strong epidemiological evidence: statistically significant association between consumption of a foodstuff in a certain setting or bought at a certain location and being a (outbreak) case in a well-conducted analytical epidemiologic study (e.g., a case-control study in which individuals with illness (cases) are compared to those without it (controls) to identify factors – food type eaten, location of food purchases, eating out at restaurants or catering, having eaten at a barbecue, have an underlying disease etc. that may explain or contribute to illness) or convincing descriptive evidence.


    Microbiological evidence: detection of a causative microbial agent or toxin in a food vehicle or its component or in the food chain or its environment combined with detection of the microbial agent or toxin in human cases, or clinical symptoms and an onset of illness in outbreak cases with symptoms strongly characteristic to the causative microbial agent or toxin detected.


    Strong microbiological evidence: the identification of an indistinguishable causative microbial agent (or a bacterial toxin) in a human case and in a food, a food component, or its environment which is unlikely to have been contaminated coincidentally, or after the event in combination with strongly indicative clinical symptoms and onset of illness in outbreak cases that are strongly characteristic to the causative agent.


    Indistinguishable causative agent: causative microbial agent that has been characterised to the level of subspecies by molecular typing or unique characterisation of toxin involved needed to link the human cases to each other and to the food vehicle.


    Molecular typing: a technique used to identify specific strains of microorganisms by analysing their genetic material. It can include targeted detection of virulence genes, antibiotic resistance genes or other specific genetic markers characteristic for a particular foodborne pathogen. But it can also be techniques that generate banding patterns or sequence core genes to differentiate between strains (molecular fingerprinting). Nowadays whole genome sequencing (visualisation of the entire genetic makeup of a particular microorganism) is the golden standard.


    Product-tracing investigation: investigation to follow the movement of a food product (and its ingredients or additives) through the stages of production, processing and distribution, both backward and forward. Trace-back is the ability to trace a food product from the point of sale back to the source (ultimately the farm). In contrast, trace-forward is the ability to trace a food product from the source (ultimately the farm) forward to the point of sale. Product tracing investigation may encompass trace-back and trace-forward.

  


  2.2.1Investigation of foodborne outbreaks


  When a foodborne outbreak is detected, public health and food safety officers work quickly to collect as much information as possible to find out what is making people sick. During an outbreak investigation, three types of data are collected and combined: epidemiological data, product-tracing data, and data from food and environmental testing.


  Epidemiological data:


  –Where and when did people get sick? Has the same pathogen caused outbreaks before? If it has, what type of foods made people sick in those outbreaks?


  –What foods did people eat before they got sick? Who prepared it? How was it prepared?


  –What restaurants, supermarkets, shops, or events did sick people go to?


  –Did people travel or swim or visit zoos or farms before they got ill?


  Product-tracing data:


  –Is there a common point in the food supply chain where the food could have gotten contaminated?


  –Is there anything about the farms, food production facilities, or restaurants that made the involved pathogen likely to spread? Were good agricultural or hygiene practices implemented?


  Food and environmental testing:


  –Is the pathogen (or toxin) causing the outbreak also found in a food item or in the food production environment?


  –Do the pathogens found in the food or food production environment have the same DNA fingerprints (determined by molecular typing) as the pathogens found in sick people?


  Epidemiological evidence (derived from epidemiological data) or microbiological evidence (derived from food and environmental testing) supports linking the human pathogen with the type of food involved, the transmission route, or the source of pathogen contamination during food processing or primary production. Product-tracing investigations help to identify the source and distribution path of contaminated food items. It is essential for pinpointing the origin of contamination. Furthermore, it supports the timely recall of contaminated food products, thereby preventing further cases of illness.


  Epidemiological evidence can be strong or weak. Good analytical evidence e.g., a statistically significant association between food consumption or sales of a foodstuff and the involved outbreak cases in a well-designed case-control study, is superior to descriptive evidence from outbreak cases’ food histories. Similarly, microbiological evidence can be strong – for example if an indistinguishable causative microbial agent is identified in an outbreak case and from an unopened packet of a foodstuff eaten by a case – or weak; if a causative microbial agent is identified in a case and from an open packet of a foodstuff eaten by a case in their home which might also have been contaminated from another source or via another route.


  Outbreak investigators take actions to protect the public when there is clear and convincing information showing that people got sick from the same contaminated food (Figure 13). Public health officials warn the public via traditional and social media channels. Afterward, companies recall contaminated products. Restaurants or food production facilities might close temporarily, or farms need to stop delivery of fresh produce or animals for slaughter until the origin of pathogen contamination is found and corrective actions are taken.


  
    Figure 13. Action taken in case of outbreak investigation to protect public health
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  2.2.2Challenges in the investigation of foodborne outbreaks


  It is not possible to solve every outbreak. Sometimes outbreaks end (no new cases reported) before enough information is gathered to identify the contaminated food. In particular, if the sick people are not linked to one event or outbreak location, it might be challenging to identify the common food vehicle. In that case, or when there are no leftovers of food to be analysed, no microbiological evidence is available.


  One example of a quite challenging foodborne outbreak investigation is the story of the Shiga toxin-producing E. coli (STEC) O104: H4 outbreak in 2011 in Europe, linked to sprouted seeds. The outbreak involved a high number of cases (n = 3911), leading to 50 deaths and at least 778 patients with more severe complications affecting the blood and kidneys (i.e., the Hemolytic Uremic Syndrome, HUS).


  
    The story of the E. coli (STEC) O104: H4 outbreak in 2011 in Europe linked to sprouted seeds


    On the 21st of May 2011, Germany reported an ongoing outbreak of E. coli STEC serotype O104: H4; the last outbreak-related case in Germany was diagnosed on the 4th of July 2011. The following steps were undertaken:


    –Case-control studies initially linked the onset of illness to the consumption of fresh salad vegetables (tomatoes, cucumber, or leafy greens).


    –Samples from fresh salad vegetables and the environment at the place of case clusters, at suppliers of suspected foods, and at retail were taken, but failed to detect E. coli (STEC) O104: H4.


    –Later, more detailed epidemiological studies demonstrated an association with sprouted seeds.


    On the 24th of June, France reported a cluster of patients with bloody diarrhoea, after having participated in an event near Bordeaux on the 8 of June.


    –The patients involved in the outbreak in France had not travelled to Germany. In addition, none of the food handlers at the event had recently travelled to Germany.


    –Epidemiological studies also pointed to sprouted seeds as the food vehicle involved in the outbreak.


    –Phenotypic characterization and two genomic fingerprinting techniques showed that the isolates from the French and German patients were indistinguishable by these methods, strongly indicating a common food vehicle responsible for the outbreaks.


    On the 5th of July, product tracing and analysis of the sprouted seed supply chains showed a common link to sprouted seeds produced from one particular food producer.


    –Batches of the seeds used for sprouting were traced back to a single importer in Germany, who imported the seeds from Egypt.


    –The cause of the outbreak i.e., how, when, and where the seeds became contaminated, is not known. Assuming this took place during the primary production process, this part of the investigation would have to be carried out in Egypt, needing agreement and international collaboration.

  


  Strong epidemiological evidence indicated sprouted seeds as the vehicle of infection, but the implicated strains could not be isolated by testing the sprouts or seeds used for sprouting. It was an outbreak affecting several countries, including Germany and France, but also other European countries and the US due to international travel. Three factors complicated the outbreak investigation. First, the fact that it was a kind of ‘hybrid’ pathogenic E. coli strain: the outbreak strain was an enteroaggregative E. coli (EAEC) and not a “true” STEC. Second, it involved a rather niche food type (fenugreek sprouted seeds) that was initially overlooked. And third, the detection method for pathogenic STEC strains is quite challenging, which complicated reliable food testing. Below, we discuss each of these factors in more detail.


  2.2.2.1An atypical foodborne pathogen


  Because many patients were diagnosed with bloody diarrhoea (haemorrhagic colitis), hospitals had isolated this diarrheal E. coli strain and reported it to the German reference laboratory. They characterized the isolated E. coli strains from the patients via serotyping and genotyping. At the time, typical diarrheal STEC were defined as E. coli strains with two criteria: i) belonging to one of the 5 serogroups which are most commonly associated with severe human disease (O157, O103, O111, O145, O26) and ii) having the following virulence factors: stx-genes encoding for Shiga toxin and eae-gene encoding for intimin that facilitates bacterial adhesion to human host cells. As for the first criterion, the diarrheal STEC strain involved in the outbreak was serotype O104: H4. Before the 2011 outbreak, E. coli O104 was a very rare serogroup in humans in the EU and worldwide. Sporadic cases of diarrheal disease due to E. coli O104 in the EU had been linked to travel to North Africa, the Middle East, and Central Asia and were not directly linked to foodborne transmission or a zoonotic (animal) reservoir. As for the second criterion, the E. coli O104 outbreak strain did not possess the eae-gene encoding for intimin, a factor diarrheal STEC usually possess to adhere to the gastrointestinal tract, but it possessed other adhesion factors (encoded by other genes). It was hypothesized that the STEC O104 outbreak strain had evolved from another diarrheal E. coli pathotype (an EAEC strain – refer to Figure 8 in Chapter 1) and had acquired via horizontal gene transfer the stx-genes encoding for Shiga toxin.


  As such, this E. coli O104: H4 strain also could cause ‘bloody diarrhoea’ typical of ‘true’ STEC strains. Therefore, the implicated strain was an atypical diarrheal STEC and at the time would not be picked up in the standard screening test for (typical) diarrheal STEC in the food supply chain.


  →Lessons learned: prepare for the known unknowns, pathogens are versatile organisms.


  –New pathogenic strains can emerge due to horizontal gene transfer between taxonomically related pathogens (various strains from the same species, in this case E. coli, but it could also happen between closely related species). This is part of biological evolution and thus a risk that we are or should be aware of (a known unknown). Still, although not completely unexpected, it is unpredictable when ‘emergence’ of a new pathogen will happen.


  –Genomic analysis is key for defining pathogenicity. Detection of pathogens based on species identification and serotyping is good, but the genetic potential defines virulence. Whole Genome Sequencing (WGS) was used for the first time in 2011 in Europe to quickly unravel the genomic potential of the E. coli STEC O104: H4 strain. This information could next be used to develop rapid DNA-based screening tests to further detect E. coli STEC O104: H4 based on some of its identified virulence factors.


  2.2.2.2An atypical food type


  At the beginning of the STEC O104: H4 outbreak, epidemiological investigations pointed to a link to the consumption of fresh vegetables such as tomatoes, lettuce and cucumbers. As a result, sampling efforts focused on these types of fresh produce. Sprouted seeds were initially overlooked because it is a niche product. Often, only a few sprouts are served on a dish next to other fresh vegetables. Patients might not recall having eaten them, or standard questionnaires might not include them as a potential food vehicle. It was only through further detailed epidemiological investigations that sprouted seeds were identified as the potential food vehicle. At the same time, the production of sprouted seeds was low-regulated and often executed on a small scale. Following the STEC O104: H4 outbreak, guidelines on good practices for the sprouted seeds sector were developed, and legal criteria for sampling and testing seeds before use in sprout production have been established.


  →Lessons learned: the food scene is dynamic, keep vigilant, and strive for continuous improvement.


  –It is important to keep an open mindset in investigating foodborne outbreaks. While standard procedures and toolboxes are effective, out-of-thebox thinking is essential to explore alternative transmission routes or uncommon food vehicles.


  –The food supply system is a dynamic field, constantly introducing new types of foods, alternative production systems, and new players into an increasingly globalized and complex supply chain. Small-scale operations are valuable but require good practices. Minor issues can have significant impacts. Trust is important, but good guidance documents and control are essential.


  2.2.2.3Detection methods not fit for purpose


  During the E. coli STEC O104: H4 outbreak, we failed to detect the outbreak strain from the suspected food vehicle. The lack of microbiological evidence from the food side was due to detection methods that were not fit for purpose. It was a challenging setting, as pathogenic STEC are not that different from generic E.coli bacteria that are commensals in the intestinal tract of humans and animals. More-over, we needed to find one particular E. coli strain present in low levels on the seeds or sprouts among high levels of other competing (harmless) microbiota present. It was like finding a needle in a haystack (Figure 14).


  
    Figure 14. Detection of E. coli STEC O104: H4 in the 2011 outbreak: to find a needle in a haystack
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  False positive test results: producers’ risk


  Rapid DNA-based screening methods targeted stx-genes to detect STEC. Initially, there was a sampling and testing of fresh vegetables because these foods were first suspected as the vehicle of infection. This led to the false identification of Spanish cucumbers as the source of the 2011 STEC outbreak. An E. coli STEC strain (an E. coli with stx genes) was indeed detected on a cucumber sample. However, to reliably detect a serious pathogenic STEC strain, it is necessary to confirm not only the presence of the stx-genes, but also some other virulence factors. Next to getting information on the virulence factors, also identifying the serotype or other characteristics of the food isolate is needed to ‘match’ the food isolate with the patients’ isolate. In this case, a further analysis on the next day revealed that the STEC strain isolated by culture from cucumbers was not an E. coli O104: H4 isolate and lacked the virulence characteristics of the outbreak strain. However, the word was already out in the press saying that an STEC had been found on cucumbers originating from Spain. This preliminary message led to a significant drop in cucumber exports from Spain. The misidentification caused substantial financial losses for Spanish farmers and disrupted the European vegetable market. False positive results thus lead to reputation damage and are a producer’s risk.


  False negative test results: consumers’ risk


  As long as a causative microbial agent cannot be detected from a suspected food vehicle there remains some uncertainty on the implication of the food as the vehicle causing the foodborne illness. In the STEC O104: H4 outbreak in 2011 it took more than 6 weeks to identify fenugreek seeds imported from Egypt as the vehicle of infection. This was only possible because the German and French outbreaks were linked by strong epidemiological evidence and tracing information. However, there was no microbiological evidence. The inability to demonstrate the presence of E. coli STEC O104: H4 strain in the suspected seeds or sprouts thereof is due to the shortcomings of the applied sampling plans and analytical methods. STEC contamination on seeds that are packed in large volumes or in bulk is often lowlevel and sporadic. Testing a representative sample might miss the presence of STEC if the contamination is distributed unevenly throughout a batch. Furthermore, seeds are dry, and while STEC can survive under these harsh conditions, they would likely be in a stressed state. Many other harmless bacteria are also present on these seeds, which can overgrow, or mask stressed STEC during detection. Food standard testing methods are not optimized for these particular challenging conditions. Methodological improvements have been suggested since and adopted by the food diagnostic laboratories.


  Overall, as long as the pathogenic strain is not detected in the suspected food vehicle, it is hard to justify a product recall or stop food production. Therefore, a detection method that is not able to detect a pathogen and thus leads to false negative results (the pathogen cannot be detected although it is present) presents a consumer’s risk. If there is no positive test result from the suspected food vehicle, actions to protect public health require strong epidemiological evidence (which also takes time and effort).


  →Lessons learned: sampling and testing methods in food diagnostics need attention.


  –In case of foodborne outbreaks, alternative sampling strategies might be recommended, including a larger sample size to increase the sensitivity of the subsequent diagnostic testing.


  –Innovation in rapid detection techniques and methodological improvements is an ongoing task in research and development. Reference laboratories are responsible for appropriate method validation and providing guidance for their implementation by food diagnostic laboratories. Nowadays, these methods typically combine optimized cultural enrichment of target pathogens with molecular techniques to detect relevant virulence factors, ensuring reliable detection of pathogenic STEC and other pathogens in a wide variety of foods.


  2.2.2.4Conclusion


  Adequate laboratory capacity is a critical component of public health system preparedness by allowing rapid detection of infectious diseases and identification of transmissible agents. Clinical and food diagnostic laboratories routinely employ standard rapid screening methods to target known pathogen characteristics. Nevertheless, they must remain vigilant for the emergence of new pathogens. Clinical practitioners play a crucial role in identifying these unknown threats by detecting, isolating, and reporting unusual microbial strains that cause severe diseases in patients. Meanwhile, food diagnostic laboratories may identify atypical microbial agents or unexpectedly high levels of pathogens within the food supply chain. They can alert food safety authorities to emerging pathogens or novel transmission routes.


  2.2.3Pro-active monitoring and outbreak detection


  Nowadays, more effective proactive monitoring and outbreak detection systems are established. Foodborne outbreaks are increasingly detected through surveillance systems that monitor and analyse DNA fingerprints of bacteria or viruses from sick individuals and food isolates. In North America, the UK, most EU countries, but also many other countries such as Australia or New Zealand, whole genome sequencing (WGS) is the standard practice in national surveillance networks. Having access to the entire genome of a microorganism – all its DNA – provides a wealth of detailed information. The genomic blueprint of foodborne pathogens supports the exact identification of the pathogen (genus, species) but also enables differentiation between closely related strains with high precision. Centralized systems collecting this type of detailed information on foodborne pathogens can analyse trends across regions to detect clusters that may not be visible locally. Consequently, a rare Salmonella strain appearing in multiple countries can be flagged quickly. Some of these more recently detected outbreaks would probably have been overlooked in the pre-WGS era and classified as isolated individual cases or local outbreaks.


  2.2.3.1The sentinel network of clinical laboratories


  The surveillance network for the reporting of individual cases is based on laboratories’ voluntary cooperation in sending once a week positive test results for different pathogens to the public health agency. In some countries, there is mandatory reporting for some pathogens (e.g., Salmonella), or the costs associated with diagnosis (e.g., testing of stool samples by clinical labs for defined pathogens) might be reimbursed by government health programs or health insurance providers. This will usually lead to more frequent and better reporting. The national public health agency coordinates the sentinel network of laboratories. They further analyse the collected data to detect changes in the baseline reports of pathogens’ occurrence. In addition, they might start an investigation of a suspected foodborne outbreak and alert other (neighbouring) countries when baseline thresholds are exceeded or clustered cases in a region are detected. The national public health agency is the single point of contact for other national or international health agencies and networks (e.g., WHO or pan-European) in case of multi-country alerts or outbreaks.


  Note that for individual cases, the reported cases of foodborne infection constitute only a minor part of all actual clinical cases. This can be due to mild symptoms that do not prompt medical attention or lack of access to healthcare. Understanding how the sentinel laboratories’ surveillance system works makes it clear that an underestimation of reported cases is to be expected (Figure 15).


  
    Figure 15. the surveillance pyramid: the tip represents data of individual cases reported by national public health agencies; the base is wide as it holds all infections in the community
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  Not all cases of infection are ‘symptomatic’, and even if symptoms occur, they may be mild or not severe enough for individuals to seek medical care. Furthermore, if the sick person does visit a physician, a stool or other type of body fluid sample is not always taken. For less severe food poisoning (vomiting or self-limiting diarrhoea), the patient will often be sent off without specific testing for the causative microbial agent. Often, some generic medication is prescribed to prevent dehydration, to reduce fever or occasionally an antibiotic treatment. For more severe food infections, in particular for hospitalized patients, sampling, pathogen testing, and reporting are more likely. But even if stool or other body fluid samples are taken, test sensitivity might not be perfect, or positive test results might not be passed on to the network of sentinel clinical laboratories. Based on dedicated research studies that have been executed in some European countries, we have an idea of the extent of underestimation of individual cases of foodborne illness. For salmonellosis, this varies from 2 to 40-fold underestimation.


  A study in Sweden showed that, for example, the number of reported Salmonella cases should on average be multiplied by 6.75 to obtain the true number of salmonellosis cases in the population. This corresponds to a probability of about 85 % that a salmonellosis case will not be reported. The largest information losses were attributed to persons with salmonellosis not seeking care (71 %) and samples not being taken for those seeking care (33 %). Thus, reported Salmonella cases are only the tip of the iceberg.


  2.2.3.2Whole genome sequencing, interdisciplinary collaboration and international networking


  Since the start of the 21st century, public health authorities and food safety regulators have been increasingly taking advantage of the latest developments in next-generation sequencing techniques and big data analysis to better monitor cases of food poisoning. They have invested in interdisciplinary and international collaboration and have evolved to highly performant surveillance systems to detect and investigate foodborne outbreaks proactively and solve them faster.


  Prerequisites for setting up an effective foodborne outbreak surveillance network are laboratory capacity, interdisciplinary collaboration, and international networking.


  – Laboratory capacity:


  Investments in infrastructure are needed to build the capacity of public health laboratories to perform whole genome sequencing (WGS) (Figure 16). Sometimes the technical process of next-generation sequencing is subcontracted to specialized molecular biology labs.


  
    Figure 16. The principle of Whole Genome Sequencing (WCS) (Created in BioRender)


    [image: Image21]

  


  The bioinformatic analysis of WGS-data can be supported by web-based platforms. Such tools support public health professionals to process, analyse, and interpret genomic data without needing extensive local computing resources. The genome sequences of bacteria or viruses from infected individuals (patients) are compared to identify clusters of patients for which the isolated microorganisms have highly similar genomes. Similar genomes indicate the same source of infection. If a microorganism with the same (or highly similar) genome can also be identified in the suspected food, there is strong microbiological evidence. We refer to this as genomic epidemiology: the use of pathogen genomic data to determine the distribution and spread of an infectious disease in a specified population and the application of this information to control public health problems.


  – Multidisciplinary collaboration:


  A multidisciplinary team of scientists is required to carry out the multiple steps of WGS. Microbiologists isolate the microorganism from the patient’s sample or the suspected food sample. The isolation step is crucial for obtaining high-quality, uncontaminated DNA, which is necessary for accurate sequencing and analysis. Once the molecular biologists have sequenced the microbial genomes, bioinformaticians can analyse the data and compare the sequence to a database of all the other genomes of isolates collected from cases or suspected food vehicles during the outbreak. Comparisons can also be made to previously sequenced bacterial genomes from isolates obtained during routine surveillance. Annual national monitoring programs include standard sampling and testing of foods, veterinary samples (fecal droppings of food animals) and environmental samples (water, soil, production environment). If found, many of these pathogen isolates are sequenced and collected in a national or international database. However, if the WGS profile of a patient isolate matches the isolate from a contaminated food item, this is still insufficient evidence to conclude that the contaminated food item is the cause of the outbreak. That is where epidemiologists step in. They perform epidemiological investigations (patient interviews, food history, and traceback analysis) to figure out what the plausible transmission route connecting the food isolate to the patient isolate is.


  – International collaboration:


  With increasing international trade of goods as well as international travel of people, multi-country outbreaks are on the rise. Moreover, small local outbreaks or individual cases might be overlooked. At first sight, they might not seem linked, but international networks often show they are connected on a transnational level and part of a bigger outbreak. Europe unites numerous countries, each with its own public health system, which can sometimes lead to a fragmented landscape. But foodborne pathogens do not know or recognize any borders. Within the European Union (EU) and in some neighbouring countries (Norway, Iceland, Switzerland, etc.), there is a strong cross-border network with various actors. This network facilitates the sharing of data collected by the EU-member states on pathogens in food, reports of foodborne diseases, and supports rapid recalls and investigation of foodborne outbreaks (Figure 17).


  The One Health WGS Data sharing model has been in operation in Europe since 2022 for the joint collection and analysis of WGS data. There are two platforms (one managed by ECDC and one managed by EFSA) collecting data generated from either human cases or foods
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  Your opinion matters.


  Please leave a comment on your online library or on social networks!
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