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CHAPTER 1

General introduction



Chapter 1

The coronavirus disease 2019 (COVID-19) pandemic that started in December
2019 in China,' has embedded words like “epidemiology” and “zoonoses” in normal
daily conversations worldwide. On the one hand, this facilitates the explanation of
some key concepts of our field of work, but does it also facilitate the writing of a
thesis about the eco-epidemiology of zoonotic infectious diseases and does it make
acceptance of research findings more straightforward?

A short answer would be no.

Indeed, the emergence and spread of zoonotic infectious diseases are complex
and unique for each disease-causing micro-organism or virus. This complexity
is evident in the definition of zoonoses itself, i.e., any disease or infection that is
naturally transmissible from vertebrate animals to humans.? As soon as a zoonotic
pathogen spills over from vertebrate animals to humans, opportunities arise to
adapt and transmit from human to human as well (e.g. COVID19, Monkeypox).
When zoonotic pathogens move to this next evolutionary stage, they pose an even
bigger public health threat than before.? Besides, zoonoses can be caused by several
microorganisms, such as bacteria, viruses, parasites or fungi. These microorganisms
can infect susceptible individuals in a population via various transmission pathways
depending on the pathogen in question, such as through direct contact with animals
and/or feces, or via food, water, soil, air or any other matrix or substrate that can be
contaminated with infectious forms of that pathogen.? All these different options
for transmission lead to many questions as to where a person acquired a zoonosis.
Common questions are, for example, how did a given zoonotic pathogen infect a
person in the first place? What was the source of the infection and how did the
pathogen spread from that source to humans? Was it the food eaten? Did someone
sneeze too close at work? Or was it a contaminated environment, including a
farm nearby? Etc. These are important questions, because: “Ewerything comes from
somewhere” 3, and zoonoses are no exception.

Zoonoses explained

Pathogens need a suitable reservoir where they can multiply and maintain themselves
for spread to new hosts. In the context of this thesis, these reservoirs are not humans
but vertebrate animals. Zoonotic pathogens need those animal reservoirs as they
provide the necessary principal habitat for them to survive and multiply in sufficient
numbers, evolve, and be transmitted to a susceptible person or another living animal.*
When a zoonotic pathogen is transmitted from a vertebrate animal to a human, a
zoonotic spillover event occurs.® If this spillover is caused by previously unknown
agents, or known microorganisms manifesting themselves in places or in species in
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which the disease was apparently unknown, the related zoonosis can be defined as
an emerging zoonosis.® Spillover events can also be caused by endemic zoonoses,
which are constantly maintained at a baseline level in a specific geographic area and
an animal population.®

When an animal or human host harbors a zoonotic pathogen, the source usually can be
found at a specific time and place and can be identified as another animal, individual,
or an object (e.g. fomite), as well as food, feed, water, soil. etc. Thus, the source is present
in the direct, external environment of the host.* Identifying the source of infection is
important to prevent others from acquiring the infection. However, identifying one
source may lead to another source being involved.* The pathway in which a pathogen
travels from one source to another one up to the final host is the “transmission route”.*
Tracing back the sources of infection along the chain of transmission ends with
revealing the original reservoir, where sources can be a part of.* But what are the

mechanisms behind the transmission of zoonotic pathogens?

Zoonoses can be spread in essentially three ways, either directly, indirectly or through
airborne transmission.* Direct transmission is defined as the immediate transfer of
pathogens to a susceptible individual via direct contact with animals or droplet spread
(particles larger than 5 pm”).* However, droplet spread could be included in the definition
of airborne transmission instead, as the used definitions are not conclusive. Overall, direct
transmission routes are often linked to behavior.* Most preventive measures, therefore,
focus on reducing risk behavior, such as washing hands after contact with animals.*

Indirect transmission is the transmission of a zoonotic pathogen from an animal
through fomites, such as inanimate objects and surfaces, or vehicles like food,
water, or vectors like arthropods (e.g. ticks, mosquitoes, etc.).* Control measures for
endemic zoonoses often focus on reducing the risk of transmission by enhancing the
safety of procedures (for example, hygiene during slaughtering for meat production)
or controlling the size of the vector population.*

With airborne transmission, pathogens are suspended in aerosols (fluid or solid) for
prolonged periods of time (as opposite to droplets, that are too large in diameter).*
However, droplets can remain airborne for prolonged periods of time as well,
depending on particle movement and size which are affected by conditions like wind
speed, humidity, and temperature, especially in open air®. Therefore, one could argue
to include droplet spread here. Airborne transmission is particularly efficient for
viruses®. When a zoonosis is able to transmit through airborne transmission from
human to human, this can result in a fast increase in number of cases in an outbreak
which is difficult to contain. A recent example of such a rapid developing outbreak
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resulting in a pandemic is COVID-19. Measures to mitigate airborne transmission
are, for instance, the provision of sufficient and effective ventilation, and avoidance of
overcrowding. However, the evidence base for such measures is still limited and there
is hardly any consensus on the effectiveness of those measures.’

In case of zoonotic outbreaks related to livestock, it is important to prevent farm-
to-farm transmission, for instance by limiting or banning animal transport in a
predefined area surrounding the farm harboring infected animals.’® Other options
to prevent further spread are vaccinating animals or improving hygiene measures on
farms and during transport.’® More drastic measures include, for example, culling all
livestock (including healthy animals) from an infected farm and sometimes even its
neighboring farms.*1®"" Besides reducing farm-to-farm transmission, those measures
also reduce the potential for spillover to humans and causing outbreaks of zoonotic
diseases in the human population.

The origins of zoonotic infectious diseases

Before the 19 century, the origins of diseases, including zoonoses, were difficult
to grasp. There were different theories about the origin of infectious diseases. One
example of such a theory was born from the societal fear for a supernatural origin of
the plague.’ Another one was that infection with the plague was caused by disease
carrying vapours (miasmas) emanated from corpses.” It took scientists up to the 19
century to discover that the plague was caused by the bacterium Yersinea pestis and
that it originated from rodents as reservoirs and fleas as vectors, while the plague has
been one of the first known emerging zoonoses in human history."* It caused three
human pandemics from the 6* century onwards, of which the “Black Death” pandemic
(1347-1351) is considered as one of the most lethal in history of humankind, with
17-28 million people killed in Europe alone (~30-40% of the population).™*

At the end of the 19" century, the German physician and pathologist Rudolf Virchow
introduced a new term to describe human diseases shared with animals: “zoonoses”,
which is derived from the ancient Greek (zoon: animals, and 7oson: disease).>" This
was an important step forward in recognizing the need for a more comprehensive
view on animal and human medicine. As he said himself:

“Between animal and human medicine, there is no dividing line, nor should there be’.

Rudolf Virchow (1821-1902)

To date, zoonoses are responsible for a significant and growing burden of human
disease worldwide due to their number, their frequency and their severity in relation
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to human health.'® In fact, 58% of the known human infectious diseases have a non-
human animal source and up to 75% of the new diseases affecting people over the
past decade originated from animals.’” Note that some of the original zoonoses have
evolved and gradually adapted to human-to-human transmission over time and are
transmissible between humans nowadays (e.g. human tuberculosis, COVID-19).18
Some zoonotic pathogens even became purely human pathogens, such as the human
immunodeficiency virus (HIV'), which mutated into human-only strains, while the
disease originally was a zoonosis."”

Worldwide, there are over 150 zoonotic diseases, of which only 13 are responsible
for 2.2 million deaths per year.” Moreover, the majority of recent epidemics and
pandemics have been caused by zoonotic pathogens.’® Between 2003 and 2020, six
Public Health Emergencies of International Concern have been declared by the
World Health Organization (WHO).** Five of them had a zoonotic origin: the
H1IN1 influenza pandemic (2009), the West African Ebola virus disease epidemic
(2013-2016), the Democratic Republic of Congo Ebola virus disease epidemic
(2018-2020), the Zika virus disease pandemic (2015-2016) and the COVID-19
pandemic (2020—present).? This emphasizes the need to prevent the emergence and
spread of infectious agents. To this end, it is important to gain insights into the
origins, sources and transmission routes of the pathogens in question.

Zoonoses in the Netherlands

Zoonoses can cause different diseases in humans. These diseases and their accompanying
symptoms can either be gastrointestinal (e.g. campylobacteriosis or salmonellosis),
respiratory (e.g. Q-fever) or systemic (e.g. hantavirus infection). The most frequently
reported human zoonoses in the Netherlands (excluding vector-borne zoonoses) are
campylobacteriosis, salmonellosis, and infection with Shiga toxin-producing Escherichia
coli (STEC), which are endemic worldwide.?! In the Netherland, these three pathogens
had a mean estimated number of incident cases in the general human population (x
1,000) of respectively 73.0 (9.5-198),26.0 (2.4-81) and 2.1 (0.2-8.8) in 2019.?! Together,
these pathogens cause over 4,000 human disability-adjusted life years (DALYs) in the
Netherlands each year, with corresponding expenses of ~€87 million/year.?!

The gastrointestinal bacteria Campylobacter, Salmonella and STEC O157 have different
animal sources. In the Netherlands, for example, the main animal sources of human
infection with Campylobacter are broilers and cattle.”? Pigs and laying hens are the main
sources of Salmonella® and domestic ruminants (cattle, sheep and goats) are the main
sources of human STEC 0157 infection**. Human infections are predominantly acquired
through the fecal-oral route via contaminated food or water.> All these three infections

11
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can result in gastroenteritis (GE), which can be defined as having three or more loose
stools within 24 hours or any clinically relevant vomiting (i.e. vomiting events other
than regurgitation, vomiting due to motion sickness/vertigo, traumatic event, nauseous
event, or drug/alcohol abuse).?* Those infections can have serious and sometimes long-
term sequelae beyond gastroenteritis, such as Irritable Bowel Syndrome (IBS) following
salmonellosis or campylobacteriosis, Guillain-Barré syndrome after campylobacteriosis

or hemolytic-uremic syndrome (HUS) following infection with STEC.>*

As animals can be infected with the aforementioned zoonotic pathogens as well,
pathogen presence in livestock is also monitored. 44% of the poultry flocks were (highly)
contaminated with Campylobacter in 2019.%° Besides, 22 of the 198 sampled broiler
farms (11%) reported the presence of Salmonella in their samples, but the prevalence
of Salmonella (S.) Typhimurium and §. Enteritidis was low (0.1%).** Additional
analyses revealed the presence of other Sa/monella-serotypes: S. Paratyphi B var. Java
(10x), S. Infantis (9x).° S. Agona, S. Goldcoast and §. Saint Paul each were present at
one farm.* Furthermore, 27 laying hen farms reported 45 suspicious stables in 2019,
which potentially harbored either S. Enteritidis or (monophasic) S. Typhimurium
infected laying hens.* Verification-studies of 26 stables confirmed the contamination
of 18 stables.*® Positive samples of pigs in slaughter houses were dominated by §.
Typhimurium (48 of the 133 positive samples in 2019).** STEC was only found in
one meat poultry farm, but was present in 59% of the fecal samples taken at pig farms
in 2019 and detected at almost all dairy goat and sheep farms that were included in
the Dutch surveillance of zoonoses in 2016.3%3 Besides in small ruminants, STEC is
also common in dairy cows: 21% of the dairy cow farms participating in the Dutch
surveillance of zoonoses in dairy cows in 2021 were positive.*?

The manifestation of these zoonotic infections in animals can differ from its
manifestation in humans. Sa/monella, for instance, does not generally cause clinical
disease in pigs or poultry.® The likelihood that it causes disease in animals depends,
as always, on both bacteria- and host-related factors, such as the bacterial subtype
and virulence, the animal species, its age and health status, among others. If clinical
symptoms are observed in poultry upon Salmonella infection, it is mainly in young
chickens up to two weeks of age, showing weakness, loss of appetite, watery diarrhea
and poor growth, which may eventually lead to death.®® Also STEC infection in

4

ruminants is usually asymptomatic,* as Campylobacter infection is in chickens.®

However, there are changes in the intestinal barrier function in Campylobacter-infected

chickens,®

and these changes are associated with decreased growth in otherwise
asymptomatic birds.* The fact that these endemic zoonoses usually do not cause
symptoms in their livestock sources makes detection, as well as the implementation
of measures in the transmission chain, more difficult when compared to animals that

do exhibit symptoms (e.g. avian influenza A viruses).



General introduction

Drivers of change

The number of (re-)emerging zoonoses is increasing worldwide, as is the risk for
both public and animal health.*** The explanation for this increase can be found in
factors that either directly or indirectly influence the emergence of zoonotic diseases.
Those are “drivers of change” and can be subdivided into three main categories:
globalization and environment (e.g. climate, the human-made environment, global
travel and animal transport), sociodemographic factors (e.g. demographic, intensive
livestock farming and social inequality), and public health systems (e.g. healthcare
system, animal health and food and water quality).”

The first category of the aforementioned “drivers of change”, globalization and
environment, contributed to 61% of individual infectious disease threat events

(IDTEs; outbreaks affecting > 5 persons) in Europe alone in the period 2008-2013.%"
Europe, therefore, is one of the hotspots for infectious disease (re-)emergence.®™
This directly relates to the major change in dynamic global trends in recent years,
which led to an increased number of opportunities for emerging infectious diseases
(EIDs) to occur and expand apace.’” Not only travel and tourism contributed to
the increased number of IDTEs, also food and water quality, the human-made and
natural environment and climate change were in the top five of most important
drivers of IDTEs in Europe.’” Besides, also the increased transport of animals over
larger distances worldwide has to be considered. During such transports, there can
be contact between different animals from various countries, increasing the risk of
potential infections and increased opportunities for global spread of the disease.™

Most IDTEs were the result of a combination of two or more drivers in Europe.?”
One of the reasons that the Netherlands is considered to be a high risk country for
zoonotic disease (re-)emergence, is its high and increasing human population density
(>500 inhabitants/km?) in combination with the close proximity of residents to
intensive livestock farms, which affect the environment in several ways. For instance,
intensive livestock farming leads to air pollution (fine and coarse dust, endotoxins
and ammonia), but also water and soil quality might be affected depending on local
conditions, manure treatment methods, and environmental regulations.*® Those farm
pollutants not only affect the environment. Farm emissions, for instance, can have
potential health effects, such as zoonotic infections, infections with antimicrobial-
resistant bacteria, and respiratory disorders.* Therefore, agricultural pollutants can
be of relevance for public health.*

The threats, often caused by the (re-)emergence of (zoonotic) infectious diseases, can
become major public health risks and even emergencies as soon as they lead to many
human cases and/or casualties.” But before a new disease can emerge, there needs

13
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to be alignment of several drivers and determinants.’ In other words, the zoonotic
pathogen needs to overcome a series of barriers in a specific order to be able to spillover
to a human host.” Examples of such barriers are the ecological, epidemiological and
behavioral determinants of pathogen exposure and within human factors affecting
susceptibility to infection.

One Health

The complexity of zoonoses requires a multilevel and multidisciplinary approach in
order to study the influence of all different determinants, drivers and the relationships
between them at the human-animal-environment interface (HAEI).*# Examples of
multilevel thinking are present in every era of epidemiological research.” One of the
best known, and first spatial-epidemiological study, is the work of John Snow of 1854
on Cholera and its link to contaminated drinking water from wells in the London city
center and thus the human-made environment.**? Despite a focus shift towards non-
communicable (chronic) diseases in the mid-twentieth century, multilevel thinking
re-emerged at the 2000 International AIDS Conference.* The overarching theme
of this conference was to recognize causes of AIDS and its transmission on multiple
levels.* In 2004, this perspective was adopted and included in the “Manhattan
Principles”, which were developed during the “Building Interdisciplinary Bridges to
Health in a ‘Globalized World’ symposium.* The outcome included 12 priorities to
combat health threats to human and animal health and called for an international,

interdisciplinary approach to prevent disease.® This established the foundation for
the “One Health, One World™” concept.*

To move the concept of One Health forward, specific action steps were defined during
the “Stone Mountain Meeting”in 2010.* During this meeting, experts of the Centre
for Disease Control and Prevention (CDC), the World Organization for Animal
Health (WOAH), the Food and Agriculture Organization of the United Nations
(FAO), and the World Health Organization (WHO) defined seven key activities
to advance the One Health agenda.”® They identified not only the need for greater
incorporation of animal health, but also the need of environmental support to human
health and the need for greater incorporation of environmental (contamination with
toxic chemicals, agricultural intensification, population growth etc.), spatial (e.g.
distance to poultry farm) and ecosystem (e.g. habitat of hosts or vectors) drivers into

disease burden assessments and interventions.*+*



'The aforementioned is summarized in the following definition of One Health:

“One Health is a collaborative, multisectoral, and transdisciplinary approach - working at
the local, regional, national, and global levels - with the goal of achieving optimal health
outcomes recognizing the interconnection between people, animals, plants, and their shared
environment.”

CDC (2022)

'This view of One Health can be presented as a disease triangle*’, with the pathogenic
microorganism, often zoonotic, in its center and human, animals and the environment
each as one corner (Figure 1). This captures the interplay within the HAEI and each
determinant and driver of disease can be assigned to one of the corners (humans,
animals or the environment), which are all interacting with each other and the disease

causing pathogen in question.
o o
l * 'ir‘ﬂw‘

» v
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Figure 1. A visual representation of the definition of One Health, summarized as a disease triangle with
the pathogenic microorganism in the center, interacting with all corners of the HAEI (human-animal-
environment interface). Icons from flaticon.com
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Eco-epidemiology

Previous epidemiological studies tried to incorporate the effects of the environment
on human health by focusing on the interrelation between human disease and the
environment using environmental epidemiology methods by studying population’s
exposure to contaminants in water, air and soil. Results are the smoke-free legislation,
control of particulate air pollution and the introduction of proper sanitation. Current
efforts in the Netherlands to reduce exposure to air pollution include the introduction
of areas where only clean vehicles are allowed, the mandatory use of particulate filters
in vehicles and the introduction of clean public transport.*’:*

Although the above-described studies achieved remarkable gains, they did not
include the effects of ecological (e.g. habitat type) and socio-demographic (e.g.
address/region) drivers on public health, and infectious diseases were scarcely part
of the equation. Besides, it remains complex to unravel all drivers playing a role in
human health and diseases from those (re-)emerging pathogens transmitted through
multiple routes, including exposure to animals, food, water and contaminated
environments.” Studying zoonotic infectious disease eco-epidemiology covers
this field and seeks to understand the environmental, spatial, ecological, and socio-
demographic drivers of infectious disease emergence and transmission, including
those of outbreaks, by involving the health of humans, animals and ecosystems,
but also environmental sustainability and socioeconomic stability.**#-! This is
derived from a suggestion of David Waltner-Toews, which states that a sustainable
environment and thus sustainable and healthy ecosystems will eventually lead to
sustainable human and animal health.”®*? Both human and animal health cannot
be sustained in an environment where resources are depleted and polluted.®** In
general, this discipline incorporates the interrelations of all living things and could
be described as human and animal ecology, or the part of human and animal ecology
relating to states of health.*"** Health, therefore, can be viewed in terms of dynamic
states influenced by factors on multiple levels, such as the cellular, the individual, the
community and the population.

There are several definitions of eco-epidemiology, as it is a developing field, but they
all have an ‘ecological’ perspective.”! The definition of eco-epidemiology adopted
within this thesis is the following:

“Eco-epidemiology (or ecological epidemiology) is the study of the ecology of infectious
diseases. It includes population and community level studies of the interactions between

hosts and there pathogens and parasites, and covers diseases of both humans and wildlife.”
Nature (2022)
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'This definition clarifies that eco-epidemiology is a way to study complex interactions
in the field of zoonotic infectious diseases and that it can play a major role in finding
answers about the drivers, transmission routes and sources of zoonotic infectious
diseases.

Knowledge gaps

In theory, the One Health approach has the potential to improve our understanding
of infectious disease emergence, spread, and control, especially for zoonoses, including
their interrelations with humans, animals and the environment. However, each
pathogen behaves in a different way, with specific reservoirs, hosts and transmission
routes, which are all interrelated within the HAEIL Besides, the (re-)emergence of
pathogenic micro-organisms continuously creates new fields to study. Although
associations are being gradually unraveled by researchers worldwide, several
knowledge gaps remain to be filled.

Climate change as driver for foodborne diseases

Climate is one of the drivers of change in the (re-)emergence of infectious diseases.
This driver is part of the overall category “globalization and environment”, which
contributes most (61%) to IDTEs in Europe and affects exposure pathways of
foodborne and waterborne diseases amongst others.”” Recent developments in
climate change steer changes in temperature, humidity, wind and rainfall worldwide.*
In the Netherlands, for instance, extreme rainfall events (usually > 30 mm rainfall/
hour for > 1 hour) are expected to increase in frequency, intensity and duration.’
As the urban sewage drainage system capacities (~20 mm of rainfall per hour) are
not (yet) adapted to those amounts of water in a relatively short timeframe, this

can lead to urban pluvial flooding.***”

During such flooding events, pluvial water
mixes with sewage water, thereby contaminating floodwater with fecal material and
its related pathogens.’® Most of those pathogens are recognized causative agents
of gastrointestinal and respiratory infections, such as noroviruses, enteroviruses
or Campylobacter®® Thus, the floodwater becomes a vehicle for several pathogens.
'This can lead to human exposure to contaminated floodwater and creates a risk for
public health, through for example post-flooding cleaning or recreational activities,
or through accidental exposure when passing through (e.g. walking or cycling) or
splash exposure. The possible risk for the development of gastrointestinal, influenza-
like illness and dermatological complaints through floodwater exposure is already

5658 However, research on health risks, such as

described in a previous Dutch study.
the development of acute gastroenteritis (AGE) or acute respiratory infection (ARI),

associated with exposure to urban pluvial flooding is limited.

17
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The human-made environment as driver for foodborne disease and
gut microbiota

Spatial distribution of foodborne pathogens from livestock

Another group of drivers from the overall category “globalization and environment”
cover the human-made environment. Examples are rapid urbanization, built
environment and intensive agriculture and livestock farming, which can enable
propagation and dissemination of pathogens.’” For instance, the Netherlands is a
densely populated country with over 500 inhabitants/km? of which ~ 93% currently
(2022) lives in urban areas.*® This high degree of urbanization, in combination with
the presence of residential areas in close proximity to intensive livestock farms, but
also to natural areas and wildlife, creates a high potential for the (re-)emergence of
zoonotic pathogens®, as is also shown by the IDTE heat map of the world.*” Indeed,
several micro-organisms have recently emerged in the Netherlands. Examples are
West Nile virus, COVID-19, and Seoul virus.®® The close proximity of the human
and animal population also leads to outbreaks of specific endemic diseases, such as
the avian influenza outbreak in poultry in 2003, smaller outbreaks of avian influenza
in 2021-2022, and the Q-fever epidemic among Dutch residents in 2007-2010.%
Since October 2021, there are 37 findings of highly pathogenic avian influenza at
commercial poultry farms reported in the Netherlands. This ongoing outbreak started
with the finding of two infected wild swans, but also farm-to-farm transmission
plays a role. The continuously changing epidemiology of avian influenza makes it
complicated to stop this particular outbreak, and prevent recurrent outbreaks of avian
influenza from happening. It also raises concerns about potential transmission from
animals to humans, related human infection and further evolutionary adaptations
of the pathogen in question towards having the potential of human-to-human
transmission. Especially because the epidemiology of avian influenza is not yet
completely understood.

The most commonly reported zoonotic agents among human cases in the Netherlands
(Campylobacter, non-typhoid Salmonella, and STEC, particularly STEC O157) are
endemic in this country and worldwide. Because these pathogens are considered to be
61,62

typically foodborne pathogens®%?, most interventions have been focused on reducing
the pathogen load and potential spread throughout the food production chain.
However, at least for campylobacteriosis, there has been no significant decrease in the
occurrence of human cases in many European countries so far, while the incidence
of human salmonellosis has stabilized in several European countries after decades
of significant decline.*® Also for human STEC O157 infections, there are multiple
sporadic cases reported without a link to food sources each year.** These unexplained,

sporadic cases and the stabilization of the number of reported cases, together with the
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presence of the pathogens in livestock and wild animals, the high human population
density and the proximity of Dutch residents to livestock farms, raises the question
as to whether environment-mediated transmission pathways are important as well.
The potential role of the environment in transmission of pathogens from livestock
to humans can be illustrated by the shear amount of pathogen that is shed into the
environment by the entire livestock population, the so-called “reservoir output load”.
As an example, we used cattle and STEC O157 in the Netherlands. Each positive
dairy cow sheds 1,000,000 CFU kg™ feces into its direct surroundings.®* As one cow
produces 24,983 kg feces per year® and there are 46,197 positive milk cows in the
Netherlands each year®*®, the reservoir output load of STEC O157 from dairy cows
is estimated to be 1.15*10% CFU each year for this pathogen only. Thus, the effects
of livestock farming as potential driver for the (re-)emergence of zoonoses, especially
in close proximity to the human population, should not be underestimated and are in
need of further scientific exploration.

Livestock-associated Campylobacter in surface water

A first step to study the possibility of environment-mediated transmission routes
from livestock farms to humans, can be to gather knowledge about which type of
environment acts as vehicle for transmission for a pathogen. A step further would
be to determine from which source(s) the pathogens originate and which source(s)
contribute most to environmental contamination. In case of Campylobacter, it is
important to involve the aquatic environment as possible transmission route, as
Campylobacter is commonly found in surface water contaminated with animal
feces, sewage effluent and agricultural runoff.” A previous source attribution study
attempted to quantify the relative contributions of different animal sources to surface
water contamination with Campylobacter.®® They found that the main contributors
to surface water contamination with both Campylobacter species of public health
significance, C. jejuni and C. coli, were poultry and wild birds in the Netherlands
and Luxembourg, respectively.®® However, the extensive use of non-local isolates (i.e.
animal isolates were not all from the same countries as the surface water isolates)
and non-recent isolates (i.e. animal isolates were not all from the same years as the
surface water isolates), as well as retail food data and a coarse spatial resolution of
the analyses, complicated interpretation of results.®® Moreover, it remained unclear
to which extent surface water contamination by Campylobacter was determined
by fecal pollution from different types of livestock and wildlife. Therefore, more
information is required to further support the implementation of measures related
to the prevention of pathogen spread (Campylobacter in this case) from farm animals
into the environment.

19
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Livestock-associated spatial risk factors for human disease

Studying causal relationships in terms of environment-mediated transmission routes
of zoonotic pathogens is complex. Not only because of all potential determinants
involved in transmission of zoonoses, but also because of all other issues involved,
including person-hours for performing the study, study-equipment, related expenses
(covering men-hours and costs of study-equipment purchase and maintenance),
timing, ethics and many other factors. In short, determining whether there is a causal
effect and obtaining an accurate estimate of the effect requires rigorous and time-
consuming research.®

To start testing the aforementioned hypothesis, it is possible to look for potential
increased infection risk linked to specific transmission routes, for example by looking
at associations between human infection and exposure to (the pathogens via) specific
risk factors to get a first impression of the factors influencing disease occurrence risk.
Examples are epidemiological studies like case-control and cohort studies including
relevant variables to determine the importance of particular types of exposure.”” A way
to study specifically the association between human infection and exposure to certain
risk factors suggestive of environmental transmission is the use of spatial regression
analysis within an ecological design to determine the probability of exposure.”*”
The latter methodology generally requires less resources and, therefore, can be a
preferred way of exploring new ideas with possibly existing data. However, it should
be noted that especially in the field of zoonotic infectious diseases, the interpretation
of such studies is difficult due to the complex dynamics of disease spread. Frequently,
ecological studies depend on aggregated data only, which can suffer from the
problem of ecological fallacy leading to false negative or positive finding.®” Here,
incorrect interpretations occur when inferences about individuals are reasoned from
inferences about the group which an individual belongs to.® Furthermore, potential
confounding can have a major effect, as on aggregate level there are multiple factors
that can vary and even co-vary between geographical entities and that cannot be fully
and adequately controlled for.®

Despite these disadvantages, the application of spatial regression analysis with the
necessary precautions can be a first step to gain more insights into environment-
mediated transmission pathways in otherwise foodborne pathogens (STEC 0157,
Campylobacter, Salmonella), to be able to study associations with their animal reservoirs
(livestock) in the Netherlands. As the aforementioned three zoonotic pathogens have
limited human-to-human transmission, their transmission is relatively less complex,
which can be seen as a prerequisite to use a more classical epidemiological design.
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The number of studies focusing on spatial associations between human zoonotic
infections and the probability of exposure to livestock is limited.””* Besides, existing
studies into the spatial association between, for example, STEC O157 infections
and livestock only include one domestic ruminant species (either cattle, sheep or
goat) at a time in the analysis, while ignoring other important animal reservoirs.”>7
This might impact the outcome of those studies, especially in countries like the
Netherlands, where high numbers of different types of livestock are present and
mixed on relatively small geographical scales. Moreover, the probability of exposure
should be a combination between the number of residents and the number of animals
in a certain area, while past studies determined exposure as the number of animals in
a certain area solely.”"” Therefore, it is necessary to develop new methods to study
the association between human zoonotic infections and livestock density, preferably
using exemplar zoonotic pathogens that have been studied previously in the same
area for the sake of comparison, i.e. STEC O157. Ideally, these new methods should
be applicable to the study of other pathogens as well, such as Campylobacter and
Salmonella. This is especially of interest for Campylobacter, as in the Netherlands
there was an observed drop in campylobacteriosis incidence after the massive culling
operations following the H7N7 avian influenza epidemic in 2003." 'This led to the
formulation of the hypothesis that those culling operations caused a drop in human
cases due to a reduction in environmental contamination with Campylobacter from
the temporally closed (because of the epidemic) poultry farms and slaughterhouses.
However, this hypothesis has never been studied further. Furthermore, a Dutch study
showed that it is possible to quantify airborne concentrations of livestock-related
bacteria such as C. jejuni at residential levels amongst others, which was associated
with the presence of poultry farms in the neighborhood.”” As there is growing
evidence that foodborne pathogens can also be transmitted via the environment, the
question raises whether there also is a spatial association between Campylobacter and
Salmonella infection and livestock density in the Netherlands.

The urban-rural gradient and gut microbial diversity and composition

The human living environment is not only a driver of infectious diseases, but it also
interacts with our microbiome. This microbiome is unique for every individual, just
like a fingerprint. It consists of trillions of different microorganisms together with
their joint genomes, living in a complex ecosystem inside the human gut, with a
unique set of strains of each species present in each individual. This ecosystem plays
an important role in terms of both physical and mental human health. Although it
strives towards a stable equilibrium, its composition and diversity can be influenced by
many factors.”®”” A limited number of studies investigated and showed the potential
health effects of the farming environment on local residents beyond farmers and
their families. For example, living in close proximity to livestock farms was associated
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with protection against asthma and atopy.”®”” When focusing more specifically on
the effects of environmental microbial exposure on the diversity and composition of
the human gut microbiome, differences in both airway and gut microbiotas between
infants in urban and rural living environments have been observed.® Besides, an
elevated risk of asthma and atopic traits with urbanization-related changes in the
microbiota have been shown.® As environmental microbial exposure affects the
human microbiome throughout life®%
human gut microbiome diversity and composition in adults is affected by the urban-
rural gradient throughout the Netherlands.

, it would be interesting to study whether

Thesis aims and outline

In this thesis, we aim to fill the aforementioned knowledge gaps using mainly existing
data sets from different surveillance and research activities. Those knowledge gaps
were formulated based on questions that arose from previous studies and observations
but remained largely unanswered so far. By answering these questions, we aim to
provide novel insights into the potential role of environmental transmission into the
epidemiology of infectious agents, namely selected exemplary zoonotic pathogens
that are typically considered as foodborne pathogens (i.e. Campylobacter, Salmonella
and STEC 0157), in the Netherlands. This was done by studying the potential
human health effects linked to extreme rainfall events, the pathogen characteristics
in the environment (for Campylobacter), and the potential spatial association
between human infection with all three foodborne pathogens in question and the
local livestock density, using newly developed methods within the concept of eco-
epidemiology. In addition, this thesis explored the spatial association between the
urban-rural gradient and gut microbial diversity and composition. Broadly, the aims
of the different chapters focused on corresponding drivers of change fitting in the
category “globalization and the environment”.’” These drivers were climate change
and the human-made environment. Together, the themes created a flow throughout
this thesis, from syndrome-level to pathogen-specific, as well as more holistic
approaches focused on the potential effects of the environment on human infectious
diseases and gut microbiota. The first theme focusses on climate change as driver
for foodborne infectious diseases and aims specifically at studying the associations
between health risks associated with exposure to urban pluvial flooding. Here, health
risks are defined as the possible risk for the development of acute gastroenteritis
(AGE) and acute respiratory infection (ARI) after such exposure. The subsequent
theme covered four chapters of this thesis related to the human-made environment.
Three of these chapters focused on the role of potential environmental transmission
of the pathogens Campylobacter, STEC O157 and Salmonella from livestock farming.
Particularly, the first chapter aimed to study the prevalence and genotype diversity of
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Campylobacter in surface water, as well as the relative contributions of several putative
animal sources to surface water contamination with Campylobacter. Additionally,
potential effects of local livestock density, type of surface water, and season were
assessed. The next two chapters focused on studying the spatial associations between
human STEC O157, campylobacteriosis and salmonellosis incidence and livestock
exposure using a novel exposure measure, i.e. the population-weighted number of
farm animals. The last chapter covered a more holistic approach where we did not
focus on a specific infectious disease, but rather on the human gut microbiome as
readout. Here, we studied the potential (indirect) effects of the urban-rural gradient
on the human gut microbiome, which is generally assumed to play an important role
in the overall health status of individuals.

Climate change as driver for foodborne disease

Chapter 2 determines the risks of AGE and ARI associated with exposure to pluvial
floodwater in the Netherlands. Furthermore, specific risk factors for AGE and ARI
in pluvial flood-ravaged urban areas are identified. Here, we performed a retrospective
cross-sectional study for this purpose in locations in the Netherlands with reported
pluvial flooding. To do so, we used data from questionnaires with information on self-

reported AGE and ARI symptoms after floodwater exposure.

The human-made environment as driver for foodborne disease and
gut microbiota

Spatial distribution of foodborne pathogens from livestock

Livestock-associated Campylobacter in surface water

In Chapter 3, Campylobacter prevalence and genotype diversity in surface water is
quantified, as well as the relative contributions of several putative animal sources to
surface water contamination with C. jejuni and C. co/i in the Netherlands. For this
purpose, we used local and recent source data with a high spatial resolution and
whole-genome sequencing (WGS) is used for tracing the (domestic and wild) animal
sources of Campylobacter isolates in surface water. Additionally, potential effects of
local livestock density, type of surface water and season are assessed.

Livestock-associated spatial risk factors for human disease

Chapter 4 describes a study that assesses the spatial association between sporadic
human STEC O157 infections and the combined exposures to cattle, small
ruminants, poultry and pigs in the Netherlands, thereby including the main animal
reservoirs of human STEC O157 infection. Different state-of-the-art methods are
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used that include the population-weighted numbers of animals in the calculation of
the probability of exposure to livestock.

Chapter 5 directly builds on Chapter 4 as the newly developed method is applied
to two other foodborne zoonotic pathogens: Campylobacter and Salmonella. It thus
assesses whether human salmonellosis and campylobacteriosis incidence are spatially
associated with local density of small ruminants, dairy cows, veal calves, laying hens,
broilers and pigs in the Netherlands. Additionally, here we accounted for geographical
coverage of the diagnostic catchment areas, as this was not necessary for STEC O157.
It is possible that repeated exposure to the pathogen through the environment can
potentially hinder the analyses based on the incidence of reported cases. Therefore,
serological data is used as well to look into possible effects of acquired immunity.

The urban-rural gradient and gut microbial diversity and composition

In Chapter 6, data on gut microbiome and corresponding metadata from participants
questionnaires of the PIENTER-III cohort is used to explore the potential (indirect)
effects of the urban-rural gradient on the diversity and composition of the human gut
microbiome in the Netherlands.
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Chapter 2

Abstract
Background

Climate change is expected to increase the chance of extreme rainfall events in the
Northern Hemisphere and herewith, there is an increased chance of urban pluvial
flooding. Urban pluvial flooding often consists of street flooding and/or flooding
of combined sewerage systems, leading to contamination of the floodwater with
several gastrointestinal and/or respiratory pathogens. An increase in flooding events
therefore pose a health risk to those exposed to urban floodwater. We studied the
association between exposure to pluvial floodwater and acute gastroenteritis (AGE)
and acute respiratory infection (ARI).

Methods

We performed a retrospective, cross-sectional survey during the summer of 2015 in
60 locations in the Netherlands with reported flooding. Two weeks after the flooding,
questionnaires were sent to households in these locations, collecting data on self-
reported AGE and ARI and information on floodwater exposure in the previous
2 weeks. Multivariable generalized estimating equations (GEE) regression models,
accounting for the clustered data structure, were used to identify risk factors for AGE

and ARI.

Results

In total, 699 households with 1,656 participants (response rate 21%) returned the
questionnaire. Contact with floodwater was significantly associated with AGE (aOR
4.2,95%CI 2.1-8.4) and ARI (aOR 3.3,95%CI 2.0-5.4). Risk factors for AGE were
skin contact with floodwater (aOR 4.0, 95%CI 1.8-9.0), performing post-flooding
cleaning operations (aOR 8.6, 95%CI 3.5-20.9) and cycling through floodwater
(aOR 2.3, 95%CI 1.0-5.0). Skin contact with floodwater (aOR 3.6, 95%CI 1.9-6.9)
and performing post-flooding cleaning operations (aOR 5.5, 95%CI 3.0-10.3) were
identified as risk factors for ARI.

Conclusions

Results suggest an association between direct exposure to pluvial floodwater and
AGE and ARI. As it is predicted that the frequency of pluvial flooding events will
increase in the future, there is a need for flood-proof solutions in urban development
and increased awareness among stakeholders and the public about the potential
health risks. Future prospective studies are recommended to confirm our results.
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Introduction

Climate change leads to extreme weather events that can have devastating effects
on human society and the environment [1]. Climate change models predict an
almost exponential increase in atmospheric water-holding capacity, with increasing
temperature and subsequent rise in atmospheric water content leading to an increase
in extreme rainfall events in the Northern Hemisphere [2]. As extreme rainfall events
are expected to increase in frequency, intensity and duration, pluvial flooding events
are also expected to increase in urban settings [3]. Indeed, in the last few decades,
countries like the Netherlands have observed an increasing trend in extreme rainfall
events, causing recurrent pluvial flooding, especially in urban areas [4].

Most urban sewage drainage systems in the Netherlands can only support an
intensity of ~20 mm of rainfall per hour. Extreme rainfall events (usually > 30 mm
rainfall/hour for > 1 h) may overwhelm this drainage capacity, leading to 10-50 cm
of pluvial floodwater to accumulate on the surface [3, 5]. Urban pluvial flooding
often entails street flooding and/or flooding of combined sewerage systems, where
rainwater mixes with sewage water, thereby heavily contaminating floodwater with
fecal material. In this way, floodwater becomes a possible vehicle of several pathogens
such as noroviruses, enteroviruses, or Campylobacter [6], many of which are recognized
causative agents of gastrointestinal and respiratory infections.

People will inevitably be exposed to this floodwater, especially in urban settings and
when engaged in post-flooding cleaning or recreational activities (e.g. swimming,
playing in water, etc.). It is also possible that people are accidentally exposed to
floodwater when passing through it (e.g. walking, cycling, etc.) or because of splash
exposure. Increased flooding events may therefore pose a threat for public health,
particularly for the development of acute gastroenteritis (AGE) or acute respiratory
infection (ARI) via ingestion and inhalation of, and dermal contact with, pathogens
in floodwater as is shown by the study of De Man, et al. [6]. However, little research
is available on health risks associated with urban pluvial flooding.

With a focus on a high-income country like the Netherlands, the aim of this study was
to quantify the AGE and ARI risks associated with exposure to pluvial floodwater,
as well as to identify specific risk factors for AGE and ARI, in pluvial flood-ravaged

urban areas.
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Methods

Study design

To collect data on self-reported AGE and ARI after urban pluvial flooding, a
retrospective cross-sectional survey was conducted during the summer of 2015 using
the methodology described in De Man, et al. [3]. In total, 3,382 households that
were surrounded by floodwater after extreme rainfall events (extreme rainfall events
are rainfall events for which streets are flooded) in 60 locations in the Netherlands
received a self-administered questionnaire by regular post. The questionnaire was send
2 weeks after the start of the flooding event and participants were asked to answer
questions considering a recall period of 2 weeks, i.e. from the start of the flooding
until reception of the questionnaire. Flood locations were identified by monitoring
possible flood events on the internet, such as social media and press releases, which
generally receive much media attention in the Netherlands. The national website
of the Dutch fire brigade was the main source of information to determine which
households were surrounded by floodwater (http://www.112meldingen.nl/). This
website provides the causes of a given alert, which the Dutch fire brigade receives
from the citizens themselves, corroborates on-site, and disseminates to the public,
specifying the affected areas (postal codes). With this information, the addresses of
the affected areas to which the questionnaires were sent were derived from publicly
available mapping tools like googlemaps.com [3].

Data collection

The questionnaire was developed by adapting the questionnaire used in the study of
De Man,etal.[3] to collect epidemiologically relevant information for each household
member (individual participant). Information was collected on basic demographic
characteristics (i.e. age, sex, number of household members). Furthermore,
information was gathered about the occurrence of gastrointestinal and respiratory
complaints during the 2 weeks before questionnaire completion, underlying chronic
diseases, type of exposure (i.e. contact) to floodwater, and type of activity leading
to contact with floodwater, duration of flooding in minutes and the magnitude of
exposure (height of floodwater in cm). Participants reporting one or more types of
contact or types of activities leading to contact with floodwater are hereafter referred
to as being exposed to floodwater.

Questions could be answered for up to five household members (most Dutch house-
holds are composed of < 4 people according to Netherlands Statistics, https://www.
cbs.nl/, [7]), and the participant was asked to report information on all household
members.
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Ethical considerations

'This study involved collection and analysis of fully anonymized data, so no ethical
approval was necessary according to Dutch regulations. [8, 9] People gave consent
upon anonymously completing and returning the questionnaire. Questionnaires
were received in de-identified form, containing only data on postal code, sex, and
age of the participants. Therefore, names and addresses could not be linked to the
questionnaire responses, guaranteeing anonymity of the respondents. Participants
were informed that the data they provided were to be analyzed for scientific purposes,
and that by returning the questionnaires, they gave consent to do so. No written
consent was therefore necessary. Parents were asked to complete the questionnaire
and give consent on behalf of their children (family members < 16 years old).

Case definitions

Based on the symptoms reported in the questionnaire, participants were defined as
cases of AGE or ARI when experiencing the following complaints in the 2 weeks
before completing the questionnaire, and as non-cases otherwise:

* AGE:any individual experiencing > 3 diarrheal discharges per day or any clinically
relevant vomiting (i.e. vomiting events other than regurgitation, vomiting due to
motion sickness/vertigo, traumatic event, nauseous event, or drug/alcohol abuse)
[10].

* ARI:acute onset of symptoms (within 2 weeks before completion of the question-
naire) and common cold, shortness of breath, coughing, sore throat, wheezing,
chest pain or sneezing [11].

Data analysis

Generalized estimating equations (GEEs) were used to compare AGE and ARI in
cases with the non-cases, with regard to their type of contact and type of activity
leading to contact with floodwater. As our study design led to clustering of data
at the household-level, we corrected for dependence of observations deriving from
individuals living in the same household [12]. An exchangeable working correlation
structure was chosen for the GEE models, meaning that the correlation between
individuals within a cluster was the same for all clusters. An overall model was built
for all age categories (categorical: 0-5, 6-15, 16-25, 26-45, 46-65 and > 65 years), as
well as separate models for adults (categorical: 16-25, 26-45, 46-65 and > 65 years)
and for children (< 16 years, continuous), which were further subdivided in a model
for type of exposure and a model for type of activity leading to exposure.

35




36

Chapter 2

Variables with a p-value < 0.20 in the univariate analyses were selected for inclusion
in multivariable GEE logistic regression models. Potential confounders that were
always adjusted for in multivariable analyses were age category, sex (male, female,
missing) and summer (summer: June, July, August; not-summer: other months;
missing: NAs). Additionally, models for AGE were corrected for chronic disorders:
disease of the gastrointestinal tract (yes/no), reflux (yes/no), food allergy (yes/no), or
pregnancy with vomiting during the study period. Models for ARI were corrected for
hay fever (yes/no), and lung anomalies (e.g. asthma, chronic obstructive pulmonary
disease — COPD, etc.; yes/no).

A manual backward-forward selection procedure was used to retain only those
variables with p < 0.05. Collinear variables were selected based on improved model fit
as revealed by the Quasi-likelihood under the Independence model Criterion (QIC)
statistic [13]. Biologically plausible interactions between independent, correlated
variables were also assessed. Interactions were first tested in the univariate analyses
(only interaction terms were included, confounders and other possible risk factors
were added later in the multivariate analyses), and those with a p-value < 0.20 were
included in the multivariable model. We present the adjusted odds ratios (aOR) and
95% confidence intervals from the final multivariable models. For results from the
univariate analyses, see Supplementary material, Table S1 and Table S2.

We used R (version 3.4.3) [14] and the gee package (version 4.8) [15] for data analyses.

Results

Sample description

In total, 3,382 households were invited and 699 households (response 21%; 1,656
individual participants) completed the questionnaire after three extreme rainfall
events caused urban pluvial flooding on respectively July 5%, July 27* and August 15,
2015, in 60 municipalities in the Netherlands (Figure 1). On average, the participants
returned the questionnaire 9 days after sending (median = 6 days).

Twenty-one individual participants (1.3%) were excluded, because information
reported on exposure was contradictory. Information about complaints and exposure
was incomplete for 477 individual participants (28.8%). Therefore, they were also
eliminated from the analysis (Supplementary material, Figure S1). The remaining
1,158 individual participants (582 houscholds) represented the study population of
which we had information for both cases and non-cases (Figure 2). There were no
pregnant participants, who also reported vomiting during the recall period (Supple-
mentary material, Figure S1). Table 1 gives an overview of the descriptive statistics.
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277 participants (24%) have an underlying chronic disease, 690 participants (60%)
were exposed to floodwater (i.e. contact) and 966 participants (83%) performed a

type of activity leading to contact with floodwater.

Legend

Date of flooding event
O] 27th of suly
|:| 15th of August
5th of July

B 27th of suly and 15th of August

25 125 0 25 Kilometers

This map is created in ArcMap 10.5 (ESRI) based on data gathered
"I ipalities 2017" layer of the Netherlands

in this study and a "municipalities
owned by the RIVM.
Figure 1. Map showing the municipalities that were affected by pluvial flooding at 05-07-2015, 27-07-2015 an
15-08-2017.
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In the study population, 40% were women, 37% were male, and of 23% of the participants
the sex was unknown. The median age was 47 years (25-75% percentile P,. .. 27 — 61).
Compared to the Dutch general population in 2015 (16,900,726 inhabitants [16]), the
sample contained slightly more women (52% vs. 51%) and was slightly older (average
age 43 ws. 41 years). Most households (281;42%) reported two individual participants

and 28 households (4%) reported five individual participants (Figure 3).

Age (years) Gender

Number of
participants
PN WhAWU
o OO0 oo
[=NsNsN-N=l=]
Number of
participants
=N WhsWu
[eNeNeNeNe]
[eNeNeNeNeN-]

0-5 5-15 15-25 25-45 45-65 >65 Male Female Missing
Summer* Disorder or disease gastrointestinal
t
« @ 1000 tract
ot s ."E’
58 w0 5 § 2000
S 2e
£ £ £ £ 1000
E &
0 Z2a 0
Summer Not-summer Missing Yes No
Reflux’ Food allergy*

1000 1000

500 500

Number of
participants

o
Number of
participants
o

Yes No Yes No

Hay fever* Lung anomalies*
1500 1500
1000 1000

500 500

Number of
participants

o
Number of
participants
o

Yes No Yes No

*Not used in analyses of AGE and type of exposure, because of a too small number of outcome events to perform analyses
*Adjusted for in models for AGE
*Adjusted for in models for ARI

Figure 2. General characteristics of the study participants.
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Prevalence of AGE and ARI

During the 2-week period after flooding, 75 (12.3%) participants in 51 households
reported AGE, and 128 (21.1%) participants in 114 households reported ARI (Table
2),after being exposed. Table 2 also shows the results of the univariate and multivariate
analyses. In the multivariate analyses, exposure to floodwater was significantly
associated with increased odds of AGE (aOR 4.2, 95% CI 2.1 — 8.4). Furthermore,
exposure to floodwater was associated with increased odds of reporting ARI (aOR
3.3,95% CI 2.0 — 5.4). The analyses on the association between floodwater exposure
and AGE in children < 16 years could not be performed given the small number of
outcome events. Indeed, there were no children without contact with floodwater that
also had AGE. Furthermore, Table 2 shows that there was no significant association
between floodwater exposure and ARI in children (OR 1.6,95% CI 0.6 — 4.0) in the
univariate analysis. In adults, floodwater exposure was associated with both AGE

and ARI (aOR 3.6,95% CI 1.8 — 7.3, and aOR 4.0, 95% CI 2.3 — 6.8, respectively).

Table 1. Descriptive statistics of the risk factors of developing health complaints after contact with floodwater.

Risk factors Total number  Total number  Total number
of participants of adults of children
N (%) N (%) N (%)
Chronic diseases
Chronic disorder or disease of the 27 (2) 27 (3) 0(0)
gastrointestinal tract
Reflux 8 (1) 7(1) 1(1)
Food allergy 23(2) 18(2) 5(@3)
Pregnancy with vomiting 0(0) 0(0) 0(0)
Hay fever 140 (12) 124 (12) 16 (9)
Lung anomalies 79 (7) 68 (7) 11 (6)
No chronic diseases 881 (76) 738 (75) 143 (81)
Type of exposure
Skin contact 527 (46) 457 (47) 70 (40)
Droplets of floodwater in the mouth 19 (2) 15(2) 4(2)
Gulp of floodwater in the mouth 139 (12) 113 (11) 26 (15)
Head submerged in floodwater 5(0) 4(0) 1(0)
Not exposed 468 (40) 393 (40) 75 (43)
Type of activity
Cleaning inside 320 (28) 311(32) 9(5)
Cleaning outside 213 (18) 208 (21) 5(3)
Swum in floodwater 3(0) 0(0) 3(2)
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Risk factors Total number  Total number  Total number
of participants of adults of children
N (%) N (%) N (%)
Used rubber boat 7 (1) 4(0) 3(2)
Walked through floodwater 198 (17) 158 (16) 40 (23)
Cycled through floodwater 86 (7) 71(7) 15 (8)
Driven through floodwater by car 139 (12) 135 (14) 4(2)
No activities 192 (17) 95 (10) 97 (55)
Location of flooding
Toilet overflow 250 (22) 209 (21) 41 (23)
No toilet overflow 908 (78) 773 (79) 135(77)
Street flooding 779 (67) 650 (66) 129 (73)
No street flooding 379 (33) 332(34) 47 (27)

100 -

60 -

Percentage (%)

20 _J I
0 - . . . . . .
1 2 3 4 5

Number of individual participants per household

Figure 3. Percentage of participating households with 1,2, 3, 4 or 5 individual participants.
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Multivariate analyses

Results from the final multivariable models for AGE and ARI are presented in Tables
3 and 4 respectively. For results from the univariate models, see Supplementary

material, Table S1 and Table S2.

In the models for type of activity and AGE or ARI, an interaction term was included
between contact with floodwater and cleaning floodwater inside or outside the house.
The strata included in this interaction term are: no contact with floodwater at all
(reference category), contact with floodwater but no involvement in post-flooding
cleaning operations, contact with floodwater and involvement in indoor cleaning
operations, contact with floodwater and involvement in outdoor cleaning operations,
and contact with floodwater and involvement in both indoor and outdoor cleaning
operations. The rationale is that people with the least exposure to floodwater have the
lowest chance to get AGE or ARI (water contact without cleaning), while people
with the largest exposure to floodwater (water contact with cleaning inside and
outside the house) have the highest chance to get AGE or ARI.

AGE

All age categories

In the multivariate model assessing AGE risk in relation to the type of exposure
to floodwater for all age categories (overall model), having had skin contact with
floodwater was significantly associated with AGE (aOR 4.0,95% CI 1.8 —9.0; Table
3). Regarding the type of activity, the aORs in all strata of the interaction term that
included contact with floodwater were significantly increased. Indeed, the model
showed increasing aORs from having had contact with floodwater without having
been engaged in any cleaning operation (aOR 2.9, 95% CI 1.3 — 6.7) to having had
contact with floodwater and having been engaged in cleaning operations both inside
and outside the household (aOR 8.6, 95% CI 3.5 — 20.9). Cycling in floodwater was
also a significant risk factor for AGE (aOR 2.3,95% CI 1.0 — 5.0).
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Adults

In the multivariate model assessing AGE risk in relation to the type of exposure to
floodwater among adults, having had skin contact with floodwater was significantly
associated with AGE (aOR 3.8,95% CI 1.5 — 9.4; Table 3). Regarding the type of
activity, the aORs in the strata of the interaction term that included contact with
floodwater and cleaning were significantly increased. Indeed, the model showed
increasing aORs from having had contact with floodwater and having been engaged
in indoor cleaning operations (aOR 3.3,95% CI 1.3 — 8.4) to having had contact with
floodwater and having been engaged in both indoor and outdoor cleaning operations
(aOR 7.6, 95% CI 3.1 — 18.6). Cycling in floodwater was also a risk factor for AGE
(aOR 2.4,95% CI 1.0 - 5.7).

Children
No multivariate model for AGE in children could be built because there were not
enough children with AGE to perform the analysis.

ARI

All age categories

In the multivariate model assessing ARI risk in relation to the type of exposure
to floodwater for all age categories (overall model), having had skin contact with
floodwater was significantly associated with ARI (aOR 3.6,95% CI 1.9 — 6.9; Table
4). Regarding the type of activity, the aORs in all strata of the interaction term that
included contact with floodwater were significantly increased. Indeed, the model
showed increasing aORs from having had contact with floodwater without having
been engaged in any cleaning operation (aOR 3.0, 95% CI 1.6 — 5.7) to having
had contact with floodwater and having been engaged in both indoor and outdoor
cleaning operations (aOR 5.5,95% CI 3.0 — 10.3).

Adults

In the multivariate model assessing ARI risk in relation to the type of exposure to
floodwater among adults, having had skin contact with floodwater was significantly
associated with ARI (aOR 3.7, 95% CI 1.8 — 7.7; Table 4). Regarding the type of
activity, the aORs in all strata of the interaction term that included contact with
floodwater were significantly increased, with increasing aORs from having had
contact with floodwater but no involvement in cleaning operations (aOR 3.8,95% CI

1.9-7.6), to having had contact with floodwater and having been involved in cleaning
operations both inside and outside the household (aOR 5.7,95% CI 2.9 - 11.3).
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Children
There was no significant association between exposure to floodwater and ARI for
children.

Magnitude of exposure

'The average height of the water (magnitude of exposure) in the streets was 19 cm
(median =15 cm, height = =2cm,height =150 cm). The average height of the water
after toilet overflow was 5 cm (median = 2 cm, height =1 cm, height =30 cm).
Additional univariate analyses showed that the magnitude of exposure in the streets
was a risk factor for both AGE (OR 1.0; 95% CI 1.0 — 1.1) and ARI (toilet overflow,
OR 1.1;95% CI 1.0 - 1.2).

Discussion

This study suggests an association between direct exposure to urban pluvial
floodwater and the occurrence of both AGE and ARI in a high-income country like
the Netherlands. Identified risk factors were contact with floodwater, such as skin
contact with floodwater (for both AGE and ARI), post-flooding cleaning operations
(for both AGE and ARI) and cycling through floodwater (for AGE).

'This study included 1,656 individual participants, resulting in a response rate of 21%.
It is unknown how representative our sample is with regard to the target population
(i.e. the people who experienced flooding), as we did not know the demographics of
the people invited to participate in the study. Addressee-unknown invitations were
sent to all house numbers of streets in which flooding had been reported. Therefore,
it was impossible for us to know who the invitees were. It could be argued that
representativeness of the sample could be assessed based on the demographics of
the Dutch general population. However, this is not an optimal solution, because the
‘target population’, i.e. the people who experienced flooding, does not necessarily
mirror the general population.

A response rate of 20-30% is commonly reported in this type of retrospective studies
where self-reported health complaints are investigated [17, 18], and some studies
report even lower response rates [19]. A low response rate could render these studies
prone to, for example, selection bias [18]. The type of selection bias that might have
played a role in this study is self-selection bias, by which the group of participants
who were exposed and diseased is overrepresented, as people who experienced
flooding and health complaints are particularly motivated to complete and return the
questionnaire [18]. Another limitation that is inherent to retrospective studies that
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use self-reported data is recall bias, where people might have forgotten (mild) AGE
and ARI episodes [18]. On the other hand, an overestimation of the incidence might
also have occurred, because of ‘telescoping’ (i.e. when people remember episodes as
being more recent than they actually are) [18]. Overall, retrospective studies with
self-reported data like ours tend to produce incidence estimates that overestimate the
true incidence [20, 21]. A major advantage of these type of studies is that they allow
for collection of data about ARI and AGE cases that are not reported to the General
Practitioner (GP), i.e. cases that do not require medical attention.

Previous population-based studies on AGE in the Netherlands showed a baseline
incidence of 0.95 episodes/person-year. In our study targeting pluvial flood-ravaged
areas, the incidence of AGE was estimated at 1.69 episodes/person-year, which is
almost twice as higher. This could suggest that flooding events increase AGE risk
in the affected population also as compared to the baseline AGE incidence in the
whole country [19]. Likewise, the incidence of ARI derived from our study was
3.74 episodes/person-year, which is more than twice as higher than the incidence of
influenza-like illness (ILI) in the general Dutch population (1.72 episodes/person-
year) [18]. Although ARI is not the same as ILI, they both include respiratory
diseases and give an indication of the number of cases with respiratory disease in the
country. However, direct comparison with the ARI/AGE incidence of the general
population is hampered by the fact that we used a shorter recall period (2 vs. 4 weeks),
which generally produces higher incidence estimates [20, 21]. Moreover, our study
might have been subject to reporting and selection bias, as is described above.

De Man, et al. [3] performed a comparable study in the Netherlands at a much
smaller scale (149 households) and lacked sufficient numbers of outcome events to
use well-defined (standardized) AGE or ARI syndrome definitions. The larger scale
of our study (699 households) allowed for estimates that are more precise and for the
use of standardized definitions for both AGE and ARI. In agreement with De Man,
et al. [3], we found that participants exposed to pluvial floodwater were more likely
to develop gastrointestinal and respiratory complaints (Table 2).

We also investigated differences in risk factors for AGE and ARI in children and
adults, but the number of children enrolled in the study was rather low, so the
analyses for this age category were underpowered (Table 2). This may be reason as to
why the association between ARI and exposure to floodwater was positive but not
statistically significant. Low statistical power did also not allow De Man, et al. [3]
to study differences in risk factors for AGE and ARI between adults and children.
However, it is evident that children may display certain risk factors (e.g. playing
in/with floodwater) more often than adults (e.g. post-cleaning operations). It was
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also shown by De Man, et al. [6] that children are more likely to ingest floodwater
compared to adults (1.7 ml vs. 0.016 ml), because they play in or around floodwater,
and therefore have a higher risk of AGE (33% vs. 3.9%).

Sanitary sewer overflow (SSOs) events were shown to be associated with
gastrointestinal illness (GI; emergency room (ER) visits with a primary diagnosis of
GI) [22]. However, specific risk factors leading to exposure and eventually GI were
not identified. Furthermore, SSOs probably entail different risk factors (swimming,
contaminated drinking water) compared to flooding of combined sewerage systems/
street flooding as studied in this paper.

For ARI and AGE, skin contact was identified as a risk factor, which is probably a
proxy for ingestion or inhalation of contaminated floodwater (Tables 3 and 4). This
may happen, for example, when people do not wash their hands after floodwater
contact or people splash aerosolized water particles in their face, while only reporting
skin contact [23]. This could possible also explain why for example ingesting droplets
of floodwater was not identified as risk factor, as people only report the most evident
risk factors, i.e. skin contact.

Post-flooding cleaning operations were associated with increased risk for both ARI
and AGE (Tables 3 and 4), which was only associated with ARI in De Man, et al. [3].
It could be that we were able to identify it as a risk factor for AGE due to our larger
sample size. Our finding is supported by previous literature describing that cleaning
leads to aerosolization of contaminated water droplets and their inhalation/ingestion,
explaining why it could be a risk factor for AGE [23]. Similarly, cycling through
floodwater was a significant exposure for AGE (Table 3), as water droplets could
splash into their face and mouth. As reported in De Man, et al. [3], these associations
may reflect, to some extent, the primary transmission routes of the pathogens in
question, i.e. inhalation for ARI and ingestion for AGE. Indeed, several are typically
associated with flood-ravaged settings in developed countries. Sales-Ortells and
Medema [24] found, for example, Campylobacter in all water plaza samples in which
people recreate, leading to a risk of developing AGE for those people.

A limitation of this study is that there were no water samples obtained from pluvial
floodwater as well as no faecal samples from the participants. Therefore, the causative
agents remain unknown. However, pluvial floodwater in the Netherlands was shown
to always be contaminated with faeces, as was demonstrated by the presence of E.
coli, intestinal enterococci, and enteropathogens such as enterovirus, norovirus and
Campylobacter in water samples of pluvial floodwater [6].
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Furthermore, there was no data on sex for 23% of the participants, primarily children,
which was because the questionnaire only collected information regarding sex of
the person filling in the questionnaire, but not for other household members. This
explains most of the missings and is unlikely to affect our results because sex effects
on AGE and ARI are less likely to be seen in children [19, 25]. Moreover, we do
not know whether participants used a measure tape to measure the height of the
floodwater in cm to answer the question. Although the magnitude of exposure came
out as a risk factor in the analysis for AGE and ARI, those data could potentially be
erroneous as most of the collected data are self-reported estimates of the true height
of the floodwater.

Chronic diseases, which the models were corrected for, may be effect modifiers of
the association between floodwater exposure and AGE/ARI. This was checked by
running the models with and without chronically diseased cases therein: results can
be found in Supplementary material, Table S3. They show that chronic diseases were
not significant effect modifiers. However, they were associated with the outcome, so
the models were always corrected for underlying chronic disease.

Future prospective studies are needed to confirm the associations found in this study.
An example of such a study could be a longitudinal study that monitors the rainfall
pattern in a given area. As soon as an extreme rainfall event occurs (> 30 mm rainfall/
hour for > 1 h), it should be checked whether flooding has also occurred in that
specific area. A representative selection of the inhabitants of the flooded area (which
have been actively enrolled at the beginning of the study, perhaps upon financial
incentive) should use health diaries to record their symptoms and their exposure
to floodwater. This would reduce both recall and selection bias. In order to further
confirm causality, floodwater and patient faeces samples should also be taken to
identify and characterize potential pathogens.

Due to climate change, extreme rainfall events will occur more frequently, leading to
more people being exposed to pluvial floodwater in urban areas in countries like the
Netherlands [2]. As this study suggests, such events are likely to lead to increased risk
of health effects. Generally, people in developed countries tend to not perceive the
associated health risks. The Netherlands is a highly populated country (~400 people/
km?) [3], so urban flooding will not pass easily unnoticed. Recently, awareness has
been arisen, with Dutch residents demanding municipal services to improve drainage
systems as to prevent pluvial flooding [26]. In response, governmental authorities
are promoting greenness in urban areas to facilitate natural drainage of the water in
the soil [26]. This study adds another perspective to this debate and shows that it is
necessary to take proper care of water drainage systems/sewage systems in terms of
their drainage capacity to mitigate health risks in urban areas.
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Conclusion

In conclusion, this study suggests an association between different non-mutually
exclusive types of direct exposure and activities leading to exposure to floodwater
and AGE and ARI, which is a possible reflection of the transmission routes of the
pathogens in question. However, future prospective studies are needed to confirm
this association. Since pluvial flooding events will increase in the future, proving the
causal link would reinforce the need for flood-proof solutions in urban development

and increased awareness among stakeholders and the public about the associated
health risks.
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Table S3. Additional analysis of AGE and ARI with regard to their risk factors with and without
individuals having chronic diseases. (Factors with a p-value <0.05 are expressed in bold)

Model & Covariates ~ AGE with AGE without ARI with ARI without
chronic chronic chronic chronic
disease disease disease disease
aOR aOR aOR aOR
(95% CI)* (95% CI)* (95% CI)® (95% CI) ®

Type of exposure

Skin contact 3.9(1.7-8.9) 5.0(1.8-13.5) 3.4 (1.8-6.5) 3.2(1.6-6.1)

Type of activity

Water contact

No (ref) Ref Ref Ref Ref
Yes, no cleaning 2.9 (1.3-6.4) 3.2(1.4-7.6) 3.2(1.7-5.9) 3.0(1.5-6.1)
Yes, cleaning inside 3.7 (1.5-9.4) 3.8(1.4-10.7) 3.9(2.2-7.1) 3.7(1.9-7.3)
Yes, cleaning outside 6.8(2.6-17.9) 8.2(3.0-22.9) 4.3(2.2-8.4) 5.1(2.5-10.5)
Yes, cleaning in & out 8.6 (3.7-20.3) 8.8(3.5-22.3) 5.7(3.1-10.7) 4.0 (2.0-8.4)
Cycled 2.2(1.0-4.9) 2.7 (1.2-6.4) NA NA
Do not know NA NA 8.8(1.5-50.7) 7.4(0.6-87.4)

Note: aOR, adjusted odds ratio; CI, confidence interval; ref, reference category; NA, not applicable

* Adjusted for age, sex

¢ Adjusted for age, sex and summer
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Abstract

Campylobacter jejuni and C. coli, the primary agents of human bacterial gastroenteritis
worldwide, are widespread in surface water. Several animal sources contribute to
surface water contamination with Campylobacter, but their relative contributions
thus far remained unclear. Here, the prevalence, genotype diversity, and potential
animal sources of C. jejuni and C. coli strains in surface water in the Netherlands
were investigated. It was also assessed whether the contribution of the different
animal sources varied according to surface water type (i.e. agricultural water, surface
water at discharge points of wastewater treatment plants [WWTPs], and official
recreational water), season, and local livestock (poultry, pig, ruminant) density. For
each surface water type, 30 locations spread over six areas with either high or low
density of poultry, ruminants, or pigs, were sampled once every season in 2018-2019.
Campylobac ter prevalence was highest in agricultural waters (77%), and in autumn
and winter (74%), and lowest in recreational waters (46%) and in summer (54%). In
total, 76 C. jejuni and 177 C. coli water isolates were whole-genome sequenced. Most
C. coli water isolates (78.5%) belonged to hitherto unidentified clones when using the
seven-locus sequence type (ST) scheme, while only 11.8% of the C. jejuni isolates had
unidentified STs. The origin of these isolates, as defined by core-genome multi-locus
sequence typing (cgMLST), was inferred by comparison with Campylobacter strain
collections from meat-producing poultry, laying hens, adult cattle, veal calves, small
ruminants, pigs, and wild birds. Water isolates were mainly attributed to wild birds
(C. jejuni: 60.0%; C. coli: 93.7%) and meat-producing poultry (C. jejuni: 18.9%; C. coli:
5.6%). Wild bird contribution was high among isolates from recreational waters and
WWTP discharge points, and in areas with low poultry (C. co/i) or high ruminant
(C. jejuni) densities. The contribution of meat-producing poultry was high in areas
with high density of poultry, springtime, agricultural waters and WWTP discharge
points. While wild birds and poultry were the main contributors to Campylobacter
contamination in surface water, their contribution differed significantly by water
type, season, and local poultry and ruminant densities.
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Introduction

Campylobacteriosis is the most frequently reported zoonosis in Europe, with
an estimated 70 thousand cases annually in the Netherlands alone (~17 million
inhabitants) (Pijnacker et al., 2019). Campylobacter jejuni and Campylobacter coli
are the two species of the Campylobacter genus that account together for over 90%
of human campylobacteriosis cases in Europe (Centre of Disease Control and
Prevention, 2017; European Food Safety and European Centre of Disease Prevention
and Control, 2018). Besides gastroenteritis, a Campylobacter infection can result in
more severe diseases, such as Guillain-Barré syndrome, reactive arthritis, and irritable
bowel disease, which strongly contribute to the disease burden of campylobacteriosis
(Halvorson et al., 2006; Nachamkin et al., 1998; Ternhag et al., 2008). Although
up to 80% of all human campylobacteriosis cases can be attributed to the poultry
reservoir, several epidemiological studies have shown that only 40% of these poultry-
associated cases can be explained by the consumption of chicken meat (Friesema
et al., 2012; Mughini Gras et al., 2012; Veilinga and van loock, 2002; Wagenaar et
al., 2013; Wagenaar et al., 2015; Wilson et al., 2008). Most interventions to control
Campylobacter infections have focused on spread through the food production
chain, particularly poultry meat, with limited effects. Accordingly, there has been no
appreciable decrease in the incidence of human campylobacteriosis so far (European
Food Safety and European Centre of Disease Prevention and Control, 2018). This
emphasizes the need to study transmission routes other than food (Sears et al., 2011,
Stern et al., 2003), such as those involving the aquatic environment, as Campylobacter
is commonly found in surface water contaminated with animal faeces, sewage effluent,

and agricultural runoff (Jones, 2001).

Even though Campylobacter is believed to survive poorly outside the host, some
specialist strains have been found to be successfully adapted to survival outside an
animal host in certain sylvatic (Hepworth et al., 2011), farmland (French et al., 2005)
and environmental niches (Colles et al., 2011; French et al., 2005; Sopwith et al.,
2008). These strains are generally more resistant to physical stress than other strains
(Sopwith et al., 2008). Campylobacter also has the ability to convert into a viable
but nonculturable state, to advert conditions while being outside the host (Collins
and Colwell, 1986; Murphy et al., 2006). These characteristics indicate that surface
water serves more as a vehicle of transmission for Campylobacter among animals, from
animals to humans and vice versa, rather than as an amplifying reservoir per se.

A previous source attribution study has shown that poultry and wild birds are the
most important contributors to surface water contamination with C. jejuni and C.
coli in the Netherlands and Luxembourg, followed by ruminants and pigs (Mughini-
Gras et al., 2016). The relative contributions of wild birds and poultry seemed to
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vary with season, water type, and the magnitude of the local poultry production,
suggesting substantial dissemination of Campylobacter into the environment from
poultry farms in poultry-rich regions. Although the aforementioned study quantified
the contributions of different animal sources to C. jejuni and C. coli contamination in
surface water, the authors acknowledged that the interpretation of their findings was
limited by the extensive use of non-local and non-recent source data, retail food data,
and coarse spatial resolution of the analyses (Mughini-Gras et al., 2016). Therefore,
further testing of the previously formulated hypotheses by using more representative
data in additional smaller-scale analyses was necessary.

Due to the paucity of epidemiological research on non-foodborne transmission
routes of Campylobacter, innovative control measures to limit Campylobacter spread
into the environment have not yet been developed. Although the aquatic environment
seems to contribute to the transmission of Campylobacter to humans, the extent to
which this is determined by faecal pollution from different types of livestock and
wildlife remains unclear. This study aimed to quantify Campylobacter prevalence and
genotype diversity in surface water, as well as the relative contributions of several
putative animal sources to surface water contamination with C. jejuni and C. coli in
the Netherlands using high-throughput genomic data derived from whole-genome
sequencing (WGS). Additionally, potential effects of local livestock density, type of

surface water, and season were assessed.

Materials and methods

Water samples

Study areas

Water samples were collected in areas which largely varied in densities of specific
livestock groups in the Netherlands. Specifically, six areas were selected, with either
a high or a low density of poultry (i.e. broiler chickens, laying hens and turkeys
combined), pigs, or ruminants (i.e. cattle, sheep and goats combined). To this end,
the livestock density per municipality (number of animals/km?) was calculated
per livestock group based on official agricultural census data and land surface per
municipality available at the time of this study set-up (December 2018) from
Statistics Netherlands (CBS, 2018a,b). Then, the first and last quintiles of the
frequency distributions of the density of each livestock group were calculated, which
thereby defined the high and low densities of each livestock group in question (high
poultry density area: 19,677 poultry/km? low poultry density area: <1 poultry/
km? high pig density area: 2,729 pigs/km? low pig density area: 4 pigs/km? high
ruminant density area: 451 ruminants/km? low ruminant density area: 26 ruminants/
km?). The corresponding areas were geographically identified for each livestock group
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separately (Figure 1) using ArcMap 10.5 (ESRI). However, those areas could contain
multiple livestock types, as the different livestock types are widely spread and mixed
throughout the Netherlands (Smit and Heederik, 2017). The selection was based on
the following criteria: i) a municipality could only be included in one livestock density
area; ii) the areas needed to contain enough surface water sampling sites to allow for
data collection (see also Sampling sites); iii) the areas needed to be of comparable size.

Sampling sites

Three different types of surface freshwater were selected: i) recreational water at official
bathing sites that have to comply with European bathing water legislation (EUR-
Lex., 2006) and therefore generally have relatively low levels of faecal contamination;
ii) surface water (e.g. drainage ditches, irrigation canals, etc.) in farmlands and pastures
that are mainly faecally contaminated by agricultural activities (i.e. run-off from farms,
grazing fields and crops fertilized with manure or accessed by free-ranging animals,
etc.); and surface water at the discharge sites of effluents of wastewater treatment
plants (WW'TP), which are a source of contamination with faecal material mainly of
human origin. Within each of the six study areas (Figure 1), 15 surface water sampling
sites were selected, i.e. five sites for each of the three types of surface water. Each of
the selected 90 sampling sites was sampled four times, once per season (summer: June
to August; autumn: September to November; winter: December to February; spring:
March to May), resulting in a total of 360 planned water samples.

Water sample collection and analysis

Sampling was performed between April 2018 and February 2019 by an accredited
contractor (OMEGAM-Water B.V.). Water samples were taken according to the
ISO 19458:2006 procedure and immediately cooled and transported to the laboratory
at the Dutch National Institute for Public Health and the Environment (RIVM),
where they were stored at 4°C and analyzed within 24 hours from sampling. Samples
in a total volume of 1000 ml were filtered using 0.45 pm cellulose-based membrane
filters (Milli- pore). The filters were placed in Preston broth and incubated under
microaerobic conditions using CampyGen sachets (Oxoid) for 48 h at 37°C. Samples
were then streaked (10 ul) on modified charcoal cefoperazone deoxycholate (mCCDA)
agar and the plates were incubated under microaerobic conditions for 48 h at 41.5°C.
From each sample, a maximum of five colonies was inspected by light microscopy for
Campylobacter characteristics, and a maximum of five visually confirmed colonies per
sample were analyzed using Matrix-Assisted Laser-Desorption/Ionization Time-
of-Flight Mass Spectrometry (MALDI-TOF MS, Bruker Microflex LT, Germany)
for species identification. Per individual sample, one C. jejuni isolate and one C. coli
isolate was selected at random for whole-genome sequencing (WGS).



Tracing the animal sources of surface water contamination with Campylobacter

Study areas (municipalities)

- Ruminants - High

O Ruminants - Low /
&7/ Poultry - High
O Poultry - Low
@™ Pigs - High
O Pigs - Low

Figure 1. Representation of the six study areas for surface water sampling with high and low densities of

poultry, pigs, or ruminants.

Animal data collection

Livestock

Livestock isolates of C. jejuni and C. coli from faecal samples and carcasses were
collected at farms and slaughterhouses by Wageningen Bioveterinary Research
(WBVR) and Wageningen Food Safety Research (WFSR), in collaboration with
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the RIVM and the Netherlands Food and Consumer Product Safety Authority
(NVWA). This was done within the framework of established and nationally
representative surveillance programs for zoonotic agents (Opsteegh et al., 2018) and
antimicrobial resistance (de Greeff et al., 2019) in food-producing animals, as well
as routine inspection and testing activities by veterinary services, in the Netherlands
during 2014-2019. Additional isolates from small ruminants (sheep and goats) were
obtained through a small-scale internal project including ad-hoc sampling events at
farms in the Netherlands conducted by engaging field veterinarians collaborating with
the Veterinary Microbiological Diagnostic Centre (VMDC) of Utrecht University.

Isolates were obtained from faecal samples analysed without enrichment by direct
streaking onto mCCDA (Oxoid) plates following the ISO 10272-1:2017 procedure,
whereas carcass samples were analysed with an enrichment step in accordance with

the same procedure. Species identification was performed using MALDI-TOF MS.

Wild birds

Fresh droppings or cloacal swabs of some of the most widespread species of waterfowl,
pigeons and gulls in the Netherlands were collected by Wageningen Ecological
Research (WER) in June and December 2018 to cover both the summer and winter
seasons. Sampling was performed by convenience at different locations across the
country selected based on previous studies (Lange et al., 2013), which did not include
the water sampling sites. Both herbivorous (i.e. geese, mute swan, ducks, common
wood pigeon) and omnivorous/piscivorous (gulls, great cormorant) bird species were
sampled, as the latter species have higher Campylobacter concentrations in their faeces,
whereas herbivorous birds produce more faeces per day (de Lange, 2013).

Whole-genome sequencing (WGS)

All gathered Campylobacter isolates from both surface water and animals were
subject to WGS. DNA isolation was done using the UltraClean® Microbial DNA
Isolation Kit (Qiagen, USA). WGS was performed on Illumina Hiseq and NextSeq
platforms (Illumina, USA) using 2 x 150-bp reads. Genomes were assembled with
SPAdes v3.10.1 (Bankevich, 2012) and checked for completeness and contamination
using CheckM (Parks et al., 2015); genomes with >5% contamination or <95%
completeness were excluded. The sequences were deposited in ENA Sequence Read
Archive project PRJEB38253.

A standard core genome multilocus sequence typing (cgMLST) scheme for
Campylobacter was applied (Cody et al., 2017) using Seemanns’ MLST tool to scan
contig files against traditional PubMLST typing schemes (https://github.com/
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tseemann/mlst) modified for cgMLST schemes (https://github.com/aldertzomer/
cgmlst). The cgMLST profile was assessed using the sequence definitions in BIGSdb
(accessed at November 9th, 2019). Additional searches for missing genes were
performed using the Basic Local Alignment Search Tool (BLAST) v2.5.0 (Altschul
et al., 1990) on the assembled genomes. For the alleles not yet present in BIGSdb,
multiple alignments of each locus were performed using MAFFT v7.407 (Katoh et
al.,2002) and these were assigned unique identification numbers. All the loci for which
none of these approaches provided unambiguous results were considered as missing.
Loci with missing allele numbers in >5% of the isolates were excluded from the
analysis. For description purposes, the sequence types (STs) based on the conventional
7-locus MLST scheme (Dingle, 2001) were also derived from the WGS data.

Data analysis

Prevalence and ST diversity in surface water

The prevalence of C. jejuni and C. coli (and their different STs) in surface water was
calculated for the different types of surface water, seasons and livestock density areas.
Simpson’s diversity index was calculated to quantify the diversity of STs (Anandan
et al., 2014). The structure of the Campylobacter population was visualized using
both conventional MLST- and c¢gMLST-based minimum spanning trees (MST) to
appreciate interrelationships and clusters among the Campylobacter isolates.

Analysis of Molecular Variance (AMOVA)

To test for genetic differentiation in STs between the sources, statistics were estimated
using analysis of molecular variance (AMOVA) (Excoffier, 1992), an extension of the
analysis of variance (ANOVA) that focusses on the (genetic) heterogeneity between
groups. If the mutual heterogeneity between two sources was not significant, they

,

were pooled into a new group. AMOVA was conducted using the R packages “poppr’
(version 2.8.5) and “hierfstat” (version 0.04-22) in R (version 3.6.0) (RCT, 2015).

Source attribution analysis

'The C. jejuni and C. coli isolates from surface water were attributed to the putative
animal sources as defined by the AMOVA. cgMLST-based source attribution analysis
using an established population genetics model, i.e. STRUCTURE (version 2.3.4),
was performed to estimate relative probabilities for each Campylobacter strain found
in surface water to originate from each of the animal sources (Hubisz et al., 2009;
Pritchard et al., 2000). A model with no admixture and with the “USEPOPINFO”
flag was used to determine the ancestry of the isolates to be attributed, i.e. the
surface water isolates. Therefore, each animal population was considered as discrete
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and the origin of each water isolate 7 was estimated under the assumption that the
isolate comes directly from one of the K animal sources, with a prior probability for
each source of 1/K (Porras-Hurtado et al., 2013; Pritchard et al., 2009). The USE-
POPINFO flag was used to pre-specify the population of origin of the animal isolates
as to assist inference of the origin for the water isolates, whose (animal) populations
of origin were set as unknown (Pritchard et al., 2009). By pre-setting the populations
of origin of the animal isolates based on the AMOVA results, the cluster structure
corresponded to the pre-defined populations, which were in agreement with the
genetic information and made the output more interpretable. The very few missing
alleles (0.3% of the total), minimized by performing additional searches and blasting,
as well as by excluding loci with considerable and systematic missingness over the
isolates, were then handled with the default software function, which ignores missing
data when updating parameters. The length of the burning period was set at 1,000,
followed by 10,000 iterations, which were able to provide adequate convergence of
parameter estimation. The overall proportion of surface water isolates attributed to a
given source was then calculated as the sum of the relative probabilities for that source
of the surface water isolates divided by the total number of surface water isolates. The
95% confidence intervals (Cls) for the attribution were derived in R with the “boot”
(version 1.3-24) package to provide bootstrapped values of the average attributions
per source with 1,000 replications.

Effects of livestock density, water type and season

Significance testing of the differences in attribution estimates (i.e. the source
probabilities) for the surface water isolates between the livestock density areas, types
of water, and seasons, was performed using multiple linear regression analysis in R.
A logarithmic transformation of the outcome variable (i.e. source probabilities) was
applied. For this analysis, the attribution estimates for meat-producing poultry and
laying hens were combined into ‘poultry’, and those for adult cattle, veal calves and
small ruminants into ruminants’ in order to reflect the livestock groups used in the
definition of the livestock density areas. Finally, the multivariate shared relationships
of the variables type of water, season and livestock density, with the attributions of
surface water isolates were explored using canonical correlation analysis (CCA).

Results

Isolate collection

In total, 360 water samples were planned to be taken during this study. However, due
to a few sampling locations being temporarily inaccessible or being without water
due to drought at a given sampling event, a total of 348 samples were eventually
collected. In total, 411 isolates (304 C. co/i and 107 C. jejuni) were obtained from
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those surface water samples. From each individual sample, only one C. jejuni isolate
and one C. co/i isolate was selected at random for WGS. This resulted in a selection
of 253 water isolates (177 C. coli and 76 C. jejuni). In total, 570 C. jejuni and 152
C. coli isolates were obtained from different livestock species (Table 1) and 47 C.
Jejuni and 15 C. coli isolates were obtained from wild birds (Supplementary Material,
Table S1). This resulted in a total of 1,037 Campylobacter isolates (253 from surface
water and 784 from animals) which were subjected to WGS. As was described in the
materials and methods section (Whole-genome sequencing (WGS)), 88 loci with
missing allele numbers in >5% of the isolates were excluded, resulting in 1,255 loci
with 99.7% complete allele numbers in the whole dataset.

Table 1. Total number of Campylobacter isolates obtained from each livestock group.

Livestock Total number of isolates C. jejuni isolates  C. coli isolates
N) (N) N)

Broiler chickens 200 186 14

Laying hens 56 55 1

Turkeys 38 37 1

Beef cattle 96 96 0

Dairy cattle 62 61 1

Veal calves 49 39 10

Small ruminants 111 86 25

Pigs 110 10 100

Prevalence and STs in surface water
Prevalence

The overall Campylobacter prevalence in surface water samples was 66% (Table 2).
Prevalence was highest in agricultural waters (77%) and at WW'TP discharge points
(76%), and lowest in official recreational waters (46%). Prevalence was highest in
autumn (74%) and winter (74%) and lowest in spring (62%) and summer (54%).

Prevalence was generally higher in the low livestock density areas (poultry 71%, pigs
75%, and ruminants 76%) as compared to the high livestock density areas (poultry
60%, pigs 60%, and ruminants 55%) (Table 3). However, in areas with high poultry
and ruminant densities, C. jejuni prevalence was higher, but C. co/i prevalence was
lower, as compared to areas with low poultry and ruminant densities. In general, C.
coli was more often isolated than C. jejuni, except for the high ruminant density area
where the prevalence was the same for both Campylobacter species (33%). Also in the
high poultry density area, the difference in prevalence between C. co/i (40%) and C.

Jejuni (33%) was small compared to that in the other areas.
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Table 2. Total number of surface water samples tested (N), number and percentage of C. jejuni and C. coli
positive samples (Pos and %) per surface water type and season

Spring Summer Autumn Winter Total
N Pos % N N Pos % Pos % N Pos % N Pos %
Agricultural waters 30 24 80 26 17 65 26 20 77 29 24 83 111 85 77

WWTP discharge 30 22 73 30 21 70 30 23 77 30 25 83 120 91 76

points

Recreational waters 30 10 33 29 8 28 29 20 69 29 16 55 117 54 46
Total 90 56 62 85 46 54 85 63 74 88 65 74 348 230 66

Table 3. Total number of surface water samples tested (N) and percentage (%) of C. jejuni and C. coli
positive samples per livestock density areas.

Low High Low pig  High pig Low High
poultry poultry density  density ruminant ruminant
density density density density
N (%) N (%) N (%) N (%) N (%) N (%)

Samples 59 (100) 52 (100) 60 (100) 58 (100) 58 (100) 60 (100)
Positive 42 (71) 31 (60) 45 (75) 35 (60) 44 (76) 33 (55)
C. coli * 37 (63) 21 (40) 39 (65) 27 (47) 36 (62) 20 (33)
C. jejuni* 7 (12) 17 (33) 11 (18) 10 (17) 13 (22) 20 (33)

* The sum of the number of positive samples of C. jejuni and C. coli is not equal to the number of
positive samples, because each surface water sample can contain multiple isolates of C. jejuni and C. coli.

Sequence types

Overall, 105 (41.5%) sequenced Campylobacterisolates had known STs, whereas about
60% of the isolates (58.5%) had thus far unidentified STs. Most C. co/i water isolates
(78.5%) belonged to those unidentified clones, while only 11.8% of the C. jejuni
isolates had an unknown ST.The four most prevalent STs in surface water were ST45
(n=10, 4.0%), ST1766 (n=5,2.0%), ST137 (n=4,1.6%) and ST2654 (n=4, 1.6%). The
prevalence of STs differed considerably between the three different types of surface
water. While only 15 of 54 isolates from recreational waters had known STs, which
were each detected once, isolates from WW'TP discharge points and agricultural
waters had higher proportions of known STs: 41/91 and 49/85 isolates (i.e. 45,1%
and 57,7%), respectively. At WWTP discharge points, the two most common STs
were ST2654 (n=4, 4.4%) and ST137 (n=3, 3.3%), whereas the two most common
STs in agricultural waters were ST45 (n=9, 10.6%) and ST1766 (n=4, 4.7%). An
overview of all STs found in surface water and STs grouped by season, water type and
livestock density area are reported in Figure S1, Supplementary Material.
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Source heterogeneity

The AMOVA showed that there was significant genetic heterogeneity between
most of the sources. Non-significant heterogeneity was observed between broilers
and turkeys, and between dairy cattle and beef cattle. Therefore, these sources were
combined into ‘meat-producing poultry’ (i.e. broilers and turkeys) and ‘adult cattle’
(i.e. dairy and beef cattle) for further analyses. The values and corresponding p-values
for each pair of sources are reported in Table S2, Supplementary Material.

ST diversity among Campylobacter isolates from surface water

Simpson’s diversity index based on the STs found in surface water was 0.96 for C.
Jejuni and 0.94 for C. coli (overall 0.97), indicating the probability that two isolates
randomly selected from surface water belong to different STs. Diversity was lowest in
areas with low pig density, at WWTP discharge sites, and in spring, and highest in

areas with high ruminant density, recreational waters and in winter (Table 4).

Table 4. Simpson’s index of diversity of Campylobacter STs from surface water.

Variable Total C.jejuni C. coli
Overall 0.97 0.96 0.94
Livestock density area

Low ruminant density 0.94 0.88 0.88
High ruminant density 0.95 0.95 0.00
Low poultry density 0.92 0.83 0.83
High poultry density 0.93 0.92 0.75
Low pig density 0.88 0.81 0.67
High pig density 0.91 0.74 0.88
Water type

Agricultural waters 0.94 0.88 0.89
WWTP discharge points 0.93 0.93 0.91
Recreational waters 0.96 0.91 0.75
Season

Spring 0.92 0.88 0.75
Summer 0.94 0.86 0.90
Autumn 0.94 0.91 0.86
Winter 0.96 0.94 0.91
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Population structure

The cgMLST-based MSTs visualizing the population structure of the C. jejuni and
C. coli isolates are shown in Figure 2 and Figure 3, respectively. For C. jejuni (Figure
2), surface water and wild bird isolates generally clustered together, but surface
water isolates were also found among isolates from other sources, specifically meat-
producing poultry and laying hens. The C. co/i tree showed significant clustering of the
surface water and wild bird isolates, which were clearly separated from the isolates of
the other sources (Figure 3). A similar structure was appreciable in the MSTs based
on conventional MLST (Figure S2 and Figure S3, Supplementary Material).

® Meat-producing poultry
@ Laying hens
@ Veal calves
@ Adult cattle
Small ruminants
® Wild birds
Pigs
© Surface water

Figure 2. Core-genome MLST-based minimum spanning tree showing the population structure of the C.
jejuni isolates from surface water and from the different animal sources.

© Meat-producing poultry
@ Laying hens
@ Veal calves
@ Adult cattle
Small ruminants
® Wild birds
Pigs
® Surface water

Figure 3. Core-genome MLST-based minimum spanning tree showing the population structure of the C.
coli isolates from surface water and from the different animal sources.
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Attribution of animal sources to surface water

Most C. jejuni isolates in surface water could be attributed to wild birds (60.0%,
95%CI: 48.9-71.3%), followed by meat-producing poultry (18.9%, 95%CI: 10.5-
26.8%), small ruminants (9.9%, 95%CI: 4.4-16.4%), adult cattle (6.9%, 95%CI: 2.3-
12.4%), laying hens (4.1%, 95%CI: 0.4-8.8%), and veal calves (0.2%, 95%CI: 0.0-
0.5%) (Figure 4). The attribution of C. jejuni in surface water to pigs was too small to
be sized. The vast majority of C. co/i isolates in surface water could also be attributed to
wild birds (93.7%, 95%CI: 90.4-96.4%), followed by meat-producing poultry (5.6%,
95%CI: 3.1-8.9%) and small ruminants (0.6%, 95%CI: 0.1-1.7%), while the other
animal sources accounted altogether for <0.1% of C. co/i isolates. When the attribution
estimates were split by livestock density area, wild birds were again the predominant
contributor to C. jejuni contamination in surface water in all areas (Table 5). The
second contributor was meat-producing poultry in most areas, except for the area with
low pig density where small ruminants where the second most important contributor.
'The contribution of wild birds to C. jejuni contamination in surface water was higher
in the low poultry density area (99.4%) than in the high poultry density area (59.2%).
The opposite was observed for meat-producing poultry: in the high poultry density
area, the contribution of meat-producing poultry to C. jejuni contamination in surface
water (24.9%) was higher than in the low poultry density area (0.3%). In both the low
and high ruminant density areas, small ruminants and laying hens ranked respectively
as third and fourth most important contributors to C. jejuni contamination in surface
water, without large differences in the contributions between the two areas. In the low
ruminant density area, however, the contribution of adult cattle (6.8%) was higher
than in the high ruminant density area where there was no detectable contribution of
adult cattle at all. Also for C. cofi, the contribution of wild birds was higher in the low
poultry density area (93.2%) than in the high poultry density area (87.0%), although
the difference was smaller than for C. jejuni. The opposite was observed for meat-
producing poultry (low poultry density area: 4.1%; high poultry density area: 12.8%).

There were no sizeable contributions of other sources of C. co/i water contamination.

Wild birds were the predominant contributor to C. jejuni and C. co/i contamination in
all three water types (C. jejuni: recreational waters 92.3%, agricultural waters 53.5%,
and WWTP discharge points 51.8%, C. co/i: recreational waters 98.9%; WWTP
discharge points 95.0%; agricultural waters 88.4%). Meat-producing poultry was the
second most important contributor in all three types of water for both C. jejuni and C.
coli. Finally, wild birds were also the largest contributor to surface water contamination
with both C. jejuni and C. coli in all seasons. For C. jejuni, the second most important
contributor in spring was cattle, while meat-producing poultry was the second most
important contributor in the other seasons. For C. co/i, meat-producing poultry was
the second most important contributor in all seasons.
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Effects of livestock density, water type and season on the
attribution estimates

The differences in attribution estimates for the C. jejuni and C. coli isolates from
surface water (described for each source in the results section (Prevalence and STs in
surface water) between livestock density areas, water types, and seasons were further
tested for statistical significance using multiple linear regression. The significant
differences are summarized in Table 6.

For C. jejuni, significantly higher attributions to wild birds were associated with high
ruminant density (£=9.21, 95%CI 1.62;16.80), recreational waters (f=15.31, 95%CI
8.04;22.57), and agricultural waters (£=5.66, 95%CI 0.92;10.40). Furthermore, the
attributions to ruminants were negatively associated with high ruminant density
(#=-10.66, 95%CI -20.42;-0.79), and positively associated with agricultural waters
($=11.19, 95%CI 1.79;20.59) and WWTP discharge points (£=0.10, 95%CI
0.77;20.05), mostly during the warmer seasons. Attributions to poultry were positively
associated with WWTP discharge points in winter (8=5.24, 95%CI 0.90;9.59).
For C. coli, significantly higher attributions to poultry were associated with high
poultry density (£=2.51, 95%CI 0.10;4.91) and agricultural waters ($=2.14, 95%ClI
0.69;3.58). Furthermore, the attributions to wild birds were negatively associated
with high poultry density (8=-2.63, 95%CI -5.04;-0.21), and positively associated
with recreational waters ($=1.95, 95%CI 0.07;3.83) and WWTP discharge points
($=2.13,95%CI 0.66;3.61).

Figure 5 shows the canonical correlation analysis (CCA) plots to visualize the
results of the regression analyses for both C. jejuni and C. cofi. The dots represent
the attributions of the surface water isolates to the different sources and the arrows
represent the different variables used in the linear regression analysis (i.e. livestock
density area, water type or season) to test for differences in the attributions. The
stronger the association of a variable with the attributions to a specific source, the
longer the arrows. If an arrows points in the same direction as a particular source
(dot), this means that there is a positive association between that source and the given
variable.
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Fig. 5. Canonical correlation analysis plot of C. jejuni (left) and C. cofi (right).

Discussion

In this study, the prevalence, genotype diversity and animal origin of C. jejuniand C. coli
strains isolated from surface water in the Netherlands were investigated. Furthermore,
it was assessed whether the estimated contributions of the different animal sources
varied significantly with the type of surface water (i.e. recreational waters, agricultural
waters, and WWTP discharge points), season, and local livestock density.

C. jejuni and/or C. coli strains were detected in 66% of surface water samples,
demonstrating the widespread presence of these pathogens in surface water, which
is an indication of faecal contamination. In contrast to most animal sources, surface
water was mainly contaminated with C. co/i, with a C. coi to C. jejuni isolation ratio
of about 3:1. This finding agrees with previous European studies (Mughini-Gras et
al., 2016; Rosef et al., 2001; Shrestha, 2019). Prevalence of both C. co/i and C. jejuni
in agricultural water and water at WW'TP discharge points was higher compared
to that in recreational water. The relatively low prevalence in recreational water was
anticipated, as the microbiological water quality at these official EU bathing sites has
to comply with European guidelines for faecal contamination. The higher prevalence
in agricultural water was also expected, as these water bodies are usually closer to
farms, grazing fields, or fields fertilized with manure where agriculture runoff is more
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likely to occur. Furthermore, the similarly high Campylobacter prevalence at WWTP
discharge points was foreseen, as regular wastewater treatment does not completely
remove bacteria (Rechenburg, 2009).

Campylobacter prevalence was higher during autumn and winter compared to spring
and especially summer. This finding is in agreement with previous studies showing
that Campylobacter prevalence in surface water is lower when there are more hours
of sunshine (Jones, 2001), probably due to higher ultraviolet radiation levels and
temperatures, which eventually lead to reduced Campylobacter survival in aquatic
environments. Indeed, the summer season in the Netherlands has more hours of
sunshine in comparison to the spring (KNMI, 2020), and thus higher levels of
ultraviolet radiation and ambient temperatures, which might contribute to decreased
Campylobacter presence in surface water. In agreement with this finding, an increased
risk for human campylobacteriosis associated with swimming in surface water in
spring compared to swimming in the summer was previously reported (Mughini
Gras et al., 2012). Despite the clear difference in Campylobacter prevalence between
the warmer (spring and summer) and the colder (autumn and winter) seasons, the
differences between spring and summer and between autumn and winter were less
prominent or absent. A possible explanation is that the water samples representing
spring and summer in this study were taken in 2018, a year characterized by
extremely dry spring and summer seasons in the Netherlands, including a drought
record in July (KNMI, 2018). From the autumn of 2018 onwards, there was a
reduction in precipitation deficit, with a recovery towards normal levels in the
winter of 2018/2019. This shows that the weather conditions during sampling were
quite similar in terms of precipitation for both the two warmer seasons (spring and
summer) and the two colder seasons (autumn and winter) and suggests that the role
of the aquatic environment as exposure route for humans to Campylobacter varies with
the seasons and their weather conditions. Also, a higher frequency of recreational
activities in surface water during summer compared to those in winter contributes to
this variability.

Strain diversity in surface water as reflected by STs, was very high. There were also
high numbers of surface water isolates with novel STs, mainly among C. co/i. This may
be due to C. co/i being generally under-represented in human and animal samples
that have been studied and typed previously, but they were also under-represented
in the animal sources that were explored in this study. In agreement with a previous
study conducted in the Netherlands and Luxembourg (Mughini-Gras et al., 2016),
the most prevalent ST in surface water was ST45, which was most often detected
in agricultural waters. ST45 has been recognized to be ubiquitous and to be more
frequently found in the environment than other STs that are common in humans
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(French et al., 2005; Mughini- Gras et al., 2016; Sopwith et al., 2008). This has lent
weight to the hypothesis that ST45 is a potential environmentally adapted ST that
is able to survive advert conditions while being outside the host (Colles et al., 2011;
French et al., 2005; Sopwith et al., 2008). Also the other STs prevalent in surface
water, i.e. ST1766, ST137 and ST2654, have frequently been isolated from surface
water and/or wild birds worldwide, as reported in the Campylobacter PubMLST
database.

The population structure of both C. co/i and C. jejuni from surface water showed
predominance of wild bird-like strains compared to other sources. This was
particularly the case for C. coli, where 94% of the water isolates were attributable
to wild birds. The remaining C. co/i were predominantly attributable to poultry, in
particular in areas with high poultry density. Interestingly, while C. co/i were relatively
frequently detected in pigs as well, the cluster of C. co/i isolates from pigs was clearly
separated from the surface water isolates. For C. jejuni, wild birds explained about
60% of all isolates in water, and livestock sources, particularly poultry, significantly
contributed to water contamination as well. This was supported by the finding that C.
Jejuni prevalence was higher in the high poultry and ruminant density areas compared
to the low poultry and ruminant density areas, while for C. co/i it was the other way
around, suggesting a more prominent role of these livestock groups in contaminating
surface water with C. jejuni relative to C. coli.

Source attribution analysis confirmed that wild birds were the likely source of the
majority of strains found in surface water, followed by poultry (broilers, turkeys and
layers combined) and ruminants (cattle, sheep and goats combined). Similar results
were found in studies performed in Luxembourg for C. jejuni and C. coli (Mughini-
Gras et al., 2016) and in New Zealand for C. jejuni (Shrestha, 2019) in which about
61% of the surface water isolates originated from wild birds. As the wild bird isolates
in this study mainly comprised isolates from aquatic bird species and only from one
terrestrial species (common wood pigeon - Columba palumbus), this finding is highly
plausible. Of note is that when repeating the source attribution analysis with the
common wood pigeon isolates as separate group, the attribution to the terrestrial bird
species was about 9% (data not shown), showing that aquatic wild birds remain the
most likely source of strains found in surface water. With a larger collection of wild
bird isolates it would be interesting to focus future studies on how Campylobacter
prevalence and its attributions to different bird species differ according to their
habitats, migration patterns and roosting behaviors (Ito et al., 1988; Waldenstrom et
al., 2002; Whelan et al., 1988).
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It was previously reported that C. jejuni and C. co/i isolates from surface water in the
Netherlands were mainly attributable to poultry (52%), followed by wild birds (37%).
However, that study was performed in poultry-rich regions and results may therefore
be explained by a relative high environmental dissemination of Campylobacter strains
from poultry farms (Mughini-Gras et al., 2016). In agreement with this, the linear
regression results in the present study show that surface water strains attributable to
poultry were significantly more likely to be found in high compared to low poultry
density areas and in agricultural waters. This supports the previously postulated
hypothesis that geographical variation in the relative contribution of poultry as a
source of surface water contamination with Campylobacter is associated with local
differences in the magnitude of poultry production (Mughini-Gras et al., 2016). This
could also explain the observed decrease in human campylobacteriosis incidence in
areas where poultry farms and slaughterhouses were emptied (i.e. culled), thoroughly
disinfected and closed to control the devastating H7N7 avian influenza epidemic
in 2003 in the Netherlands (Friesema et al., 2012). Indeed, it is possible that this
is a reflection of reduced environmental Campylobacter load due to the temporary
inactiveness of poultry farms.

C. jejuni strains attributable to ruminants were more likely to be isolated from surface
water in low vs. high ruminant density areas, which is counterintuitive. A possible
explanation could be that in the low ruminant density areas, farming operations are
less intensive (and more extensive) in nature, with differences being related to farm
size (CBS, 2018a,b), grazing opportunities (e.g. use of pasture lands, time animals
spent in pastures) (Van Den Pol-Van Dasselaar et al., 2015), and likely management
of manure and distance to surface waterways as well. However, the attribution results
of C. jejuni are more uncertain then the attribution results of C. co/i strains, which
could also influence the results.

Besides that livestock densities influence the relative contributions of Campylobacter
of different sources in surface water, it was also shown that there are seasonal and
water type-dependent variations in those contributions. Those variations may
reflect different conditions facilitating access to, contact with, and discharge of
fecal material, into surface water. An example is C. jejuni contamination in water at
WWTP discharge points. Although contamination from sewage is mainly of human
origin, water at WW'TP discharge points had a significantly higher contribution of
poultry-associated strains than other types of surface water. As poultry is the primary
source of human Campylobacter infections (Mughini Gras et al., 2012), the C. jejuni
contamination in water at WW'TP discharge points is likely to reflect a pattern more
similar to that of the (main) sources of human infections, i.e. poultry, as observed
previously (Mughini-Gras et al., 2016), than that of other animal sources.
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A few methodological considerations are called for. We used a no admixture model,
meaning that each water isolate was assumed to come ‘as is’ from one of the animal
sources. This model was appropriate for this study as we aimed to quantify the fraction
of isolates found in surface water that is directly attributable to each of the animal
sources, thereby considering only the last transfer step of the (potentially longer and
more complex) Campylobacter transmission chains among hosts and the environment,
i.e. the transfer step from animals to surface water. Indeed, Campylobacter is not able
to grow outside the host, so its presence in the environment is only a matter of die-off
rather than growth. This means that the isolates found in the environment originate
as such from (the faeces of) a specific host and are not generated in the environment
itself. In the admixture model, on the other hand, the isolates are assumed to have
mixed ancestry and this is modelled by saying that, for example, isolate i has inherited
a given proportion of its genome from ancestors in population k (Porras-Hurtado et
al., 2013; Pritchard et al., 2009). However, here we were interested in knowing the
most likely animal origin of an isolate as a whole based on its genome and our goal
was not to make evolutionary inference about the life history of strains.

'The application of USEPOPINFO allowed for the inclusion of isolates of known
origin (i.e. the animal isolates) as to attribute only the isolates of unknown origin
(i.e. the water isolates) (Pritchard et al., 2009). Therefore, a potential bias derives
from the assumption that the pre-defined (animal) populations are correct, while
misclassification might occur. However, the use of AMOVA to (re-)define the
groupings of animal isolates to be used as sources in the attribution analysis based on
the genetic similarities of their isolates made it possible to consider the pre-defined
populations as actual populations.

Conclusions
'The results of this study led to the following conclusions:

* C. coli is the dominant Campylobacter species in surface water.

s Campylobacter prevalence is highest in agricultural waters and during the coldest
months of the year and lowest in recreational waters and warmer months.

* Wild birds and meat-producing poultry are the main contributors to
Campylobacter contamination of surface water, with water type, season, and local
livestock (particularly poultry and ruminant) density being significant drivers
of these constributions.

* Poultry-associated Campylobacter strains are mostly found in agricultural waters,
water at WWTP discharge points, and in areas with high poultry density.
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* Wild bird-associated Campylobacter strains are mostly found in areas with
low poultry density, high ruminant density, recreational waters and WWTP
discharge points.

* Ruminant-associated Campylobacter strains are mostly found in low ruminant
density areas, agricultural waters and WW'TP discharge points, mostly during
the warmer seasons.

'The above conclusions may have public health implications, because even if we can
ensure that poultry meat is Campylobacter- free at the point of consumption, leading
to a reduction in human campylobacteriosis cases, human exposure can also occur
via environmental pathways and specifically the aquatic environment. This calls for
interventions aimed at controlling environmental dissemination of Campylobacter at
primary livestock production and WWTPs, provided that cost-benefit analyses show
that the public health benefits outweigh the costs of such interventions. Conversely,
virtually nothing can be done to control Campylobacter in wildlife. In this regard, the
finding that >90% of Campylobacter strains from recreational waters are attributable
to wild birds, and that the higher contribution of wild birds to recreational water
contamination relative to other types of water is significant, implies that the risk of
acquiring campylobacteriosis from, e.g., swimming in official recreational water sites
in the Netherlands, is largely beyond human control.
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Tracing the animal sources of surface water contamination with Campylobacter

Supplementary material

Table S1. Total number of swabs taken per method and number of Campylobacter jejuni and C. coli isolates
isolated per wild bird species.

Swabs Species
Wild bird species Method Total C. jejuni C. coli Total
Great cormorant (Phalacrocorax carbo) Dropping 59 8 0 8
Greylag goose (Anser anser) Dropping 50 8 0 8
Common wood pigeon (Columba palumbus) Dropping 43 10 0 10
Lesser black-backed gull (Larus fuscus) Cloaca (37)/Dropping (10) 47 3 1 4
Mute swan (Cygnus olor) Cloaca (47)/Dropping (30) 77 2 9 11
European herring gull (Larus argentatus) Cloaca 9 0 0 0
Eurasian wigeon (Mareca penelope) Cloaca 67 13 5 18
Mallard (Adnas platyrhynchos) Dropping (16)/Intestinal 18 2 0 2

contents (2)
Total 370 46 15 61

89



90

Chapter 3

ST21

sT22 [ | . ||

ST42

sas [ B BN || .
||

=
S)

ST48

ST137
ST353
ST538
ST583

I
57692 || ||
ST695 .
sT704
ST991
ST992
ST996
ST1030
ST1032
ST1034
ST1044
ST1223 [ ]
ST1243
ST1255
ST1268
ST1275
ST1299
ST1326
ST1482
ST1701
ST1748
ST1764
ST1766 [ | [ ]
ST1970
ST1981
ST1992

ST2005 [ ] [ ]
ST2021 .
ST2269

ST2654 [ ] [ ]
ST2655

ST2839

ST3181

$T4095

ST4871

ST4881

ST5050

ST5196

ST5660

ST5790

ST5845

ST5982

ST6076

ST6110

ST6168

ST6282 [ ]
ST6460

ST6794

ST6872 [ ]
ST7243

ST7435

ST8137 [ ]
ST8195

ste3es [

ST8434

18452

18455

ST8468

18475

ST9061

OR NWHBUON®O

Figure S1. Heat density map showing the variety of sequence types found in the water isolates per category.



Tracing the animal sources of surface water contamination with Campylobacter

Table S2. Genetic heterogeneity of Campylobacter isolates between source populations. For each pair of
sources, ® values are displayed above the diagonal and the associated p-values below the diagonal.

p/fst Broiler Layer Turkey Calf Meat Dairy Swine  Small  Birds
cattle cattle Ruminants

Broiler - 1.17 0.66 1.95  2.06 1.28  13.48 1.58 3.82
Layer 0.034 - 1.70 509 313 344 1591 213 5.42
Turkey 0.381  0.021 - 400 1.74 196 15.06 1.41 6.11
Calf 0.002  0.001  0.001 - 2.72 1.86  11.50 1.53 7.18
Meat cattle 0.003  0.002  0.022  0.002 - 0.87 17.68 1.21 6.49
Dairy cattle 0.017  0.001  0.006 0.004 0.132 - 16.96 1.45 7.19
Swine 0.001  0.001  0.001 0.001 0.001 0.001 - 11.81 13.99
Small ruminants  0.012  0.006  0.079 0.014 0.068 0.025 0.001 - 4.89
Birds 0.001  0.001  0.001 0.001 0.001 0.001 0.001 0.001 -
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Abstract

The role of environmental transmission of typically foodborne pathogens like Shiga
toxin-producing Escherichia coli (STEC) O157 is increasingly recognized. To gain
more insights into spatially restricted risk factors that play a role in this transmission,
we assessed the spatial association between sporadic STEC O157 human infections
and the exposure to livestock (i.e. small ruminants, cattle, poultry, and pigs) in a
densely populated country: the Netherlands. This was done for the years 2007-
2016, using a state-of-the-art spatial analysis method in which hexagonal areas
with different sizes (90, 50, 25 and 10 km?) were used in combination with a novel
probability of exposure metric: the population-weighted number of animals per
hexagon. To identify risk factors for STEC O157 infections and their population
attributable fraction (PAF), a spatial regression model was fitted using integrated
nested Laplace approximation (INLA). Living in hexagonal areas of 25, 50 and
90 km?* with twice as much population-weighted small ruminants was associated
with an increase of the incidence rate of human STEC O157 infections in summer
(RR of 1.09 [95%CI;1.01-1.17], RR of 1.17 [95%CI;1.07-1.28] and RR of 1.13
[95%CI;1.01-1.26]), with a PAF of 49% (95%CI;8-72%). Results suggest exposure to
small ruminants to be a risk factor, although no evidence on the mode of transmission
is provided. Therefore, the underlying mechanisms warrant further investigation and
could offer new targets for control. The newly proposed exposure metric has potential
to improve existing spatial modeling studies on infectious diseases related to livestock
exposure, especially in densely populated countries like the Netherlands.



Livestock-associated spatial risk factors for human STEC O157 infection

Introduction

Food is generally considered to be the most important route of transmission for Shiga
toxin-producing Escherichia coli (STEC) O157 (Strachan et al., 2001). However, a
growing body of evidence suggests that non-foodborne transmission pathways, such as
those mediated by the environment, may be important as well (Berry et al., 2015; Elson
etal.,2018; Franz et al., 2018; Friesema et al., 2011; OHaiseadha et al., 2017; Strachan
et al., 2006). A recent source attribution modeling study based on STEC serotyping
data revealed that domestic ruminants (cattle, sheep and goats) are important sources
of human STEC O157 infections, accounting for approximately three-quarters of
reported human STEC infections in the Netherlands (Mughini-Gras et al., 2018).
'This emphasizes the need for both direct and indirect exposure to different types of
livestock to be considered as possible transmission routes for STEC O157.

STEC is a bacterial zoonotic agent associated with human disease with varying
clinical manifestations, including diarrhea, haemorrhagic colitis and (occasionally
fatal) haemolytic uremic syndrome (HUS), a leading cause of acute renal failure among
children (Elson et al., 2018; Franz et al., 2018; Mughini-Gras et al., 2018). Human
STEC infections is the third most commonly reported zoonosis in the European
Union (EU), with an annual number of laboratory-confirmed STEC infections
increasing from 5,901 in 2014 to 8,161 in 2018 (European Food Safety Authority &
European Centre for Disease Prevention and Control, 2019). This, in combination
with its high virulence and outbreak potential, makes STEC of significant public
health concern. Although there are more than a hundred STEC serotypes and their
importance is increasingly recognized, STEC O157 is the most important serotype
in terms of incidence and clinical significance (Mughini-Gras et al., 2018). In the
Netherlands, STEC is a notifiable disease, with an annual incidence between 2 and 7
cases per 100,000 inhabitants (European Centre for Disease Prevention and Control,
2019). The vast majority of cases in the Netherlands are considered sporadic, as
outbreaks rarely occur (Franz et al., 2018).

Potential sources of human STEC infection are mainly animals capable of maintai-
ning STEC colonization in absence of continuous exposure to STEC from other
sources (i.e. the so-called reservoirs or amplifying hosts, mainly cattle and sheep).
But also those that are frequently exposed to STEC from the environment, like birds
and other wild animals (Mughini-Gras et al., 2018; Strachan et al., 2006). According
to a recent source attribution study, cattle is the primary source of human STEC
0157 infection in the Netherlands, followed by small ruminants (sheep and goats)
(Mughini-Gras et al., 2018). These animals can shed high quantities (>105/g) of
STEC 0157, that subsequently are able to survive for extended periods of time
(Chase-Topping et al., 2008; Franz et al., 2014; Strachan et al., 2001). This implies that
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there is a significant risk of STEC O157 infection linked to environment-mediated
transmission to humans (Elson et al., 2018; Strachan et al., 2001).

The Netherlands is one of the world’s most densely populated countries, with over
500 inhabitants per km? and a remarkably high concentration of intensive livestock
farms as well. The presence of livestock in close proximity to residential areas has
arisen questions about the associated public health implications (Smit & Heederik,
2017). Since STEC O157 can potentially be contracted from the soil and water
environment, and may be spread through the air after periods of drought in the
vicinity of its animal reservoirs, it is conceivable that human STEC O157 incidence
in the Netherlands might be higher in areas with increased livestock density as well,
such as in rural vs. urban areas as shown elsewhere (Berry et al., 2015; Strachan et
al., 2006, 2001). This could be tested with different methods, of which examples are:
(i) spatial regression analysis to determine the probability of exposure (Elson et al.,
2018; Friesema et al., 2011; OHaiseadha et al., 2017) or (ii) classical case—control
studies including relevant spatial variables to determine the importance of particular
types of exposure (e.g. number of animals/km?) (de Roojj et al., 2019).

As a spatial regression analyses requires less resources, in terms of data needs and
financial support, it can be a preferred way of exploring new ideas. However, only a
few studies exist that focus on the spatial association between human STEC O157
infections and the probability of exposure to livestock by means of spatial regression
analysis (Elson et al., 2018; Friesema et al., 2011; OHaiseadha et al., 2017). Most of
those studies only include one domestic ruminant species (cattle or sheep or goat)
in the analysis (Friesema et al., 2011; OHaiseadha et al., 2017), while ignoring other
reservoirs that may affect the outcome of those studies. This is especially important in
countries like the Netherlands where high numbers of different types of livestock are
present on relatively small geographical scales (Smit & Heederik, 2017). Moreover,
the probability of exposure in those studies is strictly defined by the number of
animals in a given area, while the probability of exposure on a population level is not
only determined by the number of animals in a certain area, but also by the number
of residents living in that area (Elson et al., 2018; Friesema et al., 2011; Hallisey et
al., 2017; Mulder et al., 2016; OHaiseadha et al., 2017).

'Therefore, the aim of this study was to assess the spatial association between sporadic
human STEC O157 infections and the combined exposures to livestock (cattle,
goat, sheep, poultry and pigs) in the Netherlands, using different state-of-the-art
methods that include population-weighted numbers of animals in the calculation of
the probability of exposure to livestock.



Livestock-associated spatial risk factors for human STEC O157 infection

Materials and Methods

This study consisted of several parts. First, national surveillance data on notified
STEC O157 cases in the Netherlands’ general population was gathered together with
livestock data (exact locations of registered farms and number of animals therein, per
species). Subsequently, the data were transposed into a study-defined spatial division
of the Netherlands and we developed a metric for the probability of exposure of the
human population to each livestock species that not only includes the number of
animals in a certain area, but also the corresponding population number. The last steps
involved the spatial regression analysis and calculation of the population attributable
fraction (PAF). We used the statistical software environment R (version 3.6.0)
(RCT, 2015) and several R packages and functions for data processing and analysis
(Arya et al., 2015; Bates et al., 2019; Bivand et al., 2019; De Jonge & Houweling,
2019; Grolemund & Wickham, 2011; Keitt, 2010; Neuwirth, 2015; Pebesma, 2019;
Pebesma, Bivand, Racine, et al., 2019; Pebesma, Bivand, Rowlingson, et al., 2019; R-
Core, 2017; Rue, 2019; Wickham, 2019; Wickham, Averick, et al., 2019; Wickham,
Bryan, et al., 2019; Wickham, Francois, et al., 2019; Wickham, Henry, et al., 2019).
An overview is provided in supplementary material, Table S1.The used R scripts can

be found at: https:// github.com/mulderac91/R-STECO157-spatialanalysis

Hexagonal Grid and Population-Weighted Interpolation

Hexagons are more suitable than rectangular grids in particular applications of
ecological modeling, e.g. connectivity and movement paths (Birch et al., 2007). They
have the advantage that the nearest neighborhood in a hexagonal grid is simpler and
less ambiguous, because each hexagon has exactly six adjacent hexagons which are in
a symmetrically equivalent position. Therefore, there is no need for a setting for the
relative weighting of diagonal interactions in a nearest neighborhood analysis, as is the
case for rectangular grids (Birch et al., 2000; Birch et al., 2007). Furthermore, the grid
is fixed over time (Birch et al., 2007). The latter is a solution for the problem of change
of, in this case postal code boundaries over time (supplementary material, Figure S1).
Therefore, the Netherlands was divided in a fixed hexagonal grid (Figure 1a). To
assess consistency of results and reduce the risk of ecological fallacy, we performed
the analyses for hexagonal areas with four different sizes: 10 km? (approximately the
average area of a four-digit postal code region in the Netherlands), 25 km?, 50 km?
and 90 km? (approximately the average area of a municipality in the Netherlands)
(Shafran-Nathan et al., 2017).

In order to perform the spatial regression analyses on the hexagonal grid, the spatial
data needed to be transformed from one regional division to the other (Arsenault
et al., 2013). For this purpose, we used population-weighted interpolation. This
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approach has the advantage over areal weighted interpolation that it can more
accurately estimate the population demographics in transforming small counts by
four-digit postal code regions to aggregated counts for large, non-standard study
zones (hexagons) (Hallisey et al., 2017). A detailed explanation of this approach can
be found in the supplementary material, Text S1.

Population-Weighted Number of Animals

Existing studies have used animals/km? to derive the probability of exposure to be
able to study the association between STEC O157 infections and livestock densities
(Figure 1b) (Elson et al., 2018; Friesema et al., 2011, OHaiseadha et al., 2017). Yet,
the probability of exposure is not only determined by the number of animals in a
certain area, but also by the number and residential addresses of people living in that
area and the number of animals in the neighboring areas. For this purpose, we created
a new probability of exposure metric: the population-weighted number of animals

(Hallisey et al., 2017) (Figure 1c, 1d and 1e).

The metric is constructed as follows. When zooming into one hexagon within the
hexagonal grid, the locations of several six-digit postal code points are shown (Figure
1c). Those six-digit postal code points include information about the population
numbers at that specific location (Figure 1c). Around these point locations, buffers
with a radius of 1 km are constructed (Figure 1d). Farms located within these buffers,
also outside the specified hexagon, are included (Figure 1e). The point locations of
the farms contain information about the number of animals (Figure 1e). See Figures
1c, 1d and 1e as an example. Within the hexagon, we have five six-digit postal code
point locations, each with its own population numbers: 100, 1,000, 10, 5 and 1. We
have three farms, each with its own number of animals: A, B and C. The 100 and
the 10 individuals on the first and second six-digit postal code point locations are
exposed to A animals. The 1,000 individuals in the third six-digit postal code point
location are not exposed. The 5 individuals in the fourth six-digit postal code point
location are exposed to B animals. The only individual in the fifth six-digit postal
code point location is exposed to C animals, but from a farm outside the hexagon.The
total exposure in this hexagon is then the population-weighted sum of the number of
animals, which can be calculated as follows:

(100xA + 10xA + 1,000x0 + 5xB + 1xC)
(100 + 10 + 1,000 + 5 + 1)

Population weighted animal number =

'This was done for each hexagon and for each year, taking into account the number of
animals and the changing population numbers. In the end, the data were aggregated
over the years, resulting in one hexagon-specific exposure metric.
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Spatial Risk Factor Analysis

A Poisson regression model with log-link function was used to assess the associations
between human STEC O157 infections and the population-weighted number of
animals for cattle, pigs, poultry,and small ruminants (goats and sheep). As the dependent
variable in the model was the case count, i.e. the number of human STEC O157
cases (redistributed with the population weighted interpolation technique) within a
hexagon, the assumption was that those case counts followed a Poisson distribution.
Person-years were used as the offset of the model (the population denominator for
each hexagon), and the confounders included were: age category (0-4, 5-9, 10-49
and >50 years old), gender (male or female), and period of infection (spring/summer:
May-October, autumn/winter: November—April). The different population-weighted
number of animals were included as covariates in the model (Friesema et al., 2011).

Because the population-weighted number of animals x could be zero, we applied
a log,(x+1) transformation. Furthermore, several studies have shown a higher risk
for human STEC O157 infection in summer (Friesema et al., 2011). Therefore,
we performed a stratified analysis based on the period of infection. These variables
entered the model as the fixed effect terms. To be able to perform those analyses, it was
assumed that residents acquired the infection at or in close proximity to their homes.

It is possible that there is additional variation due to unknown spatially varying risk
factors. To account for this, two random-effect terms were added to the model. The
first random-effect accounted for the spatially structured variation. This variation
represented the possible effect of a common unobserved risk factor that led to
neighboring hexagons being more alike. This term was modeled by the intrinsic
Conditional Autoregressive Model (CAR) (Besag et al., 1991). The second random-
effect term represented the unstructured variation, which was used to correct for
possible overdispersion of the data. This variation consisted of possible unobserved
variation within hexagons, which was modeled by independent and identically

distributed (IID) Gaussian noise (Lawson, 2013).

The spatial regression model was fitted using the integrated nested Laplace
approximation technique (INLA) (Rue et al., 2019). For further details we refer to
Friesema et al. (2011). Rate ratios (RRs) were calculated from the coefficients of
the fixed effects. As the population-weighted animal numbers were transformed,
the interpretation of those RRs is as follows: if x increases with a factor two, then
the incidence rate increases with a factor RR = ¢, provided that x is large enough,
approximately >100. When « is smaller, this factor is less than two for the same RR,
but the significance stays the same. Supplementary material Text S2 and Figure S2
show a more detailed explanation of this interpretation.
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In addition, the population attributable fraction (PAF) and its 95% confidence
interval were calculated for the risk factors found (Supplementary material, Text S3).
Confidence intervals were obtained by Monte Carlo simulation, using the INLA
posterior sampling function with 10,000 samples.

Data
Case Data

Since 1999, it is obligatory for diagnostic laboratories in the Netherlands to notify
confirmed human STEC infections to the Municipal Health Services (MHSs)
(Friesema et al., 2011). The MHSs reports each laboratory-confirmed case to the
national surveillance database at the Dutch National Institute for Public Health
and the Environment (RIVM) (Friesema et al., 2011). Furthermore, laboratories are
asked (but not obliged) to send STEC isolates to the RIVM for confirmation and
further typing for national surveillance purposes (Friesema et al., 2011, 2017).

In this study, a case was defined as an individual with confirmed STEC O157 infection
(by the RIVM) during the period 2007-2016. Cases were excluded when they were
part of an (inter)national foodborne outbreak, traveled abroad in the week before
onset of illness, or when the residential address (postal code) was unknown. A detailed
explanation of the different spatial scales (province, municipality and postal code) of
the Netherlands and a comparison with the European NUTS classification system is
given in the supplementary material Text S4 and Figure S3 (European Commission -
Eurostat, 2019). Those data are protected by Dutch privacy regulations and the Dutch
Data Protection Authority (Dutch Data Protection Authority, 2020a, 2020b).

Livestock Data

Livestock data of food-producing animals for 2012 was obtained from the Department
of Service Arrangements of the Dutch Ministry of Agriculture, Nature and Food
Quality. These data are collected yearly, requesting all food-producing farmers to
report the number of animals reared (CBS, 2019b; RVO, 2019). In our study, we used
the total number of goats, sheep, cattle, poultry and pigs per farm ( Table 1). To derive
the total number of small ruminants, the total number of goats and sheep per farm
were summed together.
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Table 1. Total number of food-producing animals, total number of farms and the mean number of animals
per farm per type of food-producing animal (goat, sheep, cattle, poultry, pigs) in the Netherlands

Type of animal Total number Total number Mean number of

of animals of farms animals per farm
N N N

Goats 398,508 3,954 101

Sheep 1,049,517 13,962 75

Cattle 3,895,657 33,908 115

Poultry 96,802,429 2,889 33,507

Pigs 12,138,896 6,961 1,744

Population Data

'The population data per four-digit postal code region per year is available through
Statistics Netherlands (www.statline.nl) and consists of the number of inhabitants
in five-year age categories and gender. The data were downloaded from this website
for the years 2007-2016 (CBS, 2019a). Due to privacy regulations (Dutch Data
Protection Authority, 2020b), this information was not available per six-digit postal
code point location.

Spatial Data

The four-digit postal code region shapefiles of the Netherlands were obtained for
each year (2007-2016) from the geodata portal of the RIVM. For the period 2007-
2008, there were no postal code region shapefiles available. Therefore, the shapefile of
2009 was used for those years. The six-digit postal code point location shapefile of the
Netherlands from 2016 was also obtained from the geodata portal of the RIVM. This

file included population numbers per six-digit postal code point location.

Results

Descriptive Statistics

Between 2007 and 2016, 599 cases of STEC O157 infection were reported. In this
period, two national outbreaks of STEC O157 were registered in the Netherlands,
one in 2007 involving 41 cases probably caused by lettuce consumption and linked
to an outbreak in Iceland (Friesema et al., 2008) and one in 2009 involving 20 cases
caused by contaminated raw meat spread (Greenland et al., 2009). Furthermore, there
was a regional outbreak in 2007 involving 7 cases, which reported consumption of raw
meat spread and all had bought it at the same regional supermarket chain (Friesema
et al., 2011). The cases that were involved in those outbreaks were excluded from the
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dataset for analysis. Besides, 54 more cases were excluded because information on
travel history prior to symptom onset was missing, and 38 cases because there was no
data available on geographical location. The remaining 439 cases were included in the
analysis, with a median number of 46 cases per year (range 25-63 cases/year, annual
incidence 1.5-3.8/100,000 inhabitants).

Table 2. Descriptive Statistics of the STEC O157 Cases.

STEC 0157 cases
N %
Total 439 100
Gender
Males 167 38
Females 272 62
Age category (years)
0-4 70 16
5-9 44 10
10-49 200 46
>50 125 28
Period of infection
Summer 340 77
Winter 99 23

Of all the cases included, 62% (z = 272) were female, 38% (z = 167) were male
(Table 2). The highest number of cases (46%) were between 10 and 49 years of age
and most were reported in summer (77%). Figure 2 shows that the incidence varies
between hexagons and appears to be highest in the northern and eastern regions
of the Netherlands. The west and south of the Netherlands show particularly low
incidence of STEC O157.
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Figure 2. Cumulative incidence rate (x 100,000 person-years) (2007-2016) of STEC O157 infections in
the Netherlands.

Figure 3 shows the population-weighted number of small ruminants, cattle, poultry
and pigs in the Netherlands. The population-weighted number of small ruminants
appeared to be highest in the central north of the country, central south of the
country and the island of Texel. For cattle, it was highest in the center, central north
and central south of the country and for poultry it was highest in the center, east
and south-east (except the region of South-Limburg). Furthermore, the population-
weighted number of pigs was highest in the east and south-east (except the region
south-Limburg). Visually, the map for small ruminants in Figure 3a seemed to be
most comparable with the one for human STEC O157 infections in Figure 2.

Spatial Risk Factor Analysis

Results from the multivariable models for the spatial association between STEC
0157 and population-weighted number of animals are presented in Table 3 and Table

4, respectively. For the results of the univariable models, see supplementary material,

Table S2.

Living in an hexagonal area of 90 km? with twice as much population-weighted
small ruminants increased the incidence rate of reporting STEC O157 infection in

summer, with a RR of 1.13 (95% CI 1.01-1.26) (Table 3). Other hexagonal areas
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have comparable results, except the one of 10 km? Here, small ruminants were not
significantly associated with STEC O157 infections. To further explore this, the
analyses at this spatial scale was repeated with goats and sheep separately. The results
showed that goats are still significant in summer, witha RR 0f1.07 (95% CI11.01-1.3),
while sheep no longer pose a risk. In both analyses, pigs are marginally associated with
STEC O157 infections, with similar RRs. As other studies showed a clear association
with cattle density per municipality in summer, the analyses were repeated with only
cattle for hexagonal areas of 90 km?. Here, the population-weighted number of cattle
only had a marginal significant association with human STEC O157, with a RR of
1.08 (95% CI 1.00-1.17). In winter, none of the animal types were associated with
STEC 0157 infections (Table 4). Poultry was never associated with STEC O157
infection. As the population-weighted number of small ruminants in an area was the
only consistent significant risk factor for different spatial scales within this study, the
PAF was calculated for this factor only. The population-weighted number of small
ruminants had a PAF of 49% (95% CI of 8%—72%).

©

100,000
10,000
1,000
100

10

2,000
500
100
10

4,000
1,000
100

Figure 3. Maps of the population-weighted number of animals in the Netherlands per hexagon (90 km?)
for small ruminants (a), cattle (b), poultry (c) and pigs (d) in 2012.
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The variation in the spatially structured residual risks of the main model showed
some dependence on region and period of infection (Figure 4), with a slightly
increased residual risk for STEC O157 infection in the northern, mid-eastern and
south-western regions of the Netherlands in winter and in the mid-eastern region
in summer. A lower residual risk was found in the mid-west to north-west and the
south-east region for both periods of infection.

(b) (d)

-04 -02 0.0 0.2 0.4 -0.05 0.00 0.05 0.10

Figure 4. Maps of the spatially structured variation modeled by the conditional autoregressive model
(CAR) in summer (a) and winter (b) and maps of the spatially unstructured variation modeled by
independent and identically distributed ( IID) Gaussian noise in summer (c) and winter (d) for hexagonal
areas of 90 km?.
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Discussion

The aim of this study was to explore the spatial association between sporadic human
STEC O157 infections and the exposure to livestock (small ruminants, cattle,
poultry, and pigs) in the Netherlands, a country with high densities of humans and
livestock animals, for the years 2007-2016. This was done using a state-of-the-art
spatial analysis method, in which hexagonal areas were used in combination with a
novel metric that was applied to define the probability of exposure: the population-
weighted number of animals per hexagon.

Results showed that there is a consistent significant association between the population-
weighted number of small ruminants and the incidence of reported human STEC
0157 infections in summer with a PAF of 49%. This means that in the absence of
exposure to small ruminants, the number of sporadic STEC O157 infections should
be expected to decrease by 49%, although the uncertainty ranges between 8% and 72%.
Since we only accounted for livestock density as a risk factor for infection with STEC
0157, we were not able to quantify the relative importance of this spatially restricted
risk factor within the broader context of all possible risk factors. Another limitation of
only using one risk factor in the analyses is that the risk of ecological biases could not
be quantified. Although we corrected for age and gender at an individual level, areas
can still differ regarding confounders that are not included in our analyses, as is also
suggested by the maps of the spatially structured variation (CAR).

'The finding that small ruminants are important contributors to human STEC 0157
infections is supported by a Dutch source attribution study (Mughini-Gras et al.,
2018), which shows that while domestic ruminants (cattle, sheep, and goats) are
responsible for approximately three-quarters of reported human STEC (all serotypes)
infections, small ruminants in particular accounted for 25% of all STEC infections.
In the Netherlands, STEC O157 has been isolated from sheep and goats (Heuvelink
et al., 1998; Heuvelink et al., 2002). Additionally, STEC was detected at almost
all dairy goat and sheep farms in the Netherlands that were included in the Dutch
surveillance of zoonoses in 2016, although STEC O157 was only detected at one
farm (Opsteegh et al., 2018). This reflects a common paradox regarding the results
of animal sampling, in which small ruminants are generally considered as a primary
reservoir for STEC 0157, but their occurrence is infrequently demonstrated. This
may reflect the sporadic and/or intermittent nature of STEC O157 carriage and low
numbers of bacteria residing in colonized animals, or insufficiently sensitive sampling

and culturing approaches (Ferens & Hovde, 2011).

Given the presence of STEC in small ruminants’ feces and farms, it is plausible that
human infections occur via environmental transmission. In the Netherlands, small

111




112

Chapter 4

ruminants are usually kept in deep litter houses, with partially open walls or roofs
(Schimmer et al., 2011). An initial layer of litter (usually straw or sawdust material) is
spread for the animals to use for bedding material and to defecate on. As soon as this
layer is soiled, new layers are added, which can build up to a depth of 1-2 meters. This
process generates a lot of dust, which is easily spread into the environment through
the often (partially) open housing system. As a result, the transport of STEC O157
in dust through the air can be one of the possible environmental transmission routes
if infected animals are present on the farm (Chase-Topping et al., 2008; Schimmer et
al., 2011). The plausibility of air-borne transmission is supported by a study focusing
on microbial air pollution from livestock farms in the Netherlands, where a higher
concentration of commensals, among which Escherichia coli, in dust particles was
found in rural areas with higher farm density (de Roojj et al., 2019). Although no
significant associations with the number of goats and sheep were found, the presence
of livestock-related microbial markers, such as Escherichia coli,indicates that microbial
air pollution with Escherichia coli is reasonable. The same phenomenon was observed
for Campylobacter, which coincides with a higher Campylobacter incidence in poultry-
dense areas, the main reservoir of Campylobacter (de Rooij et al., 2019; Poulsen et
al., 2018). Furthermore, transmission of STEC O157 to humans may occur via soil
or water, since dust precipitates and the stable litter that is stored outside the stable
comes into contact with soil and possibly fresh water systems through washout after
heavy rainfall (Elson et al., 2018).

Despite the above reasoning, the results did not provide evidence for a particular
mode of transmission (e.g. through food, the environment or direct contact with
(small) ruminants through petting or feeding animals at ‘children farms’). There
were no data available on individually reported exposures of the cases. Furthermore,
the focus of this study was on food-producing animal farms. However, it has been
shown before that visiting a petting farm can be a potential source of STEC O157
infection (Heuvelink et al., 2002; Valkenburgh & Heuvelink, 2006). As these petting
farms often host small ruminants as well, it is recommended to dive deeper into
the combined effects of petting farms and food-producing animal farms on STEC
0157 infection risk in future studies. This could be done, for instance, using a case-
control study design with individually reported exposures, which includes risk factors
related to direct contact with the animals (e.g. visiting ‘children farms’), as well as
spatial risk factors (e.g. distance to farms, number of animals in the neighborhood or
a combination of those two) to investigate the effect of potentially spatially restricted
risk factors. This way, it is also possible to include the consumption of particular
food items in the analysis, as transmission through food is considered as the most
important risk factor of acquiring a STEC O157 infection (Strachan et al., 2006).
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Whilst several studies, including a Dutch one, showed a significant spatial association
between cattle and STEC O157 infections (Friesema et al., 2011; OHaiseadha et al.,
2017; Strachan et al., 2006; Widgren et al., 2018), we did not. This could have several
possible explanations.

First, a major difference is the inclusion of small ruminants in this study, next to
cattle. Cattle farms are widely distributed in the Netherlands, while small ruminants
have a more profound environmental spread. To study whether this could lead to
different results, the analyses were performed for a model with only cattle. The results
showed that the population-weighted number of cattle had a marginal significant
association with human STEC O157, while this effect is not significant anymore
after the inclusion of pigs, poultry and small ruminants. This might indicate that the
spatial association observed for cattle could be due to its spatial relatedness with small
ruminants, the latter which may play a more important role in environmental STEC
0157 transmission. This proves that it is meaningful to look at the combined effects
of all possible reservoirs for STEC O157. Such a combined analysis is especially
important in a country like the Netherlands, which has a peculiar situation in terms of
livestock and population density as compared to other countries (Smit & Heederik,
2017). Indeed, it is one of the most densely populated countries in the world in
combination with a high density of intensive livestock farms (Smit & Heederik, 2017).
An example of such a situation is the Q-fever epidemic in the Netherlands (Schimmer
et al., 2011), which became an epidemic because most goat farms were located very
close to locations with a high population density (Schimmer et al., 2011). As all
the different types of livestock farms in the Netherlands are intertwined and mixed
throughout the landscape, spatial inter-relatedness with other animal species does play
arole (de Rooij et al., 2019). This makes it complicated to disentangle the effects and
to look at each type of livestock separately, emphasizing that a more complete model
in terms of possible reservoirs of STEC O157 is necessary for a proper analysis (de
Roojj et al., 2019).

Second, livestock farming in the Netherlands underwent several changes in the past
few years that could explain the different findings as well (Bos et al., 2013). There
was a reduction in the number of farms over the years, which was paralleled by an
increase in the number of animals per farm, with cows being increasingly kept inside
throughout the year (Bos et al., 2013; Groot & van't Hooft, 2016; Smit & Heederik,
2017). As cattle is more often kept inside and their housing is closed, it is possible
that aerial spread of STEC from cattle is reduced over the years and that small
ruminants play a more important role nowadays.
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'Third, this study used a different spatial metric as response variable in order to do
the spatial regression analyses on the hexagonal grid. Here, the population-weighted
number of animals was used instead of animal density as exposure measure to
transform the spatial data from one regional division to the other (Elson et al., 2018;
Friesema et al., 2011; Hallisey et al., 2017, OHaiseadha et al., 2017). However,
our approach has the advantage over areal weighted interpolation that it can more
accurately estimate the population demographics in transforming small counts by
four-digit postal code regions to aggregated counts for large, non-standard study
zones (hexagons) (Hallisey et al., 2017). Moreover, because the probability of
exposure on a population level is not only determined by the number of animals in a
certain area, but also by the number of residents in a certain area and where they live
inside an area, this study is more likely to have captured true environmental exposure,
as exposure is less likely to occur when nobody lives in the vicinity of these animals
(Mulder et al., 2016). Furthermore, in contrast to other studies, we took into account
potential exposure to animals in neighboring hexagons, because pathogen spread is
not hold back by “invisible” hexagonal boundaries.

In this study, no associations were found between poultry, pigs and STEC O157
infections in the multivariable model. This supports the finding that STEC has been
isolated only sporadically from animals other than ruminants and these animals can
merely be seen as spill-over hosts (Caprioli et al., 2005; Mughini-Gras et al., 2018).
Also, a low estimated contribution to human STEC infections has previously been
found for poultry and pigs in the Netherlands (Mughini-Gras et al., 2018). However,
pigs did show a positive association with human STEC infections at a hexagonal
size of 10 km? in the multivariable model. This could be due to several reasons, such
as limitations of power and more limited exposure metric contrasts at this smaller

spatial scale (de Roojj et al., 2019).

The association between small ruminants and human STEC O157 infections was
only present in the summer. This is in agreement with the incidence of human
STEC 0157 infections being highest in summer, as well as the seasonality of fecal
excretion of STEC in farm animals (Friesema et al., 2011; Heuvelink et al., 1998).
Furthermore, humans are more likely to have direct or indirect contact with animals
in summer as they probably spend more time outside (Friesema et al., 2011). Similar
to what is described globally, women had a higher risk than men to acquire a STEC
0157 infection in summer and the incidence of STEC O157 was highest in children
<10 years and strongest in children <5 years (Elson et al., 2018; Friesema et al., 2011).



Livestock-associated spatial risk factors for human STEC O157 infection

A buffer radius of 1 km was used in the analyses. However, the question remained
whether different buffer sizes would influence our results. Therefore, the analyses
were repeated for other buffer sizes. Buffers with a radius of 0.10 km, 0.25 km, 0.50
km, 0.75 km, 1.25 km, 1.50 km, 1.75 km and 2 km were used, but they did not show
significant changes in the RRs and the 95% Cls were comparable to the results of the
analyses with a buffer radius of 1 km. This means that the results of our analyses were
not sensitive to the buffer radius size and that the analytical approach used was not
suitable for assessing possible dose—response relationships.

Compared to a previous Dutch study (Friesema et al., 2011), underreporting of the
human STEC O157 infections and the geographical laboratory bias did not change.
Human STEC O157 cases included in this study likely represent the more severe cases,
as mild cases often go unnoticed, because they may not always seek medical attention
or do not get laboratory tested and hence, do not end up in the surveillance records
(Friesema et al., 2011; van den Brandhof et al., 2006). The laboratory surveillance is
based on a voluntary system, but despite the fact that the notification is mandatory,
it is not guaranteed that all laboratories send in their isolates on a regular basis.
Furthermore, the assumption was made that STEC O157 infections were acquired
at or in close proximity to the home. However, people travel and it is possible that
residents of urban areas went and acquired the infection in the countryside, or vice
versa. This could lead to an underestimation of the spatial association between small
ruminants and human STEC O157 cases and warrants further research in the future.

Conclusions

Results of this study indicate that living in proximity of small ruminants, is a spatially
restricted risk factor for acquiring STEC O157 infection. As this study did not have
individually reported exposures available, it could not provide evidence on the specific
mode of transmission. Therefore, the exact underlying mechanisms warrant further
investigation,and could offer new targets for control. The finding that small ruminants,
and not cattle, are significantly associated with human STEC O157 infection is in
contradiction with earlier studies. It could be explained by the inclusion of small
ruminants in the analysis, a changing farming landscape over the years, and the newly
developed exposure metric, the population-weighted number of animals per hexagon,
which showed potential to improve existing spatial modeling studies on infectious
diseases related to livestock exposure, especially in densely populated regions.
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Abbreviations

CAR Conditional Autoregressive Model

CI Confidence interval

EU European Union

11D Independent and identically distributed INLA Integrated nested
Laplace approximation

MHS Municipal Health Service

PAF Population attributable fraction

PCR Polymerase chain reaction

RIVM Dutch National Institute for Public Health and the Environment

RR Rate ratio

STEC O157 Shiga Toxin-producing Escherichia coli

Stx, Shiga Toxin 1

Stx, Shiga Toxin 2
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Supplementary material

This file mainly contains supporting information supporting the materials and meth-

ods section of the article, including the following items:

An explanation of the population-weighted interpolation (Text S1)

An explanation of the interpretation of the rate ratios used (RR) (Text S2)

An explanation of how the population attributable fraction was calculated
(PAF) (Text S3)

An explanation of the different spatial scales of the Netherlands compared to
the NUTS classification system (Text S4)

A figure showing the changing four-digit postal code regions of the Netherlands
over the years (Figure S1)

A figure visualizing this interpretation (Figure S2)

A figure showing those different spatial scales (Figure S3)

An overview of the R packages used (Table S1)

An overview of the univariable spatial regression results (Table S2)
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Text S1. Population weighted interpolation

The population weighted interpolation was carried out as follows: first, we made an
intersection between the four-digit postal code regions and the six-digit postal code
points. Next, the four-digit postal code region data (both the STEC O157 cases and
the population numbers by age category and gender) were redistributed over the six-
digit postal code points, proportional to the number of inhabitants for these six-digit
postal code point locations. Then, an intersection was made between the six-digit
postal code points and the hexagonal grid. Finally, the redistributed data over the
six-digit postal code points were allocated to each hexagon.

Some four-digit postal code regions could not be redistributed, because no six-digit
postal code points could be assigned to it. In that case, the nearest six-digit postal
code point location was used. Similarly, when a six-digit postal code point could not
be assigned to a hexagon, the nearest hexagon was used. The redistribution from the
four-digit postal code regions to six-digit postal code points to the hexagonal grid
could be done very efficiently by sparse matrix multiplications. For each age category
and gender stratum, the same redistribution matrix was used.
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Text S2. Rate ratio (RR)

In this study, the exposure measure x can get the value zero. Therefore, the explanatory
variable was transformed using the log,(x + 1) transformation. Resulting in the
following Poisson regression with log-link function formula:

log(u) = Bo + Pilog.(x + 1)

By taking the inverse link-function of this, using the exponential function e*, we

obtained:
u = eﬁ0+ﬁl(x+1)
= eﬁOeﬁl(x+1)

The RR;; for an exposure at log, (x; + 1) relative to log, (x; + 1) then is:

RRy; ﬁll(’gz(x +1)

If x + 1 grows with a factor two, the rate increases with a factor RR = eP1. Fortunately,
not much changes when X is large relative to one, as the following applies:

x;+1 X

x1+1 ~x1

This leads to the same “easier” interpretation of the rate ratio as when using a
log(x) transformation: if X increases with a factor two, the incidence rate increases
with a factor RR = eP1, But what is “large” ? Do we make a big mistake with this
approximation? We visualized this in Figure S2. In this figure, X1 increases from
one towards 1,000 and the factor two was chosen as ratio between X, and X1, thus
X2 = 2x1. The x-axis was transformed into a l0gy¢ scale to make the effect of large
Val%es of X1 on the factor more clear. The constant value of two is what we would have
at -=2 . The red line is this factor when we add one to x. As Figure S2 shows, this
approx1mat10n is pretty good when values of X; are approximately above 100. This
indicates that the “easier” interpretation of the rate ratio can be used.

In summary, if the log, (x, + 1) is used as explanatory variable in Poisson regression
with log-link function, then the interpretation of the rate ratio (RR) is as follows: if x
increases with a factor two, then the incidence rate increases with a factor RR = ef1,
provided that X is large enough, approximately >100. When X is smaller, this factor
is less than two for the same RR, but the significance stays the same.
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Text S3. Population attributable fraction (PAF)

The PAF is calculated as follows:

_(i(B) = i(0)

Here i(E) is the predicted incidence in the exposed population (using the regression
model and its estimated coeflicients as is) and i(0) is the predicted incidence in the
unexposed population (using the same regression model and estimated coeflicients,
but where the exposure of the risk factor is set to zero). Both predictions can be done
simultaneously by augmenting the original dataset, where in the augmented records
the exposure of the risk factor is set to zero and the outcome is set to missing. For
each group (exposed and non-exposed), the total incidences are calculated as the sum
of the individual records.
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Text S4. Spatial scales of the Netherlands

To divide the economic territory of the EU, a hierarchical system was developed.
This system is called the NUTS classification (Nomenclature of territorial units for
statistics) (European Commission - Eurostat, 2019). It contains three levels:

* NUTS 1: major socio-economic regions
* NUTS 2: basic regions for the application of regional policies
* NUTS 3: small regions for specific diagnosis.

The current NUTS 2016 classification is valid from 1 January 2018 and lists 104
regions at NUTS 1, 281 regions at NUTS 2 and 1348 regions at NUTS 3 level
(European Commission - Eurostat, 2019). In the Netherlands, the NUTS 1 regions
consist of four areas: North of the Netherlands, East of the Netherlands, West
of the Netherlands and South of the Netherlands. The NUTS 2 regions are the
Dutch provinces (Figure S3 - a) and the NUTS 3 regions are 40 COROP regions,
which consist of a combination of several municipalities of a province. Thus, the
municipalities in the Netherlands (~ 90 km2, Figure S3 - b) are smaller than those
NUTS 3 regions and the four-digit postal code regions of the Netherlands (~ 10
km2, Figure S3 - c) are even smaller than those municipalities. The six-digit postal
code point locations of the Netherlands give information about specific locations at
street level.
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Figure S1. Example of changing four-digit postal code regions of the Netherlands over the years; a) 2009
compared to b) 2016.
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Figure S2. Visualization of interpretation rate ratio (RR) for an exposure measure x;.
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Figure S3. The different administrative boundaries and spatial scales of the Netherlands. a) Provinces
(NUTS 2 regions), b) Municipalities, ¢) Four-digit postal code regions.
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Table S1. An overview of the R packages and functions used, including version numbers and references.

Package/function Version Reference*

cbsodataR 0.3.5 (De Jonge & Houweling, 2019)

dplyr 0.8.3 (Wickham, Francois, et al., 2019)
INLA 18.07.12 (Rue, 2019)

lubridate 1.7.4 (Grolemund & Wickham, 2011)
Matrix 1.2-17 (Bates et al., 2019)

Parallel 3.6.0 (R-Core, 2017)

RANN 1.2.6 (Arya et al., 2015)

RColorBrewer 1.1-2 (Neuwirth, 2015)

readxl 1.3.1 (Wickham, Bryan, et al., 2019)

rgdal 1.4-4 (Keitt, 2010)

sf 0.7-7 (Pebesma, Bivand, Racine, et al., 2019)
sp 1.3-1 (Pebesma, Bivand, Rowlingson, et al., 2019)
spdep 1.1-2 (Bivand et al., 2019)

st_make_grid (Pebesma, 2019)

stringr 1.4.0 (Wickham, 2019)

tidyr 1.0.0 (Wickham, Henry, et al., 2019)
tidyverse 1.3.0 (Wickham, Averick, et al., 2019)

*All literature was included in the reference list belonging to the main text of this article.
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Abstract

Most human infections with non-typhoid Salmonella (NTS) or Campylobacter
are zoonotic in nature and acquired though consumption of contaminated food
of mainly animal origin. However, individuals may also acquire salmonellosis or
campylobacteriosis through non-foodborne transmission pathways, such as those
mediated by the environment. This emphasizes the need to consider both direct and
indirect exposure to livestock sources as a possible transmission route for NTS and
Campylobacter. Therefore, this study aimed at assessing whether salmonellosis and
campylobacteriosis incidence is spatially associated with exposure to livestock (i.e.,
small ruminants, dairy cows, veal calves, laying hens, broiler chickens and pigs) in
the Netherlands for the years 2007-2019 and 2014-2019 respectively. Risk factors
(population-weighted number of animals) and their population attributable fractions
were determined using a Poisson regression model with log-link function fitted
using integrated nested Laplace approximation. Additionally, the analyses accounted
for geographical coverage of the diagnostic laboratory catchment areas. Moreover,
serological data was used to look into possible effects of acquired immunity due to
repeated exposure to the pathogen through the environment that would potentially
hinder the analyses based on the incidence of reported cases. A linear mixed-
effects model was then built where the postal code areas were included as a random
effect. Results showed that living in livestock-rich areas in the Netherlands is not
a consistently significant, spatially restricted risk factor for acquiring salmonellosis
or campylobacteriosis, thereby supporting current knowledge that human infections
with Salmonella and Campylobacter are mainly foodborne.
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Introduction

Most human infections with non-typhoid Salmonella (NTS) or Campylobacter are
zoonotic in nature and acquired though consumption of contaminated food of
mainly animal origin (Friesema et al., 2022). However, individuals may also acquire
salmonellosis or campylobacteriosis through non-foodborne transmission pathways,
such as those mediated by the environment (Guillier et al., 2021). In the Netherlands,
pigs and laying hens are the most important livestock sources of Salmonella (Mughini-
Gras, Enserink, et al., 2014), as broiler chickens and cattle are for Campylobacter
(Mughini-Gras et al., 2021). Once Salmonella and Campylobacter are shed into the
environment with animal feces, they are able to survive for varying periods of time
depending on various environmental parameters (e.g. <3 months in manure; <1
month in soil) (Guillier et al., 2021; Lee et al., 2019; Mughini-Gras et al., 2021,
Nicholson et al., 2005; Schets et al., 2017). This emphasizes the need to consider both
direct and indirect exposure to livestock as a possible transmission route for NT'S and
Campylobacter, besides food.

As the Netherlands is a livestock-dense country where residential areas are often
in close proximity to intensive livestock farms, environmental transmission via for
example air or surface water is plausible (Smit & Heederik, 2017). The association
between the concentration of Campylobacter jejuni in airborne dust and the presence of
poultry farms in the area further supports this (de Roojj et al., 2019). Moreover, there
was an observed drop in human campylobacteriosis incidence in the Netherlands
after the implementation of massive culling operations in poultry farms in response
to the H7N7 avian influenza epidemic that hit the country in 2003 (Friesema et al.,
2012). Indeed, it has been hypothesized that a reduced environmental contamination
with Campylobacter from the culled and therefore temporarily emptied poultry farms,
as well as inactive slaughterhouses, could have occurred (Friesema et al., 2012). This
was further confirmed in other studies (Mughini-Gras et al., 2021; Mulder, Franz,
et al., 2020) showing a positive association between the magnitude of the poultry
industry in an area (i.e. poultry farm density) and the probability for Campylobacter
strains contaminating local surface water to originate from poultry. However, studies
looking at the spatial association of human campylobacteriosis and salmonellosis
incidence and exposure to livestock are scarce.

'Therefore, this study aimed at assessing whether human salmonellosis and campylo-
bacteriosis incidence is spatially associated with local density of small ruminants, dairy
cows, veal calves, laying hens, broiler chickens and pigs in the Netherlands. Moreover,
serological data was used to look into possible effects of acquired immunity due to
repeated exposure to the pathogen through the environment that would potentially
hinder the analyses based on the incidence of reported cases. Analyses were based
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on a recently developed spatial regression technique using the population-weighted
number of animals per hexagonal area (Mulder, van de Kassteele, et al., 2020), and
accounted for geographical coverage of the diagnostic laboratory catchment areas.

Materials and Methods

Data collection

Case data

National surveillance of Sa/monella consists of a network of Regional Public Health
Laboratories (RPHLSs), which send Sa/monella isolates on a voluntary basis to the
National Institute for Public Health and the Environment (RIVM) for further
typing. This network has an estimated national population coverage of 64% (Friesema
et al., 2021). For Campylobacter, the RIVM has access to the voluntary reported
campylobacteriosis cases based on laboratory surveillance data from the RPHLs
which gave consent for using their data via the Infectious Disease Surveillance and
Information System for Antibiotic Resistance (ISIS-AR). (Altorf-van der Kuil et
al., 2017) The laboratory surveillance has an estimated national population coverage
of 52% (Vlaanderen et al., 2019). The analyses were performed on fully deidentified
surveillance data, so no ethics approval was required for those two datasets.

In this study, a salmonellosis case was defined as an individual with laboratory-
confirmed, N'TS infection during the period 2007-2019. A campylobacteriosis case
was defined as an individual with laboratory-confirmed Campylobacter jejuni or C.
coli infection during the period 2014-2019. For both Sa/monella and Campylobacter,
cases were excluded if age, sex, or residence location (i.e. postal code) was unknown.
Additionally, confirmed outbreak-related salmonellosis cases with a proven link
to food sources, as well as travel-related salmonellosis cases, were excluded. This
information was not available for Campylobacter. Duplicates were removed if multiple
isolates belonging to the same serovar (Sa/monella) and species (Campylobacter) were
obtained from the same patient within six months for Sa/monella (Mughini-Gras et
al., 2020) and two months for Campylobacter (Brachman & Evans, 1998; Pasternack,
2002). This resulted in a cleaned database for both Sa/monella and Campylobacter.
(Supplementary material, Text S1 and Text S2)

Infection pressure data

The data used for the analysis of infection pressure contained serological data for
Campylobacter from participants of a population-based, cross-sectional serosurvey in

40 out of 458 municipalities in the Netherlands in 2006-2007 (the ‘PIENTER-IT’
study). Details were described previously (Mollema et al., 2010). The serosurvey was
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approved by the Medical Ethics Testing Committee of the Foundation of Therapeutic
Evaluation of Medicines (METC-STEG) in Almere (ISRCTN 20164309).

Inshort, 7,904 participants provided a blood sample and completed an epidemiological
questionnaire. Of those participants, 1,304 were tested for anti-Campylobacter IgA,
IgM and IgG levels using a mixed ELISA (Ang et al., 2007). This dataset has already
been used in a previous study (Monge et al. 2018). The serum levels were used to
estimate the so-called sero-incidence rates, i.e. the estimated average number of
immune response-eliciting exposures (or infections) that a given person experiences
in a year (Teunis et al., 2013). For this purpose, the European Centre for Disease
Prevention and Control's (ECDC) seroincidence calculator tool (https://ecdc.
europa.cu/en/publications-data/seroincidence-calculator-tool) was used. Briefly, this
tool uses the combination of IgG, IgM and IgA values at a given point in time to
estimate the time since seroconversion, thereby providing an estimate of the annual
‘force of infection’ for each individual using a Bayesian back-calculation model.
(Janneke W Duijster et al., 2019; Teunis et al., 2013) The sero-incidence rate has been
used in several studies as a proxy for human exposure to Campylobacter, regardless
of symptoms (Janneke W Duijster et al., 2019; Monge et al., 2018; Teunis et al.,
2013; Teunis et al., 2012) and was used as input for our analyses regarding infection
pressure. Participants were excluded when information on age, sex or the residential
address (postal code) was unknown.

Animal, human and spatial data

Data on the total number of farm animals per species (per farm location -
Supplementary material, Table S1), human population numbers (per postal code) and
the postal code region shapefiles were extracted from the same sources as described in
Mulder, van de Kassteele, et al. (2020). Animals included in the analyses were small
ruminants (sheep and goats), dairy cows, veal calves, laying hens, broiler chickens and

pigs (Supplementary material, Text S3).

Methods

The statistical software environment R (version 4.1.3) (R-Core-Team, 2022) was
used for data processing and analysis (Supplementary material, Table S2), unless
described otherwise. R scripts can be found at: https://github.com/mulderac91/
Salmonella_Campylobacter_spatial
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Spatial risk factor analysis of human salmonellosis and campylobacteriosis cases

The spatial risk factor analysis for human salmonellosis cases (2007-2019) was
performed for two different subsets of the cleaned salmonellosis database. The first
subset contained the most frequent serovars Salmonella Enteritidis (SE) and §.
Typhimurium (ST), including its monophasic variants (ST ). They were analyzed
separately because they have their own primary animal source of infection (SE: laying

hens; ST: pigs) (Mughini-Gras, Enserink, et al., 2014).

The second subset contained all human salmonellosis cases, thus including all
Salmonella serovars. These serovars were grouped according to their primary source
of infection, including laying hens, broiler chickens, cattle, and pigs (Mughini-Gras,
Enserink, et al., 2014). The primary source of infection was based on a Sa/monella
source attribution analyses of the serotyping data. This analyses was performed
within this study using a well-documented source attribution model: the modified
Dutch model (Mughini-Gras, Barrucci, et al., 2014; Mughini-Gras, Enserink, et al.,
2014; Mughini-Gras et al., 2016; Mughini-Gras et al., 2019) using the software @
Risk (Palisade Corp., USA). Supplementary material, Table S3 provides an overview
of the primary sources per serovar and the attributions per serovar per source.
Additional cases were removed if the human cases were caused by serovars not found
in any of the included sources. Serovars with reptiles as primary source were either
grouped based on their secondary source, or removed if there was no secondary
source. (Supplementary material, Text S4). The spatial analyses then were performed
per animal source.

'The spatial risk factor analysis for human campylobacteriosis cases (2014-2019) was
performed separately for C. jejuni and C. coli, as those species have their own main
livestock sources of infection in the Netherlands (C. jejuni: broiler chickens and dairy
cows; C. coli: broiler chickens and small ruminants) (Mughini-Gras et al., 2021).

All analyses were performed according to the method described in Mulder, van
de Kassteele, et al. (2020). In short, risk factors were identified using a Poisson
regression model with a log-link function that was fitted using integrated nested
Laplace approximation (INLA). The dependent variable in the model was the case
count, i.e. the redistributed number of salmonellosis or campylobacteriosis cases
within a hexagon based on human population weighted interpolation. The hexagonal
grid was used, because their nearest neighborhood is simpler and less ambiguous to
identify, as hexagonal areas have six adjacent hexagons which are in a symmetrically
equivalent position. In a nearest neighborhood analysis, there is therefore no need
for the relative weighting of diagonal interactions, as is the case for rectangular
grids. Furthermore, they are fixed over time (Birch et al., 2007; Birch et al., 2000;
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Mulder, van de Kassteele, et al., 2020) Log-transformed person-years were used as
the offset of the model. Confounders included were: age category (0-4, 5-9, 10-49
and >50 years old), sex (male, female) and period of infection (spring/summer: May—
October (referred to as summer), autumn/winter: November—April (referred to as
winter)). Hexagonal areas with different sizes (10, 25, 50 and 90 km?) were used in
combination with the population-weighted number of farm animals (i.e. dairy cows,
veal calves, pigs, laying hens, broiler chickens and small ruminants) per hexagon.
With this population weighted number of animals, human exposure was quantified
based on the presence of farms in the neighborhood of residents, their corresponding
animal numbers per animal type and the number of residents living in that area.
(Mulder, van de Kassteele, et al., 2020). They were included as potential risk factors
separately in univariate models, after which all animal types were included in the
multivariate model as different farm animals are mixed throughout the landscape
of the Netherlands and their effects should therefore not be assessed individually.
Multicollinearity was assessed by calculating the Pearson’s correlation coefficient
per pair of animal types together with the variance inflation factor (VIF). Only
animal pairs with a VIF below 5 were included in the final multivariate model. Maps
showing their distribution are given in the Supplementary material, Figures S1-
S12. Scatterplots were created for those transformed population-weighted number
of animals and the log-transformed case-counts to check the linearity assumption
for continuous variables. Standardized residual plots were used to assess model fit.
Spatial auto-correlation was assessed by the addition of two random effect terms
that addressed both the spatially structured variation (using the intrinsic Conditional
Autoregressive model (CAR)) (Besag et al., 1991) and the unstructured variation
(using the independent and identically distributed (IID) Gausian noise) (Lawson,
2013). Population attributable fractions (PAFs) were calculated only for risk factors
showing consistent significant results over at least three of the four hexagonal area
sizes. Briefly, we used the predicted incidence of Salmonella/Campylobacter in the
exposed population using the corresponding regression model and its estimated
coeflicients as is, and the predicted incidence in an unexposed population. For this,
the same regression model and coeficients were used, but the exposure of the risk
factor was set to zero. (Mulder, van de Kassteele, et al., 2020)

The analyses were performed with and without correction for geographical coverage
of the diagnostic laboratories (including only covered hexagonal areas by laboratories
vs. all hexagonal areas, i.e. all of the Netherlands), as the surveillance system for both
Salmonella and Campylobacter are sentinel, meaning that they have no nationwide
coverage. See Supplementary material, Text S5 for more details. Results of the
analysis with correction are the main focus of this study.
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Risk factor analysis of human exposure to Campylobacter

To assess whether living in an area with high livestock densities influences the
exposure to Campylobacter, data on sero-incidence was used together with the
different population-weighted animal numbers (dairy cows, veal calves, pigs, laying
hens, broiler chickens and small ruminants (goats and sheep). As the sero-incidence
data only covers one year, it was not necessary to transpose the data into a hexagonal
grid. Therefore, the population-weighted animal numbers were determined per postal
code region (Mulder, van de Kassteele, et al., 2020). Similar to hexagonal areas, postal
code regions can differ from one another based on an unknown or unobserved factor.
This is why a linear mixed model was constructed in which the postal code regions
were included as a random effect. We did not correct for spatially structured variation
(CAR) in this analysis, because of the incomplete coverage of the Netherlands (only
9% of the Dutch municipalities were included in dataset). The sero-incidence was
log-transformed (Monge et al., 2018) and the population-weighted animal numbers
were subjected to the same log (x+1) transformation as they were in the previous
analyses (Mulder, van de Kassteele, et al., 2020).

Results

Descriptive statistics

Salmonellosis case data

8. Enteritidis (SE) and §. Typhimurium (ST/ST )

In total, 3,734 SE and 5,368 ST/ST _ cases were selected, which had an equal sex
distribution (SE: 52%, ST/ST _:51%), and a median age of 25 years for SE and 23
years for ST/ST_.'The dominant period of infection was summer (SE: 72%, ST/ST _:
62%). Details are shown in Table 1. Figure 1 shows that the geographical distribution
of the Salmonella incidence rate over the Netherlands varies per serovar. The incidence
of SE (Figure 1A) is more homogeneously distributed over the Netherlands than the
distribution of the incidence of ST/ST _ (Figure 1B). The highest incidence of ST/
ST  is found in the North-Eastern part of the country.

Grouped by source

In total, 4,153 cases were mainly attributable to laying hens, 1,377 to broiler chickens,
6,329 to pigs and 302 to cattle (Supplementary material: Text S2; Table 1). Figure
1 shows that the geographical distribution of the Salmonella incidence rate over
the Netherlands varies per Salmonella source. The incidences of cases attributed to
either cattle (Figure 1C) or broiler chickens (Figure 1E) were generally low (< 1.5
cases/100,000).
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Campylobacteriosis case data

In total, 14,431 campylobacteriosis cases were caused by C. jejuni and 1,243 cases
were caused by C. co/i (Supplementary material: Text S3; Table 1). Figure 2A shows
that C. jejuni incidence is highest in the North-Eastern part of the country, whereas
it is lowest in the North- and South-Western parts of the country. Overall, C. co/i
incidence (Figure 2B) is lower than C. jejuni’s, and highest in the Eastern part of the
country.

A) Salmonella Enteritidis B) Salmonella Typhimurium*

0.0-0.5
0.5-1.5
1525
2.5-4.0
4.0-6.0
6.0-10.0
>10.0

E) Salmonella source - broilers

*including its monophasic variants

Figure 1. Spatial distribution of the cumulative incidence rate (x 100,000 person-years) (2007-2019)
of salmonellosis cases in the Netherlands per serovar: A) Salmonella Enteritidis (SE), B) Salmonella
Typhimurium (ST), including its monophasic variants (ST ), and grouped serovars per source: C) cattle,
D) laying hens, E) broiler chickens, F) pigs, per (covered) hexagon.
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A) Campylobacter jejuni B) Campylobacter coli

0.0-3.0
3.0-10.0
10.0-20.0
20.0-30.0
30.0-40.0
40.0-60.0
>60.0

Covered

Figure 2. Spatial distribution of the cumulative incidence rate (x 100,000 person-years) (2014-2019) of
campylobacteriosis cases in the Netherlands per species: A) Campylobacter (C.) jejuni and B) C. coli, per
(covered) hexagon.

Campylobacter infection pressure data
Sero-incidence data for Campylobacter were available for 1,507 PIENTER-II study

participants. Most participants were women (56%) with a median age of 29 years at
the time of sampling. A map of the mean sero-incidence per postal code included in
the PIENTER-II study is given in the Supplementary material, Figure S13.

Spatial risk factor analysis of case data

Significant results from the adjusted multivariable models for the spatial association
between the population-weighted number of animals and SE or ST/STmv, all
grouped Salmonella serovars (according to their primary sources), as well as C. jejuni

and C. co/i are presented in Tables 2, 3 and 4 per hexagonal area (10, 25, 50 and 90
km?). All other results can be found in Supplementary material, Tables S4-S19.

Salmonella

§. Enteritidis and §. Typhimurium

The SE analyses (Table 2) showed a positive significant spatial association between
laying hens and SE incidence in humans for a hexagonal area of 50 km? in summer
and for areas of 90 km? in winter. A significant negative spatial association between
dairy cows and human SE incidence was found for hexagonal areas of 10 km? in
summer and winter (Table 2).
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Table 2. Significant results (IRR and 95% CI) of the multivariable spatial analyses of the possible
association between Salmonella (8.) Enteritidis (SE), S. Typhimurium (ST) including its monophasic
variants (ST ) and the population-weighted number of animals (small ruminants, dairy cows and laying
hens) for both summer and winter with different hexagonal areas (90, 50, 25, 10 km?), including the
correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Serovar  Variable IRR* 95% CI* IRR* 95% CT* IRR? 95% CI*
SE* Age category (years)
0-4 3.04™*  2.61-3.53  2.84™*  2.45-327 294" 2.57-3.35
5-9 1.82%*  1.51-2.17  1.56"*  1.29-1.86  1.69™* 1.44-1.99
10-49 Reference category
50+ 0.71"**  0.63-0.81  0.69"*  0.61-0.78  0.73** 0.66-0.81
Type of animal*
Dairy cows 1.04 0.96-1.13 0.97 0.92-1.02 0.98 0.95-1.02
Laying hens 1.02 1.00-1.04 1.02** 1.01-1.04 1.01 0.99-1.02
ST/ST_}  Age category (years)
0-4 3.95%*  3.45-450  3.81™*  3.36-4.33  3.78"* 3.35-4.24
5-9 2.93**  2.53-3.37 293"  256-3.36  2.78" 2.45-3.16
10-49 Reference category
50+ 0.94 0.85-1.05 0.96 0.87-1.07 0.92 0.83-1.01
Type of animal*
Small ruminants 0.97 0.91-1.02 1.03 0.98-1.08 1.01 0.98-1.04
Dairy cows 0.99 0.92-1.07 0.94* 0.90-0.99 1.01 0.97-1.04
Laying hens 1.02 1.00-1.04 1.02** 1.01-1.04 1.01 1.00-1.02
t population-weighted number of animals
i IRR = incident rate ratio, 95% CI = 95% confidence interval, SE = Salmonella Enteritidis,
ST/ST, = Salmonella Typhimurium, including its monophasic variants
* p-value <0.05
** p-value <0.01
HoHE p-value <0.001
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Winter
10 km? 90 km? 50 km? 25 km? 10 km?
IRR¥ 95% CI¥ | IRR¥ 95% CI* IRR* 95% CI* IRR¥  95% CI* IRR* 95% CI#
2,71 2.38-3.09 | 2.92"* 2.26-3.74 2.86™* 2.24-3.63  3.04"* 2.42-3.78 3.01** 2.42-3.72
1.63** 1.39-1.91 | 1.55* 1.12-2.10 1.59* 1.17-2.12 1.70** 1.28-2.22 1.75** 1.34-2.25
Reference category
0.69"* 0.62-0.77 | 1.02 0.85-1.22 0.92 0.77-1.10 0.96 0.81-1.14 0.96 0.82-1.13
0.97*  0.94-1.00 | 0.98 0.89-1.08 0.96  0.89-1.03 0.97 0.92-1.02  0.95** 0.91-0.99
1.01 1.00-1.03 | 1.04* 1.01-1.07 1.01  0.99-1.04 1.00 0.98-1.02 1.00 0.97-1.02
3.72%*  3.30-4.17 | 5.09™* 4.29-6.03 4.73* 4.01-5.55 5.01™ 4.31-5.81 5.09™* 4.37-5.91
2.69*  2.37-3.06 | 3.37* 2.78-4.07 3.19** 2.66-3.82  3.06®* 2.57-3.63  3.20** 2.69-3.79
Reference category
096  0.87-1.05 | 1.51** 1.32-1.73 1.39™* 1.22-1.59 1.46™* 1.29-1.65 1.48" 1.31-1.67
1.01 0.99-1.04 | 0.92* 0.85-0.98 0.95  0.90-1.00 0.98 0.94-1.01 0.99 0.96-1.02
0.98  0.96-1.01 098 0.89-1.07 1.01  0.95-1.06 1.00 0.96-1.04  0.96* 0.93-0.99
1.01*  1.00-1.03 1.01  0.98-1.03 1.02* 1.00-1.03 1.02* 1.00-1.03 1.01 0.99-1.02
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The ST/ST _ analyses (Table 2) showed a significantly protective spatial association
between dairy cows and human ST/ST _ incidence for 50 km?®in summer and for 10
km? in winter. Furthermore, laying hens were a risk factor for acquiring a ST/ST |
infection for 50 km? and 10 km? in summer and for 50 km? and 25 km? in winter

(Table 2).

Salmonella serovars grouped by source
Small ruminants showed a significant positive association with cattle-associated
Salmonella cases in summer in hexagonal areas of 90 km? and a significant protective
association between pigs and cattle-associated Sa/monella cases in summer (25 km?)
and winter (90 and 25 km?) (Table 3).

Table 3 shows that laying hens were associated with salmonellosis caused by a
pig-related serovar for 50 km? in summer and for 50 km? and 25 km? in winter.
Furthermore, both dairy cows (summer: 50 km? winter: 90 km?) and small ruminants
(winter: 90 km?) showed a significant protective effect of pig-related salmonellosis
cases. Small ruminants in winter (10 km?) and laying hens in summer (50 km?)
and winter (90 km?) showed a significant positive association with layer-related
salmonellosis cases (Table 3). A protective effect was observed in summer for dairy

cows in hexagonal areas of 10 km? and pigs (90 km?).

The analyses of salmonellosis cases caused by broiler-related serovars had most
significant associations with the population-weighted animal numbers. Table 3
shows that broiler chickens had a positive association in winter in hexagonal areas of
90 km? and 50 km? and a negative association for 25 km? Furthermore, a negative
spatial association between pigs in summer in hexagonal areas of 90, 50 and 25 km?
and in winter (90 km?), and broiler-related salmonellosis cases was observed. Other

negative associations for the broiler-related serovars concerned dairy cows (summer:
10 km?), veal calves (winter: 10 km?) and laying hens (winter: 25 km?) (Table 3).

Campylobacter

For both C. jejuni and C. coli, no consistently significant results were found for the
spatial association between the population-weighted number of animals for dairy
cows, veal calves, pigs, laying hens, broiler chickens and small ruminants (goats and
sheep) and human campylobacteriosis cases over all four hexagonal area sizes after
correcting for laboratory coverage (Table 4). However, dairy cows were a significant
risk factor for campylobacteriosis caused by both C. jejuni and C. co/i in summer in
hexagonal areas of 50 km?. Furthermore, small ruminants were positively associated
with campylobacteriosis caused by C. co/i in winter (10 km?) (Table 4).
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Associations with infection pressure

Similar to the case-based analysis, no consistently significant associations between
Campylobacter sero-incidence and the different population-weighted number of
animals were observed (Table 5). The estimates of the different animals were close to
zero and varied only marginally according to the postal code random effect (Table 5).
Results of the univariable analyses are given in Supplementary material, Table 520.
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Table 3. Significant results (IRR and 95% CI) of the multivariable spatial analyses of the possible
association of grouped Sa/monella serovars per source (cattle, pigs, laying hens and broiler chickens)
and the population-weighted number of animals (small ruminants, dairy cows, veal calves, laying hens,
broiler chickens and pigs) for both summer and winter with different hexagonal areas (90, 50, 25, 10 km?),
including the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Salmonella-group Variable IRR*  95% CI* IRR? 95% CI* IRR*  95% CI*
Cattle-related Age category (years)
0-4 3.60"*  1.69-7.20 4.53"* 2.29-8.56 3.22"*  1.63-6.01
5-9 1.01  0.27-295 0.32 0.03-1.78 127 0.46-2.99
10-49 Reference category
50+ 1.60 0.96-2.69  2.05* 1.28-3.33 1.72* 1.11-2.68
Type of animal
Small ruminants 0.77*  0.64-0.93 0.92 0.80-1.07 1.02 0.91-1.14
Pigs 0.92  0.82-1.03  0.96 0.88-1.06 0.92*  0.85-0.99
Pig-related Age category (years)
0-4 3.51"*  3.09-3.99 3.37%* 2.97-3.81 3.35%*  2.99-3.75
5-9 2.55%*  2.21-2.93  2.60"* 2.28-2.96 2457 2.16-2.77
10-49 Reference category
50+ 1.09 098-1.20 1.10* 1.00-1.21 1.04  0.96-1.14
Type of animal'
Small ruminants 0.96 0.91-1.01 1.00 0.96-1.05 1.00 0.97-1.03
Dairy cows 0.99  0.92-1.07  0.95* 0.91-1.00 1.00  0.97-1.04
Laying hens 1.01 0.99-1.03  1.02* 1.00-1.03 1.01 1.00-1.02
Laying hen-related Sex
Male Reference category
Female 1.05 0.95-1.15 1.06 0.97-1.16 1.05 0.96-1.14
Age category (years)
0-4 2827 2.42-3.26  2.62°** 2.27-3.02 2777 2.43-3.15
5-9 1.63**  1.35-1.94 1.42"* 1.18-1.69 1.53"*  1.30-1.79
10-49 Reference category
50+ 0.76™* 0.67-0.85  0.72"* 0.64-0.80 1.53"*  1.30-1.79
Type of animal
Small ruminants 0.94 0.89-1.00  0.99 0.94-1.04 1.01 0.98-1.05
Dairy cows 1.05 0.97-1.14  0.96 0.91-1.01 0.98 0.95-1.02
Laying hens 1.02  1.00-1.04  1.02* 1.00-1.04 1.00 0.99-1.02
Pigs 0.95*  0.91-1.00 0.98 0.94-1.01 0.98 0.96-1.01
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRR*  95% CI* | IRR*  95% CI* IRR* 95% CI* IRR* 95%CI* IRR* 95% CI*

3.07%*  1.56-5.71 | 4.64™  2.20-9.28  7.17%* 3.55-14.17 4.82"* 2.64-8.49 534" 2.85-9.70
1.20 0.44-2.82 | 3.18* 1.36-6.81 3.82* 1.61-8.41 2.40* 1.10-4.80  3.78**  1.88-7.22

Reference category

1.67* 1.09-2.58 | 2.09** 1.25-3.58  2.83"*  1.66-4.98 223"  1.46-3.44  2.64™" 1.70-4.18

0.94 0.85-1.03 0.88 0.72-1.07 0.93 0.80-1.09 0.95 0.85-1.07 1.03 0.93-1.13
0.95 0.88-1.01 0.88* 0.79-0.98 0.96 0.87-1.05 0.93* 0.86-1.00 0.95 0.88-1.02

3.28%*  2.93-3.66 | 4.74"*  4.02-5.57  4.48"*  3.83-523  4.72"*  4.08-5.44 475  4.10-5.48
2.35%*  2.07-2.66 | 3.01"*"  2.49-3.62  2.81"™  235-3.35 2.78* 2.34-328 2.81"" 237-3.32
Reference category

1.07 0.98-1.17 | 1.77%*  1.56-2.00 1.63"* 1.45-1.83 1.71"* 1.53-191 1.76"* 1.57-1.96

1.00 0.98-1.02 0.94* 0.88-1.00 0.95 0.91-1.00 0.98 0.94-1.01 0.99 0.97-1.02
0.98 0.96-1.01 0.98 0.89-1.07 1.00 0.95-1.06 1.00 0.96-1.04  0.96*  0.93-0.99
1.01 1.00-1.02 1.01 0.99-1.03 1.02* 1.00-1.03 1.02* 1.00-1.03 1.01 1.00-1.03

Reference category
1.06 0.97-1.15 1.15 0.99-1.34 1.16* 1.00-1.34  1.16*  1.01-1.33 1.09 0.96-1.24

2.52%%*  2.22-2.87 | 2.80"  2.19-3.55  2.88"*  228-3.61 298" 2.41-3.66 290" 2.35-3.55
143" 122-1.67 | 1.63*  1.20-2.17 164" 1.23-2.16 1.73** 1.33-2.22 1.75** 1.36-2.23
Reference category

0.72*  0.65-0.79 1.15 0.97-1.36 1.03 0.87-1.22 1.08 0.92-1.25 1.07  0.92-1.24

1.02 0.99-1.04 0.98 0.91-1.05 1.01 0.95-1.07 1.04 0.99-1.09  1.05**  1.01-1.09
0.97*  0.94-1.00 0.98 0.89-1.08 0.96 0.90-1.02 0.96 0.92-1.00 0.95 0.92-0.99
1.01 0.99-1.02 | 1.04* 1.01-1.06 1.01 0.99-1.03 1.00 0.98-1.02 0.99 0.97-1.01
0.99 0.97-1.01 0.97 0.92-1.02 0.96 0.92-1.00 1.00 0.97-1.03 0.99 0.97-1.02
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Summer
90 km? 50 km? 25 km?
Salmonella-group Variable IRR*  95% CI* IRR* 95% CI* IRR*  95% CI*
Broiler-related Sex
Male R?/:‘,’TETICE Cﬂffgory
Female 1.09 0.92-1.30 1.14 0.97-1.35 1.18* 1.02-1.38
Age category (years)
0-4 2.32%%  1.75-3.04 2.57% 1.98-3.32 2.22%%  1.74-2.82
5-9 0.77 0.49-1.17 0.70 0.44-1.07 0.76 0.51-1.09
10-49 Reference category
50+ 0.89 0.73-1.08 0.94 0.78-1.13 0.86 0.73-1.02
Type of animal®
Dairy cows 098  0.88-1.09  0.95 0.88-1.02 0.99 0.94-1.04
Veal calves 1.02 0.92-1.13 1.03 0.95-1.12 1.01 0.95-1.07
Laying hens 1.01 0.98-1.04 1.01 0.99-1.04 0.99 0.97-1.01
Broiler chickens 1.01 0.99-1.04 1.01 0.99-1.04 1.01 0.98-1.03
Pigs 0.92**  0.87-0.97  0.93** 0.89-0.98 0.95** 0.92-0.99

* p-value <0.05
ok p-value <0.01
oAk p-value <0.001

population-weighted number of animals
IRR = incident rate ratio, 95% CI = 95% confidence interval
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRRF  95% CI*f | TRR¥* 95% CI* IRR* 95% CI* IRR* 95%CI* IRR* 95% CI*

Reference category
118 1.02-1.37 1.12 0.87-1.44 1.18 0.93-1.51 1.14 0.91-1.43 1.09 0.88-1.35

2.39*  1.87-3.04 | 1.86™ 1.16-2.88 1.85* 1.15-2.86  1.80"  1.17-2.67 1.88  1.25-2.73
0.76 0.51-1.11 0.24* 0.07-0.66 0.39* 0.15-0.88 0.32* 0.12-0.71 0.47*  0.22-0.91

Reference category

1.05 0.89-1.23 1.24 0.95-1.04 1.39* 1.08-1.80 1.13 0.89-1.44 1.18 0.92-1.46

0.95*  0.91-1.00 1.03 0.89-1.19 1.01 0.92-1.11 1.03 0.95-1.11 0.98 0.92-1.04
0.98 0.93-1.04 0.98 0.86-1.12 0.93 0.84-1.04 0.99 0.91-1.08 0.93*  0.86-1.00
1.00 0.97-1.02 0.99 0.95-1.04 0.99 0.96-1.03 0.96* 0.93-0.99 0.97 0.94-1.01
1.00 0.97-1.02 | 1.07* 1.03-1.11 1.03* 1.00-1.07 0.96* 0.93-0.99 1.01 0.98-1.04
0.99 0.96-1.02 0.92* 0.86-0.99 0.97 0.91-1.03 0.97 0.92-1.02 1.00 0.96-1.05
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Table 4. Significant results (IRR and 95% CI) of the multivariable spatial analyses of the possible
association between Campylobacter (C.) jejuni and C. coli incidence rate and the population-weighted

number of animals (small ruminants and dairy cows) for both summer and winter with different hexagonal
areas (90, 50, 25, 10 km?), including the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Species Variable IRR¥ 95% CI*¥  IRR¥ 95% CI* IRR*  95% CI¥
C.jejuni Sex
Male Reference category
Female 0.83*** 0.79-0.88 0.82*** 0.78-0.86 0.83***  0.80-0.88
Age category (years)
0-4 0.80*** 0.70-0.91 0.75%** 0.65-0.85 0.78*  0.69-0.88
5-9 0.48*** 0.41-0.56 0.47%%* 0.40-0.55 0.46™*  0.39-0.53
10-49 Reference category
50+ 1.11%* 1.05-1.17 1.09** 1.04-1.15 1.11%*  1.05-1.16
Type of animal
Dairy cows 1.01 0.95-1.06 1.04* 1.01-1.08 0.99 0.97-1.02
C. coli Age category (years)
0-4 0.20"* 0.08-0.45  0.18"* 0.07-0.41 0.27°*  0.13-0.52
5-9 0.65 0.38-1.03 0.48* 0.27-0.79 0.51** 0.30-0.82
10-49 Reference category
50+ 1.48%* 1.25-1.77 1.40%** 1.19-1.66 1.34"*  1.14-1.58
Type of animal'
Small ruminants 0.94 0.85-1.03 1.00 0.93-1.06 1.00 0.95-1.06
Dairy cows 0.99 0.89-1.10 1.11* 1.03-1.19 1.04 0.99-1.11
¥ population-weighted number of animals
i IRR = incident rate ratio, 95% CI = 95% confidence interval
* p-value <0.05
ok p-value <0.01
sk

p-value <0.001
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRRF  95% CI* | IRR* 95% CI* IRR* 95%CI¥ IRR* 95% CI* IRR* 95% CI*

Reference category
0.84™** 0.80-0.88 | 0.87** 0.81-0.93  0.89** 0.83-0.95 0.88**  0.82-0.93 0.87** 0.82-0.93

0.73**  0.65-0.83 | 098 083-1.14 100 085-1.16 096  082-1.12 097  0.84-1.13
0.46™  0.40-0.54 | 0.49** 039-0.60 050" 0.40-0.61 050 041-0.61 055  0.45-0.66
Reference category

109" 1.04-1.15 | 120" 1.12-128 121" 1.13-130 1.22* 1.14-131 122"  1.14-1.30

0.98 0.97-1.00 1.01 0.96-1.08 1.01 0.98-1.05  0.99 0.96-1.02 0.99 0.97-1.01

0.27%*  0.13-0.51 0.42 0.14-1.04  0.30*  0.09-0.85  0.10* 0.01-0.54 0.09* 0.01-0.47
0.44* 0.25-0.73 0.50 0.19-1.12 0.57 0.23-1.21 0.56 0.23-1.19 0.33* 0.11-0.81
Reference category

1.01 0.98-1.03 | 2.19** 1.70-2.85 221" 1.72-2.86 2.15** 1.67-2.76  2.12*** 1.68-2.69

0.99 0.95-1.03 1.06 0.93-1.21 1.02 0.93-1.13 1.06 0.98-1.15 1.09** 1.03-1.15
1.01 0.97-1.06 0.94 0.82-1.07 0.98 0.88-1.09 0.98 0.91-1.07 0.98 0.92-1.03
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Table 5. Results (fixed effect estimates (B) and 95% CI) of the multivariable linear mixed model of
Campylobacter seroincidence and the population-weighted animal numbers (small ruminants, dairy cows,
veal calves, laying hens, broiler chickens and pigs).

Variable B 95% CI
Age (years)
0-4 -0.30%* -0.42;-0.18
5-9 -0.34" -0.48;-0.19
10-49 Reference
>50 0.07 -0.04;0.17
Sex
Male
Female 0.06 -0.02;0.13
Type of animal®
Small ruminants 0.00 -0.01;0.02
Dairy cows 0.00 -0.02;0.02
Veal calves -0.01 -0.03;0.01
Laying hens 0.01 -0.00;0.02
Broiler chickens -0.01 -0.03;0.01
Pigs <0.005 -0.01;0.01

population-weighted number of animals
B = fixed effect estimate, 95% CI = 95% confidence interval

* p-value <0.05
*x p-value <0.01
ok p-value <0.001
Discussion

'The main aim of this study was to assess whether there is a significant spatial association
between human salmonellosis or campylobacteriosis incidence and the local level of
exposure to different livestock (i.e. population-weighted number of animals) in the
Netherlands. Additionally, the effect of such exposure on the Campylobacter infection
pressure, as described by serology, was assessed.

Overall, no consistently significant associations with a given livestock were found
across hexagonal areas with different sizes and periods of infection. This suggests that
residents living in areas with a high number of farm animals do not have a significantly
increased risk of acquiring a Sa/monella or Campylobacter infection. Results regarding
age, sex and period of infection were comparable to previously published studies, as
young children and elderly have the highest risk of infection, most human cases are
reported in the Netherlands in summer (Acheson & Hohmann, 2001; van Pelt et al.,
2003), and exposure can differ per gender. (J. W. Duijster et al., 2019)
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Our findings indicate that the potential for environmental transmission of Sa/monella
and Campylobacter to Dutch residents is likely to be limited. This could be explained
by limited exposure of Dutch residents to viable Sa/monella or Campylobacter present
in the environment, e.g. in agricultural waters, which had the highest Campylobacter
prevalence (77%) of all Dutch surface water types (Mulder, Franz, et al., 2020).
Alternatively, there could be limited dispersal of the pathogens from farms into the
environment. Indeed, it is possible that the generally high biosecurity levels of Dutch
farms (especially pig and broiler farms) relative to other European countries would
not only prevent pathogens from entering a farm, but also from being released into
the environment outside the farm, or at least reduce the load (Caekebeke et al., 2020;
Filippitzi et al., 2018). However, these interpretations should be read with caution,
as the complexity of environmental transmission is not easy to capture in a densely

populated country like the Netherlands.

The complexity of the interactions between pathogens, their reservoirs and human
hosts was also visible in our results, as varying significance levels were found for
different risk factors of both salmonellosis and campylobacteriosis for hexagonal
areas with different sizes. Possibly, there is an interaction between area size, exposure
and incidence and it could be that a different relationship was estimated in a smaller
vs. larger area. This could lead to varying results over the different spatial scales and
indicates that the interpretation of the results changes over different hexagonal area
sizes; thus, different confounders and causal relations could play a role when studying
those larger areas. This effect is known as the modifiable areal unit problem (MAUP)
which is closely related to ecological fallacy and ecological bias (Jensen & Jensen,

2013; Robinson, 2009).

As both salmonellosis and campylobacteriosis are not notifiable diseases in the
Netherlands, a geographical laboratory coverage correction was applied to the
national surveillance data in order to minimize potential bias due to inclusion of
geographical areas that are not covered by the surveillance system. Because we used
relatively strict criteria, this could have led to the exclusion of postal code areas that
have a significantly lower than expected number of cases (one of the criteria), but are
covered in reality. Therefore, analyses were repeated with and without this correction
as a sensitivity analysis. Overall, results were comparable, but the analyses corrected
for laboratory coverage found less animal groups to be significantly associated
with salmonellosis and campylobacteriosis incidence. The only results that differed
consistently between analyses with and without correction were the ones for SE. In
the analyses without correction, laying hens were significantly associated with human
SE incidence in three out of four hexagonal area sizes (90, 25 and 10 km?) in summer
instead of only one (50 km?) in the analysis with correction. The model without
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correction for an hexagonal area of 90 km? showed a significant IRR of 1.02 for
laying hens with a corresponding PAF of 7% (Supplementary material, Table $16). If
all possible risk factors were included, of which food is the most important one, this
PAF will decrease even further. This indicates that if laying hens do play a role as a
spatially restricted risk factor for SE infections, this is most likely to be minor.

Interestingly, only one hexagonal area size showed significant results for laying hens
in summer in the analysis including the correction, as laying hens are known to be the
main source of SE. The population-weighted number of animal maps in Figures S1-
S12 of the Supplementary material show that areas with for example a high number
of laying hens (Figure S7 and S8) are excluded after the correction. This means that
the analysis including the correction is missing one of the extremes of the population-
weighted number of laying hens potentially leading to an underestimation of the
IRR. Considering that laying hens are not only kept indoors like broiler chickens,
but can also be housed in an organic or free-range farm (Bestman et al., 2019), it is
plausible that there might be some degree of environment-mediated transmission
of SE via the direct surroundings of the farms through fecal contamination, surface
water run-off, contaminated soil or airborne (dust) transmission towards residents
living nearby those farms. However, this can currently only be hypothesized and
would require data on human SE incidence in those areas to be evidenced and further
studied. It is also possible that livestock, wildlife and surface water are important
from an interactive perspective on human Campylobacter and Salmonella incidence.
(Hazeleger et al., 2018; Mughini-Gras et al., 2021; Mulder, Franz, et al., 2020) It is

therefore recommended to include this possible interaction in future studies.

Similar to the case-based analysis for Campylobacter, no consistent significant
associations were found when analyzing Campylobacter exposure using serology data.
It is possible that residents were frequently exposed to Campylobacter through other
routes, such as food consumption. This could lead to limited discriminatory capacity to
identify risk factors due to a large proportion of the population having high antibody
levels (Monge et al., 2018). Furthermore, it was not possible to discriminate between C.
Jejuni and C. coli,while their main sources differ. Despite of those limitations, the results
of the Campylobacter infection pressure analyses suggest the same as the case-based
analyses, i.e. that there is no strong association between Campylobacter sero-incidence
and farm animals as spatially restricted risk factors. This leaves foodborne transmission
to be the main pathway of human exposure to the pathogens considered here.
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Figure S1. Map of the population-weighted number of small ruminants in the Netherlands per hexagon
(90 km?) for Salmonella for the years 2012, 2015 and 2018. The colored hexagonal areas are considered
covered by the national surveillance system according to the executed analyses.
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Figure S2. Map of the population-weighted number of small ruminants in the Netherlands per hexagon
(90 km?) for Campylobacter for the years 2015 and 2018. The colored hexagonal areas are considered
covered by the national surveillance system according to the executed analyses.
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2012 2015 2018

Figure S3. Map of the population-weighted number of dairy cows in the Netherlands per hexagon (90
km?) for Salmonella for the years 2012,2015 and 2018.The colored hexagonal areas are considered covered
by the national surveillance system according to the executed analyses.

2015 2018

Figure S4. Map of the population-weighted number of dairy cows in the Netherlands per hexagon (90
km?) for Campylobacter for the years 2015 and 2018. The colored hexagonal areas are considered covered
by the national surveillance system according to the executed analyses.
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Figure S5. Map of the population-weighted number of veal calves in the Netherlands per hexagon (90
km?) for Salmonella for the years 2012,2015 and 2018.The colored hexagonal areas are considered covered
by the national surveillance system according to the executed analyses.
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Figure S6. Map of the population-weighted number of veal calves in the Netherlands per hexagon (90
km?) for Campylobacter for the years 2015 and 2018. The colored hexagonal areas are considered covered
by the national surveillance system according to the executed analyses.
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Figure S7. Map of the population-weighted number of laying hens in the Netherlands per hexagon (90
km?) for Salmonella for the years 2012,2015 and 2018.The colored hexagonal areas are considered covered
by the national surveillance system according to the executed analyses.
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Figure S8. Map of the population-weighted number of laying hens in the Netherlands per hexagon (90
km?) for Campylobacter for the years 2015 and 2018. The colored hexagonal areas are considered covered
by the national surveillance system according to the executed analyses.
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Figure S9. Map of the population-weighted number of broilers in the Netherlands per hexagon (90 km?)
for Salmonella for the years 2012, 2015 and 2018. The colored hexagonal areas are considered covered by
the national surveillance system according to the executed analyses.
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Figure $10. Map of the population-weighted number of broilers in the Netherlands per hexagon (90 km?)
for Campylobacter for the years 2015 and 2018.The colored hexagonal areas are considered covered by the
national surveillance system according to the executed analyses.
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Figure S11. Map of the population-weighted number of pigs in the Netherlands per hexagon (90 km?) for
Salmonella for the years 2012, 2015 and 2018. The colored hexagonal areas are considered covered by the
national surveillance system according to the executed analyses.

2015 2018

Figure S12. Map of the population-weighted number of pigs in the Netherlands per hexagon (90 km?)
for Campylobacter for the years 2015 and 2018. The colored hexagonal areas are considered covered by the
national surveillance system according to the executed analyses.
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Figure S13. Mean sero-incidence of PIENTER-II participants per sampling region, split by postal code

region.
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Tables

Table S1. Total and mean number of food-producing animals (small ruminants, dairy cows, veal calves,
laying hens, broiler chickens and pigs) in the Netherlands per year (2012, 2015 and 2018).

Number of animals

2012 2015 2018
Animal group Total Mean Total Mean Total Mean
Small ruminants 1,448,025 90 1,401,549 100 1,543,009 119
Dairy cows 2,680,106 115 2,955,459 131 2,654,711 123
Veal calves 1,100,150 96 1,077,849 117 1,167,139 129
Laying hens 42,288,269 23,798 46,808,385 29,910 45,418,538 41215
Broiler chickens 44094946 71,351 48,872,208 69,619 40,929,799 54,212
Pigs 12,138,896 1,744 12,496,985 2,122 12,329,522 2,297

Table S2. An overview of all packages and functions used, including version numbers and references.

Package/function Version Reference*

boot 1.3-28 (Canty and Ripley, 2021)
cbsodataR 0.5.1 (De Jonge and Houweling, 2021)
colorspace 2.0-2 (Zeileis et al., 2020)

Desctools 0.99.45 (Andri et mult al, 2022)

dplyr 1.0.9 (Wickham et al., 2022)

INLA 21.02.23 (Bakka et al., 2018)

lubridate 1.8.0 (Grolemund and Wickham, 2011)
Matrix 1.3-4 (Bates et al., 2021)

Parallel 41.2 (R-Core-Team, 2021)

RANN 2.6.1 (Arya et al., 2019)
RColorBrewer 1.1-2 (Neuwirth, 2015)

readxl 1.3.1 (Wickham and Bryan, 2019)
rgdal 1.5-27 (Keitt, 2021)

sf 1.0-3 (Pebesma et al., 2019a)

sp 1.4-5 (Pebesma et al., 2019b)

spdep 1.1-12 (Bivand et al., 2013)
st_make_grid - (Pebesma, 2019)

stringr 1.4.0 (Wickham, 2019)

tidyr 1.1.4 (Wickham, 2021)

tidyverse 1.3.1 (Wickham et al., 2019)

writexl 1.4.0 (Ooms and McNamara, 2021)
xlsx 0.6.5 (Dragulescu and Arendt, 2020)

*All literature was included in the reference list belonging to the main text of this article.
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Table S3. An overview of the attributions per source per serovar and the primary sources per serovar.

Serovar Serovar name Pigs Cattle  Broiler Laying Reptiles Source
chickens  hens

1001 Abactetuba 0 0 0 0 1 reptiles

1002 Aberdeen 0 0 0 0 1 reptiles

1003 Abony 0 0 0.076586 0 0.923414 reptiles

1008 Adelaide 0 0 0 0 1 reptiles

1010  Agona 0.385471 0.026526 0.130762 0.421848 0.035393 laying hens

1014 Alachua 0 0 0 0 1 reptiles

1015 Albany 0 0 0.473358 0 0.526642 reptiles

1023 Anatum 0.605659 0.009911 0.066904 0.212513  0.105013 pigs

1028 Apapa 0 0 0 0 1 reptiles

1038 Baildon 0 0 0 0 1 reptiles

1042 Bardo 0 0 1 0 0 broiler chickens

1043 Bareilly 0 0 0.00569  0.526798 0.467512 laying hens

1055 Bispebjerg 0 0 0 0 1 reptiles

1058 Blockley 0.277079 0 0.167204 0 0.555716 reptiles

1062 Bonariensis 0 0 0 0 1 reptiles

1066 Bovismorbificans  0.661853  0.156496  0.035443 0.075569 0.070639 pigs

1068 Braenderup 0.008496 0.005189 0.015476  0.9363  0.034539 laying hens

1070 Brandenburg 0.878083  0.027479 0.011801 0.080132 0.002505 pigs

1071 Bredeney 0.181617  0.02322  0.209859 0.372347 0.212957 laying hens

1085 Cerro 0.017219  0.007506 0.272779 0.322721 0.379775 reptiles

1091 Chester 0 0 1 0 0 broiler chickens

1092 Chicago 0 0 0 0 1 reptiles

1097 Coeln 0.352155 0 0.020317 0.270815 0.356714 reptiles

1101 Concord 0 0 0 0 1 reptiles

1102 Corvallis 0 0 0.736294  0.263706 0 broiler chickens

1103 Cubana 0.981808 0 0 0 0.018193 pigs

1106 Derby 0.700533 0.187181  0.05125 0.058976  0.00206 pigs

1110 Dublin 0.252024  0.729227 0.001345 0.017404 0 cattle

1112 Duisburg 0 0 0.518994  0.481006 0 broiler chickens

1114 Durban 0 0 0 0 1 reptiles

1117 Eastbourne 0 0 0 0 1 reptiles

1121 Elisabethville 0 0 0 0 1 reptiles

1136 Fresno 0 0 1 0 0 broiler chickens

1139 Gaminara 0.332714 0 0 0 0.667286 reptiles
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Serovar Serovar name Pigs Cattle  Broiler Laying Reptiles Source
chickens  hens

1144 Give 0.685848 0 0.171811 0 0.142341 pigs

1148 Goettingen 0.544929 0 0.042725 0.412347 0 pigs

1157 Hadar 0.044796 0 0.279587 0 0.675617 reptiles

1162 Halle 0 0 0 0 1 reptiles

1167 Havana 0.044576 0 0.164672  0.339441 0.451311 reptiles

1169 Heidelberg 0.023731 0 0.693759  0.273755 0.008755 broiler chickens

1181 Hull 0 0 0 0 1 reptiles

1183 Hyittingfoss 0 0 0 0 1 reptiles

1186 Indiana 0.019705 0.050102  0.57547  0.336516 0.018206 broiler chickens

1187 Infantis 0.345658  0.009064 0.390396 0.249739  0.005143 broiler chickens

1198 Jangwani 0 0 0 0 1 reptiles

1200 Javiana 0 0 0.099227 0 0.900773 reptiles

1204 Johannesburg 0 0 0 0 1 reptiles

1206 Kapemba 1 0 0 0 0 pigs

1208 Kentucky 0.043704 0 0.860506  0.09579 0 broiler chickens

1214 Kingabwa 0 0 0 0 1 reptiles

1215 Kingston 0 0 1 0 0 broiler chickens

1219 Kottbus 0.279888 0.056659 0.116992 0.450126 0.096335 laying hens

1230 Lexington 0 0.307164 0 0.32464  0.368196 reptiles

1235 Litchfield 0.138446 0 0 0 0.861554 reptiles

1237 Livingstone 0.445844  0.096951 0.087379 0.360957 0.008869 pigs

1240 Lomalinda 0 0 0 0 1 reptiles

1242 London 0.880875 0.022993  0.068 0 0.028132 pigs

1252 Manhattan 0.71063 0 0.0015 0 0.287869 pigs

1257 Mbandaka 0.16773  0.036147 0.381628 0.414495 0 laying hens

1258 Meleagridis 0.5 0 0 0.5 0 pigs

1262 Miami 0 0 0 0 1 reptiles

1267 Minnesota 0 0 0.8623 0 0.1377  broiler chickens

1272 Molade 0 0 0.02663  0.97337 0 laying hens

1274 Monschaui 0 0 0 0 1 reptiles

1275 Montevideo 0.06596  0.473201 0.112683 0.078058 0.270098 cattle

1278 Muenchen 0.247868 0.037066  0.02196 0 0.693107 reptiles

1279 Muenster 0.118811 0.112498 0.067433 0 0.701258 reptiles

1282 Napoli 0 0 1 0 0 broiler chickens

1290 Newport 0.251413  0.213912 0.072484 0 0.46219  reptiles
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Serovar Serovar name Pigs Cattle  Broiler Laying Reptiles Source
chickens  hens

1296 Nima 0 0 0 0 1 reptiles

1301 Ohio 0.452821 0.088344 0.398816 0.060019 0 pigs

1308 Oranienburg 0.008082 0 0.024119  0.240117 0.727682 reptiles

1311 Orion 0.356259 0 0.454875 0 0.188866 broiler chickens

1313 Oslo 0 0 0 0 1 reptiles

1327 Plymouth 0 0 0 0 1 reptiles

1328 Pomona 0 0 0 0 1 reptiles

1329 Poona 0 0 0.083059  0.304554 0.612387 reptiles

1335 Putten 0 0 1 0 0 broiler chickens

1338 Reading 0.280547 0 0 0 0.719453 reptiles

1341 Richmond 0 0 0 0 1 reptiles

1342 Rissen 0.373825 0.285629 0.008542 0.314941 0.017064 pigs

1346 Rubislaw 0 0 0 0 1 reptiles

1348 Saintpaul 0.04577  0.005302 0.427322 0.047626  0.47398 reptiles

1350 Sandiego 0 0 0 0 1 reptiles

1355 Schwarzengrund ~ 0.085381  0.027275  0.290498 0 0.596846 reptiles

1359 Senftenberg 0.221998 0.014844 0.243288 0.476098 0.043771 laying hens

1364 Singapore 0 0 0 0 1 reptiles

1373 Stanley 0.215704 0 0.160222 0 0.624074 reptiles

1374 Stanleyville 0.184618 0 0.028885 0 0.786497 reptiles

1382 Takoradi 0 0 0 0 1 reptiles

1387 Telelkebir 0 0 0 0 1 reptiles

1389 Tennessee 0.02296  0.08718  0.095832 0.715633 0.078395 laying hens

1393 Thompson 0.004091 0 0.129342  0.443415 0.423152 laying hens

1401 Uganda 0.545163 0 0.454837 0 0 pigs

1403 Umbilo 0.011434 0 0 0.988566 0 laying hens

1405 Urbana 0 0 0 0 1 reptiles

1415 Virchow 0.006432 0 0.439194 0.436231 0.118142 broiler chickens

1427 Waycross 0 0 0 0 1 reptiles

1429 Weltevreden 0 0 1 0 0 broiler chickens

1436 Wien 0.5 0 0 0.5 0 pigs

1442 Worthington 1 0 0 0 0 pigs

1460 Gloucester 0 0 1 0 0 broiler chickens

1484 Kedougou 0.542928 0 0.266601  0.190471 0 pigs

1501 Agoueve 0 0 0 0 1 reptiles
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Serovar Serovar name Pigs Cattle  Broiler Laying Reptiles Source
chickens  hens
1507 Goldcoast 0.938167  0.04519  0.009101 0.007542 0 pigs
1526 Offa 0 0 0 0 1 reptiles
1531 Altona 1 0 0 0 0 pigs
1539 Belem 0 0 0 0 1 reptiles
1571 Ealing 0 0 0 0 1 reptiles
1584 Fluntern 0 0 0 0 1 reptiles
1587 Banana 0 0 1 0 0 broiler chickens
1630 Bochum 0 0 1 0 0 broiler chickens
1655 Stourbridge 0.333333 0 0.666667 0 0 broiler chickens
1667 Teddington 0 0 0 0 1 reptiles
1674 Ndolo 0 0 0 0 1 reptiles
2050 SII 4,12,27:b:(e,n,x) 0 0 0 0 1 reptiles
2055 SII 42:b:e,n,x,z15 0 0 0 0 1 reptiles
2087 58:1,213,228:26 0 0 0 0 1 reptiles
3002 47:1:253 0 0 0 0 1 reptiles
3005 SIIIb 48:k:z35 0 0 0 0 1 reptiles
3007 SIIIb 50:252:235 0 0 0 0 1 reptiles
3014 SIIIb 48:i:z 0 0 0 0 1 reptiles
3020 SIIIb 61:k:z35 0 0 0 0 1 reptiles
3021 SIIIb 61:1,v:1,5,7 0 0 0 0 1 reptiles
3023 42:(k):z35 0 0 0 0 1 reptiles
3025 61:1:253 0 0 0 0 1 reptiles
3035 SIlIa 41:24,223:- 0 0 0 0 1 reptiles
3039 65:(k):z53 0 0 0 0 1 reptiles
3044 SIIIb 61:c:z35 0 0 0 0 1 reptiles
3059 SIIIb 48:1,v:1,5,(7) 0 0 0 0 1 reptiles
3065 SIIIb 48:252:z 0 0 0 0 1 reptiles
3068 SIIIb 38:210:253 0 0 0 0 1 reptiles
3069 SIIIb 50:(k):z 0 0 0 0 1 reptiles
3072 60:r:z 0 0 0 0 1 reptiles
3073 42:1,v:1,5,7 0 0 0 0 1 reptiles
3086 SIIIb 0 0 0 0 1 reptiles
65:210:e,n,x,215
3088  SIIIb 53:210:235 0 0 0 0 1 reptiles
3112 SIIIb 61:iz 0 0 0 0 1 reptiles
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Serovar Serovar name Pigs Cattle  Broiler Laying Reptiles Source
chickens  hens

3115 SIIIa 0 0 0 0 1 reptiles
13,23:24,223,[232]

3117 48:g251:- 0 0 0 0 1 reptiles

3129 SIIIb 48:k:1,5,(7) 0 0 0 0 1 reptiles

3142 48:24,224:- 0 0 0 0 1 reptiles

4000  Typhimurium:g.fb. 0.845842 0.093835 0.010594 0.049697 3.16E-05 pigs

4001  Typhimurium: 1 0.823899  0.176101 0 0 0 pigs

4002 Typhimurium:2 0.313336 0.343817 0.113182 0 0.229665 cattle

4003 Typhimurium:3 0.214775 0.222939  0.084656 0 0.47763  reptiles

4010  Typhimurium:10  0.712517 0 0 0 0.287483 pigs

4011 Typhimurium : 11 0 0 0 0.985871  0.014129 laying hens

4012 Typhimurium: 12 0 0 0 1 0 laying hens

4020  Typhimurium : 20 1 0 0 0 0 pigs

4061  Typhimurium: 61 1 0 0 0 0 pigs

4080  Typhimurium : 80 0.31247  0.68753 0 0 0 cattle

4090  Typhimurium : 90 0 0 1 0 0 broiler chickens

4100  Typhimurium : 100 1 0 0 0 0 pigs

4111 Typhimurium:111  0.633156 0 0 0.366844 0 pigs

4130  Typhimurium : 130 0 0 1 0 0 broiler chickens

4200  Typhimurium : 200 0 0 0 0 1 reptiles

4280  Typhimurium : 280 1 0 0 0 0 pigs

4281  Typhimurium : 281 1 0 0 0 0 pigs

4290  Typhimurium:290 0.113045 0.886955 0 0 0 cattle

4292 Typhimurium : 292 1 0 0 0 0 pigs

4296  Typhimurium:296  0.808896 0.111778 0.079327 0 0 pigs

4300 Typhimurium : 300 0 0.933346  0.066654 0 0 cattle

4301 Typhimurium : 301 0.918009  0.081991 0 0 0 pigs

4345 Typhimurium : 345 1 0 0 0 0 pigs

4350  Typhimurium:350  0.672998 0 0 0 0.327002 pigs

4351  Typhimurium:351  0.604654 0.395346 0 0 0 pigs

4353  Typhimurium:353  0.2275 0.7725 0 0 0 cattle

4401  Typhimurium:401  0.169957 0 0 0.830043 0 laying hens

4501  Typhimurium : 501 1 0 0 0 0 pigs

4504  Typhimurium:504 0.877013 0.122987 0 0 0 pigs

4506 Typhimurium : 506~ 0.422553  0.169364 0.012278 0.374407 0.021399 pigs
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Serovar Serovar name Pigs Cattle  Broiler Laying Reptiles Source
chickens  hens

4507  Typhimurium:507  0.57668  0.353448 0.042196 0 0.027676 pigs

4508  Typhimurium:508  0.487663 0.512337 0 0 0 cattle

4510 Typhimurium : 510  0.60989  0.084652 0.122104 0 0.183354 pigs

4561 Typhimurium: 561 0.669769  0.330231 0 0 0 pigs

4651 Typhimurium: 651 0.023074  0.540231  0.00361  0.433084 0 cattle

4652 Typhimurium : 652 0 1 0 0 0 cattle

4655  Typhimurium:655  0.211478 0 0 0.788522 0 laying hens

4658  Typhimurium:658  0.881452 0 0 0 0.118548 pigs

4690  Typhimurium : 690 1 0 0 0 0 pigs

4995  Typhimurium : 0 0.466673  0.533327 0 0 broiler chickens
Veront..

4998 Typhimurium : OS  0.762035  0.206059  0.007059 0 0.024847 pigs

4999 Typhimurium : ARS  0.535353  0.257868  0.008947  0.147263 0.050569 pigs

5000 Panama 0.668237 0.059269 0.003225 0.166241 0.103029 pigs

5100  Enteritidis : g.fb. 0.039981 0.015237 0.124904 0.819878 0 laying hens

5121 Enteritidis Pt 1b 0.266582 0 0 0.733418 0 laying hens

5122  Enteritidis Pt 1 0.022907 0 0.052343  0.924751 0 laying hens

5125 Enteritidis Pt 21 0.003449  0.022482  0.045837 0.928231 0 laying hens

5133  Enteritidis Pt 3 0.297045 0 0.120291  0.582665 0 laying hens

5134 Enteritidis Pt 4 0.011585 0.002208 0.048707 0.934578 0.002922 laying hens

5135  Enteritidis Pt 4a 0 0 0 1 0 laying hens

5142  Enteritidis Pt 12 0 0 0.059368  0.940632 0 laying hens

5144  Enteritidis Pt 6 0.123221 0 0.105338  0.771442 0 laying hens

5145  Enteritidis Pt 6a 0.139592 0 0.349112  0.462002 0.049295 laying hens

5146 Enteritidis Pt 7a 0 0 0.124661  0.875339 0 laying hens

5147 Enteritidis Pt 7 0 0 0.009348  0.990652 0 laying hens

5150 Enteritidis Pt 8 0.061443  0.02279 0.0385  0.866768 0.010499 laying hens

5153 Enteritidis Pt 9a 0 0 1 0 0 broiler chickens

5156  Enteritidis Pt 28 0 0 0 0 1 reptiles

5157  Enteritidis Pt 13a 0.080794 0 0.287671  0.631535 0 laying hens

5158 Enteritidis Pt 13 0.832433 0 0.167567 0 0 pigs

5160  Enteritidis Pt 23 0 0 0 1 0 laying hens

5161 Enteritidis Pt 11 0.014896  0.548594 0 0.436509 0 cattle

5167 Enteritidis Pt 14b 0.015918 0 0.005021 0.804546  0.174515 laying hens

5181  Enteritidis Pt 6b 1 0 0 0 0 pigs
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Serovar Serovar name Pigs Cattle  Broiler Laying Reptiles Source
chickens  hens

5190 Enteritidis Pt 4b 0 0 0 0 1 reptiles
5191 Enteritidis Pt6C 0.368951 0 0.631049 0 0 broiler chickens
5196 Enteritidis + verontr. 0 0 1 0 0 broiler chickens
5198 Enteritidis : OS 0.24685 0 0.181432  0.421883 0.149836 laying hens
5199 Enteritidis : ARS 0.006167 0.100627 0.099245 0.793961 0 laying hens
5209  Enteritidis Pt 53 0 0 0.111601  0.888399 0 laying hens
6000  SIV rough 0 0 0 0 1 reptiles
6011  SIV 48:g,251:- 0 0 0 0 1 reptiles
6018  SIV 50:g,z51:- 0 0 0 0 1 reptiles
6025  SIV 45:g,251:- 0 0 0 0 1 reptiles
6029 SIV 50:24,223:- 0 0 0 0 1 reptiles
6033 SIV 44:24,223:- 0 0 0 0 1 reptiles
7017 SI18:NM 1 0 0 0 0 pigs
7032 SI4,512:d:2efnat  0.172042 0 0.763837 0.064121 0 broiler chickens
7033 SI 4,5,12:e,h:2ef nat 0 0 0 0 1 reptiles
7037  SI4,512:1,2:2efnat 0.167736 0.440613 0.391651 0 0 cattle
7039 SI'4,5,12:b:2ef nat 0.06631 0 0.299374 0 0.634317 reptiles
7045 SI6,7y:2efnat 0 0 0 0.98365  0.01635 laying hens
7048 SI6,7:1,5:2¢f nat 0.190869 0 0.014146  0.282825  0.51216 reptiles
7054 SI16,7:k:2ef nat 0 0 0 0 1 reptiles
7062 SI (6),8:¢,h:2ef nat 0 0 0 0 1 reptiles
7064 SI9,12:1,v:2ef nat 0.732027 0.027373 0.005087 0.235514 0 pigs
7065 SI19,12:1,5:2¢f nat 0 0 0 0 1 reptiles
7073 SI3,10:¢,h:2ef nat 1 0 0 0 0 pigs
7114 SI19,12:235:2¢f nat 0 0 0 0 1 reptiles
7121 SI 6,7:24,223:2ef nat 0 0 0 0 1 reptiles
7202 SII 4,(5),12:b:2ef nat 0 0 0 0 1 reptiles
7221 SI145,12:i2efnat  0.76335  0.130355 0.031623 0.074671 0 pigs
7236 SI14,5,12:i2efnat  0.855088 0.095239 0.013484 0.036076 0.000112 pigs
7237  SI14,5,12:i2efnat  0.823807 0.10217  0.028098 0.045924 0 pigs
9986  Biochemisch Salm.  0.487981 0 0.127629  0.384389 0 pigs

Rough
9987 ORough 0.968488 0 0.031512 0 0 pigs
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Chapter 5

Table S8. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association between Salmonella
(8.) Enteritidis (SE), §. Typhimurium (ST), including its monophasic variants (ST ) and the population-weighted
number of animals (small ruminants, dairy cows, veal calves, laying hens, broiler chickens and pigs) for both summer
and winter with different hexagonal areas (90, 50, 25, 10 km?), with the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Serovar Variable IRR? 95% CI* IRR*  95% CI*  IRR* 959% CI*
SE* Sex
Male Reference category
Female 1.05 0.95-1.17 1.03 0.93-1.13 1.01 0.92-1.10
Age category (years)
0-4 3.04 2.61-3.53 2.84%*  2.45-327 294" 2.57-3.35
5-9 1.82%* 1.51-2.17 1.56™* 1.29-1.86 1.69** 1.44-1.99
10-49 Reference category
50+ 0.71% 0.63-0.81 0.69"** 0.61-0.78 0.73%** 0.66-0.81
Type of animal*
Small ruminants 0.95 0.89-1.01 1.00 0.95-1.05 1.02 0.99-1.06
Dairy cows 1.04 0.96-1.13 0.97 0.92-1.02 0.98 0.95-1.02
Veal calves 0.95 0.89-1.02 0.96 0.91-1.02 0.96 0.92-1.00
Laying hens 1.02 1.00-1.04 1.02** 1.01-1.04 1.01 0.99-1.02
Broiler chickens 1.01 0.98-1.03 1.00 0.99-1.02 1.01 0.99-1.02
Pigs 0.96 0.92-1.01 0.98 0.95-1.02 0.99 0.96-1.01
ST/ST Sex
Male Reference category
Female 1.05 0.96-1.15 1.07 0.98-1.16 1.03 0.95-1.12
Age category (years)
0-4 3.95%* 3.45-4.50 3.81%* 3.36-4.33 3.78%* 3.35-4.24
5-9 2.93%* 2.53-3.37 2.93%* 2.56-3.36 2.78%* 2.45-3.16
10-49 Reference category
50+ 0.94 0.85-1.05 0.96 0.87-1.07 0.92 0.83-1.01
Type of animal*
Small ruminants 0.97 0.91-1.02 1.03 0.98-1.08 1.01 0.98-1.04
Dairy cows 0.99 0.92-1.07 0.94* 0.90-0.99 1.01 0.97-1.04
Veal calves 1.00 0.94-1.07 1.02 0.97-1.07 1.01 0.97-1.04
Laying hens 1.02 1.00-1.04 1.02** 1.01-1.04 1.01 1.00-1.02
Broiler chickens 1.01 1.00-1.03 1.01 1.00-1.02 1.01 0.99-1.02
Pigs 1.03 0.99-1.08 1.03 1.00-1.06 1.00 0.98-1.02

population-weighted number of animals
IRR = incident rate ratio, 95% CI = 95% confidence interval, SE = Salmonella Enteritidis,
ST/ST = Salmonella Typhimurium, including its monophasic variants

e

* p-value <0.05
o p-value <0.01
HEx p-value <0.001
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRR*  95% CI* IRRF  95% CI* IRR* 95% CI*¥ IRR* 95%CI* IRR? 95% CI*

Reference category
1.02 0.94-1.11 1.08 0.92-1.27 1.08 0.93-1.27 1.11 0.96-1.28 1.02 0.88-1.17

2.71%*  2.38-3.09 292" 226-3.74 2.86™" 2.24-3.63 3.04" 2.42-3.78 3.01""* 2.42-3.72
1.63**  1.39-1.91 1.55* 1.12-2.10 159  1.17-212  1.70"" 1.28-2.22 1.75%* 1.34-2.25

Reference category
0.69"*  0.62-0.77 1.02 0.85-1.22  0.92 0.77-1.10 0.96 0.81-1.14 0.96 0.82-1.13

1.03 1.00-1.06 0.97 0.90-1.05 1.01 0.95-1.09 1.05  1.00-1.10 1.07 1.03-1.11
0.97*  0.94-1.00 0.98 0.89-1.08  0.96 0.89-1.03 097  0.92-1.02 0.95* 0.91-0.99
0.98 0.95-1.01 0.97 0.89-1.07  1.01 0.93-1.09 0.96  0.91-1.02 0.98 0.93-1.02
1.01 1.00-1.03 1.04* 1.01-1.07  1.01 0.99-1.04 1.00  0.98-1.02 1.00 0.97-1.02
1.01 0.99-1.02 1.01 0.98-1.04 1.01 0.98-1.03 0.99  0.97-1.01 1.00 0.98-1.02
0.99 0.97-1.01 0.96 0.91-1.02  0.96 0.92-1.01 1.00  0.97-1.04 0.99 0.96-1.02

Reference category
1.04 0.96-1.13 1.07 0.96-1.20  1.09 0.98-1.22 1.06 0.96-1.18 1.07 0.97-1.19

3.727*  3.30-4.17 5.09"*  4.29-6.03 4.73"* 4.01-5.55 5.01"* 4.31-5.81 5.09"* 4.37-5.91
2.69°*  2.37-3.06 3377 2.78-4.07 3.19"*" 2.66-3.82 3.06"* 2.57-3.63 3.20"* 2.69-3.79

Reference category
0.96 0.87-1.05 1.51% 1.32-1.73 139" 1.22-1.59 1.46™* 1.29-1.65 1.48** 1.31-1.67

1.01 0.99-1.04 0.92* 0.85-0.98  0.95 0.90-1.00 098  0.94-1.01 0.99 0.96-1.02
0.98 0.96-1.01 0.98 0.89-1.07  1.01 0.95-1.06 1.00  0.96-1.04  0.96" 0.93-0.99
1.01 0.99-1.04 1.03 0.96-1.11  1.02 0.97-1.08 1.00  0.96-1.04 1.01 0.98-1.04
1.01* 1.00-1.03 1.01 0.98-1.03 1.02* 1.00-1.03  1.02* 1.00-1.03 1.01 0.99-1.02
1.00 0.99-1.01 1.02 1.00-1.04  1.01 0.99-1.03 1.01  0.99-1.02 1.00 0.99-1.02
1.00 0.98-1.01 1.03 0.98-1.08  1.02 0.98-1.05 1.00  0.98-1.03 1.01 0.99-1.03
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Table S9. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association of
grouped Salmonella serovars per source (cattle and pigs) and the population-weighted number of animals
(small ruminants, dairy cows, veal calves, laying hens, broiler chickens and pigs) for both summer and winter
with different hexagonal areas (90, 50, 25, 10 km?), with the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Salmonella-group Variable IRRF  95% CI* IRR*  95% CI* IRR*  95%CI*
Cattle-related Sex
Male Reference category
Female 1.03 0.65-1.64 1.04 0.68-1.59 0.86 0.58-1.28
Age category (years)
0-4 3.60%*  1.69-7.20  4.53*%*  2.29-8.56  3.22"** 1.63-6.01
5-9 1.01 0.27-2.95 0.32 0.03-1.78 1.27 0.46-2.99
10-49 Reference category
50+ 1.60 0.96-2.69 2.05** 1.28-3.33 1.72* 1.11-2.68
Type of animal®
Small ruminants 0.77* 0.64-0.93 0.92 0.80-1.07 1.02 0.91-1.14
Dairy cows 1.18 0.96-1.47 1.10 0.94-1.28 1.02 0.91-1.14
Veal calves 1.06 0.85-1.33 0.95 0.80-1.13 1.01 0.88-1.15
Laying hens 0.98 0.92-1.05 0.99 0.94-1.05 1.00 0.95-1.05
Broiler chickens 1.01 0.95-1.07 1.01 0.96-1.06 1.00 0.94-1.05
Pigs 0.92 0.82-1.03 0.96 0.88-1.06 0.92* 0.85-0.99
Pig-related Sex
Male Reference category
Female 1.01 0.92-1.09 1.04 0.96-1.13 1.03 0.95-1.11
Age category (years)
0-4 351 3.09-3.99 3.37%* 2.97-3.81 3.35%* 2.99-3.75
5-9 2.55% 2.21-2.93 2.60"* 2.28-2.96 2.45%%* 2.16-2.77
10-49 Reference category
50+ 1.09 0.98-1.20 1.10* 1.00-1.21 1.04 0.96-1.14
Type of animal
Small ruminants 0.96 0.91-1.01 1.00 0.96-1.05 1.00 0.97-1.03
Dairy cows 0.99 0.92-1.07 0.95* 0.91-1.00 1.00 0.97-1.04
Veal calves 1.00 0.94-1.06 1.03 0.99-1.07 1.01 0.97-1.04
Laying hens 1.01 0.99-1.03 1.02* 1.00-1.03 1.01 1.00-1.02
Broiler chickens 1.01 0.99-1.03 1.00 0.99-1.02 1.00 0.99-1.01
Pigs 1.04 1.00-1.08 1.02 0.99-1.05 1.00 0.98-1.02

* p-value <0.05
*x p-value <0.01
oAk p-value <0.001

population-weighted number of animals
IRR = incident rate ratio, 95% CI = 95% confidence interval
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRR*  95% CI* IRRF  95% CI* TRR* 95%CI¥f IRR* 95%CI* IRRf 95% CIf

Reference category
1.05 0.71-1.55 0.69 0.44-1.08  0.65 0.41-1.00 0.80 0.55-1.15 0.92 0.63-1.32

3.077*  1.56-5.71 4.647  2.20-9.28 7177 3.55-14.17 4.82*" 2.64-8.49 534  2.85-9.70
1.20 0.44-2.82 3.18"™ 1.36-6.81 3.82*  1.61-8.41  2.40" 1.10-4.80 3.78"*  1.88-7.22

Reference category
1.67* 1.09-2.58 2.09™ 1.25-3.58 2.83"*  1.66-4.98 2.23"*  1.46-3.44  2.64™* 1.70-4.18

0.94 0.85-1.03 0.88 0.72-1.07  0.93 0.80-1.09 0.95 0.85-1.07 1.03 0.93-1.13
1.06 0.96-1.16 1.24* 1.01-1.52  1.08 0.93-1.27  1.14*  1.02-1.28 1.04 0.95-1.14
0.99 0.88-1.10 1.09 0.88-1.36  0.97 0.80-1.15 0.99 0.87-1.12 0.94 0.83-1.05
1.01 0.96-1.07 0.95 0.89-1.02 1.01 0.95-1.06 0.98 0.93-1.03 0.96 0.89-1.02
1.00 0.94-1.05 0.95 0.89-1.01  0.97 0.91-1.02  0.94*  0.89-1.00 0.95 0.88-1.02
0.95 0.88-1.01 0.88* 0.79-0.98  0.96 0.87-1.05  0.93*  0.86-1.00 0.95 0.88-1.02

Reference category
1.04 0.96-1.11 1.08 0.97-1.20 1.12 1.01-1.24 1.08 0.99-1.19 1.09 0.99-1.20

3.28"*  2.93-3.66 4747 4.02-5.57 4.48°* 3.83-5.23  4.72*"  4.08-5.44 475"  4.10-5.48
2.35%*  2.07-2.66 3.01"*  2.49-3.62 2.81"* 2.35-3.35 2.78"" 2.34-3.28 2.81"*  2.37-3.32

Reference category
1.07 0.98-1.17 1.77%* 1.56-2.00 1.63** 1.45-1.83 1.71™" 1.53-191 1.76"* 1.57-1.96

1.00 0.98-1.02 0.94* 0.88-1.00  0.95 0.91-1.00 0.98 0.94-1.01 0.99 0.97-1.02
0.98 0.96-1.01 0.98 0.89-1.07  1.00 0.95-1.06 1.00 0.96-1.04  0.96™ 0.93-0.99
1.01 0.98-1.04 1.02 0.95-1.09  1.03 0.98-1.08 0.99 0.96-1.03 1.01 0.98-1.04
1.01 1.00-1.02 1.01 0.99-1.03  1.02*  1.00-1.03 1.02*  1.00-1.03 1.01 1.00-1.03
1.00 0.99-1.01 1.02 1.00-1.04  1.01 0.99-1.02 1.01 0.99-1.02 1.00 0.98-1.01
1.00 0.98-1.01 1.03 0.99-1.08 1.01 0.98-1.05 1.01 0.99-1.04 1.01 0.99-1.03
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Table S10. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association
of grouped Salmonella serovars per source (laying hens and broiler chickens) and the population-weighted
number of animals (small ruminants, dairy cows, veal calves, laying hens, broiler chickens and pigs) for
both summer and winter with different hexagonal areas (90, 50, 25, 10 km?), with the correction for
geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Salmonella-group  Variable IRR*  95% CI* IRR* 95% CI* IRR* 95% CI*
Laying hen-related ~ Sex
Male Reference category
Female 1.05 0.95-1.15 1.06 0.97-1.16 1.05 0.96-1.14
Age category (years)
0-4 2.82%  2.42-326  2.62"* 2.27-3.02 2777 2.43-3.15
5-9 1.63°*  1.35-1.94  1.42"*  1.18-1.69  1.53"*  1.30-1.79
10-49 Reference category
50+ 0.76"*  0.67-0.85  0.72** 0.64-0.80 1.53** 1.30-1.79
Type of animal®
Small ruminants 0.94 0.89-1.00 0.99 0.94-1.04 1.01 0.98-1.05
Dairy cows 1.05 0.97-1.14 0.96 0.91-1.01 0.98 0.95-1.02
Veal calves 0.95 0.88-1.02 0.99 0.93-1.04 0.97 0.94-1.01
Laying hens 1.02 1.00-1.04 1.02* 1.00-1.04 1.00 0.99-1.02
Broiler chickens 1.01 0.99-1.03 1.00 0.99-1.02 1.01 0.99-1.02
Pigs 0.95*  0.91-1.00 0.98 0.94-1.01 0.98 0.96-1.01
Broiler chicken- Sex
related Male Reference category
Female 1.09 0.92-1.30 1.14 0.97-1.35 1.18* 1.02-1.38
Age category (years)
0-4 2327 1.75-3.04  2.,57°*  1.98-3.32 222"  1.74-2.82
5-9 0.77 0.49-1.17 0.70 0.44-1.07 0.76 0.51-1.09
10-49 Reference category
50+ 0.89 0.73-1.08 0.94 0.78-1.13 0.86 0.73-1.02
Type of animal
Small ruminants 1.00 0.92-1.10 0.98 0.91-1.06 0.99 0.94-1.04
Dairy cows 0.98 0.88-1.09 0.95 0.88-1.02 0.99 0.94-1.04
Veal calves 1.02 0.92-1.13 1.03 0.95-1.12 1.01 0.95-1.07
Laying hens 1.01 0.98-1.04 1.01 0.99-1.04 0.99 0.97-1.01
Broiler chickens 1.01 0.99-1.04 1.01 0.99-1.04 1.01 0.98-1.03
Pigs 0.92*  0.87-0.97  0.93*  0.89-0.98 0.95%  0.92-0.99

*x p-value <0.01
oAk p-value <0.001

population-weighted number of animals
IRR = incident rate ratio, 95% CI = 95% confidence interval
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRR*  95% CI* IRR*  95% CI* IRR* 95%CI* IRR* 95%CI* IRR* 95% CI*

Reference category
1.06 0.97-1.15 1.15 0.99-1.34 1.16* 1.00-1.34  1.16*  1.01-1.33 1.09 0.96-1.24

2.52%*  222-2.87 | 2.80™  2.19-3.55 2.88"* 228-3.61 2.98" 241-3.66 2.90™  2.35-3.55
143 1.22-1.67 1.63  1.20-2.17 1.64™ 123-2.16 1.73"* 1.33-222 1.75"* 1.36-2.23
Reference category

0.72%*  0.65-0.79 1.15 0.97-1.36  1.03  0.87-1.22 1.08 0.92-1.25 1.07 0.92-1.24

1.02 0.99-1.04 0.98 0.91-1.05 1.01 0.95-1.07 1.04 0.99-1.09  1.05**  1.01-1.09
0.97* 0.94-1.00 0.98 0.89-1.08  0.96 0.90-1.02 0.96 0.92-1.00  0.95*  0.92-0.99
0.98 0.95-1.01 0.96 0.88-1.05 1.01 0.94-1.08 0.99 0.94-1.04 0.99 0.95-1.03
1.01 0.99-1.02 1.04*  1.01-1.06  1.01 0.99-1.03 1.00 0.98-1.02 0.99 0.97-1.01
1.01 1.00-1.02 1.01 0.99-1.04 1.01 0.99-1.03 0.99 0.98-1.01 1.01 0.99-1.02
0.99 0.97-1.01 0.97 0.92-1.02  0.96 0.92-1.00 1.00 0.97-1.03 0.99 0.97-1.02

Reference category
1.18* 1.02-1.37 1.12 0.87-1.44  1.18 0.93-1.51 1.14 0.91-1.43 1.09 0.88-1.35

2.397* 1.87-3.04 1.86™ 1.16-2.88 1.85* 1.15-2.86  1.80** 1.17-2.67 1.88*  1.25-2.73
0.76 0.51-1.11 0.24* 0.07-0.66  0.39*  0.15-0.88 0.32* 0.12-0.71 0.47* 0.22-0.91

Reference category

1.05 0.89-1.23 1.24 0.95-1.04 1.39* 1.08-1.80 1.13 0.89-1.44 1.18 0.94-1.49

1.00 0.96-1.04 0.89 0.79-1.01  0.97 0.88-1.06 0.95 0.88-1.02 0.99 0.94-1.05
0.95* 0.91-1.00 1.03 0.89-1.19  1.01 0.92-1.11 1.03 0.95-1.11 0.98 0.92-1.04
0.98 0.93-1.04 0.98 0.86-1.12  0.93 0.84-1.04 0.99 0.91-1.08 0.93* 0.86-1.00
1.00 0.97-1.02 0.99 0.95-1.04  0.99 0.96-1.03 0.96* 0.93-0.99 0.97 0.94-1.01
1.00 0.97-1.02 1.07**  1.03-1.11 1.03*  1.00-1.07 0.96* 0.93-0.99 1.01 0.98-1.04
0.99 0.96-1.02 0.92* 0.86-0.99  0.97 0.91-1.03 0.97 0.92-1.02 1.00 0.96-1.04
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Table S11. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association between
Campylobacter (C.) jejuni and C. coli incidence rate and the population-weighted number of animals (small ruminants,
dairy cows, veal calves, laying hens, broiler chickens and pigs) for both summer and winter with different hexagonal
areas (90, 50, 25, 10 km?), with the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Species Variable IRRF  95% CI* IRR*  95% CI* IRR*  95% CI*
C. jejuni Sex
Male Reference category
Female 0.83**  0.79-0.88  0.82**  0.78-0.86  0.83"*  0.80-0.88
Age category (years)
0-4 0.80"*  0.70-0.91 0.75"*  0.65-0.85  0.78"*  0.69-0.88
5-9 0.48** 0.41-0.56 0.47%* 0.40-0.55 0.46** 0.39-0.53
10-49 Reference category
50+ 1.11% 1.05-1.17 1.09™* 1.04-1.15 111 1.05-1.16
Type of animal®
Small ruminants 1.03 0.99-1.08 1.02 0.99-1.05 1.02 0.99-1.04
Dairy cows 1.01 0.95-1.06 1.04* 1.01-1.08 0.99 0.97-1.02
Veal calves 0.99 0.95-1.03 0.99 0.97-1.02 1.01 0.99-1.04
Laying hens 1.00 0.99-1.01 1.00 0.99-1.01 1.00 0.99-1.01
Broiler chickens 1.01 1.00-1.02 1.00 0.99-1.01 1.00 0.99-1.01
Pigs 1.00 0.98-1.03 0.99 0.98-1.01 1.00 0.98-1.01
C. coli Sex
Male Reference category
Female 0.98 0.82-1.16 1.00 0.85-1.18 0.98 0.83-1.14
Age category (years)
0-4 0.20*** 0.08-0.45 0.18** 0.07-0.41 0.27* 0.13-0.52
5-9 0.65 0.38-1.03 0.48* 0.27-0.79 0.51% 0.30-0.82
10-49 Reference category
50+ 1.48 1.25-1.77 1.40™* 1.19-1.66 1.34"* 1.14-1.58
Type of animal*
Small ruminants 0.94 0.85-1.03 1.00 0.93-1.06 1.00 0.95-1.06
Dairy cows 0.99 0.89-1.10 1.11% 1.03-1.19 1.04 0.99-1.11
Veal calves 1.01 0.93-1.10 1.00 0.93-1.07 0.97 0.92-1.03
Laying hens 1.00 0.97-1.03 1.00 0.97-1.02 0.99 0.97-1.01
Broiler chickens 1.02 0.99-1.04 0.99 0.97-1.01 1.01 0.98-1.03
Pigs 1.03 0.98-1.09 0.98 0.94-1.02 0.98 0.94-1.01

population-weighted number of animals

i IRR = incident rate ratio, 95% CI = 95% confidence interval
* p-value <0.05

ok p-value <0.01

bk p-value <0.001
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10 km? 90 km? 50 km? 25 km? 10 km?
IRRf  95% CI* IRRF  95% CI* 1IRR* 95%CI* IRR* 95%CI* IRR* 95% CI*

Reference category
0.84**  0.80-0.88 0.87* 0.81-0.93  0.89***  0.83-0.95 0.88*  0.82-0.93  0.87* 0.82-0.93

0.73**  0.65-0.83 0.98 0.83-1.14 1.00 0.85-1.16 0.96 0.82-1.12 0.97 0.84-1.13
0.46**  0.40-0.54 0.49*  0.39-0.60 0.50"*  0.40-0.61  0.50"™*  0.41-0.61  0.55™* 0.45-0.66
Reference category

1.09"*  1.04-1.15 1.20%** 1.12-1.28 1.21"™*  1.13-1.30  1.22"  1.14-1.31 1.22" 1.14-1.30

1.01 0.99-1.03 0.98 0.93-1.03 1.00 0.97-1.04 1.02 0.99-1.04 1.00 0.98-1.02
0.98 0.97-1.00 1.01 0.96-1.08 1.01 0.98-1.05 0.99 0.96-1.02 0.99 0.97-1.01
1.00 0.98-1.01 1.00 0.96-1.05 1.00 0.97-1.03 1.00 0.97-1.03 0.98 0.96-1.00
1.01 1.00-1.01 1.01 1.00-1.02 1.00 0.99-1.01 1.00 0.99-1.01 1.01 1.00-1.02
0.99 0.99-1.00 1.01 1.00-1.02 1.00 0.99-1.01 1.00 0.99-1.01 0.99 0.98-1.00
1.00 0.99-1.01 0.98 0.96-1.01 0.99 0.97-1.01 0.98 0.97-1.00 0.99 0.98-1.00

Reference category
1.01  0.86-1.18 1.15 0.90-1.47  1.10 0.86-1.39 1.17 0.92-1.49 1.10  0.87-1.38

0.27%*  0.13-0.51 0.42 0.14-1.04  0.30* 0.09-0.85 0.10* 0.01-0.54 0.09*  0.01-0.47
0.44*  0.25-0.73 0.50 0.19-1.12 0.57 0.23-1.21 0.56 0.23-1.19 0.33*  0.11-0.81
Reference category

1.01 0.98-1.03 2.19% 1.70-2.85 221" 1.72-2.86  2.15""  1.67-2.76 212"  1.68-2.69

0.99 0.95-1.03 1.06 0.93-1.21 1.02 0.93-1.13 1.06 0.98-1.15  1.09*  1.03-1.15
1.01 0.97-1.06 0.94 0.82-1.07  0.98 0.88-1.09 0.98 0.91-1.07 0.98 0.92-1.03
0.99 0.95-1.03 0.98 0.87-1.10 1.07 0.97-1.18 0.98 0.90-1.06 0.96 0.90-1.02
1.01 0.98-1.03 0.98 0.95-1.02  0.97 0.94-1.01 0.97 0.94-1.01 0.99 0.96-1.02
0.99 0.96-1.01 1.01 0.98-1.05  0.99 0.96-1.02 1.01 0.98-1.04 0.98 0.95-1.01
0.98 0.95-1.01 1.05 0.97-1.13 1.00 0.94-1.06 1.01 0.96-1.06 1.00 0.96-1.04
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Chapter 5

Table S16. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association between Salmonella
(8.) Enteritidis (SE), §. Typhimurium (ST), including its monophasic variants, and the population-weighted number of
animals (small ruminants, dairy cows, veal calves, laying hens, broiler chickens and pigs) for both summer and winter with
different hexagonal areas (90, 50, 25, 10 km?), without the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Serovar Variable IRR*  95% CI*  IRR? 95% CI* IRR* 95% CI*
SE* Sex
Male Reference category
Female 1.06 0.98-1.14 1.06 0.98-1.14 1.05 0.97-1.13
Age category (years)
0-4 2.91%*  2.61-3.24  2.88**  2.59-3.21 2.92%*  2.61-3.25
5-9 1.67** 1.46-1.90 1.66™* 1.45-1.89 1.66™* 1.45-1.90
10-49 Reference category
50+ 0.71"* 0.65-0.78 0.72%* 0.65-0.78 0.727* 0.66-0.79
Type of animal’
Small ruminants 0.98 0.93-1.04 0.98 0.94-1.02 1.02 0.98-1.05
Dairy cows 0.99 0.93-1.06 0.99 0.94-1.03 0.96* 0.93-1.00
Veal calves 0.96 0.91-1.02 0.97 0.93-1.02 0.98 0.94-1.02
Laying hens 1.02*§ 1.00-1.04 1.01 1.00-1.03 1.02* 1.00-1.03
Broiler chickens 1.00 0.98-1.01 1.01 0.99-1.02 1.01 1.00-1.03
Pigs 0.98 0.95-1.02 0.99 0.96-1.02 1.00 0.97-1.02
ST/ST Sex
Male Reference category
Female 1.02 0.96-1.09 1.03 0.96-1.10 1.02 0.96-1.10
Age category (years)
0-4 4,02 3.65-4.42 4.09** 3.72-4.50 4.00%* 3.63-4.40
5-9 2.79%* 2.50-3.10 2.79%* 2.51-3.10 2.76™* 2.47-3.07
10-49 Reference category
50+ 0.96 0.88-1.04 0.96 0.89-1.04 0.94 0.87-1.02
Type of animal*
Small ruminants 1.05 0.98-1.11 1.01 0.96-1.06 1.04 1.00-1.08
Dairy cows 0.97 0.98-1.05 0.95 0.90-1.01 0.97 0.92-1.01
Veal calves 1.01 0.94-1.09 1.06* 1.00-1.13 1.02 0.97-1.08
Laying hens 1.01 0.99-1.03 1.00 0.98-1.02 1.01 1.00-1.03
Broiler chickens 1.00 0.98-1.02 1.01 0.99-1.02 1.01 1.00-1.03
Pigs 1.02 0.97-1.07 1.02 0.98-1.06 0.98 0.95-1.01

population-weighted number of animals
IRR = incident rate ratio, 95% CI = 95% confidence interval, SE = Salmonella Enteritidis,
ST/ST = Salmonella Typhimurium, including its monophasic variants

e

§ The PAF calculated for this model and specifically laying hens was 7%
* p-value <0.05

ok p-value <0.01

ok p-value <0.001
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRR*  95% CI* IRR* 95% CI* IRR* 95%CI* IRR* 95%CI* IRRf 95% CI*

Reference category
1.06 0.98-1.14 1.12 0.99-1.26 1.11 0.99-1.25 1.14*  1.01-1.29 1.08 0.95-1.22

2,797 2.49-3.11 2,947 2.44-3.52  2.94"%  2.44-3.53 2.94" 2.44-353 294" 2.42-3.54
1.65™* 1.44-1.89 1.79%* 1.43-2.22  1.81™* 1.45-2.24 1.81"*" 1.45-2.24 1.83"" 1.46-2.28

Reference category
0.71%* 0.65-0.78 0.98 0.86-1.12 0.97 0.85-1.12 0.95  0.82-1.09 0.98 0.85-1.13
1.02 1.00-1.05 0.99 0.93-1.07 1.02 0.97-1.08 1.05*  1.00-1.10  1.05** 1.01-1.09
0.96* 0.93-0.98 0.94 0.86-1.01 0.95 0.90-1.01  0.94* 0.89-0.99  0.94"* 0.90-0.97
0.99 0.96-1.02 0.97 0.89-1.04 0.98 0.93-1.05 0.97  0.92-1.02 0.98 0.94-1.03
1.01* 1.00-1.03 1.01 0.99-1.04 0.99 0.97-1.02 1.00  0.98-1.02 1.00 0.98-1.02
1.01 0.99-1.02 1.00 0.98-1.02 1.01 0.99-1.03 1.00  0.98-1.02 1.01 0.98-1.03
0.99 0.97-1.01 1.00 0.95-1.05 1.00 0.96-1.04 1.03  0.99-1.07 0.99 0.96-1.02
Reference category
1.01 0.94-1.08 1.07 0.98-1.16 1.06 0.97-1.16 1.06  0.97-1.15 1.07 0.98-1.17

4.00%* 3.62-4.42 5.03"** 4.43-5.70  5.03"*  4.44-5.70 5.19"* 4.57-5.89 5.08"* 4.45-5.78
2.76™*  2.47-3.08 3.12%* 2.70-3.60  5.03"* 4.44-5.70 3.10"™* 2.67-3.59 3.04"* 2.61-3.53

Reference category
0.95 0.87-1.03 1.44% 1.30-1.60  1.44"* 1.30-1.59 1.47°* 1.33-1.63 147" 1.32-1.64

1.01 0.98-1.05 0.99 0.92-1.07 1.00 0.95-1.07 1.03  0.99-1.08 1.04* 1.00-1.09
0.95™ 0.91-0.98 0.93 0.85-1.03 0.99 0.92-1.06 096  0.91-1.01 0.91** 0.87-0.96
1.00 0.95-1.05 0.98 0.89-1.08 0.95 0.88-1.03 0.97  0.91-1.04 095  0.89-1.01
1.01 0.99-1.04 1.00 0.98-1.03 1.01 0.98-1.03 1.01  0.99-1.04 1.01 0.98-1.04
1.01 0.99-1.03 1.00 0.98-1.03 1.01 0.99-1.03 1.01  0.98-1.03 1.00  0.98-1.03
0.98 0.95-1.01 1.04 0.98-1.10 1.02 0.97-1.06 0.99  0.95-1.03 0.99  0.96-1.03
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Table S17. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association of grouped
Salmonella serovars per source (cattle and pigs) and the population-weighted number of animals (small ruminants, dairy
cows, veal calves, laying hens, broiler chickens and pigs) for both summer and winter with different hexagonal areas (90,
50, 25,10 km?), without the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Salmonella-group Variable IRR*  95% CI* IRR* 95% CI* IRR* 95% CI*
Cattle-related Sex
Male Reference category
Female 0.83 0.60-1.14 0.81 0.59-1.13 0.81 0.59-1.12
Age category (years)
0-4 2.95%*  1.68-4.98  3.19*  1.80-5.42  2.90"™*  1.62-4.95
5-9 1.47 0.69-2.85 1.77 0.86-3.36 1.72 0.84-3.24
10-49 Reference category
50+ 1.80** 1.27-2.57 1.90"* 1.32-2.73 1.81* 1.26-2.60
Type of animal®
Small ruminants 0.85* 0.74-0.97 0.92 0.82-1.03 0.95 0.86-1.04
Dairy cows 1.16* 1.01-1.33 1.05 0.94-1.17 1.04 0.95-1.14
Veal calves 1.00 0.87-1.15 0.98 0.87-1.10 0.98 0.88-1.09
Laying hens 0.99 0.95-1.04 0.99 0.95-1.04 1.01 0.96-1.05
Broiler chickens 0.98 0.94-1.02 1.01 0.97-1.05 1.00 0.96-1.05
Pigs 0.95 0.87-1.02 0.97 0.90-1.04 0.93* 0.87-0.99
Pig-related Sex
Male Reference category
Female 1.02 0.96-1.08 1.02 0.96-1.09 1.03 0.97-1.10
Age category (years)
0-4 3.59"*  3.27-3.93 3.65™* 3.33-3.99 3.57%* 3.25-3.91
5-9 2,43 2.19-2.69 2.43%* 2.19-2.69 2427 2.17-2.68
10-49 Reference category
50+ 1.08* 1.00-1.16 1.08* 1.01-1.16 1.07 0.99-1.15
Type of animal
Small ruminants 1.01 0.97-1.06 0.99 0.96-1.03 1.00 0.97-1.02
Dairy cows 0.94* 0.89-1.00 0.96 0.92-1.00 0.98 0.95-1.01
Veal calves 1.03 0.98-1.08 1.04* 1.00-1.07 1.02 0.99-1.05
Laying hens 1.01 1.00-1.03 1.01 0.99-1.02 1.01 1.00-1.02
Broiler chickens 1.00 0.99-1.01 1.00 0.99-1.01 1.00 0.99-1.01
Pigs 1.02 0.99-1.06 1.02 1.00-1.05 1.00 0.98-1.02

* p-value <0.05
*x p-value <0.01
oAk p-value <0.001

population-weighted number of animals
IRR = incident rate ratio, 95% CI = 95% confidence interval
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRRF  95% CI* | IRR* 95% CI* IRR* 95%CI¥ IRR* 95%CI* IRR* 95% CI*

Reference category
0.83 0.59-1.16 0.84 0.62-1.13 0.84 0.62-1.14 0.82 0.60-1.11 0.86 0.63-1.18

273" 1.47-4.82 5.46™*  3.27-894 5117  3.04-8.39  5.38"* 3.19-8.88 5.16"*  3.00-8.68
1.84 0.90-3.50 3.66*  2.04-6.32 3.57%*  2.00-6.15  3.75"  2.09-6.49  3.96"*  2.20-6.89

Reference category
1.83%  1.26-2.66 2.92%* 2.03-4.26  2.77°* 1.93-4.03  2.84™* 1.97-417 295"  2.03-4.36

0.93 0.86-1.01 1.02 0.88-1.18  0.98 0.87-1.10 0.94 0.85-1.04 0.97 0.89-1.05
1.06 0.98-1.15 1.14 0.99-1.31 1.08 0.96-1.20 1.05 0.96-1.16 1.04 0.96-1.13
0.99 0.90-1.09 0.88 0.77-1.01 0.94 0.83-1.05 1.04 0.94-1.15 0.95 0.86-1.05
1.01 0.96-1.06 0.99 0.95-1.04  0.99 0.94-1.03 0.99 0.95-1.04 0.98 0.92-1.03
1.01 0.96-1.06 0.93* 0.89-0.97  0.96 0.92-1.00 0.96 0.91-1.00 0.95 0.89-1.01
0.94*  0.88-1.00 0.97 0.90-1.05 0.97 0.90-1.04 0.95 0.89-1.02 0.97 0.91-1.04

Reference category
1.02 0.96-1.09 1.09* 1.01-1.18 1.09 1.01-1.18 1.08 1.00-1.17 1.10* 1.02-1.20

3.56™*  3.23-3.91 4.83"*  4.28-5.44 487"  4.32-549  5.00"*  4.42-5.64 4.86"" = 4.28-5.50
240 2.16-2.68 2,76 239-318 2.73**  2.37-3.15 275" 2.37-318  2.69"*  2.31-3.12

Reference category
1.07 0.99-1.15 1.73%* 1.58-1.90 1.74"* 1.58-1.91 1.77%%  1.61-1.94  1.77"* 1.61-1.95

0.99 0.97-1.01 0.95* 0.90-1.00  0.96 0.92-1.01 0.99 0.96-1.03 1.00 0.97-1.02
0.98 0.96-1.00 0.97 0.91-1.04  0.99 0.95-1.04 0.99 0.96-1.03  0.95* 0.93-0.98
1.01 0.99-1.04 1.02 0.96-1.08 1.01 0.97-1.05 0.99 0.95-1.02 1.00 0.97-1.03
1.01 1.00-1.02 1.00 0.99-1.02 1.01 0.99-1.02 1.01 1.00-1.03 1.01 1.00-1.03
1.00 0.98-1.01 1.01 0.99-1.03 1.00 0.99-1.02 1.00 0.99-1.02 0.99 0.98-1.01
0.99 0.97-1.00 1.02 0.98-1.06 1.01 0.98-1.04 1.00 0.98-1.03 1.00 0.98-1.02
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Table S18. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association of grouped
Salmonella serovars per source (laying hens and broiler chickens) and the population-weighted number of animals (small
ruminants, dairy cows, veal calves, laying hens, broiler chickens and pigs) for both summer and winter with different
hexagonal areas (90, 50, 25, 10 km?), without the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Salmonella-group Variable IRR*  95% CI* IRR* 95% CI* IRR* 959% CI*
Laying hen-related  Sex
Male Reference category
Female 1.08* 1.01-1.16 1.08* 1.01-1.16 1.08* 1.01-1.16
Age category (years)
0-4 2.69*  2.41-2.98  2.677*  2.40-2.96 271 2.43-3.01
5-9 1.48™* 1.29-1.69 1.47* 1.29-1.68 1.46™* 1.28-1.67
10-49 Reference category
50+ Q.74 0.68-0.81 0.74"*  0.68-0.81 0.75%* 0.69-0.81
Type of animal®
Small ruminants 0.97 0.93-1.02 0.98 0.94-1.02 1.01 0.98-1.05
Dairy cows 0.99 0.93-1.05 0.98 0.94-1.02 0.96* 0.93-0.99
Veal calves 0.97 0.92-1.02 0.98 0.94-1.03 0.98 0.95-1.02
Laying hens 1.01 1.00-1.03 1.01 1.00-1.02 1.01 1.00-1.02
Broiler chickens 1.00 0.98-1.02 1.01 0.99-1.02 1.01 1.00-1.03
Pigs 0.99 0.95-1.03 0.98 0.95-1.01 0.99 0.97-1.02
Broiler chicken- Sex
related Male Reference category
Female 1.19** 1.06-1.35 1.19* 1.05-1.34 1.19* 1.05-1.35
Age category (years)
0-4 2.37%* 1.95-2.87  2.37** 1.95-2.87 2.35%* 1.93-2.85
5-9 0.79 0.58-1.06 0.77 0.56-1.04 0.80 0.59-1.08
10-49 Reference category
50+ 0.91 0.79-1.04 0.92 0.80-1.05 0.89 0.78-1.03
Type of animal
Small ruminants 0.95 0.88-1.02 0.93* 0.88-0.99 0.95 0.91-1.00
Dairy cows 0.97 0.90-1.05 0.99 0.93-1.05 0.99 0.95-1.04
Veal calves 0.98 0.91-1.06 0.97 0.91-1.03 0.98 0.93-1.03
Laying hens 1.00 0.97-1.02 1.00 0.97-1.02 0.99 0.97-1.01
Broiler chickens 1.01 0.99-1.04 1.01 0.99-1.03 1.01 0.99-1.03
Pigs 0.96 0.91-1.00 0.97 0.93-1.01 0.97 0.93-1.00

population-weighted number of animals
IRR = incident rate ratio, 95% CI = 95% confidence interval

* p-value <0.05
*x p-value <0.01
oAk p-value <0.001
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRRF  95% CI* IRRF  95% CI* TRR* 95% CI* 1IRR* 95%CI* IRR* 95% CI*

Reference category
1.09* 1.01-1.17 1.16™ 1.04-1.30 1.16™*  1.04-1.29 1.18*  1.06-1.32 1.15* 1.03-1.29

2.57%*  2.30-2.87 2.89%*  2.42-3.42 2.86"* 2.40-3.40 2.89"* 2.42-3.43 2.87°*  2.40-3.43
1.46** 1.27-1.67 1.71%*  1.38-2.09 1.71®* 1.38-2.10 1.73** 1.40-2.13 1.75** 1.41-2.15
Reference category

0.74**  0.68-0.80 1.09 0.96-1.23 1.09 0.96-1.24 1.07 0.94-1.21 1.10 0.97-1.25

1.01 0.99-1.04 0.99 0.93-1.05  1.02 0.97-1.07 1.04 0.99-1.08 1.03 0.99-1.06
0.96™ 0.93-0.98 0.94 0.87-1.01  0.96 0.91-1.01  0.94*  0.90-0.98 0.94**  0.91-0.97
0.99 0.96-1.02 0.99 0.92-1.06  0.99 0.94-1.04 0.97 0.93-1.02 1.00 0.96-1.04
1.01 1.00-1.02 1.01 0.99-1.03  0.99 0.97-1.01 1.00 0.98-1.02 0.99 0.97-1.01
1.01 1.00-1.02 1.00 0.98-1.03  1.01 0.99-1.03 1.00 0.98-1.02 1.01 0.99-1.03
0.99 0.97-1.01 0.99 0.95-1.04  1.00 0.96-1.03 1.02 0.99-1.06 0.99 0.96-1.02

Reference category
1.19* 1.05-1.35 1.12 0.94-1.35 1.11 0.93-1.33 1.13 0.94-1.36 1.11 0.92-1.34

2427 1.98-2.94 1.93%*  1.40-2.63 1.97"* 1.42-2.68 1.88"* 1.34-2.58 2.02"* 1.45-2.76
0.81 0.58-1.10 0.36™" 0.18-0.67 0.41**  0.21-0.73  0.38* 0.18-0.70  0.43**  0.22-0.77

Reference category

0.94 0.82-1.09 1.19 0.98-1.44  1.21* 1.00-1.47 1.20 0.99-1.46 1.18 0.97-1.44

0.99 0.95-1.03 0.91* 0.83-1.00  0.93 0.87-1.01 0.93*  0.87-0.99 0.98 0.93-1.03
0.95* 0.91-0.99 1.00 0.91-1.11 097 0.90-1.04 0.96 0.90-1.03 0.95 0.91-1.01
0.97 0.92-1.01 1.01 0.92-1.11  1.01 0.93-1.09 1.01 0.94-1.08 0.97 0.91-1.03
0.99 0.97-1.02 1.00 0.97-1.03  0.99 0.96-1.02 0.97 0.94-1.00 0.98 0.95-1.01
1.00 0.98-1.02 1.02 0.99-1.05  1.02 0.99-1.05 1.02 1.00-1.05 1.00 0.97-1.03
0.99 0.96-1.02 0.95 0.89-1.01  0.97 0.92-1.03 1.00 0.95-1.05 1.01 0.97-1.05
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Table S19. All results (IRR and 95% CI) of the multivariable spatial analyses of the possible association between
Campylobacter (C.) jejuni and C. coli incidence rate and the population-weighted number of animals (small ruminants,
dairy cows, veal calves, laying hens, broiler chickens and pigs) for both summer and winter with different hexagonal
areas (90, 50, 25, 10 km?), without the correction for geographical laboratory coverage.

Summer
90 km? 50 km? 25 km?
Species Variable IRRF  95% CI* IRR*  95% CI* IRR*  95% CIt
C. jejuni Sex
Male Reference category
Female 0.84*** 0.81-0.87 0.84"* 0.81-0.87 0.84™* 0.81-0.87
Age category (years)
0-4 0.85** 0.77-0.94 0.85** 0.77-0.94 0.85** 0.77-0.94
5-9 0.51%* 0.45-0.57 1.08*** 1.04-1.13 0.50%* 0.44-0.56
10-49 Reference category
50+ 1.09%* 1.05-1.14 1.01"* 1.00-1.02 1.09"* 1.04-1.13
Type of animal*
Small ruminants 1.03 0.98-1.08 1.01 0.98-1.05 1.00 0.98-1.03
Dairy cows 1.09* 1.02-1.16 1.09** 1.04-1.14 1.01 0.98-1.05
Veal calves 0.97 0.93-1.02 0.98 0.94-1.01 1.00 0.98-1.03
Laying hens 1.01 1.00-1.02 1.01 1.00-1.02 1.01* 1.00-1.02
Broiler chickens 1.01 0.99-1.02 0.99 0.98-1.00 1.00 0.99-1.01
Pigs 1.01 0.98-1.05 1.00 0.97-1.02 0.99 0.97-1.01
C. coli Sex
Male Reference category
Female 1.04 0.91-1.18 1.05 0.92-1.19 1.03 0.90-1.17
Age category (years)
0-4 0.41™* 0.25-0.64 0.41™* 0.25-0.64 0.42%* 0.25-0.65
5-9 0.44% 0.27-0.67 0.41%* 0.25-0.63 0.42%* 0.26-0.65
10-49 Reference category
50+ 1.47%%  1.28-1.67 1.44% 1.27-1.65 1.45%* 1.27-1.65
Type of animal*
Small ruminants 0.96 0.87-1.06 1.00 0.93-1.07 0.97 0.92-1.02
Dairy cows 1.03 0.93-1.15 1.07 1.00-1.16 1.05 0.99-1.11
Veal calves 0.98 0.90-1.08 0.98 0.91-1.05 0.99 0.93-1.04
Laying hens 0.99 0.96-1.02 1.00 0.97-1.02 1.00 0.98-1.02
Broiler chickens 1.00 0.96-1.03 0.99 0.97-1.01 0.99 0.97-1.01
Pigs 1.05 0.99-1.13 1.02 0.97-1.07 1.00 0.96-1.04

population-weighted number of animals

i IRR = incident rate ratio, 95% CI = 95% confidence interval
* p-value <0.05

*x p-value <0.01

okk p-value <0.001
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Winter

10 km? 90 km? 50 km? 25 km? 10 km?
IRR*  95% CI* IRR*  95% CI* IRR* 95%CI* IRR* 95%CI* 1IRR* 95% CI*

Reference category
0.84**  0.81-0.87 0.87* 0.83-0.91 0.87°*  0.82-0.91  0.87**" 0.82-0.91  0.88**  0.83-0.92

0.84"*  0.76-0.92 1.01 0.90-1.14  1.01 0.90-1.14 1.03 0.91-1.16 1.02 0.90-1.15
0.49™*  0.43-0.55 0.52***  0.44-0.61 0.53*  0.45-0.62  0.53"* 0.45-0.62 0.52"*  0.44-0.61

Reference category
1.09**  1.05-1.14 1.23% 1.17-1.30  1.24**  1.17-1.31 1.25%* 1.18-1.32 1.24"™ 1.17-1.31

1.00 0.99-1.02 1.01 0.96-1.08  1.02 0.98-1.05 1.00 0.97-1.03 1.00 0.98-1.02
0.99 0.97-1.01 1.03 0.96-1.11  1.06* 1.01-1.11 1.00 0.97-1.04 1.00 0.97-1.02
1.00 0.98-1.02 0.99 0.93-1.04  0.99 0.95-1.04 1.01 0.98-1.04 0.98 0.96-1.01
1.01* 1.00-1.02 1.01 1.00-1.03  1.00 0.99-1.02 1.01*  1.00-1.03 1.01* 1.00-1.03
1.00 0.99-1.00 1.02* 1.00-1.04  1.00 0.99-1.01 1.00 0.99-1.01 0.99 0.98-1.01
0.99 0.97-1.00 1.01 0.97-1.05  0.99 0.96-1.02 0.98 0.96-1.01 0.98* 0.97-1.00

Reference category
1.05 0.91-1.19 1.09 0.90-1.31 1.13 0.94-1.36 1.10 0.91-1.32 1.07 0.88-1.29

0.43"*  0.26-0.67 0.29* 0.11-0.65 0.28™  0.11-0.64  0.29*  0.11-0.64  0.23**  0.08-0.57
0.41™*  0.25-0.64 0.49* 0.24-0.92  0.49* 0.24-0.91 0.49*  0.24-0.92  0.39* 0.17-0.78

Reference category
1.43%*  1.25-1.64 2.06"** 1.69-2.50 2.05"*  1.69-2.48 1.98"* 1.63-2.42 1.97°* 1.62-2.40

0.98 0.94-1.02 1.07 0.95-1.22  1.04 0.95-1.13 1.05 0.98-1.13 1.05 1.00-1.12
1.01 0.97-1.06 0.96 0.84-1.09  1.00 0.91-1.10 0.99 0.92-1.06 0.99 0.94-1.05
0.99 0.94-1.04 0.94 0.84-1.06  1.00 0.91-1.09 0.94 0.87-1.01 0.95 0.89-1.01
1.00 0.98-1.02 1.03 0.99-1.06  0.99 0.95-1.02 0.99 0.97-1.02 1.00 0.97-1.03
0.98 0.96-1.01 1.00 0.96-1.04  0.99 0.96-1.02 1.00 0.98-1.03 0.99 0.96-1.02
0.99 0.96-1.02 1.04 0.96-1.04  1.03 0.97-1.10 1.01 0.96-1.07 0.99 0.95-1.03
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Table S20. Results (fixed effect estimates (B) and 95% CI) of the univariable linear mixed model of
Campylobacter seroincidence and the population-weighted animal numbers (small ruminants, dairy cows,
veal calves, laying hens, broiler chickens and pigs), including the standard deviation and 95% CI of the
PC4- and residual random effects.

Variable Model PC4 random effect Residual random effect
S 95% CI¥ Std.devf 95% CI¥ Std.devt  95% CI*

Age (years)
0-4 -0.31"*  -0.43;-0.19 0.06 0.00;0.13 0.75 0.72;0.77
5-9 -0.35"*  -0.49;-0.21 0.06 0.00;0.13 0.75 0.72;0.77
10-49 Reference
>50 0.07  -0.04;0.17 0.06 0.00;0.13 0.75 0.72;0.77
Sex
Male
Female 0.09* 0.01;0.17 0.07 0.00;0.13 0.76 0.73;0.78
Type of animal’
Small ruminants <0.001 -0.01;0.01 0.07 0.00;0.13 0.76 0.73;0.79
Dairy cows <-0.005 -0.02;0.01 0.07 0.00;0.13 0.76 0.73;0.79
Veal calves <0.005 -0.02;0.01 0.07 0.00;0.13 0.76 0.73;0.79
Laying hens 0.01  -0.01;0.02 0.07 0.00;0.13 0.76 0.73;0.79
Broiler chickens -0.01  -0.03;0.01 0.06 0.00;0.13 0.76 0.73;0.79
Pigs <-0.001 -0.01;0.01 0.07 0.00;0.13 0.76 0.73;0.79

population-weighted number of animals

i B = fixed effect estimate, 95% CI = 95% confidence interval, std. dev = standard deviation
* p-value <0.05

*x p-value <0.01

oAk p-value <0.001
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Text

Text S1:

Overall, 19,771 salmonellosis cases were reported in the Netherlands between 2007
and 2019. 1,686 of those cases were outbreak-related and therefore excluded. Other
reasons for exclusion were: unknown age (n = 81), sex (n = 563) or postal code (n
= 500), being a travel-related case (n = 2,336), having a chronic infection (n = 672)
or being a duplicate isolate from the same patient (n = 119). A chronic infection
was defined when multiple isolates belonging to the same Sa/monella serovar were
obtained from the same patient within six months. (Mughini-Gras et al., 2020)*
After applying correction for geographical laboratory coverage, 12,833 out of 13,814
salmonellosis cases remained with a median of 982 cases per year (range 790-1,372
cases/year, annual incidence 4.7-8.4/100,000 inhabitants).

Text S2:

The 13,814 cases in the cleaned salmonellosis database were grouped based on the
primary source of the Sa/monella serovars causing the infection as derived from the
source attribution analysis. During this grouping, 461 additional cases were removed,
as their serovars did not match any of the included sources (i.e. laying hens, broiler
chickens, cattle, pigs or reptiles). Out of the remaining 13,353 cases, 1,261 cases
were mainly attributable to reptiles. Of those, 298 were removed, as they did not
have a secondary (livestock) source. The other 963 cases with reptiles as primary
source were redistributed over their secondary livestock sources (pigs: 431 cases,
broiler chickens: 369 cases, laying hens: 157 cases and cattle: 6 cases). This resulted
in the following distribution over the different groups of the remaining 12,161 cases
after the correction for laboratory coverage was applied: 4,153 cases were mainly
attributable to laying hens, 1,377 to broiler chickens, 6,329 to pigs and 302 to cattle.

Text S3:

For the Salmonella analyses (2007-2019), animal data from the 2012, 2015 and 2018
censuses were used for the years 2007-2013, 2014-2016 and 2017-2019, respectively,
while the annual human population data and postal code region shapefiles were used.
The postal code region shapefile of 2009 was used for 2007-2008 (Mulder et al., 2020).

For Campylobacter, the periods of the data differed between case data (2014-2019)
and infection pressure data (2006-2007). For the campylobacteriosis cases, animal
data from 2015 (for the years 2014-2016) and 2018 (for the years 2017-2019) was
included, together with the annual human population data and the postal code region
shapefiles from 2014-2019. For the Campylobacter infection pressure data, animal
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data from 2012 were used together with the annual human population data from
2006-2007. Here, the postal code region shapefile of 2009 was used for 2006-2007
(Mulder et al., 2020).

Text S4

Between 2014 and 2019, 17,549 Campylobacter isolates representing individual
cases of campylobacteriosis were reported in the Netherlands. Cases with unknown
postal code (n = 1) or with a chronic infection (n = 6) were excluded. A chronic
infection was defined when multiple isolates belonging to the same Campylobacter
species were obtained from the same patient within two months. (Brachman &
Evans, 1998; Pasternack, 2002)* After correcting for laboratory coverage, a total of
15,674 campylobacteriosis cases remained as input for the spatial analyses (median:
2,633 cases/year; range 2,293-2,851 cases/year, annual incidence 13.3-16.9/100,000
inhabitants). Of these, 14,431 were C. jejuni and 1,243 C. coli.

Text S5:

'The surveillance systems for Salmonella and Campylobacter are both sentinel, meaning
that they do not have nationwide coverage. This introduces a certain type of bias
in the case- and exposure dataset due to an incomplete geographical coverage of
the diagnostic laboratories. To correct for this incomplete geographical coverage,
it is important to know which areas are covered by at least one laboratory in the
Netherlands. Therefore, a method was developed for this within this study.

To make sure that we only included postal code areas in our analyses that were covered
by the surveillance systems, we had to identify those postal codes. This was done
separately for Campylobacter and Salmonella. As a first step, only postal code areas
were selected that included cases that were reported by laboratories which reported
cases consistently over all study years (Salmonella: 2007-2019; Campylobacter:
2014-2019). Next, the expected number of cases was calculated for those selected
postal code areas by multiplying the incidence rate of Salmonella or Campylobacter
during the study period with the number of inhabitants for each postal code area.
The number of expected cases was then compared with the number of observed cases
using a Poisson model in STATA version 16.0 (StataCorp, College Station, TX,
USA), with the number of inhabitants as offset variable. The latter was obtained from
the Central Bureau for Statistics (https://www.cbs.nl). Postal code areas that had
no cases or had significantly less observed cases than expected based on the Poisson
model (p-value<0.05) were considered not covered by the surveillance. Additionally,
postal code areas that were defined as covered, but had adjacent postal code areas that
were all not covered, were redefined as not-covered. Conversely, postal code areas
that were defined as not covered, were considered covered if all adjacent postal code
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areas were classified as covered. This was done in ArcMap (version 10.6.1). Lastly,
an overlay was created between the covered postal code areas and the hexagonal
areas in R. Only hexagon’s of which >80% of its area consisted of covered postal
code areas were included in further analyses. Thus, the dataset was corrected for the
geographical coverage of the diagnostic laboratories in this way.

*All literature was included in the reference list belonging to the main text of this article.
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Abstract

Although all individual microorganisms within the human gut microbiome strive
towards a relatively stable equilibrium, its composition and diversity can be influenced
by many factors throughout life, of which the human living environment is an example.
'These environmental effects, particularly the urban-rural gradient, are poorly studied
despite increasingly availability of high-resolution microbiome and spatial data. The
main aim of this study was to assess the potential effects of agricultural land coverage
on both diversity and composition of microbial communities in the human gut of
adults (aged 40 years or older). This was done using a comprehensive data set from
a nationwide cross-sectional population-based study (n=1,852) coupled with highly
detailed land use data with a spatial resolution of 25x25 meters for 2016-2017. Results
showed a significant increase in bacterial diversity and two microbial clusters, one
dominated by the genus Blautia and one dominated by Bifidobacterium, Collinsella
and Akkermansia, to be significantly positively associated with higher agricultural
land coverage. Furthermore, we identified two genera, Barnesiella and Leuconostoc,
with a significant higher relative abundance in participants living in areas with a high
agricultural land coverage. Thus, we observed an effect of the urban-rural gradient
on diversity and composition of the adult human gut microbiome. As this study was
based on an ecological design, causal inference is limited and further research using
individual-level data is recommended.
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Introduction

Microorganisms are everywhere, both inside and outside the human body. These
microorganisms, together with their genomes, constitute the human microbiome,
whose diversity and composition differ depending on the anatomical sites where they
reside, e.g., the skin, airways, intestines, vagina, mouth. The human gut microbiome
plays an important role in health and disease, both physically and mentally.’”
Although all microorganisms within the human gut microbiome strive towards a
relatively stable equilibrium, its composition and diversity can be influenced by many
factors throughout life, such as the living environment.*®

Studies focusing on effects of environmental microbial exposure on human health
gained popularity when it was suggested that a change in lifestyle (particularly
‘westernization’) influenced the occurrence of asthma.’'3 Several studies identified
microorganism-related factors (e.g. endotoxins, f(1-3)glucans and muramic acid)
that influence the development of the immune system, which in turn leads to
protective effects against asthma and atopy.”** More recently, the reduced risk for
asthma and atopy development in farmers’ children was associated with diversity
of microbial exposure.! Protective effects of the farming environment were more
specifically related to growing up or living on a farm and having regular contact
with farm animals®®. This gives rise to the hypothesis that these associations could be
explained by an increased environmental microbial exposure in the farm environment.

'The increased environmental microbial exposure in agricultural areas is not restricted
to farms alone. Outdoor microorganisms or microorganisms found in farmhouses are
also present in surrounding air, soil, dust, water, and even on surfaces and in homes.?*%
Besides, several studies have observed direct transfer of those microorganisms from
farms to residential areas through air.**%¢ Those microorganisms mainly deposit in
the human respiratory organ after inhalation’ and are partially ingested and cleared
through the gastrointestinal tract, which leads to both oral and respiratory uptake
of microorganisms through which they contribute to the transient members of the

microbiome.’

A limited number of studies investigated and showed the potential health effects of
the farming environment on local residents beyond farmers and their families. For
example, living in close proximity to livestock farms was associated with protection
against asthma and atopy.””?® When focusing more specifically on the effects of
environmental microbial exposure on the diversity and composition of the human
gut microbiome, differences in both airway and gut microbiotas between infants in
urban and rural living environments have been observed.” Besides, an elevated risk
of asthma and atopic traits with urbanization-related changes in the microbiota have
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been shown.” As environmental microbial exposure affects the human microbiome
throughout life®*, it would be interesting to study whether human gut microbiome
diversity and composition in adults is affected by the urban-rural gradient throughout
the Netherlands.

In this study, we assessed the potential effects of agricultural land coverage on both the
diversity and composition of microbial communities in the human gut of adults (aged
40 years or older). To this end, extensive data were used from a nation-wide cross-
sectional population-based study (n=1,852) coupled with a highly detailed land use
database with a spatial resolution of 25x25 meters in the Netherlands in 2016-2017.

Methods
Study population

To assess the effects of agricultural land coverage on the diversity and composition of
the human gut microbiome of adults, fecal samples from 1,852 people aged 40 years
or older were collected within the framework of a large cross-sectional population-
based study in the Netherlands (PIENTER-3). Sample collection was accompanied
by self-administered questionnaires with extensive metadata on demographics,
health status and dietary habits. More detailed information about the PIENTER-3
study can be found elsewhere®. Although the PIENTER-3 study was primarily
designed to obtain population-based seroprevalence estimates of vaccine-preventable
diseases, it also included the collection of fecal samples amongst others.?! The study
was approved by the Medical Ethics Committee of North-Holland (METC number
M015-022). Written informed consent was obtained from all participants. Fecal
samples were collected in 2016-2017, kept in the participants’ freezer at home until
they were delivered in cold packs to the mobile study team, kept on dry ice during
transport to the Dutch National Institute for Public Health and the Environment
(RIVM) and stored at -80°C until processing.™

Fecal DNA extraction and sequencing

Mechanical cell disruption was used for fecal DNA extraction. This method included
pre-assembled bead-beating tubes that contained a combination of 0.5g zirconia/
silica beads (0.1 mm) and 5 glass beads (2.7 mm) (Biospec products, Bartlesville, OK,

USA). Approximately 0.25 g of stool material and 700 ul STAR buffer were added to
the pre-assembled bead-beating tubes.

Extraction controls (positive and negative) were added by using prepared samples
(Supplementary material, Control samples). Repeated bead-beating was established
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by the Fastprep-24 (MP Biomedicals, Irvine, USA) and was performed 3 x 1 minute
for 5.5 ms. After this procedure, samples were heated to a temperature of 95°C for 15
minutes and subsequently centrifuged till lysates could be collected. After addition
of 350 ul Stool Transport and Recovery (S.T.A.R.) buffer, the bead-beating step was
repeated, followed by a heat step of 95°C for 7 minutes. Lysates were collected and
purified using the Maxwell.

The Maxwell RSC blood DNA kit and the Maxwell RSC instrument (Promega,
Madison, USA) were used for purification of DNA extraction, while DNA was eluted
in 60 pl elution buffer and additionally purified using the OneStep PCR Inhibitor
Removal Kit (ZymoBIOMICS, Zymo Research, Irvine, CA, USA).

Quantification

The total DNA concentration was determined by the Quantus fluorometer
(Promega, Madison, USA) after which it was stored at -20°C until further
processing. Bacterial content in purified DNA samples was measured by a
quantitative PCR (qPCR) (StepOnePlus Real-Time PCR System, Thermo Fisher
Scientific, the Netherlands) using a universal primer set targeting the 16S rRNA
gene (forward Eub341F: CCTACGGGAGGCAGCAG, reverse Eub534R:
ATTACCGCGGCTGCTGGC).*> qPCR was performed by addition of a SYBR
Green (25pl) reaction mix containing: 12.5 ul Maxima SYBR Green/ROX qPCR
Master Mix (ThermoFisher scientific, Waltham, MA, USA), 0.5 pM forward primer
Eub341F, 0.5 uM reverse primer Eub534R, 2 pl DNA (500 times diluted in HPLC
grade water) and 8 ul HPLC grade water. (PCR program: denaturation (95°C; 10
min), 40 cycles of denaturation (95°C; 15 sec), annealing (60°C; 15 sec), extension
(72°C; 15 sec), holding stage (95°C; 1 min and 60°C; 1 min))

Amplification of the V4 16S rRNA fragment

gPCR concentrations were used to calculate bacterial input for the V4 16S rRNA
PCR. Primers used included the specific V4 primers: 515F (5- GTG CCA GCM
GCC GCG GTA A-3) and 806R (5-GGA CTA CHV GGG TWT CTA AT-3),
the Illumina flow cell adapter and a unique 8-nt index key.** PCR mixture: 0.5 pl
(1 U) Phusion Hot Start II High-Fidelity DNA Polymerase, 5 pl 5x Phusion HF
Buffer (Thermo Fisher Scientific), 7 ul HPLC grade water, 2.5 pl of 2mM dNTP
mix (ThermoFisher scientific, Waltham, MA, USA), 0.5 pM of forward primer
515F, 0.5 uM of reverse primer 806R and 5 pl template DNA. (PCR program: After
denaturation (98°C; 30 sec), 30 cycles were performed consisting of denaturation
(98°C; 10 sec), annealing (55°C; 30 sec), extension (72°C; 30 sec) and a holding stage
(72 °C; 30 sec))
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The size and concentration of the amplified product was measured on the Qiaxcel
Advanced System (Qiagen, Hilden, Germany) using QIAxcel DNA High Resolution
Kit. Concentrations of the specific V4 fragment were used to pool the amplified
product equimolar, 144 samples were pooled in every sequence pool. The pool was
purified twice by using 0.9x AMPure XP magnetic beads (Beckman Coulter, the
Netherlands) to remove primer dimers. The purified pool was quantified by gPCR
using the KAPA library quantification kit (Roche, USA). The pool was sequenced
paired-end on an Illumina Miseq instrument (Illumina Inc., San Diego, CA, USA)
using a V3 Miseq reagent kit (600 cycles).

Bioinformatics

For the current study, a modified version of the DADA?2 pipeline* (11 Triumph:
Run pipeline | Bioinformatics Pipelines for Bacteriology (IDS, RIVM) (rivm-
bioinformatics.github.io) was used to process the paired-end fastq files obtained
from the Illumina Miseq instrument (Illumina Inc., San Diego, CA, USA), after
demultiplexing and primer removal (v1.16.0; maxEE= 2; truncLen=220/100).
The Silva v138 (version 2; August 2020) reference database and the naive Bayesian
classifier were used for taxonomic assignment by which the reverse-complement
sequence was utilized for classification when a better match was found.*

Definition of agricultural land coverage

The LGN7 database (grid file) contains land use information of the Netherlands in
2012 with a spatial resolution of 25x25 meters.*® For this study, the database with
general classes was used, distinguishing eight land use classes: agriculture, greenhouse
or horticulture, orchards, forest, water, built-up area, infrastructure, and nature. The
percentage of land coverage by land use class was calculated on the level of postal
codes for each individual participant by creating a mask from the LGN7 grid file
using a spatial data set of postal codes in the Netherlands from 2012. The preparation
and merge of the spatial data with the individual participants were performed using
the sf (version 1.0.8)*” and raster package (version 3.6.3)* in R version 4.2.1 with
RStudio Server version 2022.07.2, build 576 (Boston, MA).

Statistical analyses

All statistical analyses were performed in R version 4.2.1 with RStudio Server
version 2022.07.2, build 576 (Boston, MA). For handling the microbiota data, three
packages were used: the microbiome package (version 1.16.0)¥, the biomeUtils

package (version 0.13)* and the phyloseq package (version 1.38.0)*.
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Filtering
Phyla with an abundance of less than 0.005% (nSzlmplcs
phyloseq before a-diversity was calculated. Additionally, spurious amplicon sequence

= 14) were removed from the

variants (ASVs; n_ = 20,313) were removed, which were not eligible for inclusion
in the analyses of microbial community composition (B-diversity). This was done
based on a detection threshold for absence/presence count of 5 and a prevalence
threshold of 0.1%. Cut-off values were based on both literature*** and expert opinion,
depending on our data and biological relevance. Furthermore, relative abundances
were calculated and used as input for all analyses involving B-diversity.

Bacterial diversity

Observed richness and Shannon diversity index were used as metrics for a-diversity.
Both indices of the samples from the different agricultural land coverage categories
(no agriculture, 0-25%, 25-50%, 50-75% and 75-100%) were compared using the
non-parametric Wilcoxon rank sum test (wilcox.test) from the R Stats package
)#

(version 4.2.1)* including Benjamini-Hochberg corrections for multiple testing®.

Microbial community composition

Microbial community compositions were visualized using principle coordinate
analysis (PCoA) based on Bray-Curtis dissimilarity* and related differences between
groups were tested with permutational multivariate ANOVA using the vegan
package (version 2.6.2)* with 999 permutations at genus level for both agricultural
land coverage categories and other covariates (i.e. age, gender, ethnical background,
monthly income, SES-WOA score, country of birth of the father, country of birth
of the mother, and country of birth of the participant). The SES-WOA score is an
average score for social-economic wellbeing, based on welfare, level of education,
and recent work experience which was matched with the participants based on
postal code. Data was obtained from: SES per postal code between 2014-2019, excl.
studenten (cbs.nl). Homogeneity of variances was checked using the permutational

multivariate of dispersion analysis with the “permdisp2” function.” To assess
collinearity between covariates, correlations and their associations were computed
based on the Chi-Square test of independence for the aforementioned categorical
covariates. Pearson correlation coefficients were calculated to assess collinearity
between categorical and continuous variables. As country of birth of the father,
country of birth of the mother, country of birth of the participant, and ethnical
background were significantly associated with each other and with agricultural land
coverage, only ethnical background was included as covariate. Results of the selected
covariates from the permutational multivariate ANOVA are shown in the main text.
All other results regarding the observed richness and Shannon diversity, the PCoA
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plots and the permutational multivariate ANOVA are provided in the supplementary
material (Other results: Figure S1-517).

Microbial clusters

To study the distribution of genera across agricultural land coverage in more detail,
a hierarchical clustering method with complete linkage was applied using the
Bray-Curtis dissimilarity matrix. To determine the optimal number of clusters, the
Calinski-Harabasz index for K-means clustering evaluation was used.* Generalized
linear models (GLM) with a binomial family were used to study associations between
the aforementioned clusters and the difterent agricultural land coverage categories
and adjusted for multiple testing using the Benjamini-Hochberg correction®.

Associations at genus level

Associations of the relative abundance of the specific microbial genera with
agricultural land coverage were identified using the multivariable analysis by linear
models (MaAsLin2) statistical framework which relies on general linear models by
implementing the Maaslin2 package (version 1.8.0)°!, which were always adjusted
for age (years), gender (woman, man), monthly income (< €971,€971-1,355, €1,356-
1,969, €1,970-3,314, €3,315-3,500, > €3,500, missing) and ethnical background
(Dutch, non-Dutch). P-values were subjected to multiple hypothesis testing with
correction using the Benjamini-Hochberg method*® with an FDR threshold of 0.25.
As monthly income was included in the calculation of the SES-WOA score, an extra
MaAsLin2 analysis was performed in which SES-WOA score replaced monthly
income in the model (Supplementary material, Other results: Table S1). These
analyses yielded similar results and therefore only results of the model with monthly
income are shown in the main text.

Role of the funding source

This study was supported by the research project “I'RIuMPH - ‘The RIVM
mlcrobiome and Metagenome facility for Public Health”, funded by the Strategic
Program RIVM (SPR). The funding source had no involvement in the design,
conduct and analysis of the study and/or preparation of the article.

Results

Descriptive statistics

The 1,852 participants had a median age of 60 years (25-75% percentile P___ 50
— 68). Of all participants included, 55% (n = 1,019) were women, 45% (n = 833)
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were men (Table 1). Most participants were native Dutch (75%, n = 1,386) whereas
25% (n = 466) had another ethnical background. Most participants had a monthly
income between €1,970 and €3,314 and a median SES-WOA score of 0.05 (25-75%
percentile P, =-0.14;0.14). Overall, participants lived in postal code areas with a
median agricultural land coverage of 23% (25-75% percentile P . = 1 - 53). Figure
1A shows the geographical distribution of the agricultural land coverage categories
in percentage per unique postal code area of the PIENTER-3 participants. This map
showed that the postal code areas with the highest agricultural land coverage were
in the Northern part of the Netherlands, whereas most postal code areas with the
lowest agricultural land coverage were in the mid-Western part of the country. The
microbiome data set consisted of 4,194 taxa (2 kingdoms, 11 phyla, 18 classes, 44
orders, 80 families, 269 genera and 310 species).

Table 1. Socio-demographic characteristics of the participants included in this study

Overall
N %

Total 1,852 100
Gender

Men 833 45

‘Women 1,019 55
Ethnical background

Dutch 1,386 75

non-Dutch 466 25
Monthly income

< €970 83 4

€971 - 1,355 191 10

€1,356 - 1,969 326 18

€1,970 - 3,314 573 31

€3,315 - 3,500 118 6

>€3,501 364 20

Missing 197 11
Agricultural land coverage

No agriculture 317 17

0-25% 638 34

25-50% 296 16

50-75% 430 23

75-100% 171 9
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Gut microbial composition and agricultural land coverage

'The differences in microbial composition and structure in relation to the agricultural
land coverage categories are visualized in the PCoA plot of Figure 1B. The PCoA
defined by the agricultural land coverage categories explained 7.7% of the variation in
gut microbiota composition amongst participants with the first principle coordinate
axis and 6.2% with the second axis. Overall, the participants shifted gradually to the
upper-right segment of the plot with an increase in agricultural land coverage. Figure
1C shows that this increase is statistically significant with an explained variance of
0.7%. Ethnical background was found to be the variable with the highest variance
explained (1.4%), followed by monthly income (0.9%), SES-WOA score (0.8%), age
(0.8%) and gender (0.6%). Those variables were used as covariates in the multivariate
analyses for the associations between the relative abundances of the genera and the
agricultural land coverage.

Overall, the participants within this study had a mean Shannon index of 4.02 and
a mean observed richness of 212 ASVs per sample. Figure 2 presents those metrics
per agricultural land coverage category. Figure 2A shows a significant increase in
Shannon index with an increasing percentage of agricultural land coverage in
the postal code area of participants after correcting for multiple testing with the
Benjamini-Hochberg correction (no agriculture: median Shannon index = 3.95, Qi-
Qs = 3.60-4.21; 0-25%: median Shannon index = 4.06, Q1-Qs = 3.79-4.31; 25-50%:
median Shannon index = 4.12, Q1-Q3 = 3.88-4.32; 50-75%: median Shannon index
= 4.08, Q1-Qs = 3.78-4.27; 75-100%: median Shannon index = 4.19, Q:-Q; = 3.93-
4.37)."The median Shannon index of 50-75% agricultural land coverage is lower when
compared to the previous (25-50%) and latter (75-100%) agricultural land coverage
categories. Figure 2B shows similar results for richness (no agriculture: median
richness = 187, Q1-Q; = 143-230; 0-25%: median richness = 208, Q1-Q;z = 165-249;
25-50%: median richness = 213, Q1-Q3 = 178-262; 50-75%: median richness = 205,
Qi1-Qs = 164-259; 75-100%: median richness = 221, Q1-Q3 = 179-274).
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Figure 1. A) Geographical distribution of the agricultural land coverage categories in percentage (no
agriculture, 0-25% agricultural coverage, 25-50% agricultural coverage, 50-75% agricultural coverage,
75-100% agricultural coverage) per unique postal code area of the study participants. B) PCoA visualizing
the B-diversity based on Bray-Curtis dissimilarity of the study participants, colored by agricultural land
coverage category. C) Microbiome variance explained per variable, including its significance level (*
= p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001) based on the permutational multivariate
ANOVA results and whether the condition of homogeneity of variances was met, which was checked
using the PERMDISP2 method (+ = variances are not equal across groups).
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Figure 2. A) Combined bar- and violin plot of the Shannon index distribution over the different
agricultural land coverage categories (no agriculture, 0-25%, 25-50%, 50-75%, 75-100%). B) Combined
bar- and violin plot of the observed richness over the different agricultural land coverage categories. In
both plot A) and B), the center line indicates the median, box limits are the upper and lower quartiles,
whiskers show 1.5x interquartile range, points indicate individual participants and the violin plot outline
displays the distribution of the data. ** indicates the adjusted p-value < 0.001 when comparing the
different groups using the Wilcoxon rank sum test, which are corrected for multiple testing using the
Benjamini-Hochberg correction.
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Microbial clusters and agricultural land coverage

Results of the hierarchical clustering analysis at genus level in relation to agricultural
land coverage showed that the microorganisms present in the gut of the study
participants could be grouped into seven major clusters (Figure 3). Each cluster was
defined by and therefore named after one or two dominant genera. The main cluster
among participants aged 40 years or older was dominated by Blautia with a relative
abundance of 12% (Figure 3A), which was also significantly positively associated
with three agricultural land coverage categories: 0-25% (adjusted odds ratio [aOR] =
1.42, 95% confidence interval [CI]: 1.07-1.89), 50-75% (aOR = 1.46, 95%CI: 1.07-
1.99) and 75-100% (aOR = 1.69, 95%CI: 1.12-2.57) (Figure 3B). The other cluster,
which was dominated by Bifidobacterium, tollowed by Collinsella and Akkermansia,
with relative abundances of 11%, 6% and 6%, respectively, was significantly positively
associated with two agricultural land coverage categories: 25-50% (aOR = 3.55;
95%CI: 1.48-9.88) and 75-100% (aOR = 3.91; 95%CI: 1.49-11.42). The cluster
dominated by Prevotella (9) (relative abundance = 30%) was significantly negatively
associated with 75-100% agricultural land coverage (aOR = 0.38; 95%CI: 0.17-0.78).
The other four clusters did not show significant associations with agricultural land
coverage categories.
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Figure 3. A) Mosaic plot representing the results of the hierarchical clustering analyses with complete
linkage (n = 7 clusters) based on the Calinski-Harabasz index for K-means clustering evaluation. Each
cluster was named after the most dominant genus within that cluster. This plot visualized the proportion
of participants within each cluster per agricultural land coverage category (no agriculture, 0-25%, 25-50%,
50-75%, 75-100%). B) Forest plot containing the univariate analyses results of the associations between
each agricultural land coverage category and each cluster (n > 10 participants) separately. P-values were
corrected for multiple testing using the Benjamini-Hochberg correction. The results include its significance
level (* = p-value < 0.05,* = p-value < 0.01)

Associations between genera and agricultural land coverage

Fourteen genera were significantly associated with the percentage of agricultural land
coverage in the postal code areas of the participants, after adjusting the p-values
for multiple testing using the Benjamini-Hochberg false discovery rate (FDR) with
an FDR threshold of 0.25 and correcting for the confounders age, gender, ethnical
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background and monthly income (Table 2). The three genera with a significant
p-value of < 0.05 were Slackia (B = -0.21, FDR p-value = 0.02), Barnesiella (p = 0.23,
FDR p-value = 0.03) and Leuconostoc (p = 0.14, FDR p-value = 0.03).

Table 2. Results of the multivariable analysis studying the associations between specific genera in the
gut microbiome of study participants and agricultural land coverage (%) as continuous variable while
adjusting for age, gender, ethnical background and monthly income using the multivariable analysis by
linear models (MaAsLin2) statistical framework (coeflicient and false discovery rate (FDR) p-value
(subjected to multiple hypothesis testing correction using the Benjamini-Hochberg method with an FDR
threshold of 0.25)).

Genus B* FDR p-value*
Slackia -0.21 0.02
Barnesiella 0.23 0.03
Leuconostoc 0.14 0.03
Incertae Sedis 0.11 0.04
Lachnospiraceae UCG 010 0.17 0.10
Phascolarctobacterium -0.23 0.10
Prevotellaceae NK3B31 group -0.13 0.11
Acidaminococcus -0.12 0.12
Prevotella (7) 0.16 0.13
Victivallis 0.07 0.14
Romboutsia 0.16 0.16
Anaerofustis 0.07 0.16
Allisonella 0.09 0.17
Ligilactobacillus -0.11 0.18
Odoribacter 0.13 0.19
X Eubacterium ruminantium group -0.15 0.23
Lachnospira 0.13 0.23
Alloprevotella -0.12 0.23
Defluviitaleaceae UCG 011 0.10 0.24

* B = coeflicient; confounders included in the multivariate model were: age (years), gender (woman, man),
ethnical background (Dutch, non-Dutch) and monthly income (< €971, €971-1,355, €1,356-1,969,
€1,970-3,314, €3,315-3,500, > €3,500, missing).

** FDR p-value = false discovery rate p-value, subjected to multiple hypothesis testing correction using the
Benjamini-Hochberg method with an FDR threshold of 0.25.
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Discussion

To our knowledge, this study is the first comprehensive study combining gut
microbiome, highly detailed land use and relevant epidemiological data to explore the
potential associations of agricultural land coverage on the diversity and composition of
human gut microbial communities in Dutch adults aged 40 years or older. Data were
collected within the framework of a large nation-wide cross-sectional population-

based study (PIENTER-III, n = 1,852 participants).

We observed a significant association between agricultural land coverage and several
aspects of the adult human gut microbiome such as bacterial diversity, richness and
composition. First, the bacterial diversity and richness significantly increased with
increasing agricultural land coverage. These associations might indicate a positive
relation between land use and health status, because, in general, there seems to be
consensus in scientific literature that more diverse gut microbiotas are associated
with a higher health status.®*>** The underlying reasoning is that with increased
diversity there is more support for a diverse array of beneficial functions of the gut
microbiota regarding absorption and production of essential nutrients, and regulating
our immune, metabolic and nervous systems.

Second, the overall microbial composition significantly changed with an increase
in agricultural land coverage. Third, we identified two microbial clusters (one
dominated by the genus Blautia and one dominated by Bifidobacterium, Collinsella
and Akkermansia) to be significantly positively associated with higher agricultural
land coverage. The species within the genus Blautia are known to produce short-
chain fatty acids, which have anti-inflammatory, antiproliferative, and antineoplastic
properties and are implicated in protection against colorectal cancer.>*® The microbial
cluster dominated by Prevorella (9) was negatively associated with the agricultural
land coverage. This is in contrast to a recently published study on environmental
factors shaping the human gut microbiome in the Netherlands, which showed an
increase in Prevotella (P) cropi in more rural areas.® Differences between the two
studies could be explained by factors like level of detail of both microbiome and land
use data, as well as focus on different age groups and regions of the Netherlands.®
Despite these differences, the overall message that rurality of an area can shape the
human gut microbiome was comparable.

Fourth and last, we identified two genera, Barnesiella and Leuconostoc, with a
significant higher relative abundance in participants living in areas with a high
agricultural land coverage. Barnesiella is a mucus specialist like Akkermansia
muciniphila® and its abundance is negatively associated with activity levels of colitis
in mice®. It could therefore be a key protective intestinal bacterium by removing
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harmful bacteria from the intestines.”® Barnesiella possibly protects the intestinal
tract from pathogen infections and likely plays a key role in immunomodulation.
Some species from the second genus, Leuconostoc, are producers of dextran (LM742
- Leuconostoc mesenteroides SPCL742), which has prebiotic potential.®* Furthermore,
Leuconostoc pseudomesenteroides improves microbiota dysbiosis and liver metabolism
imbalance. However, short read lengths did not allow us identify specific species.
Further investigation with species specific primer will be required to investigate their
presence in the population we studied here.

A limited number of other studies into the association between the living environment
and the diversity and composition of the human gut microbiome are conducted.
Although the comparison of studies is difficult because of differences in geographical
area, demographics, and methodological aspects, the above mentioned Dutch study
on environmental factors shaping the gut microbiome in the Dutch population®
as well as a Danish study that focused on infants®’ also concluded that different
microbiome signatures exist along the urban-rural gradient. Additionally, the Danish
study showed that urbanization-related changes in the infant microbiota may elevate
the risk of asthma and atopic traits, probably via cross talk with the developing
immune system®. The focus on children is a result of previous findings that microbial
exposure in early-life is associated with a protective effect regarding human health in
later life.” However, this protective effect likely only holds with continued microbial
exposure to keep the most optimal protection from developing disease.” Furthermore,
the protective effect in adults can also be a result of high occupational endotoxin
exposure levels later in life without early-life exposure.®* Therefore, major strengths
of this current study are the large number of PIENTER-3 participants from whom
. = 3,746, D40 years_and_older — 1,852)
making it possible to focus on adults specifically, in combination with the detailed
land use database (resolution = 25x25 meters).3>¢

fecal samples were collected across all ages (n;

|_age:

Because the PIENTER-3 cohort was not specifically designed for microbiome
research, the ecological design of this study makes it prone to ecological fallacy. No
data was available on home addresses of PIENTER-3 participants, their history
of movement or longitudinal microbiome data. For those reasons, we cannot infer
causality, which would require follow-up studies using longitudinal individual-level
data combined with high resolution spatial data (e.g. animal numbers per farm). To
study whether there are other unobserved spatial risk factors affecting our results
leading to neighboring postal code areas being more alike, such as those related
to antibiotic usage®® or the presence of farm animals in the neighborhood, we
recommend creating a map of the spatially structured variation (CAR) as a first step
towards further unravelling the effects of different spatially restricted variables, after

which specific variables can be studied in more detail.®*
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Using highly detailed land use data, this study gave insights into the associations
of the gut microbial diversity and composition of adults with the agricultural land
coverage in their neighborhood.

Conclusions & Recommendations

This study showed that bacterial diversity, richness and composition of the adult
gut microbiome are associated with the urban-rural gradient in the Netherlands.
As this study was based on an ecological design, causal inference is limited and
further research using individual-level data is recommended. Another step forward
would be to include additional information on farm animals to get a more complete
overview of the effects rural areas have on the human gut microbiota and to perform
sensitivity analyses. Additionally, we would recommend to study this population with
metagenomics in the near future to be able to look for function differences or to set
up an in vitro, in vive investigation to study the impact of specific bacteria on human
health and immune function.
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Control samples

In total, six types of control samples were used within this study to validate the
participant samples: three DNA extraction controls and three PCR controls. The
first DNA extraction control was a bacterial mixture of the true samples (MSB). It
is a positive control which was constructed by using five randomly picked healthy
participant stool samples, equally pooled based on mass. The MSB was stored at
-80°C after being uniformly aliquoted to be ready for their usage on several random
extraction days (n=23). The first PCR control contained DNA of the true sample
mixture. This control was used twice in every sequence library (n = 54). It was provided
by the DNA extraction from the aliquots obtained from the IMSB.

The second DNA extraction control was a bacterial mixture of the ZYMO Mock
(ZMB) and the second PCR control was DNA of the ZYMO mock (ZMD).
Those are positive controls in the form of a microbial community standard
(ZymoBIOMICS, Zymo Research, Irvine, CA, USA) for both the ZymoBIOMICS
Microbial Community Standard in DNA extractions (ZMB) and DNA Standard
(ZMD). Those controls were added for library preparation.

Third, a blank (B) was added as control for both DNA extraction (BB) and PCR
(BD). The specific buffer linked to the collection method in absence of any stool in all
DNA extractions (BB) as a negative control while for the library preparation DNAse
free water was used (BD).
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Other results
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Figure S1. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,
colored by age (in years).
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Figure S2. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,
colored by gender (female, male).
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Figure S3. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,

colored by ethnical background (Dutch, Other).

240 ‘



Spatial association between human gut microbial community and agricultural land coverage

0.21

Monthly income (€)

E| <970,
(o] 971-1355
Z| 1.356 - 1.969

1.970 - 3.314
¢ 3.315-3.500

[e] >3.501-
z‘ Missing

[6.2%]

0.04

Axis.2

-0.21

0.2 0.0 0.2
Axis.1 [7.7%]

Figure S4. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,
colored by monthly income (< €971, €971-1,355, €1,356-1,969, €1,970-3,314, €3,315-3,500, > €3,500,

missing).
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Figure S5. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,
colored by SES-WOA score.
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Figure S6. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,
colored by country of birth of father (NL, non-NL).
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Figure S7. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,
colored by country of birth of mother (NL, non-NL).
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Figure S8. PCoA visualizing the B-diversity based on Bray-Curtis dissimilarities of the study participants,
colored by country of birth (NL, non-NL).
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Figure S9. A) Plot of the Shannon index distribution over different ages in years (continuous) B) Plot of
the observed richness over the different ages in years (continuous). In both plot A) and B), the regression
line is based on a linear model, points indicate individual participants.
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they were not significant according to the Wilcoxon rank sum test after adjusting the p-value for multiple
testing using the Benjamini-Hochberg correction.
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Figure S11. A) Combined bar- and violin plot of the Shannon index distribution over the different
cthnical background categories (Dutch, other). B) Combined bar- and violin plot of the observed richness
over the different ethnical background categories. In both plot A) and B), the center line indicates the
median, box limits are the upper and lower quartiles, whiskers show 1.5x interquartile range, points
indicate individual participants and the violin plot outline displays the distribution of the data. ™ indicates
the adjusted p-value < 0.001 when comparing the different groups using the Wilcoxon rank sum test,

which are corrected for multiple testing using the Benjamini-Hochberg correction.
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Figure S12. A) Combined bar- and violin plot of the Shannon index distribution over the different
monthly income categories (< €971, €971-1,355, €1,356-1,969, €1,970-3,314, €3,315-3,500, > €3,500,
missing). B) Combined bar- and violin plot of the observed richness over the different monthly income
categories. In both plot A) and B), the center line indicates the median, box limits are the upper and lower
quartiles, whiskers show 1.5x interquartile range, points indicate individual participants and the violin plot
outline displays the distribution of the data. ™ indicates the adjusted p-value < 0.001 (** = p-value < 0.01,
* = p-value < 0.05) when comparing the different groups using the Wilcoxon rank sum test, which are
corrected for multiple testing using the Benjamini-Hochberg correction.

249



Chapter 6

6-
A R=0.19, p =5.4e-16
o
) 41 8
3 § ——
£
S s )
| =
c
©
o
wn 21
7l
0-
B
6001 R=0.18,p=1.1le-14
o®
4001
1]
v
[
v
c
v »
a4
2001 .
== )
0 T T T -
-1.0 -0.5 0.0 045

SES-WOA score

Figure S13. A) Plot of the Shannon index distribution over different SES-WOA scores B)
Plot of the observed richness over the different SES-WOA scores. In both plot A) and B), the
regression line is based on a linear model, points indicate individual participants.
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Figure S14. A) Combined bar- and violin plot of the Shannon index distribution over the different
country of birth of father categories (NL, non-NL). B) Combined bar- and violin plot of the observed
richness over the different country of birth of father categories. In both plot A) and B), the center line
indicates the median, box limits are the upper and lower quartiles, whiskers show 1.5x interquartile range,
points indicate individual participants and the violin plot outline displays the distribution of the data.
** indicates the adjusted p-value < 0.001 (** = p-value < 0.01,* = p-value < 0.05) when comparing the
different groups using the Wilcoxon rank sum test, which are corrected for multiple testing using the

Benjamini-Hochberg correction.
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Figure S15. A) Combined bar- and violin plot of the Shannon index distribution over the different
country of birth of mother categories (NL, non-NL). B) Combined bar- and violin plot of the observed
richness over the different country of birth of mother categories. In both plot A) and B), the center line
indicates the median, box limits are the upper and lower quartiles, whiskers show 1.5x interquartile range,
points indicate individual participants and the violin plot outline displays the distribution of the data.
** indicates the adjusted p-value < 0.001 (** = p-value < 0.01, * = p-value < 0.05) when comparing the
different groups using the Wilcoxon rank sum test, which are corrected for multiple testing using the
Benjamini-Hochberg correction.
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Figure S16. A) Combined bar- and violin plot of the Shannon index distribution over the different
country of birth categories (NL, non-NL). B) Combined bar- and violin plot of the observed richness over
the different country of birth categories. In both plot A) and B), the center line indicates the median, box
limits are the upper and lower quartiles, whiskers show 1.5x interquartile range, points indicate individual
participants and the violin plot outline displays the distribution of the data. *** indicates the adjusted
p-value < 0.001 (** = p-value < 0.01, * = p-value < 0.05) when comparing the different groups using
the Wilcoxon rank sum test, which are corrected for multiple testing using the Benjamini-Hochberg
correction.
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Figure S17. Microbiome variance explained per variable, including its significance level (* = p-value < 0.05,
= p-value < 0.01, *** = p-value < 0.001) based on the permutational multivariate ANOVA results and

whether the condition of homogeneity of variances was met, which was checked using the PERMDISP2
method (+ = variances are not equal across groups).
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Table S1. Results of the multivariable analysis studying the associations between specific genera in the
gut microbiome of study participants and agricultural land coverage (%) as continuous variable while
adjusting for age, gender, ethnical background and SES-WOA score, using the multivariable analysis
by linear models (MaAsLin2) statistical framework (coefficient and false discovery rate (FDR) p-value
(subjected to multiple hypothesis testing correction using the Benjamini-Hochberg method with an FDR
threshold of 0.25)).

Genus B* FDR p-value*™
Slackia -0.24 0.01
Leuconostoc 0.14 0.01
Barnesiella 0.22 0.03
Prevotellaceae NK3B31 group -0.16 0.03
Anaerofustis 0.09 0.07
Lachnospiraceae UCG 010 0.17 0.07
Odoribacter 0.15 0.08
X Eubacterium ruminantium group -0.19 0.08
Allisonella 0.10 0.08
Phascolarctobacterium -0.22 0.09
Prevotella (7) 0.16 0.09
Victivallis 0.07 0.09
X Eubacterium siraeum group -0.18 0.11
Incertae Sedis 0.08 0.12
Papillibacter -0.06 0.14
Defluviitaleaceae UCG 011 0.10 0.16
Methanobrevibacter -0.23 0.16
Sutterella 0.14 0.16
Alloprevotella -0.12 0.17
Dialister 0.18 0.19
Lachnospira 0.12 0.21
Romboutsia 0.12 0.24

* B = coeflicient; confounders included in the multivariate model were: age (years), gender (woman, man),
ethnical background (Dutch, non-Dutch) and SES-WOA score.

** FDR p-value = false discovery rate p-value, subjected to multiple hypothesis testing correction using the
Benjamini-Hochberg method with an FDR threshold of 0.25.
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The research presented in this thesis provides novel insights into the potential role
of environmental transmission of selected exemplary zoonotic pathogens that are
typically considered as foodborne pathogens. This was done by studying some of their
characteristics in the environment and the spatial associations between the related
human disease occurrence and local livestock density. In addition, this thesis explored
the spatial association between the urban-rural gradient and gut microbial diversity and
composition. As “Everything comes from somewhere™, but much is yet to know, several
knowledge gaps were identified, providing the basis for the aims of this thesis, which
used methods and approaches linked to the concept of eco-epidemiology. Broadly
speaking, the aims of the different chapters focused on a number of drivers of change
fitting the category “globalization and the environment”.? These drivers were climate
change and the human-made environment. The first theme focuses mainly on climate
change as driver for infectious diseases and aimes specifically at studying the associations
between health risks associated with exposure to urban pluvial flooding. Here, health
risks were defined as the possible risk for the development of acute gastroenteritis
(AGE) or acute respiratory infection (ARI) after such exposure. The subsequent theme
covers four chapters of this thesis related to the human-made environment, which is
also relevant for the health risks of floodwater exposure given that pluvial flooding is
also influenced by water management in urban planning. Three of the chapters deal
specifically with the human-made environment theme and focus on the role of potential
environmental transmission of zoonotic pathogens (Campylobacter, STEC O157 and
Salmonella) from livestock farming to humans. The first chapter aimed to study the
prevalence and genotype diversity of Campylobacter in surface water, as well as the
relative contributions of several putative (domestic and wild) animal sources to surface
water contamination with two Campylobacter species of public health significance
(C. jejuni and C. coli). Additionally, potential effects of local livestock density, type of
surface water, and season were assessed. The next two chapters focused on studying the
spatial associations between the incidence of human STEC O157, Campylobacter and
Salmonella infection and livestock exposure using the population-weighted number of
farm animals as exposure measure. The last chapter covers a more holistic approach.
'The focus was not on a specific infectious disease, but on the human gut microbiome
as readout. The gut microbiome is generally assumed to play an important role in the
overall health status of individuals. Here, potential (indirect) effects of the urban-rural
gradient on the human gut microbiome was studied.

Together, these themes created a flow throughout this thesis, from syndrome-level
to pathogen-specific, as well as more holistic approaches focused on the potential
effects of the environment on human infectious diseases and gut microbiota. The main
findings of the chapters are summarized and discussed below. The last part is discussed
from a One Health perspective, followed by some concluding remarks.
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Climate change as driver for foodborne diseases

“Direct exposure to pluvial floodwater, and activities leading to such exposure, are
associated with an increased risk of developing AGE and ARI”

Countries in the Northern hemisphere face an increasing trend in extreme rainfall
events causing recurrent pluvial flooding in especially urban areas due to climate
change.* When the drainage capacity of urban sewage drainage systems (~20 mm
of rainfall per hour) is overwhelmed®*, this can lead to accumulation of up to 10-
50 cm of pluvial floodwater at the surface.** In principle, pluvial water is clean.
However, during flooding events in urban areas, pluvial water mixes with sewage
water contaminated with fecal material and its associated pathogens.’ It is therefore
plausible to assume that urban residents can develop health complaints following
direct exposure to contaminated floodwater. This assumption was supported by the
results of Chapter 2.

In this Chapter, we were able to disentangle the effects of exposure to combined sewage
overflows/street flooding on human health, and disease syndromes (AGE and ARI) in
particular, in the Netherlands. This was necessary, because most studies into flooding and
associated health risks are focused on developing countries and infectious diseases related
to poor hygiene conditions, such as Cholera®’. Other studies did focus on the association
between sanitary sewer overflows (SSOs)® or combined sewer overflows (CSOs)” and
its association with gastrointestinal illness (GI; emergency room (ER) visits with a
primary diagnosis of GI). But specific risk factors leading to exposure and eventually GI,
like swimming or drinking contaminated drinking water, were not identified.’ Besides,
the design of this study (retrospective with self-reported data) allowed us to collect
information on the bottom part of the disease triangle where usually most cases are
found. Thus, we were able to gather data about ARI and AGE cases that are generally
not reported to the General Practitioner (GP), i.e. cases that do not require medical
attention. Only one other study did focus on the association between self-reported
health complaints, like diarrhea or coughing, and exposure to pluvial floodwater in the
Netherlands.® As our study was performed on a larger scale (699 households versus 149
households®), we were able to provide insights into the associations between exposure
and well-defined (standardized) AGE or ARI syndrome definitions instead of separate

health complaints with more precise estimates instead.

'The associations between direct exposure to urban pluvial floodwater via different
risk factors (i.e. skin contact with floodwater, post-flooding cleaning operations and
cycling through floodwater) and the occurrence of both AGE and ARI, as presented
in Chapter 2, may reflect, to some extent, the primary transmission routes of the
pathogens in question, i.e. inhalation for ARI and ingestion for AGE. Indeed, several
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pathogens are typically associated with flood-ravaged settings in developed countries.
For example, the foodborne pathogen Campylobacter was found in all water plaza
samples in which people recreate', leading to a risk of developing AGE for those
people. Moreover, pluvial floodwater is always contaminated with feces and its related
pathogens (E. cofi, intestinal enterococci, and enteropathogens, such as enterovirus,
norovirus and Campylobacter).’ Exposure to contaminated pluvial floodwater therefore
can potentially lead to environment-mediated (foodborne) pathogen transmission

and the development of AGE and ARI.

As extreme rainfall events are increasing in frequency, more residents are expected to
experience urban pluvial flooding in the future, leading to an increased public health
risk." In the Netherlands, urban flooding will not pass easily unnoticed, because it is
a densely populated country (> 500 inhabitants/km?)."> Awareness for urban flooding
was raised in recent years, leading to Dutch residents demanding municipal health
services to improve drainage systems and reduce cementation as to prevent pluvial
flooding.” Indeed, to facilitate the natural drainage of water in soil, governmental
authorities are now promoting removal of pavement and the increase of greenness in
gardens and urban areas as a response to the citizen’s call for attention for this topic.
However, people in developed countries tend not to perceive the associated health risks
of those flooding events®. Therefore, the health risks have not been part of the debate
regarding urban pluvial flooding. In short, this chapter shows that it is necessary to
take proper care of water drainage systems/sewage systems in terms of their drainage
capacity to mitigate health risks in urban areas. With this, it adds another perspective
to the ongoing debate about the consequences of climate change and urban flooding.

The human-made environment as driver for foodborne
disease and gut microbiota

Spatial distribution of foodborne pathogens from livestock

Besides climate change, the human-made environment can be a driver for infectious
disease occurrence as well. Markers for this driver, such as urbanization, built
environment and intensive agriculture, can enable emergence and spread of pathogens,
especially in a densely populated country like the Netherlands, where residents live
in close proximity to intensive livestock farms and a large livestock population in
terms of numbers of cattle, pigs and poultry.* Different farm animals can be sources
for different zoonotic pathogens causing gastrointestinal illness™7, which typically
transmit via food derived from these animals. However, it is also plausible that there
might be some degree of environment-mediated transmission via fecal shedding.
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When livestock is not only kept indoors or housed in a (partially) open housing
system!®?, fecal shedding can lead to environment-mediated transmission via the
direct surroundings of the farm through fecal contamination of soil and water, surface
water run-off or airborne (dust) transmission towards residents living nearby those
farms.'®1%2027 ‘The possibility of environment-mediated transmission of typically
foodborne pathogens, such as Campylobacter, STEC O157 and Salmonella in the
Netherlands, and more specifically their spatial distribution, was therefore further

studied in Chapters 3,4 and 5 of this thesis.

Livestock-associated Campylobacter in surface water

“Surface water is mainly contaminated with Campylobacter originating from meat-
producing poultry (i.e. broilers and turkeys) in areas with high poultry densities and
from wild birds in recreational waters and WWTP discharge points”

Campylobacter is considered to be a typically foodborne pathogen that is mainly
transmitted through the consumption of contaminated chicken meat or beef.’
Although most campylobacteriosis cases can be attributed to the poultry reservoir,
several epidemiological studies have shown that chicken meat consumption only
explains about half of the human campylobacteriosis cases attributable to poultry.
Most interventions to control Campylobacter infections have been focused on
reducing the pathogen spread through the food production chain, particularly
poultry meat. Still, there has been no decrease in human campylobacteriosis cases so
far.** It is therefore possible that other pathways are important for the transmission
of Campylobacter to humans as well.

In the human living environment, Campylobacter is commonly found in surface water
contaminated with animal feces, sewage effluent and agricultural runoff. This surface
water has the potential to act as a vehicle for transmission for Campylobacter among
animals, from animals to humans and wice versa.>>*° A combined source attribution
study from the Netherlands and Luxembourg showed that poultry and wild birds
are the main contaminators of surface water with C. jejuni and C. coli, of which the
relative contributions seemed to vary with season, water type, and the magnitude of
local poultry production.’” Those results suggest dissemination of Campylobacter from
poultry farms into the environment in poultry rich regions, but interpretation of these
findings is limited due to the extensive use of animal isolates which were not all from
the same countries as surface water isolates and also not from the same years as water
isolates, retail food data, and course spatial resolution of the analyses. Overall, the
aquatic environment seemed to contribute to the transmission of Campylobacter to
humans*, but other evidence of environment-mediated transmission of Campylobacter
is limited. Studies using more detailed data for quantifying the prevalence and
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genotype diversity of this pathogen in surface water and the relative contributions
of several putative animal sources to surface water contamination with C. jejuni and
C. coli are therefore essential to further investigate the possibility of environment-
mediated transmission of Campylobacter as a first step. Therefore, this became the
subject of study of Chapter 3.

Our study allowed for the quantification of the level of contamination of different
surface water types (i.e.recreational water,agricultural waters and wastewater treatment
plant (WWTP) discharge points) throughout the Netherlands using recent and local
data with a high spatial resolution and typed using whole-genome sequencing (WGS)
to derive high-throughput genomic data from the different animal sources when
compared to previous studies. We also were able to include geographical variation in
the density of different livestock species in the Netherlands in the water sampling
scheme to fecal surface water contamination. Research in this chapter revealed a
widespread presence of C. jejuni and C. coli in surface water in the Netherlands. Wild
birds were the dominant source of this surface water contamination, followed by
meat-producing poultry (i.e. broilers and turkeys). Therefore, surface water can be seen
as a collection vessel of strains from multiple hosts as a result of fecal pollution from
different animal sources.' The role of wild birds in the epidemiology of Campylobacter
infections in both animals and humans, however, is largely unknown, but should
not be underestimated for various reasons. First, drug resistant Campylobacter strains
(especially those resistant to tetracycline and fluoroquinolones) are increasingly
isolated from various wild bird species throughout the world, which is part of the
growing global public health concern regarding antibiotic resistance.*** Second,
source tracking (molecular-based) studies have linked both human and animal cases
of Campylobacter infections to wild birds.** Third, human and animal exposure is
possible via equipment or surface contamination with wild birds’ fecal material (like in
parks or children’s playgrounds), but also through contact with contaminated surface
water with wild bird-associated Campylobacter strains.’®33%5! This is supported by
our finding that wild bird-associated strains were mostly found in recreational waters
and further emphasized by the finding that open-water swimming is a risk factor for
human campylobacteriosis cases attributable to environmental sources (surface water
and wild birds)." Thus, the role of wild birds in Campylobacter epidemiology should
be studied more extensively in the near future to address their role in both human
and animal health and its related environment-mediated route of transmission. The
difficulty is that virtually nothing can be done to control Campylobacter in wildlife.
In this regard, the finding that > 90% of Campylobacter strains from recreational
waters are attributable to wild birds, and that the higher contribution of wild birds
to recreational water contamination relative to other types of water is significant,
implies that the risk of acquiring campylobacteriosis from, e.g., swimming in official
recreational water sites in the Netherlands, is largely beyond human control.
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Meat-producing poultry, however, is still the secondary most likely source of
Campylobacter contamination in Dutch surface water and poultry-associated strains
are mostly found in agricultural waters and densely populated poultry areas.’” This may
have implications for public health, because even if poultry meat is Campylobacter-
free when consumed, human exposure can still occur through environmental
pathways and specifically the aquatic environment in poultry dense areas. Therefore,
interventions aimed at controlling environmental dissemination of Campylobacter
at primary livestock production and WWTPs are necessary, provided that residents
are indeed exposed via this route and cost-benefit analyses show that public health
benefits outweigh the costs of such interventions.

Livestock-associated spatial risk factors for human disease

“‘Human STEC 0157 infections can be caused by environmental exposure to small
ruminants besides food, while the route of transmission of Salmonella and Campylobacter
to humans is mainly foodborne”

In the Netherlands, domestic ruminants (cattle, sheep and goats) are important
livestock sources of human STEC O157 infections, pigs and laying hens are the
most important sources of Sa/monella®, as broilers and cattle are for Campylobacter'®®.
Those animals can shed high quantities of those pathogens (e.g. >105/g of STEC
0157) via their feces that are able to survive for varying periods of time in their new
environment (e.g. <3 months in manure; <1 month in soil).16?22527:5253 Pathogens may
also be spread through air. The transition in the laying hen sector from cage housing
to alternative housing systems, for example, led to an increased PM, transmission,
creating potential opportunities for aerial spread of pathogens.®* Furthermore, a
Dutch study found an association between the concentration of Campylobacter jejuni
in airborne dust and the presence of poultry farms in the area.” The presence of
these pathogens in different environmental reservoirs is one of the prerequisites for
environment-mediated transmission, together with residential exposure. This is also
suggested by the H7N7 avian influenza epidemic in the Netherlands in 2003 and the
observed drop in human campylobacteriosis incidence after the implementation of
massive culling operations in poultry farms.?® It has been hypothesized that a reduced
environmental contamination with Campylobacter from the culled and therefore
temporarily emptied poultry farms, as well as inactive slaughterhouses, could have
occurred. That a high poultry density in an area is associated with an increased
prevalence of poultry-associated Campylobacter strains further supports this hypothesis
(Chapter 3). However, studies focusing on spatial associations between exposure to
different livestock densities in an area and the corresponding human incidence of
STEC O157, Campylobacter and Salmonella infections to further explore the potential

role of environment-mediated transmission of foodborne pathogens, are limited.
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Chapter 4 and 5 provided information on the spatial association between human
STEC 0157, Campylobacter and Salmonella infections and the combined exposures
to livestock. Chapter 4 showed that exposure to small ruminants (goats and sheep)
is associated with increased incidence of human STEC O157 infections, namely in
the summer. Given the presence of STEC in small ruminants’ feces and farms®, it
is plausible that human infections occur via environmental transmission, especially
when zooming into their housing system.>*® The housing system of small ruminants
is often partially open and deep litter layers are spread for the animals to use for
bedding material and to defecate on, which generates a lot of dust.’** As a result, the
transport of STEC O157 in dust through air can be one of the possible environmental
transmission routes if infected animals are present on the farm.'? This is further
supported by the finding that rural areas with a higher farm density had a higher
concentration of commensals, among which STEC in dust particles when compared
to other areas.”? Although no significant associations with the number of goats and
sheep were found, the presence of livestock-related microbial markers, such as STEC,
indicated that microbial air pollution with STEC seems a plausible route of exposure.

Interestingly, our main finding regarding STEC O157 differed from other studies,
as these studies found an association with cattle and not small ruminants.?>*°%! This
could have several explanations. The first major difference with previous studies is
the use of a different probability of exposure metric as mentioned in the previous
paragraph. Instead of animal density®**, we used the population-weighted number
of animals, as the level of exposure is not only determined by the number of animals
in an area, but also by the number of residents in a certain area and where they
live in that area. Therefore, our study is more likely to have captured environmental
exposure better, as exposure is less likely to occur when nobody lives in the vicinity of
these animals. Second, we included small ruminants in this study, besides cattle, while
including several potential reservoirs of the pathogen in question in the models. Last,
changes in livestock sectors over the past few years could explain the differences
as well.** Examples are the increase in number of animals per farm, paralleled by

12,6465 Turthermore, cows are

a reduction in the number of farms over the years.
increasingly kept inside in closed housing throughout the year.!2¢% Thus, it is
possible that, for example, surface runoff and surface water contamination of STEC
from cattle reduced over the years and that aerial spread from small ruminants plays

4 more important role nowadays.

Although Chapter 4 showed that the population-weighted number of small
ruminants is a risk factor for acquiring human STEC 0157, we were not able to
quantify the relative importance of our finding within the broader context of all
possible risk factors, such as food consumption, as we assumed that the effect of
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food is comparable for all individuals within the population and that this effect has
no spatial pattern. A recent source attribution analysis based on a meta-analysis of
case-control studies showed that food still is the dominant transmission pathway
of human STEC 0157 infections (37%), followed by contact with animals (15%)
and the environment (10%).% This further highlights the role of other sources
besides food. STEC Q157 transmission from small ruminants to humans should
therefore be studied more extensively in the near future to further unravel all possible
transmission pathways and the specific role of the environment therein.

Chapter 5 did not show consistent significant associations between the local level
of exposure to different livestock species (i.e. the population-weighted number of
animals) and human campylobacteriosis or salmonellosis incidence, which is also
confirmed by the analyses of Campylobacter exposure using serological data. In
contrast, Chapter 3 showed that C. jejuni and C. co/i have a widespread presence in
surface water in the Netherlands, with wild birds and meat-producing poultry being
the dominant sources. It is therefore likely that Campylobacter is disseminated from
meat-producing poultry farms into the environment, which is also suggested by the
association between C. jejuni DNA presence and poultry density (high wversus low
poultry density).” The findings of Chapter 5, however, indicate that the potential
for environmental transmission of Sa/monella and Campylobacter from livestock to
Dutch residents is likely to be limited despite an ubiquitous presence of livestock-
associated Campylobacter strains in surface water and the mixed and densely
populated characteristics regarding both humans and livestock in a country like the
Netherlands. This supports current knowledge that human infections with Sa/monella
and Campylobacter are mainly foodborne.

As we only used population-weighted number of animals as a proxy for human
exposure to study Campylobacter and Salmonella in Chapter 5 (Campylobacter and
Salmonella), future studies need to confirm whether human exposure to livestock-
associated Campylobacter indeed is limited. Therefore we recommend further research
to focus on possible environment-mediated transmission pathways of Campylobacter
from livestock, and especially meat-producing poultry farms, to neighboring
residents. This could be a prospective cohort study, which includes individually
reported exposures, including consumption of particular food items, besides risk
factors related to direct contact with animals and surface water, as well as spatial
risk factors. Ultimately, also human, animal and environmental samples need to
be gathered to be able to compare Campylobacter isolates based on whole-genome
sequencing (WGS) to be able to study the direct link between them. The presence
of Campylobacter in the environment (Chapter 3), however, remains a concern for
public health, because residents’ exposure is still possible. To further limit the chance
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of such exposure, we do recommend measures to prevent pathogen spread from
meat-producing poultry farms into the environment. Keeping animals in fully closed
housing systems to prevent pathogen spread as much as possible is not always an
acceptable solution because of other considerations such as animal welfare. Therefore,
vaccination of poultry flocks could be considered as a solution as well.*” This has the
advantage that it controls the pathogen, for example C. jejuni, at the pre-harvest level,
which is critical to also reduce foodborne infections with Campylobacter.””

The urban-rural gradient and gut microbial diversity and
composition

“Bacterial diversity, richness and composition of the adult gut microbiome are associated
with the urban-rural gradient in the Netherlands”

'The human living environment is one of the factors that can influence the human gut
microbiome. Especially in an agricultural environment, exposure to micro-organisms
is higher than in urbanized areas, for example due to a higher exposure to farm
animals in a rural area.’® This can potentially lead to an association between the level
of urbanization and microbial diversity and composition. Previously, an association
was found between urbanization and gut microbial diversity and composition in a
study performed in the Northern part of the Netherlands.*® Furthermore, the diversity
and composition of especially airway, but also gut microbiotas, has been shown to
differ between urban and rural infants in Denmark.” Additionally, an association
was found between an urbanized structure of the airway and gut microbiotas with an
increased risk of asthma coherently during multiple time points.”” However, whether
these relations are causal is not yet clear.*®

Chapter 6 revealed that the human-made living environment is not only a driver
of change for specific pathogens, but it also has the potential to drive changes in
diversity and composition of the human gut microbiome. To our knowledge, this
study is the first comprehensive study associating the diversity and composition
of human gut microbial communities with highly detailed land use information
and relevant epidemiological data. In short, we showed consistently that there are
significant associations between agricultural land coverage and bacterial diversity,
richness and composition of the adult gut microbiome. Both bacterial diversity and
richness significantly increased and microbial composition significantly changed
with increasing agricultural land coverage. The limited number of studies focusing on
the potential effects of the living environment on the diversity and composition of
the human gut microbiome showed similar results as Chapter 6 and concluded that

different microbiome signatures exist along the urban-rural gradient.**”



General discussion

It is possible that the effect of agricultural areas is potentially caused by farm
animals housed in those areas, we therefore recommend to repeat those analyses
with information on different types of farm animals. If possible, it would even
be more preferable to combine the aforementioned study with exposure studies,
because information on environmental exposure to and transmission of livestock-
associated micro-organisms is still limited. Our hypothesis is that this will result
in more prominent associations between living in an area with a higher number of
farm animals and the human gut diversity and composition. It is also highly plausible
that different effects will be observed for different animal types, as microbial spread
depends on, for example, the type of animal, its related housing system and amount of

d,2152 which was already discussed for zoonotic pathogens in Chapters

dust produce
3 and 4 of this thesis. As the analyses were performed on genus level, it was difficult
to get insights into potential positive effects of specific genera and related ASVs on
human health. To address this, we would recommend to study this population with
metagenomics in the near future to be able to look for function differences® or to set
up an in vitro, in vivoe investigation to study the impact of specific bacteria on human

health and immune function.”

This thesis in a One Health perspective

“Ihe role of the environment should not be forgotten when using a One Health approach”
The definition of One Health basically describes that the health of humans, animals
and the environment is interconnected, in line with the concept that “everything comes
from somewhere” 2" The One Health paradigm is often presented as a disease triangle,
where the pathogen is usually central, and three main categories: humans, animals
and the environment, each are covering one corner while summarizing their related
drivers of change, as they are all interacting with each other and the disease causing
pathogen in question.>” To achieve optimal health outcomes, it is therefore necessary
to use a collaborative, multisectoral, and transdisciplinary approach by working on
different levels (local, national and global levels).” As described in Chapter 1, this
view on One Health has some history, but has been moved forward as a concept
during the “Stone Mountain Meeting” in 2010.

In the past decade, studies have become more inclusive with regard to the One Health
approach and foodborne pathogens, as some studies included the environment as
driver besides humans, food and animals.***** One study set-up a One Health,
collaborative, interdisciplinary network and sequence data repository for enhanced
hepatitis E virus (HEV) molecular typing, characterization and epidemiological
investigations (HEVnet).” In Europe, hepatitis E is considered a zoonosis
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transmitted via contaminated pork or other pig-derived products. Genotype 3 and, to
a lesser degree, genotype 4 are prevalent in the animal reservoir (pigs, wild boar and
deer), as well as in humans.” Within the HEVnet data repository, HEV sequences
from human, animal or environmental sources can still be uploaded and shared with
the professional network for further studies. As HEV is considered to be mainly
foodborne, sequences from food sources are also gathered. In the first two years (2017-
2018), 1,650 sequences were uploaded, of which 89% of the samples had a human
origin, 5% an animal origin, 6% a food origin and 0% (5 samples) an environmental
origin.” Although the idea of a One Health approach was there, it remained difficult
to prevent anthropocentric thinking and properly include animals (i.e. wild animals
or animals in complex ecosystems) and especially the environment. Even studies
related to animal health are conducted from an anthropocentric perspective, as they
mostly focus on companion or farm animals, thus, animals with a clear (economic)
value for humans. Studies focusing on animal health or health of animals in more
complex ecosystems, including the environment, are clearly less frequently conducted
and more limited. While the recently emerged zoonoses (Zika virus, SARS-
CoV-2)"" made the role of ecosystems explicit, the One Health thinking still has
an anthropocentric focus by usually seeking sources of human disease or to prevent
transmission to humans. It is time to take a step back and focus on how and why the
animal source got infected or the environment got contaminated in the first place, to
prevent spread via the environment towards both animals and humans.

This thesis showed that both the environment and wildlife cannot be ignored
when studying (transmission of and risk factors for) foodborne pathogens. Animal
sources like small ruminants are a spatial risk factor for human STEC O157
infections in the Netherlands (Chapter 4). Given the presence of this pathogen
in small ruminants’ feces and farms®>* together with the open housing system of
small ruminants including the deep litter layers which generate a lot of dust, it is
plausible that human infections occur via environmental transmission. Although
Chapter 5 showed no consistent significant relations between livestock sources and
Campylobacter or Salmonella in the Netherlands, it is too early to discard the role of
the environment here. This is especially true for Campylobacter, as we found a high
prevalence of Campylobacter in Dutch surface water (Chapter 3) and wild birds are
the main source of this contamination, especially in recreational waters. A follow-up
study identified swimming in recreational water as a risk factor for humans acquiring
campylobacteriosis associated with environmental sources (i.e. surface water and wild
birds).'® Thus, not only livestock, but also wildlife should be considered as a potential
source leading to environment-mediated transmission of foodborne pathogens.



General discussion

To understand where we stand, every chapter of this thesis was connected to its
general drivers of change (human, animal, environment) from the One Health
disease triangle as described in Figure 1.This figure shows that basically all chapters
focused on two out of three main categories, including some of the related drivers of
change. A similar strategy was chosen for the definition of a One Health Surveillance
System (OHSS, Matrix — Matrix framework (ejp-matrix.eu)), which is a system were
collaborative efforts should exist across at least two sectors (among human health,
animal health, food safety and environment).” Going back to the definition of One
Health, this definition describes that everything and every discipline related to human,
animal and environmental health is interconnected. Therefore, the remaining question
is whether involving only two main categories and some of its related drivers in One
Health-focused studies is enough to disentangle all complex, ongoing interactions
between animals, humans and the environment related to specific pathogens.

Although drivers related to each chapter of this thesis are clear, other interactions are
present in the background, but not studied simultaneously. Chapter 4 and Chapter
5 for example studied the association between livestock and human infections with
foodborne pathogens. However, no evidence was provided for a particular mode of
transmission (e.g. air-borne, soil or water), as no epidemiological data concerning
possible exposure pathways was available for inclusion in the analyses. Although we
identified a spatial risk factor concerning STEC O157 infections related to small
ruminants, which is likely to be related to environmental transmission, we could not
determine the relative contribution of this pathway compared to transmission via
food that is still considered the main source of infections. Furthermore, Chapter 6
identified the association between diversity of the human gut microbiome and the
urban-rural gradient. Here, animals, and particularly livestock, are missing in the
equation, while it could be hypothesized that these farm animals lead to an increased
environmental microbial exposure for humans in agricultural areas. Following these
research gaps, it can be stated that future studies into zoonotic pathogens should
be as inclusive as possible, as is also stated by the One Health definition. Therefore,
a perfect study would include all drivers and determinants that interact with the
pathogen in question. To do so, different disciplines have to work together to get the
answers they need related to human-, animal- and/or environmental health, which is
increasingly recognized by professionals and already resulted in several One Health
related projects in the European Union, for example, those that were part of the
European Joint Programme (EJP) on One Health (e.g. MATRIX, COHESIVE,
BIOPIGEE, ADONIS, BeONE)” and United4Surveillance as part of EU4Health®.
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Figure 1. A visual representation of the One Health disease triangle per chapter of this thesis. The red
arrow indicates which of the three main categories (humans, animals, environment) of the “drivers of
change”were included per chapter and in what direction the association was studied. Icons from flaticon.com

Instead of using the disease triangle as presented in Chapter 1 (Figure 1) for
visualization and mind-mapping previous to setting up an all-inclusive One Health
study, we would like to propose a similar, but adapted approach developed by Paolo
Zucca in which the three general drivers of the theoretical framework of One Health
(humans, animals and the environment) are merged with the illusory white triangle
developed by the Italian perception psychologist Gaetano Kanisza (1955).% The idea
behind this approach is that we see the white triangle, while it does not exist.®! This
demonstrates the Gestalt idea that the sum of visual perception is more than its
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parts, because the observer views all objects together as a single image and not every
object separately.® The same is true for One Health, as it is more than the sum
of its three main categories and related drivers. It is also everything that is in the
area of the white triangle and that connects these three categories; i.e. all underlying
interactions.®? By adapting Figure 2 for a specific pathogen, it could result in the
development of a mere all-inclusive One Health approach when studying zoonotic
pathogens and their role in, for example, human or animal health. Therefore, we want
to recommend to implement this newly developed One Health framework of Paolo
Zucca (2021) in future One Health related studies.

Figure 2. A visualization of the three general drivers of the theoretical framework of One Health (humans,
animals and the environment) merged with the illusory white triangle developed by the Italian perception
psychologist Gaetano Kanisza (1955). Retrieved from Zucca (2021)* (original image source Kanisza 1955
available also as open source on Wikimedia, modified and merged with the One Health triad framework by Paolo
Zucca)
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Concluding remarks

With increasing attention to zoonoses, the need for a multilevel and multidisciplinary
(One Health) approach to study the complex interactions between people, animals,
and their shared environment to achieve optimal health outcomes for all, increased
as well. While the statement “Everything comes from somewhere” is self-explanatory,
studies including the potential role of the environment in (foodborne) zoonosis
transmission, and more holistically shaping the human gut microbiome, were scarce.
To date, it has become clear that the environment can play a role in the transmission
of zoonotic pathogens from both livestock and wildlife, and in this thesis we
investigated in particular surface water and contaminated urban pluvial floodwater.
However, evidence about specific routes of transmission (e.g. air-borne, via soil or
water) and their relative importance was not yet provided. Furthermore, evidence is
generally scarce in the scientific literature. To study the interactions between different
drivers of zoonotic pathogens, we recommend future studies to focus on pathogen
transmission and their related transmission pathways to be able to look beyond
the three drivers of change included in the One Health disease triangle. This can
be visualized by including a white triangle based on the Gestalt idea that the sum
of visual perception is more than its parts. This triangle illustrates all underlying
interactions that have to be included to study zoonotic pathogens and get a complete
picture of all interactions influencing one another. Although the realization of such
an all-inclusive study is complex, we believe that cutting-edge scientific advances
continue to elucidate such complex mechanisms and will help to set-up such a study
in the future. Some steps have already been taken, as the foundation with regard to
transdisciplinary collaboration between experts already exists. However, we want to
emphasize to stop anthropocentric thinking when using the One Health concept, as
animal- and environmental health are just as important as human health in preventing
the emergence and transmission of zoonotic pathogens in the future.
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Summary

The emergence and spread of infectious diseases, especially zoonoses, is complex
and depends on various determinants or drivers, including their interrelations
at the human-animal-environment interface (HAEI). This thesis provides novel
insights into the potential role of environmental transmission in the epidemiology
of selected exemplary zoonotic pathogens (i.e. Campylobacter, Shiga toxin-producing
E. coli 0157, and non-typhoid Salmonella) that are typically considered as foodborne
pathogens. This was done mainly by studying some of their characteristics in the
environment and the spatial associations between their incidence among human
cases and the level of exposure to local livestock density, using novel methods within
an eco-epidemiological framework. In addition, this thesis explored the potential
human health effects linked to extreme rainfall events and the spatial association
between the urban-rural gradient and the diversity and composition of the human
gut microbiome.

Climate is one of the drivers of change in the (re-)emergence of infectious diseases
and affects exposure pathways of foodborne and waterborne diseases amongst others.
Climate change is expected to increase the likelihood of extreme rainfall events in
the Northern Hemisphere, thereby increasing the chance of pluvial flooding in urban
areas. Urban pluvial flooding is often characterized by roads flooded with rain water
and/or overflows of combined sewerage systems, leading to (fecal) contamination
of the floodwater with several gastrointestinal and other pathogens. In Chapter 2,
we determined the risks of two syndromes, acute gastroenteritis (AGE) and acute
respiratory infection (ARI), associated with exposure to pluvial floodwater in the
Netherlands. Furthermore, specific risk factors for AGE and ARI in pluvial flood-
ravaged urban areas were identified. To this end, we performed a retrospective cross-
sectional study in the summer of 2015 at 60 locations in the Netherlands with reported
pluvial flooding. We used data from questionnaires about information on self-reported
AGE and ARI symptoms after floodwater exposure: contact with floodwater was
significantly associated with AGE and ARI. Risk factors for AGE were skin contact
with floodwater, performing post-flooding cleaning operations and cycling through
floodwater. Skin contact with floodwater and performing post-flooding cleaning
operations were identified as risk factors for ARI as well. In short, we showed that
extreme rainfall events, as a potential consequence of climate change, can be a driver
for AGE- and ARI-causing pathogen spread in the Netherlands. As these events
are increasing in frequency, more people are expected to be exposed to urban pluvial
flooding, which constitutes a significant threat to public health. Therefore, there is a
need for flood-proof solutions in urban development and increased awareness among
stakeholders and the public about the potential health risks. Yet, future prospective
studies are recommended to confirm our results.
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In Chapters 3,4and 5, we focused on the role of potential environmental transmission
of three zoonotic - and typically foodborne - pathogens (i.e. Campylobacter, Salmonella
and STEC O157) from livestock farms in the Netherlands. In Chapter 3 in particular
we quantified Campylobacter prevalence and genotype diversity in surface water, as
well as the relative contributions of several putative (domestic and wild) animal
sources to surface water contamination with the two Campylobacter species of public
health significance, C. jejuni and C. coli, in the Netherlands. Additionally, potential
effects of local livestock (poultry, pig, ruminant) density, type of surface water (i.e.
agricultural water, surface water at discharge points of wastewater treatment plants
[WWTPs], and official recreational water) and season, were assessed. Surface water
of 30 locations spread over six areas with either high or low density of poultry,
ruminants, or pigs, were sampled once every season in 2018-2019 for each surface
water type. Whole-genome sequencing (WGS) was then used for tracing the animal
sources of Campylobacter isolates from surface water. This study revealed a widespread
presence of C. jejuni and C. coli in surface water in the Netherlands. Wild birds
appeared the dominant source of surface water contamination with Campylobacter,
followed by meat-producing poultry (i.e. broilers and turkeys). Surface water can be
seen as a collection vessel of strains from multiple hosts as a result of fecal pollution
from different animal sources. Wild bird contribution was high among isolates from
recreational waters and WWTP discharge points, and in areas with low poultry
density (for C. co/i) or high ruminant density (for C. jejuni). The contribution of
poultry for meat production was high in areas with high poultry density, in springtime,
and in agricultural waters and WW'TP discharge points. We concluded that while
wild birds and poultry were the main contributors to Campylobacter contamination
in surface water in the Netherlands, their contribution varied significantly by water
type, season, and local densities of poultry and ruminants, which are also the main
sources of human campylobacteriosis.

Livestock-associated spatial risk factors for human STEC O157 infection (Chapter
4), campylobacteriosis (Chapter 5) and salmonellosis (Chapter 5) were determined
using a state-of-the-art spatial analysis method. This method was developed and
explained in Chapter 4 based on reported human STEC O157 infections in the years
2007-2016. For the purpose of the analyses, hexagonal areas with different sizes (90,
50, 25, 10 km?) were defined and used in combination with population-weighted-
numbers of animals in each hexagon in the calculation of the probability of exposure to
livestock (i.e. cattle, small ruminants, poultry and pigs). Results showed that exposure
to small ruminants was associated with an increased incidence of human STEC
0157 infections in summer. Chapter 5 directly builds on Chapter 4 as the newly
developed method was applied to two other (typically foodborne) zoonotic pathogens:
Campylobacter and non-typhoid Salmonella (NTS). Thus, we assessed whether human
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salmonellosis and campylobacteriosis incidence were spatially associated with local
density of small ruminants, dairy cows, veal calves, laying hens, broilers and pigs in
the Netherlands in the years 2007-2019 and 2014-2019, respectively. Additionally
in Chapter 5, we accounted for geographical coverage of the diagnostic laboratory
catchment areas. Furthermore, we included serological data from the years 2006-2007
to look at possible effects of acquired immunity due to potential repeated exposure
to the pathogen through the environment, which may confound the analyses based
on the incidence of reported cases. Results showed that living in livestock-rich areas
in the Netherlands is not a consistently significant, spatially restricted risk factor for
acquiring salmonellosis or campylobacteriosis, thereby supporting current knowledge
that human infections with NTS and Campylobacter are mainly foodborne. Chapter 4
and Chapter 5, however, did not provide evidence on the exact mode of transmission.
'The underlying mechanisms, therefore, warrant further investigation and could offer
new targets for control. The newly proposed exposure metric has potential to improve
existing spatial modeling studies on infectious diseases related to livestock exposure,
especially in densely populated countries like the Netherlands.

Although all microorganisms within the human gut microbiome strive towards a
relatively stable equilibrium, its composition and diversity can be influenced by many
factors throughout life, of which the human living environment is an example. In
Chapter 6, we explored the potential (indirect) effects of the urban-rural gradient on
the diversity and composition of the human gut microbiome in the Netherlands using
data on gut microbiome and corresponding metadata from participants’questionnaires
of the PIENTER-III cohort (2016-2017). Results showed a significant increase in
bacterial diversity and two microbial clusters, one dominated by the genus Blautia
and one dominated by Bifidobacterium, Collinsella and akkermansia, to be significantly
positively associated with higher agricultural land coverage. Furthermore, we
identified two genera, Barnesiella and Leuconostoc, with a significant higher relative
abundance in participants living in areas with a high agricultural land coverage. Thus,
we observed an effect of the urban-rural gradient on diversity and composition of
the adult human gut microbiome. As this study was based on an ecological design,
causal inferences cannot be made and further research using individual-level data is
recommended.

Finally, a general discussion of the findings of the present thesis is given in Chapter
7, putting the results of this thesis in a One Health perspective, followed by some
concluding remarks. This thesis showed that we cannot ignore the role of the
environment in mediating the transmission of (foodborne) zoonotic pathogens from
livestock and wildlife, and more holistically in shaping the human gut microbiome.
However, evidence about specific routes of transmission (e.g. air-borne, via soil or
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water) and their relative importance, was not provided. To study all interactions
between different drivers of zoonotic pathogens, we recommend future studies to
focus on pathogen transmission and their related transmission pathways to be able to
look beyond the three drivers of change included in the One Health disease triangle
(humans, animals, environment). This can be visualized by including a white triangle
based on the Gestalt idea that the sum of visual perception is more than its parts.
'This triangle illustrates the interactions to include to study zoonotic pathogens and
provide a complete picture of how they may influence one another. This visualization
can be considered as a first step towards further unraveling the complexity of zoonotic
pathogens by showing “the complete picture” or at least an attempt to do so, to, in the
end, achieve optimal health outcomes.
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Samenvatting

Hetontstaan en de verspreiding van infectieziekten, en met name zoénosen, is complex.
Het hangt af van verschillende determinanten, drijfveren en al hun onderlinge relaties
op het vlak van mens, dier en milieu. Dit proefschrift biedt nieuwe inzichten in de
mogelijke rol van milieutransmissie in de epidemiologie van geselecteerde voedsel-
overdraagbare zoénotische pathogenen (Campylobacter, Shiga-toxin producing E.
coli O157, en non-typhoidale Sa/monella). Dit werd voornamelijk onderzocht door
enkele kenmerken van deze pathogenen in de omgeving en de ruimtelijke verbanden
tussen humane incidentie en de mate van blootstelling aan landbouwhuisdieren te
bestuderen. Hiervoor werden nieuwe methoden binnen een eco-epidemiologisch
kader gebruikt. Daarnaast is de ruimtelijke associatie tussen de stedelijk-rurale
gradiént en de diversiteit en samenstelling van het darm microbioom onderzocht.

Het klimaat is een van de drijfveren van verandering bij het (opnieuw) opduiken
van infectieziekten. Het beinvloedt onder meer de blootstellingsroutes van voedsel-
en wateroverdraagbare ziekten. De verwachting is dat het noordelijk halfrond vaker
te maken krijgt met grote hoeveelheden regen door klimaatverandering, waarbij
de kans op overstromingen in stedelijk gebied toeneemt. Wanneer het rioolstelsel
dit water niet af kan voeren, kunnen straten (deels) onder water komen te staan.
Hierdoor kan verdund rioolwater op straat terechtkomen. Dit water is verontreinigd
met verschillende gastro-intestinale en/of respiratoire ziekteverwekkers en kan
vooral in stedelijke gebieden tot overlast leiden. In Hoofdstuk 2 bepaalden we de
risico’s op het krijgen van twee ziektebeelden: acute gastro-enteritis (AGE) en acute
respiratoire infectie (ARI), geassocieerd met contact met overstromingswater. Verder
werden specifieke risicofactoren voor AGE en ARI geidentificeerd in gebieden waar
overstroming plaatsvond. Hiervoor hebben we in de zomer van 2015 een retrospectief
cross-sectioneel onderzoek uitgevoerd op 60 locaties in Nederland met gemelde
wateroverlast. Om dit te kunnen doen, gebruikten we gegevens uit vragenlijsten met
informatie over zelf gerapporteerde AGE- en ARI-symptomen na blootstelling aan
overstromingswater. Contact met overstromingswater was significant geassocieerd met
AGE en ARI. Risicofactoren voor AGE waren huidcontact met overstromingswater,
het schoonmaken na overstromingen en fietsen door overstromingswater. Daarnaast
werden huidcontact met overstromingswater en schoonmaken na overstromingen
ook geidentificeerd als risicofactoren voor ARI. Kortom, we hebben laten zien dat
klimaatverandering en de bijbehorende toename van extreme regenval in Nederland
een aanjager kan zijn voor de verspreiding van infectieziekten. Naarmate deze
gebeurtenissen vaker voorkomen, worden er elk jaar meer inwoners blootgesteld
aan stedelijke wateroverlast. Dit leidt tot een toename van de risico’s voor de
volksgezondheid. Daarom is er behoefte aan overstromingsbestendige oplossingen in
stedelijke ontwikkeling en een groter bewustzijn bij belanghebbenden en het publick
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over de mogelijke gezondheidsrisico’s. Toekomstige prospectieve studies worden
aanbevolen om onze resultaten te bevestigen.

In Hoofdstuk 3,4 en 5 hebben we ons gericht op de mogelijke rol van milieu transmissie
van zoonotische pathogenen (Campylobacter, Salmonella, STEC 0157) vanuit de
veehouderij. Deze rol wordt steeds meer erkend voor typisch voedseloverdraagbare
pathogenen zoals de bovengenoemde drie. In Hoofdstuk 3 hebben we de Campylobacter
prevalentie en genotype diversiteit in oppervlaktewater gekwantificeerd, evenals de
relatieve bijdragen van verschillende mogelijke (gedomesticeerde en wilde) dierlijke
bronnen aan oppervlaktewaterverontreiniging met de twee Campylobacter soorten, C.
Jejuni en C. coli die van belang zijn voor de volksgezondheid in Nederland. Daarnaast
werden mogelijke effecten van lokale landbouwhuisdierdichtheden (pluimvee,
varkens, herkauwers), type oppervlaktewater (agrarische sloten, oppervlaktewater bij
lozingspunten van afvalwaterzuiveringsinstallaties [AWZI’s] en officieel recreatiewater)
en seizoen beoordeeld. Hiervoor zijn in 2018-2019 op 30 locaties in Nederland monsters
genomen van oppervlaktewater. Deze locaties waren verspreid over zes gebieden met
een hoge of lage dichtheid aan pluimvee, varkens en herkauwers. Er werd één monster
per seizoen genomen voor elk type oppervlaktewater. Whole-genome sequencing
(WGS) werd gebruikt voor het opsporen van de dierlijke bronnen van Campylobacter
isolaten in oppervlakte water. Dit hoofdstuk liet zien dat C. jejuni en C. coli wijdverspreid
aanwezig zijn in Nederlands oppervlaktewater. Wilde vogels waren de dominante bron
van deze oppervlaktewaterverontreiniging, gevolgd door pluimvee bestemd voor de
vleesproductie. Oppervlaktewater kan worden gezien als een verzamelbak van stammen
afkomstig van meerdere gastheren als gevolg van fecale vervuiling door verschillende
dierlijke bronnen. De bijdrage van wilde vogels was hoog onder recreatiewater isolaten,
isolaten atkomstig van AWZI lozingspunten en in gebieden met een lage dichtheid
aan pluimvee (C. co/i) of een hoge dichtheid aan herkauwers (C. jejuni). De bijdrage van
pluimvee bestemd voor de vleesproductie was hoog in gebieden met een hoge pluimvee
dichtheid, in het voorjaar, in agrarische sloten en bij AWZI lozingspunten. Hoewel
wilde vogels en pluimvee de grootste bijdrage leverden aan Campylobacter besmetting
van oppervlaktewater, verschilde hun bijdrage aanzienlijk per watertype, seizoen en
lokale dichtheden van pluimvee en herkauwers.

In Hoofdstuk 4 en Hoofdstuk 5 werden met landbouwhuisdieren-geassocieerde
ruimtelijke risicofactoren voor humane STEC O157 (Hoofdstuk 4), campylobac-
teriose (Hoofdstuk 5) en salmonellose (Hoofdstuk 5) bepaald met behulp van een
nieuw ontwikkelde ruimtelijke analyse methode. Deze methode is ontwikkeld en
beschreven in Hoofdstuk 4 op basis van gerapporteerde humane STEC O157 in-
fecties in de jaren 2007-2016. Hiervoor zijn hexagonen met verschillende groottes
(90,50, 25,10 km?) gebruikt in combinatie met de populatie-gewogen aantallen die-
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ren in de berekening van de kans op blootstelling aan landbouwhuisdieren (rundvee,
kleine herkauwers, pluimvee en varkens). Dit hoofdstuk laat zien dat blootstelling
aan kleine herkauwers geassocieerd is met een verhoogde STEC O157 incidentie
in de zomer. Hoofdstuk 5 bouwt rechtstreeks voort op Hoofdstuk 4. Hier hebben
we de nieuw ontwikkelde methode toegepast op twee andere voedseloverdraagbare
zodnotische pathogenen: Campylobacter en non-typhoidale Salmonella (NTS). We
hebben hiermee beoordeeld of de incidentie van campylobacteriose en salmonellose
bij de mens ruimtelijk geassocieerd was met de lokale dichtheid van kleine herkau-
wers, melkkoeien, vleeskalveren, leghennen, vleeskuikens en varkens in Nederland in
de jaren 2007-2019 en 2014-2019. Daarnaast hebben we in Hoofdstuk 5 rekening
gehouden met de geografische dekking van de diagnostische laboratoria. Ook hebben
we serologische gegevens uit de jaren 2006-2007 geanalyseerd om te kijken naar de
mogelijke effecten van verworven immuniteit. Dit werd gedaan, omdat herhaaldeli-
jke blootstelling aan het pathogeen via het milieu mogelijk de analyses gebaseerd op
de incidentie kan beinvloeden door middel van confounding. Resultaten toonden aan
dat wonen in gebieden met veel landbouwhuisdieren in Nederland geen consequent
significante, ruimtelijk beperkte risicofactor is voor het krijgen van campylobacte-
riose of salmonellose. Dit ondersteunt de huidige kennis dat humane infecties met
Campylobacter en Salmonella voornamelijk via voedsel worden overgedragen. Hoofd-
stuk 4 en Hoofdstuk 5 gaven geen informatie over de wijze van transmissie. Daarom
is het noodzakelijk om vervolgonderzoek te doen naar onderliggende mechanismen
die mogelijk kunnen leiden tot nieuwe controle maatregelen. De nieuw voorgestelde
blootstellingsmaat kan bestaande ruimtelijke modelleringsstudies over infectieziek-
ten verbeteren die verband houden met blootstelling aan landbouwhuisdieren, vooral

in dichtbevolkte gebieden zoals Nederland.

Hoewel alle individuele micro-organismen in het menselijke darm microbioom streven
naar een relatief stabiel evenwicht, kan de diversiteit en samenstelling gedurende het
hele leven door vele factoren worden beinvloed. Een voorbeeld van zo'n factor is de
menselijke leefomgeving. In Hoofdstuk 6 onderzochten we de mogelijke (indirecte)
effecten van de gradiént tussen stad en platteland op de diversiteit en samenstelling
van het menselijke darm microbioom in Nederland met behulp van gegevens over
het darm microbioom en bijbehorende metadata van deelnemersvragenlijsten van
het PIENTER-IIT cohort (2016-2017). De resultaten toonden een significante
toename van de bacteriéle diversiteit en twee microbiéle clusters die significant
positief geassocieerd zijn met een hoger percentage landbouwgrond in de omgeving
van de deelnemer: één gedomineerd door het genus Blautia en één gedomineerd
door Bifidobacterium, Collinsella en Akkermansia. Verder identificeerden we twee
genera: Barnesiella en Leuconostoc die significant meer aanwezig waren in het darm
microbioom van deelnemers die in gebieden woonden met een hoger percentage
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landbouwgrond in hun omgeving. Er is dus een effect waargenomen van de gradiént
tussen stad en platteland op de diversiteit en samenstelling van het darm microbioom
van volwassenen. Aangezien deze studie gebaseerd was op een ecologisch ontwerp,
is causale gevolgtrekking beperkt en wordt verder onderzoek met gegevens op
individueel niveau aanbevolen.

Ten slotte worden in Hoofdstuk 7 de bevindingen van dit proefschrift bediscussieerd,
en plaatsten we de resultaten van dit proefschrift in een One Health perspectief.
Samenvattend laat dit proefschrift zien dat we de rol van het milieu bij de transmissie
van (door voedsel overgedragen) zickteverwekkers afkomstig van landbouwhuisdieren
en wilde dieren niet zomaar kunnen negeren. Daarnaast lijkt de leefomgeving ook
een rol te spelen in het vormen van het darm microbioom. Bewijzen over specifieke
transmissieroutes (bijvoorbeeld via de lucht, via bodem of water) en hun relatieve
belang zijn echter nog niet geleverd. Om alle interacties tussen de verschillende
drijfveren van specifieke zoénotische pathogenen te bestuderen, raden we daarom
aan om verder te kijken dan de drie drijvende krachten achter verandering die zijn
opgenomen in de One Health driehoek (mensen, dieren, milieu). Dit kan bereikt
worden door in toekomstige studies te focussen op transmissie van deze pathogenen
en de bijbehorende transmissieroutes wat gevisualiseerd kan worden door een witte
drichoek te includeren in de bestaande driehoek. Deze witte driehoek is gebaseerd
op het Gestalt-idee dat de som van de visuele perceptie meer is dan zijn onderdelen.
Deze vernieuwde driehoek illustreert alle interacties die moeten worden meegenomen
om zoonotische pathogenen te bestuderen en om een compleet beeld te krijgen
van alle interacties die elkaar beinvloeden. Daarom kan deze visualisatie worden
beschouwd als een eerste stap om de complexiteit van zodnotische pathogenen verder
te ontrafelen door “het complete plaatje” te laten zien, of op zijn minst een poging
daartoe, om uiteindelijk tot optimale gezondheidsresultaten te komen.
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veel van heb geleerd. Naast je vakkennis waren je verhalen over thuis altijd heerlijk
om aan te horen; met drie dochters heb je heel wat te stellen. Als ware Italiaan nam
je me samen met een andere collega-PhD in Itali€ mee op sleeptouw tijdens een
congres. Want die watertoren daar, die moesten we gezien hebben. Ik beschouwde
je altijd als een alleskunner, maar tijdens dit tripje leerde ik dat ook jij gewoon mens
bent. Die trappen van de watertoren waren toch wat steiler dan wat je je van vroeger
herinnerde. Ook werd Eelco daar omgedoopt tot “legmen”. Wat heb ik naast alle
serieuze bezigheden met jullie gelachen. Dank daarvoor!
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Ook mijn promotor Dick wil ik graag bedanken. Vol enthousiasme werkte en dacht
je mee over het PhD plan en elke keer als we elkaar spraken was er wel weer stof tot
nadenken (en natuurlijk meer werk). Bedankt voor al het meedenken en je feedback
op verschillende delen van dit proefschrift. Je oprechte interesse en belangstelling
zorgden ervoor dat ik ontzettend gemotiveerd was om dit project tot een goed
einde te brengen. Graag bedank ik ook alle andere coauteurs voor het meedenken
en meeschrijven aan de artikelen. En natuurlijk ook de leden van de commissie voor
hun bereidheid om mijn proefschrift te beoordelen.

Jan,jouwil ik ontzettend bedanken voor het meedenken over de toegepaste ruimtelijke
analyses in dit proefschrift. Zonder jouw kritische blik en hulp had ik wellicht mijn
laptop echt een keer uit het raam gegooid, want na de zoveelste INLA error kwam
jouw hulp dan als geroepen. Meerdere keren zaten we samen, zowel fysiek als online,
naar het scherm te staren en ons weer eens af te vragen hoe we dit nou eens zouden
kunnen oplossen. Gelukkig had je altijd goede ideeén en werkte het (meestal) daarna
weer. Dank voor je geduld en oprechte interesse in alles wat ik deed. Zo fijn om te
weten dat ik altijd aan kon en kan kloppen als mijn kennis van R of de statistiek even
tekort schiet.

En dan kom ik aan bij mijn paranimfen en GEZ collega’s Lola en Roan. Ik wil
jullie beiden ontzettend bedanken voor alles wat jullie voor mij betekend hebben
in de afgelopen jaren. Lola, de lunchwandelingen en het fitnessen samen met jou
zorgde voor de welkome afwisseling tussen serieuze werk-gerelateerde gesprekken
en de luchtige verhalen over onze zoontjes. Gedurende de jaren is er een waardevolle
vriendschap ontstaan, waarbij ik zelfs functioneer als spinnenvanger en levend
hondenschild. Roan, ook jou wil ik graag bedanken voor alle kopjes koffie en het
“even” meekijken en denken over een bepaalde analyse. Vaak werd dit “even” nog wat
langer, want “oh ja, hoe zit dat eigenlijk?”. Het moest altijd even uitgezocht worden.
Ook over de kinderen raken we niet uitgepraat. Bedankt voor je altijd luisterende oor
en het doorbreken van de dag met een online kopje koftie tijdens het thuiswerken in

de COVID-19 lockdowns.

Natuurlijk wil ik ook graag alle andere collega’s van de GEZ groep bedanken. Velen
dachten mee bij bepaalde onderdelen van dit proefschrift en de oprechte interesse
in mijn onderzoek zal mij altijd bijblijven. Twee collega’s wil ik in het bijzonder
nog bedanken. Mari-Lee, zeker het afgelopen jaar hebben we elkaar regelmatig
gesproken via Teams: “Hey, jij ook nog aan het werk? — 22:08.... Liep ik ergens in
vast, dan kon ik je altijd even een berichtje doen en kreeg ik altijd iets motiverends
terug, omgedraaid natuurlijk precies hetzelfde. Het was niet altijd makkelijk met een
kleintje die vaak ziek was en het daardoor werken op tijdstippen waarop de meeste
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mensen vrij zijn. Maar onze gesprekken waren altijd een opsteker (en zeker de PhD
comics). Agnetha, ook al werk je niet meer bij GEZ, ik wil je toch bedanken voor alle
waardevolle tips. Als bijna buren op de gang was het altijd makkelijk om even bij je
binnen te lopen met een vraag en (bijna) altijd liep ik je deur weer uit met iets waar
ik mee verder kon.

Inge ook jou wil ik graag bedanken. Als codrdinator van de PhDget2gether groep
heb ik samen met jou iets ontzettend moois en waardevols neer kunnen zetten voor
alle PhD kandidaten die binnen epi rondlopen. Naast het bijeen brengen van alle
PhD’s tijdens de COVID-19 periode is het ons gelukt om elk half jaar opnieuw
een afwisselend programma te bieden van inhoudelijke presentaties en het delen
van PhD ervaringen. Sinds driekwart jaar zijn we inmiddels directe collega’s door
mijn overstap van GEZ naar RES en ik kijk uit naar verdere samenwerkingen met
jou. Graag bedank ik ook iedereen uit het tuberculose-team binnen RES, waar ik
sinds april 2022 deel van uit maak. Altijd waren jullie geinteresseerd in hoe het ging
met mijn proefschrift en hoe het met mij als persoon eigenlijk ging. Bedankt voor
jullie warme onthaal en steun tijdens de afrondende fase! Rianne, jouw naam kan
in dit rijtje zeker niet ontbreken. Als mijn leidinggevende binnen RES was je altijd
geinteresseerd in hoe het ervoor stond. Jouw aanmoedigingen, en de flexibiliteit
en vrijheid die ik van je kreeg, hebben er mede aan bijgedragen dat de afronding
daadwerkelijk volgens schema is verlopen.

Evelien, wat een topvriendin ben jij! Bedankt voor alle avonden sushi waarbij ik even
mijn ei kwijt kon. Druk of niet, als er iets was, was jij er altijd en maar een appje
verder weg. Ontzettend fijn ook dat je het Nederlandse deel van mijn proefschrift
wilde nakijken, wat moet ik toch zonder je. Ook alle andere vrienden, vriendinnen en
familie wil ik graag bedanken voor jullie interesse, gezellige afleiding en stabiele basis.

In het bijzonder wil ik graag nog mijn ouders en zus Marit bedanken voor alle steun
en het vertrouwen in mij. Bedankt voor alle lieve berichtjes, kaartjes, appjes, knuftels,
het doorlopen van het Nederlandse stuk uit dit proefschrift en nog veel meer.. Marit,
bedankt voor het zijn van je heerlijke zelf, jouw blik werkt heerlijk ontnuchterend en
zet me vaak weer met beide benen op de grond.

Wesley, wat zou ik moeten zonder jou! Tijdens deze rollercoaster was je mijn rots in
de branding. Schoot ik even in de stress, was jij mijn veilige haven. Samen maakten we
de afgelopen vijf jaar heel wat mee. We kregen onze hond Pip, die tijdens COVID-19
regelmatig online haar entree maakte. We trouwden, kregen onze lieverd en ondeugd
Timo na een spannende zwangerschap en we verhuisden naar ons droomhuis aan
de bosrand. Het was niet altijd makkelijk om werk te combineren met het vele ziek
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zijn van Timo, maar wat ben ik trots op ons! We vonden altijd samen een oplossing.
Afgelopen november kluste jij alleen in ons nieuwe huis, zodat ik alle tijd had voor
het afronden van mijn proefschrift en we toch over konden. Als dat geen liefde is..
bedankt dat je me altijd steunt en er altijd voor me bent! Ik ga verder met het uitpakken
van de verhuisdozen als dit afgerond is, beloofd! En Timo, jij hebt het nog niet door,
maar ook jou wil ik bedanken. Jouw brede lach en harde uitroep “MAMA” als ik je
na een dag hard werken weer op kom halen of thuis kom, samen met een ontzettend
dikke knuffel, zorgen ervoor dat werk gelijk naar de achtergrond verdwijnt. Wat wil
je nou nog meer dan thuiskomen in zo'n warm bad? Ik hou van jullie!
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