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1. Introduction 


1.1 Importance and prevalence of non-typhoidal Salmonella worldwide, in the EU 


and in England and Wales. 


Foodborne diseases entail both a public health and economic burden for society with non-


typhoidal Salmonella spp. (NTS) being one of the most widely distributed foodborne agent of 


disease in humans. NTS comprises S. enterica serotypes other than S. Typhi and S. Paratyphi. 


S. Enteritidis (SE) and S. Typhimurium (ST) are the predominant serotypes involved in human 


salmonellosis. With typically self-limiting and mild gastroenteric symptoms, salmonellosis 


infection has the potential to aggravate depending on the host’s susceptibility. Most 


vulnerable individuals, such as children, elderly and immunocompromised people may 


develop complications that could lead to death. 


Salmonellosis causes significant morbidity and mortality both in humans and animals and has 


a substantial global socioeconomic impact. The WHO estimated that NTS is responsible for the 


largest number of deaths linked to food both globally and in the European Region1 with almost 


2,000 estimated annual deaths for the latter [1]. In the European Union (EU), NTS is the most 


common bacterial agent involved in foodborne outbreaks and the second most common (after 


Campylobacter) in number of affected people with 87,923 confirmed cases and 926 foodborne 


outbreaks in humans reported in the EU in 2019. The incidence of human salmonellosis has 


been stable over the last 5 years after a long period of a decline [2]. The European Food Safety 


Authority (EFSA) estimated that the overall economic burden of human salmonellosis could 


be as high as €3 billion annually [3].  


                                                      


1The WHO European Region comprises the following countries: Albania, Andorra, Armenia, Austria, Azerbaijan, 
Belarus, Belgium, Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic, Denmark, Estonia, Finland, France, 
Georgia, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Kazakhstan, Kosovo, Kyrgyzstan, Latvia, 
Lithuania, Luxembourg, Malta, Monaco, Montenegro, Netherlands, Norway, Poland, Portugal, Republic of 
North Macedonia, Republic of Moldova, Romania, Russian Federation, San Marino, Serbia, Slovakia, Slovenia, 
Spain, Sweden, Switzerland, Tajikistan, Turkey, Turkmenistan, Ukraine, United Kingdom, Uzbekistan. 
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In the UK, NTS has an estimated annual cost of £2,120.0 million with more than 10,000 


laboratory confirmed cases. However, 60% of the total foodborne disease cases are of 


unknown aetiology and have an estimated cost of £6.0bn [4]. 


1.2 Research problem and scope of this 1st year report 


Seasonality is common to many infectious diseases, including Salmonella. From the patterns 


observed on the salmonellosis notifications from the past 29 years (Figure 1), a peak can be 


consistently observed during the summer months [5]. These patterns suggest that seasonality 


of salmonellosis occurrence is the result of the influence of certain environmental effects on 


pathogen abundance and/or survival [6]. However, other host behaviours and habits related 


to summer may increase the exposure to the bacteria, such as more frequent outdoor 


activities and less attention paid to food handling practices.  


 


Figure 1. Salmonella cases per week in England and Wales recorded for the years 1989-2012 by Public Health England. A yearly 
seasonal pattern is evident as well as a steady downward trend in cases can be seen from the year 1989 onward. 


The increase of salmonellosis cases is frequently associated with higher temperatures, albeit 


other environmental factors could be involved. A mechanistic model will help us to 


understand which environmental factors are the main drivers of disease and how they relate 


to higher bacterial counts in food. Modelling the drivers of infection would be a priori a better 


measurement, given that infection is, of course, a necessary prerequisite for disease. 


However, our data is based on symptomatic cases, hence disease. That is why we will refer 


mainly to disease in this report, as a proxy for infection. 
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The final mathematical model will consider a broad range of relevant environmental factors 


and would quantify their effect over the main food sources of salmonellosis, leading us to 


understand and predict the dissemination of Salmonella in different environment scenarios 


with greater probability.  


WHO states that an increase in temperature or the duration of high-temperature episodes 


may promote greater multiplication of Salmonella in foodstuff [7]. More specifically, EFSA has 


estimated an increase of about 20,000 cases of salmonellosis in Europe in the coming decade  


as a consequence of an increase in water temperature as a source of faecal contamination [8]. 


Our model would be useful to estimate the impact of climate change on the multiplication 


and survival of Salmonella as a proxy of the disease so that early preparedness campaigns can 


be established. 


We have focused on Salmonella ssp. enterica as an example of infectious agent due to the 


importance of its outbreaks together with the availability of a large amount of data recorded 


over the years that these bacteria have been studied, which will allow us to feed our model 


and draw conclusions. 


2 Literature review 


2.1 Taxonomy of Salmonella. 


There are various taxonomic classification systems for Salmonella spp. which have converged 


on a nomenclature system as the result of their combination. It categorises Salmonellae into 


2 species (according to Reeves et al., 1989) and 7 subspecies based on its similar DNA 


molecular characteristics (set by Le Minor and Popoff in 1987, who named them with Roman 


numerals I, II, IIIa, IIIb, IV, V and VI), and over 2,500 serovars based on its surface antigens, as 


defined by the Kauffmann–White scheme. This is the system used by the WHO and maintained 


by the WHO Collaborating Centre for Reference and Research on Salmonella at the Pasteur 


Institute, when updating the genus with every serotype discovering [9, 10]. 


Following this nomenclature, the genus Salmonella (which belongs to the Enterobacteriaceae 


family), is divided into the two species: S. bongori and S. enterica. S. enterica includes six 
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subspecies (Figure 2), from which S. enterica subspecies enterica (or subspecies I, as defined 


by Le Minor) accounts for 99% of Salmonella infections in humans and warm-blooded animals, 


with 70% of infections caused by only 12 serovars. Therefore, most serovars are not 


pathogenic in their natural hosts’ intestinal tract, being only a small fraction of serovars within 


subspecies I able to cause disease [11]. The other six subspecies of S. enterica and S. bongori 


are usually isolated from cold-blooded animals and the environment, and rare cases in 


humans are often associated with eating or keeping reptiles as pets [12]. 


 


 


 


 


 


 


 


Figure 2. Representation of the taxonomy of Salmonella spp., comprised by 2 species 
and 6 subspecies within Salmonella sp. enterica, and 17 of the more than 1,500 known 
serovars within the subspecies enterica [12]. 


Each serovar contains many different variants, for which finer typing schemes are needed, 


particularly in the investigation of outbreaks. This is achieved by phage-typing. Phages 


generally have a narrow host range and within one Salmonella serovar there will be a range 


of susceptibilities. For example, in Salmonella enterica serovar Enteritidis there are more than 


50 different phage types [13]. 


The nomenclature of the genus Salmonella is complex and constantly under debate. One of 


the most extended naming methods, and the one that we will follow in this report, responds 


to the need for uniformity in scientific communications as well as shortening reports. Because 


most of the diseases of human interest belong to the subspecies enterica, Salmonella spp. is 


generally named after the serotype within this subspecies. Hence, Salmonella enterica 


subspecies enterica serotype Typhimurium, would be shortened to S. Typhimurium [10]. 
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2.2 Description of salmonellosis disease 


Salmonellosis is generally referred as the disease produced by Salmonella enterica ssp. 


enterica. Molecular biology assays have shown that S. enterica strains share a high percentage 


(between 70-100%) of their genetic material [14], suggesting that the bacteria has developed 


some extent of specialization such as host or niche adaptation, responsible for its variable 


pathogenesis in different host species. 


Some serotypes have the ability to invade a wide range of hosts, such as ST and SE in poultry, 


swine, cattle and pets to name a few. They usually cause a mild, self-limiting gastroenteric 


disease in humans and an asymptomatic carrier status in a broad range of animal species, like 


birds. These host-unspecific serotypes have a larger geographical distribution, as a wider 


range of animals are susceptible to infection [15]. 


Other serotypes are host-specific, such as S. Gallinarum or S. Typhi, which produce typhoid-


like and typhoid fever symptoms in poultry and humans respectively. When a host-specific 


species cause disease in humans, it is highly invasive and life-threatening. However, most 


human infections are caused by less pathogenic serotypes that are common to a wide range 


of hosts. These may be responsible for mild gastroenteric symptoms in humans [16]. 


Symptoms of typhoid fever include headache, fever, nausea, lethargy, myalgia, cough, and 


weight loss. However, since it has no significant animal reservoirs, it is not meaningfully linked 


to foodborne poisoning if good hygiene measures are kept, and therefore not in the scope of 


this study.  


Therefore, Salmonella spp. can be classified into typhoid and non-typhoid regarding its ability 


to cause specific symptomatology. Non-typhoidal salmonellosis (NTS) refers to the disease 


caused by the generalist serovars, which comprise all serotypes of Salmonella enterica I except 


for Typhi and Paratyphi [16]. These serotypes responsible for the majority of human infections 


(refer to chapter 2.1) are commonly called “Salmonella” without italics. Like typhoid fever, 


illness has a non-specific gastric manifestation —such as acute diarrhoea, abdominal pain, 


fever, and vomiting— but a less severe form in comparison. The incubation period is typically 


of 6 to 72 hours; although atypical illness has been documented even 16 days after exposure. 


The illness usually lasts 4 to 7 days, and most people recover without treatment nor medical 
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attention [16]. Although uncommon, NTS can get complicated when sensitive human hosts 


harbour the bacteria, such as elderly, pregnant, infants, young children and other 


immunocompromised people. Complications may result in extra intestinal infection, such as 


meningitis, arthritis, endocarditis, osteomyelitis, general septicaemia, and even death.  


2.3 NTS and main serotypes found in Europe and UK  


NTS is one of the principal causes of bacterial diarrhoea worldwide and the leading cause of 


death among foodborne diarrheal diseases [1]. According to EFSA and the European Centre 


for Disease Prevention and Control (ECDC), Salmonella has been the second most frequently 


reported cause of foodborne poisoning in the EU after campylobacteriosis since 2014 to 2018, 


responsible for the highest number of outbreaks related to food —almost one in three of all 


foodborne outbreaks (FBOs) in 2018—[17].  


The history of Salmonella epidemiology shows that the prevalence of different serovars 


changes over time, often following changes in husbandry and other practices, such as 


vaccination and reinforcement of biosecurity measures in farms in the case of SE [18], but also 


with a decline of some strains without any apparent reason such as S. Agona in the 1960’s 


[19]. New epidemics can occur any time following the emergence of new or alteration of an 


existing strain [13]. 


SE has been the most commonly reported serotype in the EU for many years [20] followed by 


ST, monophasic Typhimurium2, S. Infantis and S. Newport [17]. Similarly in the UK, SE and ST 


are the two most common serovars involved in human disease with the following most 


common ones varying from year to year [21]. In England and Wales SE exhibited a sharp rise 


in the mid 1980’s, leading to the highest ever reported incidence from 1988 to 1998 (Figure 


3). More than half of these cases where caused by SE, and more specifically, by phage type 4 


[22], which is the most common phage type observed in Western Europe [23, 24]. Leaving 


aside the difficulty of detection associated with asymptomatic SE infections in hens, it has 


                                                      


2 Monophasic S. Typhimurium is an antigenic variant of S. Typhimurium (i.e. a genomic deletion in the phase II 
flagellum locus) mainly characterised by an increase in multi-drug resistance. It is highly linked to pork and has 
become a widely spread agent, acquiring a global public health emergency status [22][23]. 
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been hypothesized that this increase was due to one or more causes combined: i) the 


introduction of infected laying hens from other countries into susceptible flocks. After the 


eradication of S. Pullorum and S. Gallinarum serovars asymptomatic in chicken, a new niche 


became available for SE (Ward et al. 2000); ii) the reduction of the number of hens resistant 


to the antigenically similar S. Pullorum serovar, which could also protect against SE (Baumler 


et al. 2000); and/or iii) the emergence of a new, more virulent strain (Rabsch et al. 2001) [25]. 


Since 1998, incidence of SE has been declining considerably and continuously, even if less 


pronounced in the recent years [22].  


Figure 3. Breakdown of the annual laboratory reports of the most common Salmonella enterica serovars against all Salmonella 
infections in England and Wales, 1945–2011. Emergence stage, 1982–1987; epidemic stage, 1988–1998; decline stage, 1999–
2011. Ser., serovar. Source [22]. 


The remarkable decline of SE in the UK is a good example of a successful national Salmonella 


infection control strategy, which included improved surveillance, hygiene and biosecurity 


measures in broiler and laying chicken farms, and especially vaccination. Since then, some 


control legislation against Salmonella has been set in place in the UK, such as compulsory 


testing of breeder layer and broiler flocks, biosecurity standards and bacteriological testing 


and vaccination initially against SE and more recently also against ST both in layer and broiler 


flocks [21, 25, 26].  


Salmonella cases acquired domestically within the EU seem to be more significant than the 


travel-related ones. Only 7% of salmonellosis reported in the EU were acquired abroad (taking 


into account, however, the high uncertainty associated with this number due to a 43% of 


undefined origin) [27]. This is in contrast with the UK alone, where 56% of cases were acquired 


within the country with the remaining cases linked to travel mainly in Spain [28]. The ease of 
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movement of people and goods in Europe undoubtedly contributes to the spread of diseases 


and makes it challenging to identify the source causing outbreaks, but thanks to phage typing 


strategies, source attribution and increased use of whole genome sequencing, multi-country 


outbreak investigations are possible. In the UK, most of the egg-mediated human 


salmonellosis have a catering origin, whose eggs are often imported from other countries (G. 


Nichols personal communication).  


2.4 Seasonality, environment and Salmonella. 


Salmonella adapts to the intestinal medium of its host, where it finds its optimal growth 


conditions (i.e. 35-37ºC, pH of 6.5-7.5, aw 0.99, anaerobic conditions). Despite animals being 


the main reservoir of Salmonella, it can also survive in the environment for a long time [29]. 


Salmonella has a stress-response mechanism that allows them to adapt to hostile external 


conditions improving their chances of surviving environment changes, such as low available 


water or high sunlight exposure [13], making them an ubiquitous bacteria. 


Salmonella is strongly temperature dependent. Its growth temperature ranges between 7.5 


and 37ºC, with an optimum of 35-37ºC. Several studies have described the relationship 


between an increase on environmental temperatures and Salmonella incidence [7, 30, 31, 32]. 


In England and Wales, a 12.5% increase in salmonellosis (95% CI; 11.6-13.4) was seen for every 


degree Celsius rise over a 6ºC threshold [5]. Moreover, extreme temperatures and 


precipitation events have been seen to influence the number of salmonellosis cases, as 


described in coastal areas [33]. However, in a study analysing Salmonella infections in several 


European countries, infection with SE in England and Wales was seen to be more sensitive to 


temperature as compared to ST [5]. 


In that same study, infection with ST was observed to be more common in rural areas and  


probably linked to environmental contamination (non-food contact). SE was more directly 


related to transmission via food, supporting the hypothesis that temperature influence is 


more mediated through the activities related to food preparation. The results of the analysis 


suggest that “temperature influences transmission of infection in about 35% of all cases of 


salmonellosis in England and Wales” [5]. 







10 | P a g e  


 


It is known that Salmonella has adaptive survival mechanisms to stressful situations. An 


experiment conducted to evaluate the acid and heat tolerance of SE to a temperature rise 


from 20 to 45ºC showed that acid tolerance was reached within 5 minutes [34], meaning that 


temperature would act as a catalyst favouring the survival of Salmonella in acidic 


environments. This was confirmed by another growth kinetic experiment confirming the 


tolerance of ST to organic acids with temperature as a modulator, being the inhibitory effects 


of the acidulants diminished for temperatures in the range of 10-37ºC [35]. It has also been 


described that acid adaptation, in addition to enhancing acid tolerance itself, also reduced the 


susceptibility of ST to refrigeration temperatures, allowing bacterial growth at lower 


temperatures than usual [36]. 


Strong association with sunshine and vapour pressure was measured in a seasonality study on 


SE and ST, with a moderate correlation with sunshine for SE (mean r= 0.54) and with vapour 


pressure for ST (r= 0.46) [30]. Vapour pressure relates to the weight of water vapour contained 


in the air per unit of surface, and it is a way of measuring the humidity of the air. The maximum 


amount of vapour in the air is related to the ambient temperature. The higher the 


temperature, the more vapour the air can hold [37]. On the other hand, sunshine could be 


correlated with sun UV radiation, although it has been proven that UV-B radiation inactivates 


ST by damaging its DNA [38]. In this case, sunshine would harm rather than benefit bacterial 


survival. An indirect increase in temperature linked to sunshine could be the explanation (e.g. 


heating a food container). Another study noted a significant association of the combined 


effect of temperature, relative humidity, precipitation, insolation, and increased cloud cover 


with salmonellosis in South Korea [39]. A multifactorial and interrelated effect of 


environmental variables seems evident. 


2.5 Sources of human NTS infection. 


Salmonella is transmitted through the faecal-oral route, mainly from the consumption of 


contaminated food of animal origin. The environment acts as an intermediary vector when 


contaminated with faeces from infected animals, contaminating the animal product and 


allowing the bacteria to reach the food chain at any point, from production to distribution and 


serving establishments [40]. The main food products involved in infection are eggs, meat 
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(chicken, turkey, and pork) and its derivates [28]. Other foods, such as milk, fruits, and 


vegetables eaten raw, can also get contaminated when in contact with contaminated soil or 


water, but have not been significantly reported in the EU. Sprouts, herbs and spices, however, 


presented higher levels of reported contamination [39, 40] presumably due to contamination 


e.g. by irrigation or use of faecal wastes as fertilisers. Less commonly human-to-human and 


pet-to-human transmission is possible [43]. The infective dose is 105 to 108 CFU/g 3, but it can 


be as low as 1 CFU/g, depending on the host’s age and health status as well as the Salmonella 


serovar [13]. 


Salmonella serovars can be associated with a predominant animal vehicle —and therefore 


also with its related food product— as particular agent of disease. For example, in the EU 


monophasic S. Typhimurium is often related to broiler and pig sources; S. Newport to turkey 


meat; and SE primarily to broiler and layers, followed by turkey sources to a lesser extent [17]. 


However, the prevalence of serovars in different sources varies by country and food 


production practices. At the same time, many salmonellosis outbreaks are not attributable to 


a single food source given the numerous ingredients present in mixed foods [44], and due to 


the likely more numerous and less investigated sporadic cases not linked to an outbreak [20]. 


According to one study on outbreak data performed in 2005 (Adak et al) in England and Wales, 


complex foods4 (42.26%), poultry5 (22.59%) —from which the majority comes from chicken 


meat (Gallus gallus)[28]—, eggs (14.44%) and red meat6 (10.67%) were the food vehicles 


involved in most (89.96%) of all the Salmonellae outbreaks [45]. This fact, together with 


broader studies in Europe resulting in eggs, poultry (broiler and turkey) meat and pork 


[27][44][46] being the major sources attributed to human salmonellosis, lead us to focus our 


analysis on these animal food sources. 


                                                      


3 A CFU is defined as a single, viable propagule that produces a single colony (a population of the cells visible to 
the naked eye) on an appropriate semisolid growth medium [64]. 
4 Includes dishes consisting of ingredients of various food types in which the precise source of infection was not 
verified. 
5 Includes chicken, turkey and mixed or unspecified products. 
6 Includes beef, pork, bacon/ham, lamb and mixed or unspecified products. 
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2.5.1 Eggs 


Table eggs are considered the main source of SE [41]. Eggs can get infected vertically during 


their formation (i.e. transovarian infection) or horizontally, through faecal contamination 


when passing through the cloaca during oviposition, or when in contact with a contaminated 


environment [47]. SE is mostly implicated in the vertical transmission given its ability to invade 


the reproductive tissues of the chicken, while ST (together with other serovars) are usually 


responsible for eggshell penetration and contamination of the laid egg [15].   


Albumen is the principal site of contamination of SE, which can remain dormant in eggs stored 


at ambient temperature for 2-3 weeks. During that time physical and chemical changes take 


place in the egg, such as alterations in the structure of the yolk membrane (which increases 


its permeability allowing the filtration of nutrients into the albumen) and migration of the yolk 


towards contaminated air sacs. After reaching the vitelline (yolk) membrane and the yolk, SE 


increases exponentially thanks to the available nutrients [15, 47]. 


The change in yolk permeability then depends on time and temperature. Permeability 


increases with time (i.e. days since laid) and temperature >10ºC, and the rate of growth in the 


egg is also time and temperature dependant. The growth rate of Salmonella in eggs can be 


expressed as a mathematical equation. Once the yolk membrane is broken, the exponential 


growth rate (EGR) applies [48 ,49]: 


√𝐸𝐺𝑅 =  −0.1434 + 0.02601 𝑇   Equation 1 


where 𝐸𝐺𝑅 is expressed in the logarithm of number of live bacteria/hour and 𝑇 temperature 


in degrees Celsius. The graphical representation of Equation 1 can be seen in Figure 4 below. 


The risk of human infection following consumption of contaminated eggs depends on the 


number of bacteria present, which in turn depends on the initial contamination, and time and 


temperature of storage. Recommendations set <10ºC as ideal storage temperature with as 


little temperature oscillation [15].  


Raw egg-based sauces, such as mayonnaise and aioli, are frequently identified as sources of 


Salmonella during outbreaks. In a case-control study performed in England and Wales in 1988, 
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eggs were largely attributable as main source of infection, including consumption in 


commercial catering and home settings [22]. 


 


2.5.2 Chicken meat 


Broiler meat is considered to be the second most important known source of human 


salmonellosis in Europe after eggs [41]. In the UK, chicken is the most consumed type of meat 


with 28.5kg/person/year, according to Eurostat 2002 [27]. However, in 2008 EFSA computed 


a low salmonellosis prevalence in broiler carcasses in the UK as compared with the rest of the 


EU, with 3.6% of estimated prevalence (1.7-7.2 95% CI) [51].  


Approximately 2% of chicken consumed at home present viable cells of Salmonella [43]. The 


risk of salmonellosis is fundamentally linked to under-cooking practices and cross-


contamination of other foods. Despite broiler meat being an important source of Salmonella 


contamination, the risk of infection can be mitigated through usual cooking practices that 


ensure the destruction of the bacteria present on the meat [52]. Compared with eggs, we 


could conclude that raw chicken has higher levels of contamination, yet eggs are associated 


with larger outbreaks [18]. This is probably due to eggs being more often combined in bulk 


(i.e. liquid egg for catering) whilst meat is more often presented in a small number of portions 


– so one infected egg may contaminate a large batch. 


Salmonella can multiply in broiler chicken as a function of temperature, moisture content and 


muscle pH. The optimum pH range for salmonella multiplication is 7-7.5 [49].  


A model on minced chicken breast meat was created by T.P. Oscar with an initial low density 


of ST (100.6 CFU/g) as a function of time and temperature (10 to 40ºC)[53] (Equation 2). 


𝑁𝑚𝑎𝑥 = 𝑒𝑥𝑝 {(𝑎 [(𝑇 − 𝑇𝑚𝑖𝑛) / (𝑇 − 𝑇𝑠𝑢𝑏𝑚𝑖𝑛)])}               Equation 2 


where 𝑁𝑚𝑎𝑥 is the maximum bacterial population density, 𝑇 is temperature in degrees Celsius, 


and 𝑎,  𝑇𝑚𝑖𝑛 and 𝑇𝑠𝑢𝑏𝑚𝑖𝑛 are parameters inferred from experimental data using regression 


analysis.  𝑇𝑚𝑖𝑛 and 𝑇𝑠𝑢𝑏𝑚𝑖𝑛 are critical temperatures which identify the ranges where the 


profile of 𝑁𝑚𝑎𝑥 qualitative change (e.g. 𝑁𝑚𝑎𝑥 is almost flat for temperature below the 


suboptimal minimum value  𝑇𝑠𝑢𝑏𝑚𝑖𝑛 = 5.655 as shown in Figure 4). 
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Figure 4. Graphical representation of the growing curves of EGR in eggs 
and the bacterial density (Nmax) in chicken against temperature. 


In the experiment, an initial small inoculum was used for a closer reproduction of the usual 


initial contamination in chicken carcasses, which is >30 CFU/g [54]. Temperature values 


allowing bacterial growth were measured in the experiment. However, the model presents 


the limitations of competitive microflora present in the chicken flesh as well as a minimum 


temperature (5.65 ºC) under which bacterial growth was not measured nor expected. 


2.5.3 Pork 


Pork meat is the second most consumed type of meat in the UK with 25.3 kg/person/year, 


according to Eurostat database 2002 [27]. A study evaluating the food source attribution of 


intestinal infections from outbreaks in England and Wales estimated pork as one of the lowest 


risk of disease producing meat [55].  


Nonetheless, fermented, ready-to-eat sausages, minced meat and pork meat preparations 


present the higher risk of contamination due to high manipulation and high ratio volume-


surface (i.e. greater surface available for bacterial growth). A model accounting for the effect 


of temperature between 10 and 45ºC on ground sterile pork was found [56]: 
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𝜇𝑚𝑎𝑥 = 𝑎 (𝑇 − 𝑇𝑚𝑖𝑛)2 (1 − 𝑒𝑥𝑝(𝑏 (𝑇 − 𝑇𝑚𝑎𝑥)))       Equation 3 


where 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥 are theoretical minimum and maximum temperatures beyond which 


Salmonella growth is not possible, and 𝑎 and 𝑏 are regression coefficients. 


2.6 Infection rates in food animals 


Salmonella-positive poultry flocks contribute to contamination of the food product derived 


from them. A prevalence study performed in the UK in 2004-2005 estimated the prevalence  


of Salmonella on layer farms at 11.9% (CI 95% 9.9-14.7%), from which 7.9% (CI 95% 6.2-10.1%) 


were positive for SE and/or ST [26]. However, the most frequently isolated Salmonella 


serovars in chicken do not necessarily match the most common agents of infection in humans, 


according to a baseline survey for Salmonella prevalence in broiler flocks in the EU performed 


by EFSA [52].  


The largest benefits of reducing Salmonella levels of infection have come from implementing 


controls in farm-to-retail processing rather than in domestic kitchens, where the estimated 


impacts even if still important, are much smaller in scale [55]. It would be interesting to 


compare patterns of salmonellosis incidence in human with seroprevalence in animals, 


especially if the environment is a common vehicle of infection for both [57]. We will explore 


availability of such data with APHA. 


3. Research questions 


The objective of this research is to better understand the seasonal and spatio-temporal 


fluctuations of the incidence of salmonellosis in humans by answering: 


1. Why the incidence of salmonellosis follows seasonal patterns? 


Salmonellosis incidence shows a cyclic pattern that appears to be correlated to warmer 


ambient temperatures. Weather and climate have a different influence over salmonellosis. 


While weather refers to the conditions of the atmosphere over a short period of time (i.e. 







16 | P a g e  


 


weeks and months), climate is the cumulative result of weather over longer periods of time 


(usually years or decades).   


2. What are the main environmental drivers of salmonellosis infection? 


Temperature is a well-known driver of infection [58], but there may be other factors 


potentially involved in these patterns, such as humidity or UV radiation. However, the exact 


contribution of each weather variable as well as its relative impact on the disease is not well 


known. With this project, it is my aim to identify the relevant environmental factors that drive 


salmonellosis, which can be used for predictions in a changing climate scenario. 


3. What is the best way of measuring this environmental influence over Salmonella? 


By mechanistically modelling how these relevant factors are involved and their contribution 


to salmonellosis, we will get an approximation to the expected number of cases in different 


geographic settings and for different environmental scenarios, such as a scenario considering 


global warming, so that preparedness and prevention measures can be set in place. 


4. What are some of the limitations of the model that need to be addressed? 


There are many interacting factors involved in the seasonality of diseases, often entailing a 


time lag. There are also climate modulators, such as human behaviour, the particularities of 


climate and orography of an area, etc. that influence the model making it suitable for one 


geographical area, but not applicable to another. I am currently back-tracing available 


incidence data and identifying the relevant environmental parameters linked to increases in 


cases and hypothesise why it happened. Epidemiological causes of most Salmonellae 


serotypes are believed to be similar [25], so in a first step we will analyse the incidence of 


salmonellosis as a group, without differentiating serotypes. 


5. What is the importance of this study? 


Diseases are dynamic processes that require of a solid knowledge to control them. Salmonella 


has more than 2,500 serovars with the potential to mutate that require a constant knowledge 


review and monitoring in order to be prepared. 
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4. Material and Methods 


The probability of detecting a Salmonella infection is modelled as a Poisson process. This 


model is used to account the occurrence of events that appear to happen at a certain rate λP 


(e.g. expected number of infections per time-period), but with a random character (one 


infection event is independent from another). 


A Poisson process is mathematically written as:     𝑝(𝑘) = 𝑒−𝜆𝑝𝜏 (𝜆𝑝𝜏)
𝑘


𝑘!
            Equation 4 


Equation 4 gives the probability to observe 𝑘 number of salmonellosis infections during a 


time interval τ. λpτ is then the expected number of salmonellosis during that time period τ. 


In all simulations below, except explicitly stated otherwise, I will be choosing τ = 1 day. 


4.1 Modelling the rate of Salmonella infections 


In the light of the current knowledge, as mentioned in Chapter 2.5, eggs and chicken meat are 


the main sources of human infection caused by Salmonella. After contact of a susceptible 


person with the source of infection, the occurrence of infection and severity of disease may 


be noticed or not depending on the individual susceptibility of the host as well as the bacterial 


load ingested and Salmonella strain involved. Furthermore, detection and recording of the 


infection will depend on individual health seeking behaviour and health reporting system. 


Modelling the effect of weather and/or climate in these specific components (bacterial 


growth/ingested food, infected food/susceptible individual, response to the infection),  will 


help to approximate the likelihood of disease in humans due to Salmonella. Predictive 


modelling combines mathematical modelling and bacterial growth responses under the effect 


of different environmental conditions to enable the description of bacteria kinetics [59]. 


 


 


 
 
 
 
 


Figure 5. Diagram of Salmonella infection. 
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The expected number of detected infections per day (i.e. rate 𝜆𝑝) at a certain location, caused 


by one source of infection (e.g. eggs), can be calculated as a product (Figure 5, Equation 6): 


𝜆𝑝 =  (𝑁𝐻)  ∗  (𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑠𝑜𝑢𝑟𝑐𝑒 )  ∗  (𝑥𝑠𝑜𝑢𝑟𝑐𝑒)  ∗  (𝑃𝑅)     Equation 5 


Where 𝑁𝐻 is the number of humans at a given location, 𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑠𝑜𝑢𝑟𝑐𝑒  per capita contact rate with 


a specific source of infection, 𝜒𝑠𝑜𝑢𝑟𝑐𝑒 probability of getting infected and contracting the 


disease following a contact with the source of infection, and 𝑃𝑅 the probability of reporting a 


disease event following symptoms.  


As location, we consider the catchment areas delimited by PHE for Lo Iacono et al., 2020 [60] 


(Figure 6), where reported infections are linked to a diagnostic laboratory coverage area, 


which most of the time coincided with the nearest laboratory to the patient’s residence 


postcode and has been confirmed to be a good proxy for assessing the impact of weather over 


the surrounding reported cases [61]. 𝑁𝐻 is the average number of people living in these 


catchment areas. This number is obtained from census data processed by the GIS team at PHE 


at a yearly temporal resolution. 


 


Figure 6. Catchment areas identified by a laboratory confirmed Campylobacter 
positive case in England and Wales. Each dot represents the domestic address of a 
diagnosed patient, and each colour identifies the diagnostic laboratory to which 
the patient was referred. Similar catchment areas are expected for any other 
infectious disease such as Salmonella. Source [60]. 
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The per capita probability of contact (𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑠𝑜𝑢𝑟𝑐𝑒 ) in our case is the probability of ingestion of a 


contaminated food, which depends on consumer behaviour. For simplicity, we start by 


assuming a standard consumer behaviour which is constant in time and uniform across 


England and Wales.  Thus, this probability can be represented by an unknown coefficient of 


proportionality. I am exploring, however, the possibility of incorporating consumer behaviour 


based on retail sales data (e.g. see https://www.egginfo.co.uk/egg-facts-and-figures/industry-


information/data for eggs). 


For the probability of infection (𝜒𝑠𝑜𝑢𝑟𝑐𝑒), and by extension the probability of disease, we 


assume that this probability is proportional to the bacterial load in the food source: the more 


Salmonella units (CFU) present in the food, the higher the probability of getting infected and 


falling ill. Doses above 102 CFU have a probability of causing illness ranging from 0.5 to 1.0, 


and doses less than 102 CFU have probability of illness ranging from 0.01 to 0.56 [62]. 


Nonetheless, the infectious dose will depend on the food vehicle in consideration as well as 


other factors external (e.g. the climate conditions, the time passed from contamination to 


consumption of the source, storage conditions and handling and cooking practices). 


The final probability of reporting a Salmonella case (𝑃𝑅) is unknown. The proportion of cases 


not recorded by national laboratory surveillance can be large and varies by microorganism 


[63]. EFSA estimated that only 1 out of every 57 cases of salmonellosis is reported in the EU 


[57]. One study performed in England in the late 1990’s estimated in 3.2 the community 


burden of salmonellosis [63]. This number may be different if we repeated the study at the 


present, but to begin with, we will ignore this factor having our model to only estimate the 


expected number of reported infections per day at a certain location. If this factor is constant 


(does not change in time) and uniform (the same in every catchment area), then the actual 


number of infections scales as the reported number of infections apart a coefficient of 


proportionality not affecting seasonality and spatio-temporal patterns in salmonellosis.6 If we 


have multiple sources of infection, then Equation 6 can be extended as Equation 6:  


𝜆𝑝 = 𝑁𝐻  (𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑒𝑔𝑔𝑠


∗  𝜒𝑒𝑔𝑔𝑠 +  𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑝𝑜𝑟𝑘


 ∗ 𝜒𝑝𝑜𝑟𝑘   + . . . )                 Equation 6 
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Where the number of infections per day (𝜆𝑝) is the sum of the probabilities of getting infected 


after being in contact with a specific food source of infection (𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑒𝑔𝑔𝑠


∗  𝜒𝑒𝑔𝑔𝑠,  𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡
𝑝𝑜𝑟𝑘


 ∗


𝜒𝑝𝑜𝑟𝑘  , 𝑒𝑡𝑐.) times the number of people living in a catchment area (𝑁𝐻). 


As the λP value changes through the year and with different location (because of temperature 


and the number of people living in a catchment area in our case), ours is an inhomogeneous 


Poisson process. Due to the large number of random factors involved in infection, such as 


variable eating habits and other human factors, λP  should be treated as a stochastic term 


drawn from an appropriate random distribution; but for the sake of simplicity, at the moment 


we will ignore stochastic effects. 


The next step is to model the probability of getting infected following a contact with the source 


(𝜒𝑠𝑜𝑢𝑟𝑐𝑒). As we assume that this probability is proportional to the bacterial load, we model 


this value using empirical relationships for bacterial load available in the literature.  


The Gompertz curve is a function widely used to estimate the growth of microorganisms in a 


time series form. The Gompertz curve can also estimate the expected bacterial load in time 


given a set of conditions, like different temperatures. From the literature we have found 


different associations for a Salmonella bacterial load under different temperatures, in 


different source of infections (i.e. shell eggs, cooked chicken, raw chicken skin, ground sterile 


pork, ground beef, brain-heart infusion broth, etc.). Examples of these empirical relationships 


are equation 2 and 3 above. So, apart from a coefficient of proportionality, we can estimate 


the expected rate λP  for each day in each catchment area for a specific source and check if we 


can capture the correct seasonality. 


4.2 Equations used  


The equations and parameters found in the literature for Salmonella growth in eggs and 


chicken —EGR (Equation 1) in eggs and the maximum Salmonella density in broiler chicken 


(Equation 2)— were embedded in a simple mechanistic model built in R software version 
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4.0.2, allowing us to visualize some preliminary results. The final R code for this model will be 


shared on the GitLab7 open code repository once validated. 


The daily PHE recorded cases for the years 1989 to 1995 were summed and expressed weekly 


in order to get a more comprehensive time-scale overview. For the cases to be non-


dimensional and comparable one another, PHE cases were normalized by dividing the mean 


number of cases in a week by the total sum of cases for each year. This also circumvent the 


problem of unknown coefficient of proportionalities (e.g. PR). 


The delay for a climate event to generate an effect in bacterial growth and inducing disease is 


unknown. To avoid this and any other type of delays interfering with our model, we have 


averaged the temperature recorded for some days prior to the date of registration of the 


cases. We have used 60 days for illustrative purposes. However, there is some evidence 


suggesting a 2-5 weeks delay associated with foodborne salmonellosis cases and temperature 


[31]. 


5. Preliminary results  


Analysing the 7-year-period when the highest number of cases of salmonellosis were recorded 


in England and Wales (i.e. 1989 to 1995) corroborated the importance that chicken and eggs 


have on the incidence of salmonellosis. Our preliminary model shows that the estimate of 


salmonellosis incidence based on the bacterial growth on chicken and eggs closely mirrors 


Salmonella reported cases, following the yearly oscillations of temperature ( and Figure 8) and 


thus confirming the high influence that temperature exerts on the growth of Salmonella.  


Interestingly, the model can reproduce unexpected recurring lower spikes coinciding with the 


end of each year. More simulations will allow us to find a possible explanation to this 


phenomenon. The good fitness of our simulations to the PHE recorded cases reassures us of 


the suitability of the model and that the equations used for making predictions based on eggs 


and chicken were appropriate. However, our simulated curves differ in pattern and dimension 


                                                      


7 https://about.gitlab.com/what-is-gitlab/  



https://about.gitlab.com/what-is-gitlab/





22 | P a g e  


 


with the recorded cases, suggesting that there may be more variables influencing the 


seasonality that we have not yet considered. Given that the exact number of actual infections 


are unknown due to an unavoidable under-reporting, and lack of information on the 


coefficients of proportionality mentioned above (PR, etc..) we will focus on simulating the 


seasonal patterns of the reported cases curve rather than the absolute number of cases.  


 


Figure 7. 50-50 weighting of chicken and eggs as a source of salmonellosis dependent on temperature compared with PHE 
recorded cases. Years 1989-2012. The simulation mostly imitates higher and lower peaks registered through the years with 
some outliers such as for the las  t 8 years, where the simulation predicts the peak of cases before the registered cases. A 
more visual way to display numerous years will be explored 
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. 
Figure 8. Normalized Salmonella cases simulation from chicken (green) and eggs (blue) in function of temperature and 
recorded salmonellosis infections from PHE (red) for the years 1989-1995 in England and Wales. Minimum and maximum 
temperature records showed in grey. Both the simulations and the historic records follow a clear pattern for rising 
temperatures.  


In an exercise suggesting that both sources of Salmonella (chicken and eggs) have the same 


importance in transmitting the disease, we have illustrated a “combined chicken-egg” 


simulation and compared against the recorded cases (Figure 9). Different combinations were 


performed finding in this 50-50 weighing a good approximation (although based on visual 


inspection alone) to the curve of the recorded cases.  
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Figure 9. Comparation of sources of salmonellosis originating from eggs and chicken combined in an equitable 
weighting against the recorded cases from PHE for the years 1989-1995 in England and Wales. 


More preliminary analysis leading to prepare the data and the R code in order to look for 


spatial patterns in the distribution of salmonellosis were performed (Figure 11, Figure 12). 


Similarly, a preliminary analysis of the impact of a change in temperature (in this case, an 


increase in 2ºC) was done (Figure 13). This will need to include proper and detailed projections 


of the climate change from experts in order to simulate the effect that this would have in the 


incidence of the disease. 
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Figure 10. Distribution of cases as per different locations in England and Wales. Quantitatively, 
London area registered higher number of cases as compared to East Anglia and Wales. A figure 
in a map form will be done. 


 


Figure 11. Combined Salmonella cases for the years 1989 to 1995 displayed through a year for 
three locations in England and Wales. A similar summer peak is seen for all the locations, with 
London registering a slightly earlier decline of cases. 
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Figure 12. Combined Salmonella cases for the years 1989 to 1995 displayed through a 
year and the simulated cases for an increase of 2ºC in the mean temperatures. The 
shadow area represents the 25 and 75 quantiles respectively. With the inclusion of more 
climate parameters, a more precise simulation will be possible. 


6. Discussion 


The complexity and the multifactorial component of the mechanisms involved in infectious 


diseases make any related prediction challenging. Despite this, the evident association 


between weather and seasonal cases of salmonellosis lead us to pursue the best 


approximation possible by calculating the probability of contracting the disease and it being 


reported to the health authorities. 


6.1 Assumptions 


In order to create a model to begin with, we have established a series of assumptions that 


allow us to create a simplistic base from which to build on a more complex model. That is: 


1. The number of cases of human salmonellosis is proportional to the Salmonella counts in 


the studied food source, hence proportional to bacterial growth. 


2. We have not made any serotype differentiation, assuming all serotypes and phage types 


have a similar behaviour. 
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3. Eggs and chicken are the most studied foodstuffs, with a well-known linkage with 


Salmonella. They are considered to be the most important sources involved in Salmonella 


food poisoning. However, there is a greater number of unidentified sources of infection of 


mixed or unknown origin contributing to a high number of Salmonella infections that we 


cannot include in the quantitative model given the lack of studies. 


4. The main weather driver of salmonellosis is temperature, but we need to explore other 


variables as well as their combined effect on different sources of infection. 


6.2 Limitations 


• For now, weather and climate are the sole drivers for seasonality in our model. We are not 


including human behaviour and other stochastic effects that are difficult to measure. 


Likewise, socio-economic variations for the same area over time are not taken into account 


(e.g. more preventive measures in place and salmonellosis awareness raised in more recent 


years). 


• Variation in time of the sampling and analyses methods may also challenge time series 


interpretation. 


• A small proportion of the actual number of cases is considered to be reported given the 


self-resolving nature of salmonellosis. This gives uncertainty to the absolute number of 


infections and underestimate the predictions. 


• We have averaged the weather conditions of a given area during the 60 days prior to the 


registration of the Salmonella case due to ease of access of data from a previous work. This 


may be too broad an approximation and we may have missed the effect of the oscillations 


of weather variables in shorter time spans.  


• SE has been seen to remain dormant for 2-3 weeks in eggs stored at ambient temperature 


(20ºC). However, there could be room for discussion if a rise of the outside temperature —


as expected by the climate change predictions—, would have an impact on the indoors 


household’s micro-climate, and thus on the incidence of human salmonellosis. 


• Our model is built based on experiments performed following artificial short-term, stress-


induced situations that are not necessarily representative of the real behaviour of the 


bacteria. A long exposure could allow the bacteria to adapt and tolerate the stressor. 
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• When no specific equation linking a weather variable and a food vehicle was found, we 


used data based on experiments, which is not as representative as we would like given the 


unknown effect of ranges of the variable (e.g. temperature) outside the experimental ones. 


• The total bacterial count depends on the initial bacterial load present in the food, so the 


likelihood of infection will differ depending on food to food and its level of contamination. 


An existing competitive microflora present in the food can also interfere with the speed 


and the burden of contamination of Salmonella. 


7. Prospective research plan 


7.1 Gantt Chart 


(See next page) 
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7.2 Future work 


• Literature review: as an initial approximation and familiarization with the research topic, 


a snowball literature search was followed. The most relevant terms used were 


parametrization, Salmonella contamination, microbial growth models, bacterial count, 


chicken, pork, egg, rate of infection, foodborne diseases, environmental modelling. An 


approach following the principles of a systematic review will be performed next to ensure 


that no relevant paper is overlooked. Scopus, PubMed, GoogleScholar, SurreySearch and 


Web of Science will be considered for this purpose. 


• Data to analyse: Up to now, we have evaluated a small portion of the incidence data (7-


year time span) out of the 30-year existing records due to a delay in receiving the data 


from PHE derived from the COVID-19 pandemic. Our aim is to analyse the maximum and 


most possible up to date data (i.e. cases recorded from 1989 to 2020, similarly to ) in a 


small-scale spatio-temporal resolution (i.e. daily/weekly resolution per catchment area). 


I am expecting to receive the incidence data from PHE in the upcoming weeks, but in case 


the data gets delayed beyond the end of March, as a contingency plan, a lower resolution 


incidence data can be downloaded from the publicly available MEDMI Climate-Health 


Tool 8. A sample of the daily weather variables provided by the MetOffice from 1987 to 


2020 for all the 416 post codes of England and Wales is provided as List A2 in the Annexes. 


• Managing numerous years to analyse. As a way to facilitate the visualization of >30-year 


disease records, we will split the data by the year 1998. This will also allow to evaluate 


separately the incidence before and after the implementation of the egg’s vaccination 


scheme in the UK (i.e. look for a difference in the yearly patterns in each time range which 


could potentially be linked with higher contribution to diseases of other foodstuffs other 


than eggs). This could potentially allow to place the focus of study in other foodstuffs and 


its behaviour towards the climate variables of study in case temperature is not so highly 


correlated as it is with eggs. For detecting the seasonal patterns and correlations from a 


different perspective, we will perform a Wavelet analysis in R linking the recorded 


Salmonella cases with a climate variable at a time to look for a possible existence of 


                                                      


8 http://tools.data-mashup.org.uk/medmi/ 



http://tools.data-mashup.org.uk/medmi/
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coherence between them or even to identify variables not influenced by the environment 


(see supplementary Figure A1). 


• Include more relevant variables. More food sources as well as climate variables will be 


evaluated to try to match the real reported cases as closely as possible. Special attention 


will be given to the variables found to be significantly associated with salmonellosis as 


mentioned on Chapter 2.4 (i.e. vapour pressure, sunshine, cloudiness and relative 


humidity). Studies of Salmonella in eggs are numerous and well defined, not being the 


case for other food vehicles. However, some experimental growth studies for a defined 


set of time/temperature conditions are available and could be used to define the 


influence of temperature on these other foodstuffs and thus deduct a quantifiable 


relationship. This was done with chicken meat and the next food source to be included in 


the model will be pork. The search for quantitative studies in other food and produce will 


continue in parallel. Moreover, we are exploring to include retailer and/or consumer data 


supporting the relative contribution of each type of food as well as the seasonality of 


consumption in order to find any correlation. Some preliminary contact with a data 


supplier for Tesco’s supermarkets sales data has been established.  


• Conditional incidence. Once the variables most related to environmental changes have 


been identified and building on [60], I will focus on performing a conditional incidence of 


them so that the simultaneous effect of them can be evidenced. 


• Spatial distribution of salmonellosis. I would also like to investigate a possible geographic 


effect within England and Wales, given that the climate conditions (precipitation, altitude, 


radiation, wind, etc.) vary within the country and may not affect all areas in the same way. 


In a study performed in Maryland (USA), a higher risk of salmonellosis was seen in coastal 


counties as well as with extreme temperatures (i.e. big temperature oscillations) and 


precipitations [33]. It would be interesting to evaluate the impact of extreme 


meteorological events recorded by the MetOffice (radiation, air temperature, cloud 


cover, dewpoint temperature, soil temperature, wind speed, precipitation, relative 


humidity, and sunshine duration). For example, quantify minimum and maximum 
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temperatures recorded in a day to find wide thermal amplitude rather than using average 


temperatures). 


• Addressing reporting bias. Given the unavoidable reporting bias where the reported cases 


to the national surveillance system are only a fraction of a total unknown number of cases 


—most likely being the most severe infections or large outbreaks the ones that are 


registered—, we would like to compare the human and animal available salmonellosis 


data. If sufficient data is available and a positive human-animal relation can be 


demonstrated, animal surveillance data could be used as a risk indicator of human 


disease. For this, we will consider using an estimation of frequency of exposure to 


Salmonella based on serological information (i.e. antibodies measurements) in laying 


hens, broilers and pigs calculated with a model developed in a Swedish back-calculation 


study [57] together with animal records from APHA. In any case, this bias is not very 


concerning given that it is likely that the same type of bias is maintained for the same 


area. 


• Managing the effect of weather. The evaluation of the environmental effect over the 


reported cases was averaged for the 60 days prior to the specimen date (i.e. date when 


the patient sought medical attention). With this broad approximation we have obtained 


good fit of the curves, which could mean that there is a human behavioural component 


that is more relevant as a driver of salmonellosis than the environment. It would be 


interesting to check the fitness of the simulations for averages for different time-lags (e.g. 


7, 14 and 30 previous days). 


• Predict the impact of climate change.  


• Include serotype information. In a later stage of work, we would like to evaluate the 


dominance of the serotypes and/or phage types involved in each food source to highlight 


overlapping or divergent patterns of incidence. PHE data potentially have this 


information.  


• Model validation. Collaboration is foreseen potentially with J. Semenza at EU level or with 


collaborators at a German group working on Salmonella.  
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Annexes 


A.1 Training and development 


University of Surrey Learning 


Title Organizer Date 


Demonstration in Laboratories Researcher Development 


Programme 


29/01/2020 


Introduction to Assessment and 


Feedback in Higher Education 


Demonstrating in Higher Education 


(DHE) 


03/02/2020 


Workshop on Git Dean Roe (IT) 04/02/2020 


Introduction to Teaching in Higher 


Education 


Demonstrating in Higher Education 


(DHE) 


07/02/2020 


Welcome to your Doctorate Researcher Development 


Programme 


12/02/2020 


Presentation Skills English Language Support 


Programme (ELSP) 


12,19/02/2020 


Introduction to High performance 


computers (HPC) 


Pritesh Tailor (IT) 24/02/2020 


Scopus Training Library and Learning Services 26/05/2020 


Confirmation Process Doctoral College 29/09/20 


Presentation skills in Practice Doctoral College 30/11/20 


Writing Retreat Doctoral College 04/12/2020 


Managing your supervisor Doctoral College 15/12/2020 


Research Data Management and Open 


Data 


Doctoral College 19/01/2021 


French - Stage 5 Global Graduate Award (GGA) 07/10/2020-


28/04/2021 


Undergraduate Demonstrations 


Subject Reporting lecturer Date 


Foundation year for biosciences. 


Animal dissection 


Robert Hatch 10/02/2020 


Biomedical Bacteriology Chinyere Okoro 27/02/2020 


Biomedical Bacteriology Chinyere Okoro 05/03/2020 


Introduction Immunology. Marking Kikki Bodman-Smith 09/03/2020 


Principles of Physiology. Lung function Sarah Bailey 10/03/2020 


Structure and Function of Haemopoietic 


Systems 


Shahriar Behboudi 13/03/2020 


Animals in society. Blood collection Sue Phillips 16/03/2020 


Principles of Physiology. Spirometry Sarah Bailey 17/03/2020 


Principles of Physiology. Marking Sarah Bailey 24/03/2020 
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Recurrent group meetings 


Group Institution Date 


Neglected Tropical Diseases (NTD) 


Group 


University of Surrey Biweekly 


Veterinary Health Innovation Engine 


(vHive)  


University of Surrey/APHA Weekly 


Courses and workshops 


Name of the course Organizer Date 


Introduction to Infectious Disease 


Modelling and its Applications 


London School of Hygiene & Tropical 


Medicine 


15/06/2020-


10/07/2020 


Infectious Disease Modelling 


Specialization 
Coursera - Imperial College 


01/06/2020- 


12/06/2020 


Statistics and R 
edX - HarvardX (open license – no 


certificate) 


01/11/2020 - 


29/11/20 


Intermediate R DataCamp 
15/05/2020 -


22/05/2020 


Communications and Media Workshop OHEJP 
05/10/2020-


06/10/2020 


Public speaking and presenting Teach first 13/11/20 


Introduction to bioinformatics Arnoud van Vliet 
21/12/2020-


24/12/2020 


Innovative digital software solutions 


supporting risk assessment, zoonotic 


outbreak investigations and data 


interoperability 


OHEJP/BfR 
15/02/2021-


19/02/2021 


7th Cogwheel Workshop 


OHEJP/ Versatile Emerging 


infectious disease Observatory 


(VEO) 


25/02/2021 


 


Supporting certificates 


Gonzalez Villeta 


statement.pdf


Coursera 


K3DHSW6ZHHUT.pdf


certificate_Intermedia


teR.pdf


3MT Certificate of 


Participation_Laura Gonzalez Villeta.pdf


Certificate of 


participation_CaM.pdf
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A.2 Conference attendance and presentations 


University of Surrey Conferences 


❖ Veterinary School Research Celebration Event. Short oral presentation. 09/09/20. 
Online 


• Oriented to the wide University community, and 


more especially to the Veterinary Medicine staff 


and students. 


• Presentation of the mechanistic modelling as 


the method that will be used to tackle the 


research questions. 


• About 72 attendants. 


 


 


❖ Project progress video presentation as part of the vHIVE group (Veterinary Health 
Innovation Engine) at the 6th One Health Congress. 30/10/2020. Online 


• Oriented to the public interested on the 


members of the Veterinary Health Innovation 


Engine (vHIVE) within the 6th World One Health 


Congress. 


• Presentation of PhD project and objectives. 


• Over 2,000 attendants. 


 


 


 


 


❖ Project progress oral presentation at NTD group meeting. 28/09/2020. Online 


• Oriented to the Neglected Tropical Diseases 


Faculty group. 


• Presentation of progress open to questions and 


suggestions within an informal colleagues 


meeting. 


• About 15 attendants 
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OHEJP-related Conferences 


❖ Annual Scientific Meeting 2020. Poster presentation and 3-minute thesis competition. 
27-29/05/2020. Online. 


• Oriented to the OHEJP consortium as well as 


open to the general public interested in One 


Health-related research (Foodborne zoonoses, 


antimicrobial diseases and emerging threats). 


• Presentation of the research question which 


takes a look at seasonality as a driver of 


salmonellosis and research objectives. 


• Over 750 participants 


 


 


 


 


 


 


 


 


 


 


 


 


 


❖ Invited presenter 6th Cogwheel Workshop, 25/11/2020. Online 


• OHEJP partner SafeConsume, a research and 


innovation action funded by Horizon2020 which 


objective is to reduce health burden from 


foodborne illness through changing consumer 


behavior. 


• Presentation of preliminary results linking 


chicken and eggs to salmonellosis. 


• About 29 participants 
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External Conferences 


❖ 6th World One Health Congress. Poster presentation. 30/10/2020-03/11/2020. Online 


• Oriented to the world-wide community interested in 


One Health latest breakthroughs within the 4 main 


topics: One Health Science, Antimicrobial 


Resistance, Science-Policy interface and SARS-


COV-2. 


• Presentation of first modellization of human 


salmonellosis based on eggs and temperature, and 


simulations of disease increase in an ∆2ºC scenario. 


• Over 2,000 attendants 
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A.3 Supplementary information 


 
Figure A1. Preliminary Wavelet analysis performed on salmonellosis records for the years 
1989-2011. A strong seasonal pattern (black line) was observed yearly (period ≈365 days) over 
time. Less significant signals were detected for the period≈200 days for alternate years, and 
around 2048 days (equivalent to 5.6 years) for the first years. Further analysis will bring light 
to explain these patterns. Further analysis will be performed to find a relevant correlation 
between salmonellosis records with different weather variables. 


 


List A2: Weather variables provided by the MetOffice: 


Date 


Global radiation (kJ/m2): IDW mean 


Global radiation (kJ/m2): altitude interpolation adjusted 


Global radiation (kJ/m2): altitude regression adjusted 


Global radiation: IDW and regression adjusted weight (m-1) 


Global radiation: interpolation adjusted weight (m-1) 


Global radiation: number of sites 


Maximum air temperature (degC): IDW mean 


Maximum air temperature (degC): altitude interpolation adjusted 


Maximum air temperature (degC): altitude regression adjusted 


Maximum air temperature: IDW and regression adjusted weight (m-1) 


Maximum air temperature: interpolation adjusted weight (m-1) 


Maximum air temperature: number of sites 


Mean air temperature (degC): IDW mean 


Mean air temperature (degC): altitude interpolation adjusted 


Mean air temperature (degC): altitude regression adjusted 
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Mean air temperature: IDW and regression adjusted weight (m-1) 


Mean air temperature: interpolation adjusted weight (m-1) 


Mean air temperature: number of sites 


Mean cloud cover (oktas): IDW mean 


Mean cloud cover (oktas): altitude interpolation adjusted 


Mean cloud cover (oktas): altitude regression adjusted 


Mean cloud cover: IDW and regression adjusted weight (m-1) 


Mean cloud cover: interpolation adjusted weight (m-1) 


Mean cloud cover: number of sites 


Mean dewpoint temperature (degC): IDW mean 


Mean dewpoint temperature (degC): altitude interpolation adjusted 


Mean dewpoint temperature (degC): altitude regression adjusted 


Mean dewpoint temperature: IDW and regression adjusted weight (m-1) 


Mean dewpoint temperature: interpolation adjusted weight (m-1) 


Mean dewpoint temperature: number of sites 


Mean sea-level air pressure (hPa): IDW mean 


Mean sea-level air pressure (hPa): altitude interpolation adjusted 


Mean sea-level air pressure (hPa): altitude regression adjusted 


Mean sea-level air pressure: IDW and regression adjusted weight (m-1) 


Mean sea-level air pressure: interpolation adjusted weight (m-1) 


Mean sea-level air pressure: number of sites 


Mean soil temperature at 1 m (degC): IDW mean 


Mean soil temperature at 1 m (degC): altitude interpolation adjusted 


Mean soil temperature at 1 m (degC): altitude regression adjusted 


Mean soil temperature at 1 m: IDW and regression adjusted weight (m-1) 


Mean soil temperature at 1 m: interpolation adjusted weight (m-1) 


Mean soil temperature at 1 m: number of sites 


Mean soil temperature at 10 cm (degC): IDW mean 


Mean soil temperature at 10 cm (degC): altitude interpolation adjusted 


Mean soil temperature at 10 cm (degC): altitude regression adjusted 
Mean soil temperature at 10 cm: IDW and regression adjusted weight 
(m-1) 


Mean soil temperature at 10 cm: interpolation adjusted weight (m-1) 


Mean soil temperature at 10 cm: number of sites 


Mean soil temperature at 20 cm (degC): IDW mean 


Mean soil temperature at 20 cm (degC): altitude interpolation adjusted 


Mean soil temperature at 20 cm (degC): altitude regression adjusted 
Mean soil temperature at 20 cm: IDW and regression adjusted weight 
(m-1) 


Mean soil temperature at 20 cm: interpolation adjusted weight (m-1) 


Mean soil temperature at 20 cm: number of sites 


Mean soil temperature at 30 cm (degC): IDW mean 


Mean soil temperature at 30 cm (degC): altitude interpolation adjusted 


Mean soil temperature at 30 cm (degC): altitude regression adjusted 
Mean soil temperature at 30 cm: IDW and regression adjusted weight 
(m-1) 


Mean soil temperature at 30 cm: interpolation adjusted weight (m-1) 
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Mean soil temperature at 30 cm: number of sites 


Mean soil temperature at 50 cm (degC): IDW mean 


Mean soil temperature at 50 cm (degC): altitude interpolation adjusted 


Mean soil temperature at 50 cm (degC): altitude regression adjusted 
Mean soil temperature at 50 cm: IDW and regression adjusted weight 
(m-1) 


Mean soil temperature at 50 cm: interpolation adjusted weight (m-1) 


Mean soil temperature at 50 cm: number of sites 


Mean surface air pressure (hPa): IDW mean 


Mean surface air pressure (hPa): altitude interpolation adjusted 


Mean surface air pressure (hPa): altitude regression adjusted 


Mean surface air pressure: IDW and regression adjusted weight (m-1) 


Mean surface air pressure: interpolation adjusted weight (m-1) 


Mean surface air pressure: number of sites 


Mean visibility (dam): IDW mean 


Mean visibility (dam): altitude interpolation adjusted 


Mean visibility (dam): altitude regression adjusted 


Mean visibility: IDW and regression adjusted weight (m-1) 


Mean visibility: interpolation adjusted weight (m-1) 


Mean visibility: number of sites 


Mean wind speed (knots): IDW mean 


Mean wind speed (knots): altitude interpolation adjusted 


Mean wind speed (knots): altitude regression adjusted 


Mean wind speed: IDW and regression adjusted weight (m-1) 


Mean wind speed: interpolation adjusted weight (m-1) 


Mean wind speed: number of sites 


Minimum air temperature (degC): IDW mean 


Minimum air temperature (degC): altitude interpolation adjusted 


Minimum air temperature (degC): altitude regression adjusted 


Minimum air temperature: IDW and regression adjusted weight (m-1) 


Minimum air temperature: interpolation adjusted weight (m-1) 


Minimum air temperature: number of sites 


Precipitation (mm): IDW mean 


Precipitation (mm): altitude interpolation adjusted 


Precipitation (mm): altitude regression adjusted 


Precipitation: IDW and regression adjusted weight (m-1) 


Precipitation: interpolation adjusted weight (m-1) 


Precipitation: number of sites 


Relative humidity (%): IDW mean 


Relative humidity (%): altitude interpolation adjusted 


Relative humidity (%): altitude regression adjusted 


Relative humidity: IDW and regression adjusted weight (m-1) 


Relative humidity: interpolation adjusted weight (m-1) 


Relative humidity: number of sites 


Snow depth at 9 h (cm): IDW mean 


Snow depth at 9 h (cm): altitude interpolation adjusted 


Snow depth at 9 h (cm): altitude regression adjusted 
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Snow depth at 9 h: IDW and regression adjusted weight (m-1) 


Snow depth at 9 h: interpolation adjusted weight (m-1) 


Snow depth at 9 h: number of sites 


Sunshine duration (h): IDW mean 


Sunshine duration (h): altitude interpolation adjusted 


Sunshine duration (h): altitude regression adjusted 


Sunshine duration: IDW and regression adjusted weight (m-1) 


Sunshine duration: interpolation adjusted weight (m-1) 


Sunshine duration: number of sites 


 


 







 


 


Food Salmonella 
serotype 


Climate variable Time Type of infection Observation Reference paper 


Egg (unbroken) 
 
 
Liquid egg 
Egg/egg yolk 


SE 10ºC 
20ºC 
30ºC 
64ºC 
<10ºC 


6 weeks 
 
3 weeks 
1 min 


Inoculation (20-47 CFU) No growth 
 
>106 CFU 
No survival 
No growth 


Okamura et al., 2007 


Whole egg SE 21ºC, dark 21 days Inoculation (102- 105 cells) 0.5% <20 cells 
0.01% eggs 102-105 cells 


Humphrey et al., 1991 


  21ºC 20 days Inoculation (<102 CFU) >108 CFU Kim et al., 1989 


Chicken (vacuum)  3ºC NA TBC Survival, no multiplication Mychas & Tassou, 1996 


   TBC Nitrites effect Lake et al., 2009 


   TBC Cecum colonization Joeger et al., 2009 


Chicken ST 21ºC 20 hours ∆ 2,5 UL  Oscar 2009 


Chicken nuggets    TBC  Bucher et al., 2008 


Cell culture (brain-heart 
infusion broth) 


ST 
(strain 
H3380) 


25ºC  Inoculation (2-3log10/CFU/ml) 
+ incubation+ 48h at 30ªC 
prior counting 


Inactivation at 55ºC prior to 
counting 


VK Juneja, HM Marks, 2006 


37ºC  


Liquid whole egg SE, 
ST 
S. 
Senftenberg 


1.5 kGy- 57.7ºC 
0.5 kGy – 59.3ºC 


 3.5 min of irradiation + 
inactivation Temperature 


5-log(10) reduction I. Alvarez et al., 2007 
https://pubmed.ncbi.nlm.nih.gov/17995736/  


Pathogen-free shell eggs SE 5.0 kGy  Inoculation 4 log CFU/egg Not enough for complete 
elimination 


ECP Rodrigues et al., 2011 


Table A1. Summary (in progress) of experimental data linking growth of Salmonella on relevant food products under the effect of different climate variables. This table will be populated as information is found. 
It will be used to feed the model with the evidence available.SE: Salmonella Enterica; CFU: colony forming unit; kGy: kiloGray unit of radiation. 



https://pubmed.ncbi.nlm.nih.gov/17995736/
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