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Grisefine lunger

The project logo of Grisefine lunger. The project name roughly translates to
"Really great lungs”. This is a play on words, as "gris", which is used for
emphasis, is the Norwegian word for pig.
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3 Abstract

Respiratory disease is considered a major challenge to the porcine health,
welfare, and production. To limit the occurrence and impact of clinical
respiratory disease, knowledge of the etiologic agent is crucial. Efforts made
by the Norwegian pig production sector has resulted in a unique health
situation for the Norwegian pig population. Actinobacillus pleuropneumoniae
(APP) is the suspected agent behind most clinical outbreaks of respiratory
disease in pigs in Norway. Due to a complex disease etiology and differences
in population structures and production practices, updated knowledge of

respiratory disease under the Norwegian conditions was needed.

The aim of this thesis was to increase our understanding of infectious
respiratory disease in the Norwegian pig population. The aim was
approached through a case/control field study of respiratory disease

outbreaks, and a genome study.

Severe clinical characteristics were observed during the outbreaks, and the
disease characteristics were typical of APP. Typical acute pathological
lesions of porcine pleuropneumonia were present in lungs and pleura of pigs
with acute clinical signs, and APP serovar 8 (APP8) was found to be the main
etiologic agent. No other respiratory agents were found to contribute to the
disease outbreaks. The results confirmed APPs role as a primary infectious

respiratory agent.

To further characterize APP8 in the Norwegian pig population, the genomic
variability in these bacterial genomes was investigated through whole
genome sequencing. Information of the structure of the Norwegian pig
population was used to assess its’ effect on the dissemination of genetic lines
including antimicrobial resistance (AMR) in APP8. A very low within-host
variation indicated that APP8 caused monoclonal infections in the pig lungs,
yet some within-herd genetic variation was evident. A geographical

clustering of APP8 was seen within regions in Norway, and between APP8 in



Norway, the United Kingdom (UK) and Denmark. The time of separation
between APPS8 isolates from the three national populations was estimated
using Bayesian inference. The last common ancestors of Norwegian and
Danish isolates were estimated to have occurred around 200 years ago,
while a separation of the Norwegian and UK isolates happened even longer
ago. The occurrence of AMR genes in the Norwegian APP8 isolates was low,

and substantially lower than the UK isolates.

While a high level of national biosecurity in Norway is the most important
contribution to the health status of the Norwegian pig population,
biosecurity practices at the farm are important for preventing endemic
respiratory agents. A study assessing the total, external and internal
biosecurity of herds with outbreaks of respiratory disease and non-outbreak
herds was performed using Biocheck.UGent™. No difference in biosecurity
levels between the herds with and without outbreaks could be detected. Both
herd groups scored higher on external than internal biosecurity. However, a
lower internal biosecurity score in both outbreak and non-outbreak herds
was found, implying there might be a lack of compliance with important

biosecurity measures internally at the farm.

In conclusion, APP8 is the dominating serovar of APP in Norway, causing
severe outbreaks of clinical respiratory disease in fattening pigs. The
structure of the Norwegian pig population has allowed for low variability
among APP8 isolates, with clear geographic clustering. International
biosecurity considerations allowing for a closed Norwegian pig population
has led to a distinct separation between Norwegian isolates and those from
neighboring nations Denmark and the UK. More information regarding
transmission of APP is needed to assess the influence of biosecurity
measures on occurrence of outbreaks with APP. The work described in this
thesis has increased our understanding of infectious respiratory disease in

the Norwegian pig population and can contribute to improved health of pigs.



4 Norsk sammendrag

Luftveissykdommer er i svineproduksjon ansett som et stort problem med
store konsekvenser for grisens helse og velferd. For a begrense forekomsten
av klinisk luftveissykdom hos gris ma man fgrst komme til bunns i hvilke
agens som star bak. Den norske svinenaeringa har lagt inn store ressurseri a
opprettholde en god helse blant norske griser. Actinobacillus
pleuropneumoniae (APP) mistenkes & std bak de fleste utbrudd med
luftveissjukdom i den norske grisepopulasjonen i dag. Grunnet komplekse
arsaksforhold, og store nasjonale forskjeller i populasjonsstruktur var det

behov for a kartlegge luftveissjukdom hos griser ved norske forhold.

Som overordnet mal hadde denne avhandlingen a gke forstdelsen av
smittsom luftveissykdom i den norske grisepopulasjonen. For & nd malet ble
det gjennomfgrt en kasus/kontroll feltstudie av luftveisutbrudd, og en

genom-studie.

Under utbruddene ble det observert alvorlige kliniske tegn, og
sykdomsbildet var typisk for APP. Typiske akutte forandringer for ondartet
lungesyke var til stede i lunger og brysthinne hos griser med akutte kliniske
tegn, og APP serovar 8 (APP8) ble diagnostisert som det viktigste etiologiske
agenset. Ingen andre luftveisagens bidro til sykdomsutbruddene.

Resultatene bekrefter APP som primaeragens ved smittsom luftveissykdom.

Gjennom helgenomsekvensering av APP8-isolater fra Norge ble variasjonen
i disse bakterienes DNA undersgkt. Informasjon om strukturen i den norske
grisepopulasjonen ble brukt til 4 undersgke effekten av denne pa genetisk
variasjon og utbredelse av genetiske trekk inkludert antibiotikaresistens i
APP8. Det var en beskjeden variasjon mellom APP8 isolater fra Norge. En
sveert lav variasjon blant isolater fra samme griselunge indikerte at
infeksjonene var utgdtt fra samme bakterieklon. Det ble observert noe
variasjon mellom griser innad i den enkelte besetning. Isolatene var tydelig

inndelt etter geografisk opphav, bade innad i Norge, og mellom APP8 isolater



fra Norge, England og Danmark. Studien indikerte at norske og danske
isolater ma ha skilt lag for 200 ar siden, og at norske og engelske isolater ma
ha skilt lag betydelig mye fgr det. Forekomsten av antibiotikaresistens-gener
i norske APP8 isolater var lav, og betydelig mye lavere enn i engelske
isolater. Strukturen i den norske grisepopulasjonen og nasjonale
smitteverntiltak som begrenser forflytningen av griser har antakelig

pavirket evolusjonen og utbredelse av APP8 i Norge.

Et solid smittevern nasjonalt er antakelig det viktigste bidraget til den gode
helsesituasjonen i den norske grisepopulasjonen. Smittevern pa
besetningsniva er allikevel viktig for a forhindre smittsomme sjukdommer
som finnes i populasjonen. En studie som kvantifiserte overordnet, eksternt
og internt smittevern i besetninger med og uten utbrudd av luftveissjukdom
ble gjennomfgrt ved hjelp av verktgyet Biocheck.UGent™. Det kunne ikke
pavises noen forskjell i smittevernnivaer mellom besetningene med og uten
utbrudd. Begge besetningsgruppene scoret hgyere pa eksternt enn internt
smittevern. Det ble imidlertid funnet en lavere intern biosikkerhetsscore i
bade utbruddsbesetninger og ikke-utbruddsbesetninger, noe som tyder pa
at det kan veere manglende overholdelse av viktige biosikkerhetstiltak

internt pa garden.

Resultatene fra disse studiene har bekreftet at APP8 forarsaker alvorlige
utbrudd av klinisk luftveissykdom hos slaktegriser og er den dominerende
serovar av APP i Norge. Strukturen til den norske grisepopulasjonen har
bidratt til lav variasjon blant APP8-isolater, og en tydelig geografisk
gruppering. Internasjonale smittevernhensyn som tillater for en lukket
norsk grisepopulasjon, har fgrt til et tydelig skille mellom norske, danske og
engelske APP8 isolater. Mer informasjon om hvordan APP smitter er
ngdvendig for & vurdere viktigheten av smitteverntiltak pa forekomst av
utbrudd med APP. Arbeidet som er beskrevet her har gkt var forstaelse av
smittsomme luftveissykdommer i den norske grisepopulasjonen og kan

bidra til bedre helse hos griser.



5 Synopsis

5.1 Introduction

Modern commercial rearing of pigs (Sus scrofa domesticus) is becoming more
efficient in order to meet the increased demand for animal dietary protein
by a growing global human population (Sgrensen et al. 2006). The resulting
increase in animal density is grounds for a more efficient spread of infectious
diseases (Maes et al. 2000 , Rose et al 2002). Respiratory disease is
considered a major challenge to the porcine health, welfare, and production,
and is subject to research globally. To limit the occurrence and impact of
clinical respiratory disease in pigs, knowledge of the etiology is crucial
(Figure 1).

Figure 1. The work described in this thesis can contribute to improve pig health
through increased knowledge of respiratory disease in the Norwegian pig

population.

Efforts made by the Norwegian pig production sector has resulted in a
unique health situation for the Norwegian pig population. Actinobacillus
pleuropneumoniae (APP) is the suspected agent behind most clinical
outbreaks of respiratory disease in pigs in Norway (Animalia 2020b) and the
focus of this thesis. A possible association between APP, and/or other agents
with respiratory disease outbreaks has not been confirmed. Comprehensive
diagnostic investigation of clinical cases could confirm this association. By
assessing biosecurity, the risk of infectious diseases in a population could be
further understood. Knowledge of the respiratory disease etiology and
biosecurity levels in Norwegian pig herds can contribute to prevent future
outbreaks.



Genetic methods can help us understand infectious diseases through
studying the variability and evolution of agents. Genetic investigations can
aid future efforts to prevent respiratory disease in pigs, since genetic
methods are frequently used to trace agent transmission. The development
of whole genome sequencing (WGS) and bioinformatics are generating new
possibilities for studies of transmission and dissemination of genetic traits.
The work described in this thesis increased our understanding of the
infectious respiratory disease and may contribute to improved health of pigs
(Figure 1).

5.1.1 Norwegian pig production

5.1.1.1 Norway in an International perspective
Annual global pork production was estimated to be around 120 million tons
(FAO 2020) in 2017, when this study began. The Norwegian contribution to
this total was modest, at approx. 0.14 million tons (1.6 million slaughtered
pigs) (Statistics Norway 2021b). With a human population of 5.3 million,
Norway is self-sufficient in pork, which is the most consumed meat type in
Norway (The Norwegian Directorate of Health 2021). Norwegian pig farms
have increased in size over the last decade. The total national production of
slaughtered pigs increased by 100.000 while the number of registered farms
fell from 3379 to 2404 between 2007 and 2017 (Statistics Norway 2021a).
This shift towards larger farms is seen in many countries in Europe (Eurostat
2009, Eurostat 2017) and in the USA (USDA 2017). The national legislation
regulates production volume in Norway, which is limited to 105 sows (450
for sow pools) and 2100 finishers per farm (Ministry of Agriculture and Food
2004). Thus, Norwegian pig farms are moderate in size compared to other
pig producing countries in Europe, where most sows are being held in large

farms with more than 200 sows per farm (Eurostat 2009).

5.1.1.2 Geography, structure, and genetics of the Norwegian
pig population
Norway is located to the west on the Scandinavian Peninsula, bordering the

ocean in the north, west and south. In the East, Norway borders Sweden,
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Finland, and Russia (see Figure 11 for a map of Norway). There are 11
administrative regions in Norway, called counties. Although agricultural
production takes place across the whole country, pig production is mainly
concentrated in three areas: in the central part of Norway in the county of
Trgndelag, in the south-west in the county of Rogaland and in the east

surrounding to the capital region of Oslo (Statistics Norway 2021b).

Nucleus herds
-Duroc (8)
- Norwegian Landrace (31)

Multiplier herds
(45)

Commercial herds
- Sow herds (865)

(Sow pools and farrow-to-finish included)

-Fattening herds (1300)

Figure 2. The Norwegian breeding and production pyramid. Purebred Duroc
and Norwegian (NO) Landrace nucleus herds at the top and mixed breed
multiplier herds in the tier second to the top. Commercial herds that produce
pigs for consumption are in the bottom two tiers, with sow herds in the upper
bottom tier and fattening herds in the lower bottom. The direction of livestock
movement is unidirectionally downwards within this system, as indicated by
the arrow (Animal flow). Number of herds per category as of 2017 are
included in parentheses (Ingris 2018).
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National livestock trade is tied to the structure of the breeding and
production system (Figure 2) which is fashioned in a pyramid, with
unidirectional downward flow of animals (Svendsby 2013). In the top tier
there are nucleus herds (Figure 2), which are purebred Duroc (main boar
race in Norway) and Norwegian Landrace breeding herds. The tier next to
the top consists of multiplier herds (Figure 2) that cross thoroughbred
Landrace sows with semen from Dutch imported Yorkshire (Topigs Z-line)
to produce hybrid sows (also known as TN70). The upper bottom tier is
made up of commercial sow herds in which hybrid sows are inseminated
with Duroc semen (alternatively with Landrace or Hampshire sourced from
Norwegian herds) for commercial production of fatteners. Most fattening
pigs in Norway is thus a mix of three breeds (Figure 3). In addition to strict
piglet producing herds, sow herds includes integrated (farrow-to-finish)
herds and sow pools, a system based on leasing of pregnant sows from a
central sow pool to several satellite herds until weaning when the sows
return to the sow pool (Svendsby 2013). In the bottom tier are the fattening
pig herds (Figure 2) that purchase weaner pigs from sow herds at around 10
weeks age or approximately 32 kg body weight (Ingris 2018) and rear the
pigs until slaughter (Figure 3). The term fattening pig is thus used here for
pigs during the whole rearing stage, as it is not common in Norway to divide

this period further.

Main actors in the Norwegian pig production sector include the national
cooperative breeding organization (Norsvin SA), the slaughterhouse
organizations and The Norwegian Meat and Poultry Research Centre
(Animalia AS) (Svendsby 2013). The latter is owned by the slaughterhouse
organizations. There are two main slaughterhouse organizations in Norway,
namely Nortura SA (cooperative owned by the farmers) and Kjgtt- og
figrfebransjens Landsforbund (union of private slaughterhouses). Livestock

trade is usually organized by the slaughterhouses (Nortura 2018).
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Figure 3. Norwegian fattening pigs are a mix between three breeds: Duroc,

Norwegian Landrace and Dutch Yorkshire (Z-line). This results in differences

in phenotypic traits. Photo credit: Liza Miriam Cohen.

5.1.2 The health status of Norwegian pigs

5.1.2.1 Biosecurity for a healthier pig population
Biosecurity is a set of management and physical measures designed to reduce
the risk of introduction, establishment and spread of animal diseases,
infections, or infestations to, from and within an animal population (OIE
2021b). Biosecurity is commonly divided into external and internal
biosecurity. External biosecurity is aimed at avoiding the entry of pathogens
into a population, and internal biosecurity is aimed at preventing the spread
of pathogens to uninfected animals in the population when the pathogen is
already present (FAO et al. 2010). Decisions regarding biosecurity to protect

a defined population (i.e., international, national or herd) are made at

13



different levels, illustrated in the biosecurity pyramid (Figure 4). All
biosecurity strategies are based on knowledge of infection biology and
specific disease epidemiology (FAO et al. 2010). This way, potential sources
of infection and their associated risk can be identified. Surveillance,
traceability, prevention, and eradication plans build on the same knowledge
foundation, and are together with biosecurity, important components of

infectious disease control.

51.211 International and National biosecurity

International and national biosecurity policies have been established (Figure
4) to prevent pig diseases which represent a major threat to production and
trade in many countries (FAO et al. 2010). To ensure smooth international
trade the world trade organization has assigned the World Organization for
Animal Health (OIE) to provide guidelines for handling animal disease (WTO
1995). The Terrestrial Animal Health Code was developed (OIE 2021b) to
provide generic and disease specific guidance for diagnosing and
demonstrating freedom of agents, as well as prevention and surveillance of
various diseases (OIE 2021a).

Norway is a member of the European Economic Area (EEA) (Figure 4) and is
obligated to implement legislation from the European Union (EU). In
alignment with the international standards of OIE, The Animal Health Law
(European Parliament and Council 2016b) encourages a unified approach to
biosecurity in animal production, and to surveillance and handling of

emerging threats like severe infectious disease pathogens.

Restricting the introduction of live susceptible species that endangers the
freedom status of a population is a key feature of the national biosecurity
(Figure 4). In the years since 1994, The national surveillance programme for
specific viral infections in swine has been surveilling the Norwegian pig
population for occurrence of several viral infections (Grgntvedt 2018b).
Norwegian pig herds have continually been free from Aujezky’s Disease
Virus, Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), all
strains of Swine Influenza Virus (SIV) except for (H1N1)pdmO9,

transmissible gastroenteritis and porcine epidemic diarrhea virus,
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(Grgntvedt 2018b). Norway’s freedom from Aujezky’s disease has been
recognized in the EEA (ESA 2010). To protect the Norwegian pig population
from these agents, import of livestock and genetic material (semen) has been
strictly regulated through national legislation and additional regulations
provided by the pig production sector (Ministry of Agriculture and Food
1998, ESA 2010, KOORIMP et al. 2021).

National and local biosecurity measures (Figure 4) limit the occurrence and
impact of infections that occur sporadically (FAO et al. 2010). National
measures to maintain a favorable health status for Norwegian pigs include,
but are not limited to legal biosecurity requirements in the Regulation on
keeping of pigs (Ministry of Agriculture and Food 2003), which are aimed at
good hygienic practices and prevention of disease transmission. Regulation
of production volume and domestic livestock trade that limit live animal
contact points are important to national disease control (Neumann et al
2019).

WTO International agreements
OIE and guidelines
International FAO
/ European International legislation
Economic Area
National
National Legislation enforced
/ Pig production sector Regional regulation
Local Herds Codes of
practice

Figure 4. The Biosecurity Pyramid. Decisions regarding biosecurity is made at
different levels, from different international levels on top, through national and
regional levels down to the individual farms on the bottom. World Trade
Organization (WTO), World organization for animal health (OIE), Food and
Agriculture Organization (FAO). Figure adapted from Oidtmann et al. (2011).
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51212 Biosecurity assessment

Biosecurity measures for control of diseases are usually targeted at the
transmission routes of relevant infective agents (FAO et al. 2010). Generally,
disease transmission can happen directly via contact between infected and
susceptible animals, directly via air, or indirectly via contaminated vehicles.
Vehicles for indirect transmission include inanimate objects such as semen,
manure, feed, water and fomites, people, or vector animals such as insects,
rodents and birds (FAO et al 2010). Direct animal contact is the most
common and most efficient mode of transmission (Filippitzi et al. 2017).
Thus, segregation is listed as the main principle of biosecurity in Good
biosecurity practices in the pig sector (FAO et al. 2010), followed by cleaning

and disinfection.

Assessing biosecurity can help us understand at what level a population is
protected against the potential threats of infectious disease. In Norway there
is a high level of national biosecurity to protect the favourable health status
of Norwegian pigs. However, there are no studies describing the current
external and internal biosecurity levels of Norwegian fattening pig herds.
The biosecurity level in a herd is not easily quantifiable. The overall
biosecurity is impacted by many factors, but not all of these are associated
with the same risk. A weighted scoring system is therefore useful and can
provide better grounds for measuring and comparing biosecurity
objectively. Biocheck.UGent™ is an established tool (Ghent University),
developed by Ghent University, Belgium (Laanen et al. 2010), for mapping
biosecurity at herd level in poultry, cattle and pig herds. This tool is
comprised of a detailed questionnaire that forms the basis for a quantitative
scoring of biosecurity within 12 defined areas of the production. The
questionnaire is paired with a knowledge database that provides advice
targeted at the areas of improvement. The scoring hence reflects the general
prevention of introduction, establishment and spread of infectious disease
to, from and within the herd. Biocheck.UGent™ has been utilized for
biosecurity assessment in various countries, but is less often used in

fattening pig herds, according to published literature.
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5.1.2.2 Pathogen freedom in populations
Norway has a tradition for eradicating infectious agents from animal
populations. Systematic efforts by the pig production sector have thus led to
the eradication of the infectious respiratory agent Mycoplasma
hyopneumoniae (Gulliksen et al. 2021), adding to the list of pathogen
freedom in the general pig population. Systematic sanitation is also the
reason there are minimal detected pig herds with Methicillin resistant
Staphylococcus aureus in Norway (Urdahl et al. 2021). In addition, Norway
has a Specific Pathogen Free (SPF) subpopulation, in which there is also
freedom from porcine pleuropneumonia (APP), atrophic rhinitis (toxigenic
Pasteurella multocida), swine dysentery (Brachyspira hyodysenteriae) and
sarcoptic mange (Sarcoptes scabiei var suis) (Animalia 2021b).In 2016 there
were nearly 60 SPF herds in total: six breeding herds, 30 commercial sow
herds and 20 fattening herds (Ingris 2017). Norsvin declared in 2016 that a
systematic effort to convert all breeding and multiplier herds to SPF will take
place in the years to come (Animalia 2021b). Outbreaks of APP have
occurred in some SPF herds, causing them to lose their SPF-status. The

source of transmission is seldom identified (Animalia 2020b).

5.1.2.3 Health monitoring

Monitoring pig health is performed during the production and at slaughter.
Veterinary treatment registration is mandatory for production animals.
Dyrehelseportalen (DHP) is the national veterinary treatment database, in
which indications for drug use is included. Available recordings of health
parameters in the pig herds vary with production type. Fattening pig herds
have been less closely monitored through the production stages compared
to other herd categories. There are specific requirements to health
documentation in herds that supply livestock, i.e. breeding herds (Animalia
2020a) and commercial sow herds (Ingris 2021). Ingris is a voluntary
national recording system for Norwegian pig producers, including both
health and production data. The Ingris users represented 77.5% of breeding
sows and 32% of fattening pigs in Norway in 2020 (Ingris 2021). A new
system for documenting health, welfare, and hygiene data from all herds in
the production system was established in 2019 (Animalia 2021a).
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Health and welfare scorings during routine post-mortem inspections are
performed at slaughter by the Norwegian Food safety authority. Scorings
within eight relevant lesion categories make up the “Extended disease
registration” (USR). The USR data can be a good tool for surveillance of the
herd health status. The assessment does, however, not provide information

regarding etiology behind the registered lesion.

5.1.2.4 Antimicrobial drug usage
There is a conservative use of antimicrobial drugs in farm animals in Norway
(ESVAC 2015, NORM/NORM-VET 2017). Antimicrobial drugs have not been
used as growth promotors in pigs. Drugs for oral treatment of pigs are
seldom used compared to injectable formulations, and narrow-spectrum
drugs are recommended as first drug of choice (Norwegian Medicines
Agency 2012). Group treatments occur mostly as metaphylactic treatment

during outbreaks of severe bacterial infections.

Monitoring of antimicrobial usage and resistance in food-producing
terrestrial animals is part of a national strategy that has been in place since
year 2000 (NORM/NORM-VET 2017). This monitoring is in line with
recommendations from the World Health Organization (World Healt
Organization 2015) and European efforts (European Comission 2011) to
handle emergence of antimicrobial resistance (AMR). A low level of
resistance was found in the indicator bacteria Escherichia coli and
Enterococcus spp. in Norwegian pigs (NORM/NORM-VET 2017), compared
to 17 other European countries (EFSA and ECDC 2020). Nevertheless, there
has lately been an increase in susceptible isolates in most of the European
countries tested, including Norway (EFSA and ECDC 2020).
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Agent T - Host

Disease N

 Environment

Figure 5. A Venn diagram of the epidemiological triad, with the three aspects of
infectious disease, namely the agent, the host, and the environment. Figure
adapted from van Seventer et al. (2017).

5.1.3 Respiratory disease in pigs
The understanding of infectious respiratory diseases in pigs can be
approached trough the classic model of infectious disease, the
epidemiological triad (Figure 5) (CDC 2014, Robertson 2020). Respiratory
disease is a multifactorial disease that results from interactions between a)
avariety of environmental factors, b) properties of the host and c) infectious
agents (Stiark 2000 , Brockmeier et al. 2002 , Opriessnig et al. 2011 , van
Alstine 2012). The term Porcine respiratory disease complex has been

established to encapsulate this intricate nature (Brockmeier et al. 2002).

5.1.3.1 The environment
Environmental factors that influence disease occurrence encapsulate
geographical and structural traits such as those already mentioned for the
Norwegian pig population. Cultural, political, and economic circumstances
are also aspects of the environment that may facilitate disease (van Seventer

et al. 2017). On farm, environmental factors tied to management, climate,
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and air-quality are of relevance to respiratory health, as reviewed by Stark
(2000). Examples of management factors include livestock purchase policy,
stocking density and the use of sick pens, to mention some. These typically
influence the pigs’ exposure to infectious agents, and increase stress which
compromises the natural defenses of the pig (Stark 2000). Sub-optimal
climatic factors and air quality can also contribute to stress and impairment
of the mucociliary apparatus (Yaeger et al. 2019). Climatic factors have also
been found to alter traits and infective abilities of the infectious agents,
exemplified by the effect of different environmental temperatures on the

respiratory infectious agent Bordetella bronchiseptica (Akerley et al. 1992).

5.1.3.2 Host and agent interaction

Interactions between agent and host are central to disease development. The
ability to cause disease (pathogenicity), and the severity of the inflicted
disease (virulence) are important traits of an infectious agent (CDC 2014).
Virulence factors are specific cellular structures or molecules produced by
the agent that contribute to agent’s ability to cause disease. Like other
mammals, pigs have innate respiratory defenses against infections and
infestations including a mucociliary apparatus, peripheral immune cells,
mucosal immunoglobulins, and a cell-mediated immune response system
(Yaeger et al. 2019). Respiratory agents depend on virulence factors to
colonize the respiratory tract, evading and inhibiting the immune responses
of the pig and obtaining nutrients from the host (Yaeger et al. 2019).

Respiratory disease typically affects fattening pigs (Thacker 2001), but can
also affect younger pigs, depending on the agents involved, maternal and
acquired immune status of the pig as demonstrated by Kott (1983).
Introduction of new agents into naive herds will thus affect pigs in all ages.
Agentload, virulence factors, and differences in the susceptibility of the host
will influence the severity of disease characteristics (van Seventer et al.
2017). Severity of respiratory disease can range from a subclinical and mild
transient course, to a severe acute or peracute course with a fatal outcome.
Clinical signs associated with respiratory disease include sneezing, coughing,
respiratory distress (dyspnea), lethargy, fever, reduced general condition,
and reduced appetite and weight gain (Loeffen et al. 1999, Bochev 2007).
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5.1.3.3 Infectious respiratory agents
Multimicrobial interactions have been central in respiratory disease in pigs
(Opriessnig et al. 2011). Infectious agents that cause respiratory disease can
be divided into primary and secondary invaders (Yaeger et al. 2019). While
primary invaders possess virulence factors that allow them to cause disease
on their own, secondary invaders will only contribute to disease
development following a primary infection that reduce the natural
respiratory defenses of the pig (Beskow et al. 1998, Yaeger et al. 2019).
Secondary invaders are often commensals in the respiratory tract, therefore
also referred to as opportunistic infectious agents (Brockmeier et al. 2002).
Large variations in etiologic agents and characteristics of respiratory disease
exist between countries, subpopulations, and herds. Comprehensive

diagnostic procedures are thus helpful in determining the disease etiology.

5.1.3.31 Virus

Primary respiratory viruses include SIV, Porcine Respiratory Coronavirus
(PRCV), Porcine Circovirus type 2 (PCV2) and PRRSV (Brockmeier et al
2002). Highly virulent viral strains exist and can cause severe respiratory
disease (Opriessnig et al. 2011) usually in the form of diffuse interstitial
pneumonias (Yaeger et al. 2019). Uncomplicated viral infections are often
transient; however, these viruses are often involved in multimicrobial
interactions with other virus or bacteria. The respiratory viruses impair the
natural defenses of the respiratory tract (Opriessnig et al. 2011), thus

typically precede secondary invaders.

51332 Bacteria

Prevalent primary bacterial invaders of the lower respiratory tract are M.
hyopneumoniae, APP, and B. bronchiseptica in nursery pigs (Brockmeier et al.
2002, Yaeger et al. 2019). Bacteria that are common as secondary invaders
in pigs are P. multocida, Streptococcus suis, Haemophilus parasuis and
Trueperella pyogenes (Brockmeier et al. 2002, Yaeger et al. 2019). Infectious
respiratory  bacteria  primarily cause bronchopneumonia, with
cranioventrally distributed lesions (Yaeger et al. 2019), except for APP which
is characterized by consolidation and hemorrhage dorsally in the caudal lung
lobes (Shope 1964).
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51333 Parasites

Ascarids are enteric parasites that complete their life cycle by larval
migration via internal organs, including the lung. Ascaris suum infestation
and migration therefore causes trauma and inflammation of the lung
(Schwartz et al. 1932). Secondary bacterial pneumonia succeeding larval

migration might also occur (Brewer et al. 2019).

5.1.3.4 Porcine respiratory disease globally
Respiratory disease contributes to substantial economic losses and
compromised animal welfare. Losses are associated with increased
mortality, decreased weight gain, increased feed cost, condemnation at
slaughter and increased costs of treatment, vaccination and labor (Yaeger et
al. 2019). Although some literature focuses on the associated production
loss, respiratory disease is also a contributor to animal suffering. In practice,
the burden of respiratory disease is easiest to assess in acute manifestations
such as outbreaks. It is assumed that other forms of disease also negatively
affect production parameters like weight gain (Hill et al. 1994), growth rate
(Wilson et al. 1986) or animal welfare. In USA respiratory disease has been
the main cause of deaths in nursery (47.3%) and finishing pigs (75.1%)
(USDA 2017). Publications indicating the overall prevalence of clinical
respiratory disease are rare (Bochev 2007). In a study of clinical signs in
Danish finisher pigs, clinical respiratory signs was found to be the second
most prevalent (2.17%) only second to ear necrosis (Petersen et al. 2008).
Prevalence of pneumonia lesions at slaughter is a widely used metric for
occurrence of respiratory disease (Stark 2000), however the results depend
very much on the criteria for scoring (Davies et al. 1995). Lung lesions at
slaughter do not reflect the clinical significance very well due to a high
prevalence of subclinical infections (Stark 2000), and healing of infections

gained early in the fattening period (Wallgren et al. 1994).

5.1.3.5 Porcine respiratory disease in Norway
Respiratory diseases have been a major challenge to the pig production in
Norway for several decades. A high prevalence of lung lesions at slaughter,
caused mainly by M. hyopneumoniae (enzootic pneumonia) was found in

Norwegian pig herds in the early 1990s (Lium et al. 1991). There was strong
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evidence of multimicrobial interaction with secondary bacterial invaders
(Falk et al 1991a). Although less prevalent, lesions of porcine
pleuropneumonia were also identified (Lium et al. 1991). Microbiologic
investigations of chronic lesions were largely dominated by growth of
secondary invaders, mainly P. multocida (Hgie et al. 1991). Serologic
investigations indicated that most breeding herds, and thereby most
conventional pig herds further down in the breeding and production
pyramid (Figure 2), were harboring one or more serovars of APP (Lium
2002).

In 1994 The Board of The Norwegian Pig Health Service (now: Animalia)
started a national surveillance and eradication program for M.
hyopneumoniae, based on partial depopulation and antimicrobial medication
in breeding animals. In 2009, the population was declared free (Gulliksen et
al. 2021). Although no systematic investigation of the respiratory health of
Norwegian pigs has been published since 1991, serologic surveillance has
continued to confirm the absence of M. hyopneumoniae from the population
(Gulliksen et al. 2021). Furthermore, during 2009 and 2010 the active
national serosurveillance documented the first introduction of SIV to the pig
population since the surveillance was started in 1997 (Lium 2010).
Investigations of SIV in the Norwegian population by Grgntvedt et al. (2011)
indicated that the virus was of low virulence, as infections in naive pig herds
were mostly subclinical and transient. In 2018 the first serological evidence
of PRCV in Norwegian pigs was detected by the surveillance program
(Grgntvedt et al. 2019b). The PRCV cases have not been associated with
clinical disease (Grgntvedt et al. 2019a), yet the virus has continued to
spread rapidly in the population. In 2019, the national seroprevalence of
PRCV was estimated to be 21.7% (Grgntvedt et al. 2020).

Postweaning multisystemic wasting syndrome, caused by PCV2, causes pigs
to suffer from progressive weight loss (Kim et al. 2003) and was diagnosed
in Norway for the first time in 2003. Although PCV2 is assumed to be highly
prevalent in Norwegian pig herds, little is known about PCV2s relevance to
respiratory health in the population. Respiratory infections with PCV2
typically has a low morbidity and high case fatality (Brockmeier et al. 2002).
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The importance of respiratory disease in Norwegian pigs today can be
assessed through available data entries from health registers. Respiratory
diseases made out 0.6% of all disease registrations in Ingris in 2017 (Ingris
2018), in which 26,5% of Norway’s fattening pigs were represented at the
time. Respiratory diseases have been among the 10 most reported diagnoses
in pigs the DHP in the years from 2018-2020. The proportion of registered
cases of respiratory disease was 6.9% in the DHP in 2018, and 3% on 2019.
During the same time there had been a three-time increase in the number of
vaccinations against porcine pleuropneumoniae (Gulliksen SM, swine
veterinarian, Animalia, personal communication by email, 2021 Oct. 31.).
The percentage of pigs with pneumonia lesions at slaughter has been low
since 2017, measuring 2.05% on average across all Norwegian
slaughterhouses in 2020. Pleuritis was scored in 6.8% of slaughtered pigs in
2020 and has been stable since 2018 (Rgtterud O.J.,, Special Advisor,
Animalia, personal communication by email, 2021 Feb. 26.). The criteria for
scoring are lung lesions bigger than 5 cm and pleura lesions bigger than 15

cm in diameter.

After the eradication of M. hyopneumoniae, the pig production sector claims
the biggest challenge has been related to the occurrence of APP (Animalia
2021b). According to the surveillance of voluntarily submitted specimen for
post-mortem diagnostics at the Norwegian Veterinary Institute (NVI), the
most common infectious agent involved in respiratory disease in recent
years has been APP (Grgntvedt 2017). In addition, bacteria like P. multocida
and Gldsserella parasuis were frequently isolated from pneumonic lesions.
Although less common, A. suum could also play a role in respiratory disease
in pigs. Ascaris suum has been common in Norwegian pig herds for decades
(Norwegian Medicines Agency 2001 , Animalia 2018). Involvement of
commonly occurring viruses such as PCV2 and SIV (H1IN1)pdmO09 in the
pathogenesis of porcine respiratory disease in Norway have not been
elucidated. An assessment of the etiologic agents behind clinical respiratory
disease and to what extent they were the result of multimicrobial

interactions, was warranted.
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5.1.4 Actinobacillus pleuropneumoniae

The bacterium was first isolated from a pneumonic lung of a pig in Great
Britain in 1957 and was initially described as a Haemophilus-like organism
(Pattison et al 1957). It was later given the names Haemophilus
pleuropneumoniae (Shope 1964) and H. parahaemolyticus, before assigned
to the family Pasteurellaceae and genus Actinobacillus (Pohl 1983). Since its
discovery, APP has been associated with infections of the lungs and pleura of
pigs, referred to as porcine pleuropneumonia (Shope 1964). APP is a
commensal of the porcine upper respiratory tract, residing in tonsillar crypts
(Chiers et al. 1999), with the potential of causing pneumonia in pigs and wild
boar (Reiner et al. 2010).

5.1.4.1 Classification and epidemiology

Actinobacillus pleuropneumoniae is a Gram-negative coccobacillary rod
(Pattison et al. 1957), traditionally classified either by biovar, serovar or
toxin profile (Table 1). Classification of biovar (biovar I and II) is based on
nicotinamide adenine dinucleotide (NAD) dependency for growth in vitro,
where biovar [ is NAD-dependent (Pohl 1983). Serotyping of APP is based on
the composition of capsular polysaccharides (CPS) and the cell wall
lipopolysaccharides (LPS), which are usually associated with each other.
Discrepancy between CPS (K) and LPS (0) antigens occurs. The result of the
serotyping will therefore depend on whether a CPS-based or LPS-based test
is used (Gottschalk et al. 2000). In traditional LPS based serological assays
for serotyping APP, the phenomenon of cross-reacting serovars is well
known due to identical LPS in groups of serovars (Table 1) (Dubreuil et al.
2000). More specific methods for serovar determination have been pursued.
A multiplex PCR that was able to discriminate between all described
serovars was published in 2018 (Bossé et al. 2018a) and has since become
commercially available. Serotype designation has accelerated with increased
diagnostic capability. As a result, classification of some previously untypable
strains can now be achieved (Bossé et al 2018b), and previously
misclassified serovars due to cross-reactions have been reclassified (0'Neill
etal 2010, Gottschalk et al. 2015).
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Repeats in toxin (RTX) toxins is a group of cytotoxins and cytolysins. Four
RTX toxins are produced by APP (ApxI-IV) and have been central in the
diagnosis and classification of this bacterium (Frey et al. 1993, Schaller et al.
1999). All serovars express the APP specific ApxIV as a surface protein
(Schaller et al. 1999). The toxins ApxI-ApxIIl are of correspondingly high,
moderate, and mild cytotoxicity, expressed in different combinations by
different serovars (Table 1) (Frey et al. 1993). Although presence of toxins is
usually tied to serovar and biovar, many atypical strains have been described
(Gottschalk et al. 2019).

In Europe, APP serovar 2 (APP2) is a moderately virulent and common
clinical serovar (i.e, isolated from clinical cases of porcine
pleuropneumonia). As investigations of lung lesions and serum at slaughter
in the 1980’s showed, APP2 has also been a prevalent serovar in Norwegian
pigs (Falk et al. 1991b , Hgie et al. 1991). The serologic investigation of
Norwegian breeding herds around the same period found a slightly higher
seropositivity to APP2 relative to serovar 6 (APP6) (Falk et al. 1990). In later
years, diagnostic results from the NVI have concluded that APP serovar 8
(APP8) is the most common serovar isolated from pneumonic lungs,
followed by serovar 6 and 2 (Grgntvedt 2018a). As shown in a review by
Dubreuil et al. (2000), prevalence of the moderately virulent APP8 was only
reported from a subset of countries, however, an updated report on the
global distribution of serovars is needed. A paper from 2016 stated that
APP8 predominates as clinical serovar in the United Kingdom (Li et al. 2016).
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Table 1. Overview of APP serovars, and their respective biovar, Apx toxin

distribution, their associated virulence and LPS group

LPS group
) Apx  Apx Apx )
Serovar Biovar*a o e e Virulence**a cross
reactivity®
1 I + + High 1/9/11
2 I + + Moderate
3 I + + Low/Moderate 3/6/8/15
4 I + + Moderate 4/7
5a, 5b I + + High
6 I + + Moderate 3/6/8/15
7 I + Moderate 4/7
8 I + + Moderate 3/6/8/15
9 I + + High 1/9/11
10 I + High
11 I + + High 1/9/11
12 I + Moderate
13 11 + Moderate
14 11 + High
15 I + + Moderate 3/6/8/15
16¢ I + High
174 I + Moderate 8
184 I + Moderate
19e I + Moderate 3/6/8/15 or

47

Actinobacillus ~ pleuropneumoniae  repeats-in-toxin

polysaccharides (LPS).

(Apx), Lipo-

*Differences in nicotinamide adenine dinucleotide-dependency among

strains of the same serovars exist, so they occur both as biovar I and II.

**Based on cytotoxic/cytolytic abilities of the Apx toxins within the serovar.
Table compiled using data from 2 Frey (2003), ® Dubreuil et al. (2000),
cSarkozi et al. (2015), 4 Bossé et al. (2018b), e Stringer et al. (2021a).

27



5.1.4.2 Virulence factors and disease pathogenesis
To cause infections in the porcine lung, APP depends on a variety of virulence
factors, summed up in reviews by Bossé et al. (2002) and Chiers et al. (2010).
The previously mentioned LPS, embedded in the cell wall, is essential for
adhesion to the cells of the respiratory tract (Bossé et al. 2002, Chiers et al.
2010). Fimbriae and outer membrane proteins (OMPs) expressed by many
strains might also contribute to the adhesive abilities of APP (Overbeke et al.
2002). APP thus binds to and colonizes squamous epithelia in the upper
respiratory tract, including the cells on the surface and in the crypts of the
palatine tonsils (Chiers et al. 1999). The ability to take up and utilize iron is
vital to the survival and growth of APP in the pig (Bossé et al. 2002). As an
adaptation to iron deficient environment of the respiratory tract, APP relies
on a number mechanisms and has more than 50 genes involved in utilizing

iron, as identified in the genome of a Chinese serovar 3 strain (Xu et al. 2008).

As APP does not bind well to the ciliated epithelium of the trachea and
bronchi, it relies on inhalation to be able to colonize the pneumocytes of the
alveoli (Bossé et al. 2002). The cytotoxic and hemolytic abilities of the Apx
toxins causes significant vascular damage followed by edema, thrombosis,
and necrosis within hours of infliction (Auger et al. 2009). This mechanism
allows the pathogen to obtain necessary nutrients for continued growth
(Chiers et al. 2010). In addition to its role in adherence, LPS acts to stimulate
alveolar macrophages to release inflammatory cytokines, this pro-
inflammatory effect is reinforced by activation of phagocytic cells as a
response to tissue damage (Fenwick et al. 1986). Capsular polysaccharides
in the cell wall protects APP from mechanisms of the innate immune
response of the pig by preventing phagocytosis and complement binding
(Ward et al. 1994). Additionally, there are several other molecules, including
proteases, ureases, and superoxide dismutase that contribute to the
virulence of APP (Bossé et al. 2002, Chiers et al. 2010).

Less virulent strains of APP may rely on high bacterial loads or impairment

of the pigs’ natural defenses to colonize the lower respiratory tract, while
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other, strongly virulent strains of APP may not (Sassu et al 2017).
Impairment of the natural defenses may be due to prior infection with
pathogens that disrupt the mucociliary apparatus, stress related
management factors and physical factors such as high levels of dust or
ammonia (Stark 2000). The incubation period and onset of clinical signs is
also influenced by factors of the environment and can be shortened
considerably if the pigs are subjected to stressful events (Gottschalk et al.
2019). Severity of infections with low and moderately virulent strains,
including strains of APP8, was observed experimentally to increase in the
presence of M. hyopneumoniae (Marois et al. 2009). In another study of
experimentally infected pigs, many serovars that were less commonly
associated with disease, were able to produce severe clinical signs all alone
(Costa et al. 2011). Due to the complex interactions between factors in the
pigs’ environment, circumstances of a disease incidence are difficult to
capture under field conditions, and hard to simulate in controlled
experiments (Stark 2000). The virulence of APP in Norway has not been

evaluated.

5.1.4.3 Pathology and clinical signs

Clinical disease commonly occurs in the form of acute outbreaks, the
mechanisms of which have been studied under experimental conditions
(Klinkenberg et al. 2014). Pigs in all age groups are affected in naive herds,
whereas fatteners have a higher risk of clinical disease in endemically
infected herds. This is likely tied both to the immune status of the pigs and
the presence of environmental factors that facilitate disease development
during the fattening stage (Gottschalk et al. 2019).

In cases where the infectious load is high, APP can lead to peracute deaths,
typically with a bloody froth from oronasal orifices (Bossé et al. 2002, Sibila
et al. 2014). Some individuals may develop high fever (>41 °C), severely
reduced general condition, cyanotic mucosa/skin, vomitus, and diarrhea for
a short period before they succumb. Animals often present in a sitting
posture (Gottschalk et al. 2019). Gross pathologic changes due to extensive

tissue damage include bloody froth in the trachea and bronchi and dark red,
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firm lungs with diffuse hemorrhages and necrotic areas on the cut surface,
while the pleura can be unremarkable (Gottschalk et al. 2019).

During acute illness, hyperemic or cyanotic skin and mucosa can be observed
due to venous blood congestion and compromised ventilation (Gottschalk et
al. 2019). The pigs commonly display reduced general condition, fever,
cough, and dyspnea (Vigre et al. 2002). Gross pathologic changes in the lungs
include firm, rubbery, irregular areas with hyperemia and hemorrhage. A
greyish edema is most frequently seen in dorsal parts of the caudal lung
lobes (Rosendal et al. 1985 , Sibila et al. 2014). There is typically fibrin
deposited on the pleura. Effects of the LPS endotoxin and hemolytic effects
of the Apx toxins will lead to vasculitis, blood stasis, thromboses of blood
vessels and hemorrhage and marked fibrinous exudation, which are evident
histologically during the acute phase (Bossé et al. 2002). Enzyme release
from degenerating polymorphonuclear cells will contribute to the
considerable vascular damage (Bossé et al. 2002). In acute lesions, there are
marked demarcation lines between densely packed polymorphonuclear cells
in the necrotic tissue and mononuclear cells in the live tissue (Gottschalk et
al. 2019).

Subclinical manifestation of APP typically occurs in herds that are
endemically exposed or vaccinated, and the pigs have responded to the
challenge by producing neutralizing antibodies, typically to the antigenic
Apx toxins (Nechvatalova et al. 2005). In such herds, no clinical signs might
be detected, but pleurisy lesions at slaughter can be highly prevalent,
depending on the time of infection (Sibila et al. 2014). Chronic infections can
follow acute or subclinical infections and are characterized by little to no
reduction in general condition, and mild to moderate clinical signs from the
respiratory tract (Gottschalk et al 2019). Pathologic changes include
necrotic abscesses in dorsal parts of the caudal lung lobes. Local chronic,
adhesive pleuritis, and sometimes diffuse pleuritis and pericarditis is seen
(Merialdi et al. 2012). The use of slaughterhouse data is widely used to detect

problems with APP in subclinical and chronically infected herds.
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5.1.4.4 Transmission and infection dynamics
Direct contact between animals is the main transmission route of APP,
commonly from sows to suckling piglets, or by aerosols over short distances
(Chiers et al. 2002a, Velthuis et al. 2003, Fablet et al. 2011, Tobias 2014,
Tobias et al. 2014a). Diseased and infectious pigs can transmit bacteria
through aerosols by coughing, and in their saliva and nasal secretions by
nose-to-nose contact to susceptible pigs (Gottschalk et al. 2019). Indirect
transmission of APP in exudates from infective pigs via personnel and
equipment is also typical, and was verified in an experimental study by
Assavacheep et al. (2013). Acute infections and presence of acute clinical
signs facilitate the transmission of APP by contributing to an increase in
infectious pressure. Yet, healthy carriers that harbor bacteria in their tonsils
and in subclinical and chronic lesions are central to the spread of APP. In
most modern pig producing countries, herds are endemically infected with
APP (Gottschalk 2015, Sassu et al. 2017). Pigs have been shown to carry a
variety of APP strains in their tonsils, that can differ in both serovar and
virulence (Vigre et al. 2002). While the more virulent isolates are able to
colonize the lower respiratory tract, other isolates will not (Gottschalk
2015). Actinobacillus pleuropneumoniae is known to be a late colonizer in
piglets, early transmission from sows to their offspring has been observed
from the tenth day oflife (Vigre et al. 2002). Transmission to suckling piglets
has not taken place in all litters by the time they are weaned (Tobias et al.

2014b). For this reason, age at weaning influences the carrier rates in piglets.

Between herd transmission occurs with healthy carrier animals, or
contaminated tools or materials. Air born transmission is commonly viewed
as unlikely (Kristensen et al. 2004), however, has on occasion been found to
be the most likely explanation for introduction of APP to herds that were
previously confirmed free (Desrosiers et al. 1998 , Animalia 2020b). The
survival of APP in the environment is short but will significantly increase in
a cold and humid climate and when protected by organic matter like mucus
(Assavacheep et al. 2013). In response to stress, APP can form biofilms both
in the host where it contributes to increased resistance against immune
mechanisms (Bossé et al. 2010), and in the environment where it may

prolong bacterial survival (Loera-Muro et al. 2013). It is acknowledged that
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thorough washing and the use of common disinfectants are effective against
APP (Gottschalk et al. 2019).

Herd factors associated with a higher risk for disease, include large herds, a
continuous production and purchase of pigs from multiple suppliers. Mixing
pigs of different health status was found by Rosendal et al. (1983) to facilitate
direct transmission of virulent strains of APP. The way pigs are reared in
commercial farms today is quite different from 30 years ago, and the need
for updated knowledge regarding risk factors has been addressed by Sassu
etal. (2017).

In the event of an outbreak, infection might not occur in every pen, the
within-pen direct transmission has been shown to be 10 times as effective as
between pen transmission (Tobias et al. 2014a). Proper isolation of sick
animals and good hygienic practices between handling sick pigs and
contaminated carcasses are implementations that could limit between-pen
transmissions. It has been suggested that in endemically infected herds
where APP is harbored asymptomatically in the tonsils, environmental
triggers (such as stress or co-infection with other respiratory agents) play a
larger role in causing disease outbreaks than transmission of a newly
introduced virulent strain (Klinkenberg et al. 2014). In that case, differences
in occurrence of infection between pens could also be explained by presence
of the triggering factor. More knowledge regarding the mechanisms behind
outbreaks of APP is needed. By assessing the variability of APP isolates
within-host during infection, a better understanding of these mechanisms

can be gained.

5.1.4.5 Diagnosis

5.1.451 Detection by bacteriology and molecular methods

The diagnosis of porcine pleuropneumonia differs from that which is applied
to detect APP carrier status. Samples from the upper respiratory tract should
be evaluated with caution, since APP might reside there without causing
disease (Gottschalk 2015). Bronchoalveolar lavage and tonsillar scraping

allow the testing of living pigs but are invasive and hard to perform.
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Bacteriological examination of tonsils is problematic because APP resides
deep in the tonsillar crypts (Overbeke et al. 2002), and commensal tonsillar
bacterial species tend to overgrow APP in culture (Costa et al. 2011 ,
Gottschalk 2015). Other species of the Actinobacillus genus can be found in
the upper respiratory tract and tonsils of pigs and are hard to differentiate
from APP by traditional bacteriological procedures. Methods to enrich or
amplify APP in such samples have been published, as mentioned by Sassu et
al. in their review (2017). Justification for bacteriological isolation is that it
allows for further testing that requires access to live APP, for instance
antimicrobial susceptibility or deoxyribonucleic acid (DNA) sequencing,
despite the extra time and cost associated with these methods (Gottschalk
2015).

Carrier status is usually assessed serologically. Tonsillar brush or scrape
sampling with subsequent detection of APP DNA by polymerase chain
reaction (PCR) diagnostics is the most sensitive method to confirm or
disprove negative serological test results in negative herds (Chiers et al.
2002b). Oral fluid (OF) sampling is much less invasive, but PCR detection on
OF was unsuitable for routine testing of subclinical and chronic infections
due to differences in sensitivity between serovars (Costa et al. 2011). Thus,

itis not particularly suited either for diagnosis or verification of carrier state.

Bacteriological examination of affected lung tissue obtained during necropsy
is the gold standard for diagnosis of respiratory disease caused by APP, and
the successful isolation of APP strains remains the pre-requisite for serovar
determination by most reference laboratories (Sassu et al. 2017). Testing
should be aimed at pigs with acute clinical signs to increase the likelihood of
finding typical acute lesions from which the bacteriological samples are
taken. Chronic lesions are often overgrown with secondary infectors like P.
multocida or T. pyogenes. They can also be sterile, even so that APP antigen
or DNA cannot be detected in the lesions (Gottschalk et al. 2019). Although
standard bacteriological typing is still widely practiced, Matrix-assisted laser
desorption-ionization mass spectrometry-Time Of Flight Mass Spectrometry
(MALDI-TOF MS) can be used for identification and classification of APP.
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51452 Serovar determination

Avariety of methods are utilized for serovar determination of bacteria based
on antigen detection via serotype specific antibodies (Mittal et al. 1992). Co-
agglutination test, agar gel diffusion and indirect hemagglutination are all
prone to cross-reaction between serovars (Gottschalk et al 2014). In
addition, these tests are dependent on the use of serum-derived antibodies
from live animals, and the access to these are becoming limited out of animal
welfare considerations. Thus, molecular classification methods will probably
become increasingly relevant. The most reliable PCR assays for serovar
determination are CPS locus based. Although there are commercially
available PCR assays that discriminate well between the 19 described
serovars (Stringer et al. 2021a), atypical K:0 variants can be challenging. As
an alternative, genetic serovar determination can be performed by
sequencing the isolate and comparing them to serovar reference isolates

(Christensen et al. 2020). This method has never been applied in Norway.

51453 Antibody detection in serum

Serologic investigations are commonly used in field practice, in diagnostic
work on herd level and for screening purposes. Serologic tests are generally
either designed to detect all APP by detection of ApxIV (Dreyfus et al. 2004),
which is often used for screening purposes, or serovar specific to

discriminate against serovars (Gottschalk 2015).

Circulating antibodies can be detected approximately 7-14 days post
infection. They reach a maximum level within 4-6 weeks, and may persist for
many months, seen both experimentally (Bossé et al. 1992) and in field trials
(Gardner et al. 1991). Colonization of the tonsils by some strains of APP
might induce production of antibodies that lack cross-protectivity for
neutralization of other strains, which is why pigs can be seropositive to APP
even at the start of the infection (Gottschalk 2015). Colonization of the
tonsils may also occur without induction of an immune response which
makes detection of subclinically infected animals challenging (Chiers et al.
2002a). To avoid ambiguous diagnostic results, necropsies and bacterial
cultivation should accompany serologic testing during outbreak

investigations.
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5.1.4.6 Treatment and prevention
Alternatives to control disease in a herd include antimicrobial treatment in
acute stages, or prevention by vaccination or strategies of eradication, in
combination with improved management and implementation of biosecurity

measures (Neumann et al. 2019).

5.1.4.6.1 Treatment

Pleuropneumonia is a common indication for antimicrobial therapy. Use of
antibiotics increases the risk for the emerging antimicrobial-resistant
bacterial strains (FAO 2016). Prudent use of antimicrobial drugs require that
the first drug of choice should be of a narrow spectrum. The recommended
drug of choice for acute pleuropneumonia in Norway is benzylpenicillin
procaine (Norwegian Medicines Agency 2012) in the form of intramuscular
injections that is re-administered daily for three to five days. The efficacy of
benzylpenicillin is believed to be good in practice, despite the poor efficacy
results in an inoculation experiment by Sjélund et al. (2009). Metaphylactic
administration of the drug to all animals in a compartment to reduce the
infectious load, is sometimes recommended and practiced in severely
affected herds as per recommendation from the Norwegian Medicines
Agency (2012). Early initiation of treatment can be crucial to reduce case

fatalities.

51462 Antimicrobial resistance status

To keep treatment recommendations up to date, knowledge of the AMR
status of relevant pathogens is vital. Resistance to a variety of antimicrobial
substances have been reported for strains of APP, and an increasing level of
AMR has been observed in APP in major pig producing countries like Spain
(Gutiérrez-Martin et al. 2006) and Italy (Vanni et al. 2012). It is common to
include APP in national surveillance of AMR in pigs. The first
characterization of the AMR status of APP in Norway was completed in 2021.
Clinical isolates collected since 2004 were evaluated by minimum inhibitory
concentrations (MIC) to 19 antimicrobial substances. Although
epidemiological cut-off values were unavailable for several of the
substances, the report concluded that there was negligible resistance to the
first-choice drug benzylpenicillin (NORM/NORM-VET 2020 2021).
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51463 Vaccination

Actinobacillus pleuropneumoniae is toxigenic, and protection from disease
comes from neutralizing both the bacteria and the toxins. Toxin
neutralization occurs when antibodies prevent toxin from binding to
receptors on target cells (Cruijsen et al. 1995). Ensuring cross-protection
against all major serotypes of APP has been important to the development of
vaccines. Cross-protection has been achieved for instance in vaccines
targeted at an APP OMP and ApxI-IIl. Once a pig has acquired immunity
towards APP, it will respond more rapidly and efficiently compared to a
naive encounter. However, no vaccine currently in use can prevent animals
from being colonized by APP (Ramjeet et al. 2008).

In Norway vaccination against APP occurs to some extent, most commonly
in herds having reoccurring problems with acute pleuropneumonia. Piglets
are being vaccinated before expected exposure during the fattening stage, as
described in the summary of product characteristics of a commercially
available vaccine on the Norwegian market, Porcilis APP vet. (Norwegian
Medicines Agency 2019). At that age, tonsillar colonization has likely
happened in most pigs already (Vigre et al. 2002).

51464 Eradication

Actinobacillus pleuropneumoniae has been eradicated in the Norwegian SPF
sub population, by rearing of caesarian derived piglets in already established
SPF sow herds, which is the most reliable method to sanitize a farm (Sassu
et al. 2017). Establishment of new SPF herds then relies on total
depopulation and restocking with SPF animals. Alternatively, eradication
was pursued by partial depopulation and antimicrobial medication using
enrofloxacin (Kaspersen et al 2020). There is a lack of documented
successful clearing of APP with antimicrobials from colonized animals
(Angen et al. 2008). Also, the occurrence of quinolone resistant E.coli in pigs
was significantly increased several years after a single treatment effect with
enrofloxacin (Kaspersen et al. 2020), indicating the detrimental long-term

effect of this control strategy.
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5.1.5 The use of genome sequencing

Genetic traits of an infectious agent helps us understand disease
mechanisms. (Kao et al. 2014). Whole genome sequencing is a method to
determine the entire nucleotide sequence of an organism'’s genome, and thus
provides comprehensive insight into the organisms’ genetic traits. Data from
WGS can be applied in a variety of ways (Figure 6). The first complete
genome sequence of APP was published in 2007 (Foote et al. 2008).In 2017
there were four published genomes (Genomes OnLine Database). Some
additional draft genomes have also been published; most genomes published
are reference genomes for the different serovars, for instance used for
serovar determination of isolates. This illustrates how WGS is used for
identification and classification of organisms (Figure 6). Nucleotide
sequence analysis across the capsule gene clusters can also solve serologic
non-typeability in APP (Ito et al. 2016).

Common applications of WGS also include answering biological questions
e.g, related to phenotypic traits (Figure 6). With increased knowledge of
genetic markers for phenotypic traits, the use of sequence analysis will be
useful in characterization of clinical isolates. For APP, AMR genotype have
been shown to correlate nearly 100% with the phenotype for many
antimicrobial agents (Bossé et al., 2017), which goes to show that WGS is a
sensitive method for detecting known AMR genes in bacteria (Anjum et al,,
2017).
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Figure 6. Applications of whole genome sequencing (WGS).

Genome composition can be analyzed by using WGS variation identification
techniques such as Single Nucleotide Polymorphisms (SNPs). Phylogenies
are models of evolutionary relationships (Figure 6), based on genetic
variability between sequences (Vandamme 2009), and a visualization of
genetic variation. Evolutionary relationships and dissemination of genetic
lines or traits in the population also increase our understanding of disease
mechanisms and transmission patterns of infectious agents (Vandamme
2009 , Kao et al. 2014). A close genetic relationship is the basis for agent

transmission tracing, for which WGS can be very helpful (Figure 6).
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Changes in the genome accumulate over time, however not at a constant rate.
Genetic variability in infectious agents is influenced by the host population
structures, management practices, and patterns of animal movements that
affect the transmission and selection pressure for specific traits (Vandamme
2009). For instance, antimicrobial drug use drives the prevalence of AMR
genes (FAO, 2016) due to increased selection pressure. Population studies of
relevant agents, including AMR patterns, can teach us about the effects of

previous implementations of disease control.

5.1.5.1.1 Population studies

The advances of molecular and genomic methods have allowed us to
effectively study larger collections of bacterial isolates. Some previous
studies of APP populations have been performed using multilocus enzyme
electrophoresis (Mgller et al, 1992; Hampson et al, 1993), ribotyping
(Fussing et al. 1998) or amplified fragment length polymorphism (Kokotovic
and Angen, 2007), which have indicated that the species is divided into
groups mostly consistent with serovar. A degree of variation within
populations was also shown by Yee et al. in 2018, where APP isolates of
serovars 1, 7, and 15 in were analyzed with an enterobacterial repetitive
intergenic consensus-based PCR (Yee et al, 2018). In addition to the
contribution of random mutations, genetic variation in APP has been shown
to occur due to prophages and other mobilizable genetic elements (Prado et
al., 2020), which are segments of DNA encoding molecules that mediate
movement of that whole segment. The dissemination of genetic variants
among large collections of APP isolates can be interpreted with the
application of relevant demographic metadata and might be important in
future research of mechanisms of disease to achieve disease control. So far,

few population studies of single serovars of APP using WGS are published.

5.1.6 Knowledge gaps
Respiratory disease is considered a major challenge to the porcine health
and welfare. To prevent outbreaks of respiratory disease in pigs, knowledge
of the etiology is crucial. Actinobacillus pleuropneumoniae was assumed to
play an important role in respiratory disease outbreaks under Norwegian

conditions. However, there is a need to confirm the role of APP and
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investigate the nature of these outbreaks. The following research question is

to be addressed in this thesis:

1. What are the clinical characteristics of respiratory disease
outbreaks in Norwegian fattening pigs, and what is the etiologic

agent behind these?

Although APP is a well-known infectious respiratory agent, there are few
studies describing genetic variability in large collections of clinical isolates.
Genetic composition, genetic variability, AMR status, and associations
between strains of relevant agents can now be studied with WGS and
bioinformatic analysis. Application of metadata can help us understand the
dissemination of genetic lines. Also, a population phylogeny of APP may be
valuable in future monitoring of APP. The following research question was

framed:

2. How does the structure of the pig population influence the genetic
variability and the AMR status of APP in Norway?

Biosecurity measures have been important in reducing the risk of infectious
disease through practices at international, national and herd level. Much is
known about the national biosecurity level in Norway, however, the
biosecurity levels in herds that have suffered respiratory disease outbreaks
has, to the author’s knowledge, not been described. There are few studies
describing the biosecurity levels in fattening pig herds, let alone in relation

to respiratory disease. The final research question was thus framed:

3. What is the biosecurity level in Norwegian fattening pig herds with

and without outbreaks of respiratory disease?
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5.2 Aims of the thesis

The overall aim of this thesis was to increase our understanding of the
infectious respiratory disease in the Norwegian pig population. The main

aim was approached through these specific aims:

1. Describe the clinical characteristics and etiologic agent of
respiratory disease outbreaks in Norwegian fattening pigs through

comprehensive diagnostic procedures (Paper I)

2. Characterize genetic variability in Norwegian clinical isolates of APP
using WGS through serovar determination, phylogenetic
reconstruction, and assessment of AMR, in light of the pig

population structure (Paper II)

3. Describe the biosecurity levels in Norwegian fattening pig herds

with and without outbreaks of respiratory disease (Paper III)
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5.3 Material and methods

This section describes the material of the studies described in this thesis.
This section also contains a brief description of the methods used. A visual
description of the methodology is included below (Figure 7). Methodological
considerations are included in the Discussion section. A detailed description

of material and methods is given within each paper, attached as Paper I-1II.
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Figure 7. The different phases of the research presented in this thesis. A.
Farmers facing outbreaks of respiratory disease got in touch. Non-outbreak
control herds were assigned. B. Comprehensive diagnostic procedures were
performed in outbreak and non-outbreak herds. A custom-made diagnostic
kit (green box) contained equipment for necessary diagnostic sampling.
Herd data (yellow box) was collected through management interviews,
biosecurity assessments and environmental registrations. C. Samples were
analyzed at The Norwegian Veterinary institute (NVI). D. After isolating
Actinobacillus pleuropneumoniae (APP) from pig lungs, the bacterial
isolates were brought from the NVI to Statens Serum Institut (SSI). E.
Isolates and sequences of APP from Denmark and the UK were included in
the study. F. The genomes of APP isolates were whole genome sequenced.
G. Genomic data of APP was analyzed to produce genetic phylogenies and
assess genetic variability. Information from these analyses was paired with
metadata of the Norwegian pig population (yellow boxes). H. The
knowledge from these studies can contribute to prevent APP in Norway and
has besides identified areas that require further investigation. I Preventing

APP in Norway will lead to healthier pigs.
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5.3.1 Study samples
In the field study of Paper I and II], the study samples, i.e., the included herds,
were identical (Figure 8). This field study yielded samples for the genome
study in Paper II, in which a large collection of sequenced isolated of APP8
were analyzed (Figure 8). An overview of the study samples and their source

is presented in Table 2.

Field study - Genome study

Pap
22 APP8 isolates (DK)
67 APP8 sequences (UK)

14 herds

Figure 8. The origin and relationship between study samples of Paper I, Il and
11l illustrated in a Venn diagram. A field study (left) including 14 Norwegian
pig herds, gave rise to a subset of samples for the genome study (right) of
clinical isolates of Actinobacillus pleuropneumoniae serovar 8 (APP8) from
Norway, Denmark (DK) and the United Kingdom (UK).

44



Table 2. An overview of the number and type of study units, their source and

year of collection in Paper I, Il and 111, respectively.

Paper Study unit (n) Source Year

I Fattening pig herds (14) Field study 2017-2018

Project sampling at
APP8 isolates (135) VI 2017-2020

NVI diagnostic

APPS isolates (93) - 2004-2020

archive

II

APPS isolates (22) SVSL diagnostic 1983-2009

archive

Imperial College
APPS sequences (67) sequence 2003-2011
repository

111 Fattening pig herds (14) Field study 2017-2018

Actinobacillus pleuropneumoniae serovar 8 (APP8), Norwegian Veterinary Institute
(NVI), State Veterinary Serum Laboratory (SVSL), Denmark. Bayesian Evolutionary
Analysis by Sampling Trees (BEAST).
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5.3.2 Field study
Papers I and III are descriptive and based on a case/control sampling in a
field study of respiratory disease outbreaks in Norwegian fattening pigs. In
Paper I, the aim was to investigate clinical outbreaks of respiratory disease
in Norwegian fattening pig herds (hereby referred to as outbreak herds). In
Paper III, the aim was to describe the biosecurity levels in Norwegian
fattening pig herds with and without outbreaks of respiratory disease. The
case/control approach was used to identify differences in biosecurity
practices between the herd groups to address the use of biosecurity to
control respiratory disease. The case/control approach was also a direct
consequence of the study design of Paper 1. Due to small sample sizes and

lack of statistical power, a risk factor analysis was not performed.

5.3.2.1 Enrollment of herds

A clear definition of respiratory disease outbreaks had to be made. The
inclusion criteria for outbreak herds were three or more pigs displaying
acute signs of respiratory disease including fever and coughing and/or
dyspnea, and/or otherwise reduced general condition e.g., lethargy or
inappetence. The study population included Norwegian fattening pigs in
farrow-to-finish or fattening herds. Between September 2017 and October

2018, seven outbreak herds and seven non-outbreak herds were enrolled.

Pig farmers, farm advisors and veterinarians were encouraged to contact the
project group at immediate notice of an ongoing respiratory disease
outbreak. Convenience-sampling of non-outbreak herds was based on
geographic proximity. Upon contact, the field veterinarians were asked to
suggest a non-outbreak herd from their practice area, on the condition that

there was no ongoing outbreak of respiratory disease in that herd.
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5.3.2.2 Herd visits
Each outbreak herd was visited on three occasions (Figure 9). The first visit
was done by the field veterinarian for sampling and clinical examination
(Visit phase 1) before initiating medical treatment. Shortly after, the herds
were revisited by the PhD candidate (Visit phase 2) for herd data sampling
and biosecurity assessment. In non-outbreak herds, visit phase 1 and 2 were
performed concurrently by the PhD candidate. The follow-up sampling (Visit
phase 3), although organized by the project, was performed by the field
veterinarians in all herds. This regime resulted from a matter of urgency and
convenience, since the initial sampling would have to take place sooner than
what was achievable by the PhD candidate. The interval between visit phases
was planned out of consideration to the detection of circulating antibodies

following an infection.

Field study
Outbreak
Visit phase 2 Visit phase 3
= = _'_\_ Outbreak eticlogy
ipti tatisti
Year: 2017 T J-,,/ ERaiies
Recruitment Visit phase 1 Lab work at
NI
Genome study |
v
nnf“m S JONOAPPE 104 NO APPB
[ =] v AN Phylogenetic reconstruction
H \\SNP’“W’E - Coalescence analysis
" /AMR genes | Descriptive statlstics
Vear: 1983 T Year 2047 b %

67 UK APPE sequences

Figure 9. Timelines overviewing of the events and study samples of the field
study (yellow box) and the genome study (blue box).

The Norwegian Veterinary Institute (NVI), isolates from Denmark (DK),
isolates from the United Kingdom (UK), isolates from Norway (NO), whole
genome sequencing (WGS), single nucleotide polymorphism (SNP),

antimicrobial resistance (AMR).
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5.3.2.3 Selection of animals and diagnostic sampling
Based on the sample requirements, general sampling recommendations
from the NVI and transport alternatives in Norway, customized equipment
kits for sampling, packing, and shipping were produced and made available

to the field veterinarians.

Three to five untreated pigs with clinical signs of respiratory disease were
required for lung sampling. This number was chosen in case of inconclusive
diagnostic test results. Ten pigs from individual herds were requested for
clinical examination and paired serum sampling. Individual identification by
ear tagging the pigs was required. In one farm, paired serum samples were
excluded from the analysis due to missing identification. The sample size of
10 was based on an estimate of one positive animal at a disease prevalence
of 25% and a 95% Confidence Interval. A pooled oral fluid (OF) sample from

pigs in two pens in each herd was collected.

5.3.2.4 Diagnostic procedures
The diagnostic procedures described in Paper I were based on the NVIs
established protocols and was targeted mostly at major respiratory agents.
The procedure included post-mortem evaluation of pigs’ lungs and
bacteriological sampling from lungs and pleura. Bacterial sampling took
place after shipping the lungs to the NVI, and APP was successfully isolated
from submitted samples (Paper I). The performed analyses also included
serological analysis for antibodies to major respiratory agents, and OF real-
time quantitative polymerase chain reaction (RT-qPCR) for selected
respiratory viruses. Whether the diagnostic protocols were able to verify the

etiologic agents behind the outbreaks should be discussed.

Seroconversion rates for APP were calculated as incidence proportions,
defined as proportion of seronegative pigs to seroconvert during the time at
risk. The time at risk was the interval between samplings. Additionally, the
relative risk ratios for seroconversion following initial sampling were
compared in the outbreak and non-outbreak groups to assess the
contribution of serological investigations for outbreak diagnostics. The

relative risk ratio was estimated from a two-by-two contingency table.
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5.3.2.41 Serovar determination

According to former NVI protocols, serovar determination of APP has been
performed serologically by antibody agglutination using activated rabbit
serum. In Paper I APP serovar determination was performed both
serologically and genetically based on presence of serovar specific CPS. The
genetic reference sequences for these CPS have been published (Bossé et al.
2018a, Stringer et al. 2021a) and were available in the National Center for
Biotechnology Information (NCBI) for comparison using The Basic Local
Alignment Search Tool (BLAST).

5.3.2.5 Herd data sampling

5.3.2.5.1 Disease characteristics

A description of clinical signs during the herd visit phase 1 (Figure 9) was
provided by the referring field veterinarian. They were also instructed to
perform a simple clinical examination and measure rectal temperature of
pigs during blood collection. Individually identification of these pigs was
necessary to use each pig as individual control for rectal temperature when
reassessed during follow up sampling at visit phase 3 (Figure 9). To assess
the body temperature change as a clinical characteristic of the outbreaks, a
variable “fever” was defined as temperatures above 39.5°C, and Odds ratios
(OR) for fever during the outbreak were estimated from a two-by-two

contingency table.

The other disease characteristics that were addressed in Paper I, including
morbidity, case fatality and mortality were based on information about the
outbreak provided by the farmer during visit phase 2. Although no
systematic grading of clinical characteristics was performed, the clinical

signs were evaluated to infer disease severity.

53252 Farmer interview and on-farm environmental
registrations

An extensive mapping of management and farm environment factors was

performed due to the aim of the research project “Grisefine lunger” to
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investigate possible risk factors for respiratory disease outbreaks. A
questionnaire comprised of 120 questions about the farm, management
routines and details about the disease outbreak was made for the field study.
The questionnaire was performed as an interview either at the farm or over
telephone shortly after the visit phase 2 (Figure 9). A subset of the data
provided by this interview was published in Paper I, partly to contribute to

descriptive herd demographics and partly to characterize the outbreaks.

A form for on-farm environmental registrations comprised of 74 inquiries
was made for the field study. Measurements and registrations for this form
were performed during the herd visit phase 2 (Figure 9). A subset of these
registrations was published in Paper I and III as descriptive herd

demographics, in accordance with the aim of this thesis.

53253 Slaughterhouse records

Slaughterhouse records on livestock supply and production volume were
included as herd demographic data in Paper I and II. A main aim of the
research project “Grisefine lunger” was to investigate possible associations
between outbreaks of respiratory disease and health and production
parameters registered at slaughter. Carcass weight and quality, and USR
scorings for the animals included in the study, and historical data from the
12 months prior were collected, but not analyzed for this thesis. Further, the
herds studied were affiliated with eight different slaughterhouses, and USR
scorings are prone to inter observer variation despite efforts by the food

safety authorities to standardize carcass inspection.

5.3.2.6 Biosecurity assessment
In Paper III the aim was to describe the biosecurity levels in outbreak herds
and in non-outbreak herds. To be able to compare levels of biosecurity in the
two herd groups, an objective and quantifiable assessment of biosecurity
was chosen. In partnership with the Biocheck.UGent™ developers, the
Biocheck.UGent" questionnaire was translated to Norwegian for the purpose
of this study. The Biocheck.UGent" translation is accessible on the official
web pages (https://biocheck.ugent.be/en/surveys). The questionnaire was

performed as an interview in visit phase 2 (Figure 9) by a single interviewer
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to reduce bias. The subcategory scores from the questionnaire were the basis
for weighted subtotal (internal and external) and total biosecurity scores.
The subcategories represent areas of the production covering known
transmission routes of infectious agents, which are weighted based on the

associated risk of each area, assigned by the developers of Biocheck.UGent™.

To illustrate that there was indeed no detectable difference between the
outbreak herds and non-outbreak herds, a statistical comparison between
the outbreak and non-outbreak groups was included in Paper III. A two-
sample Wilcoxon rank-sum (Mann-Whitney) test was used to compare the
group scores. This is a non-parametric test for small sample sizes that tests
the hypothesis that there is no difference between the distribution of scores

in the groups, which was indicated by a p-value of 0.05.

5.3.3 Genome study
The genome study was an in-depth analysis of a large collection of
Norwegian clinical isolates of APP (Figure 10). In the study, WGS was used
to characterize the genetic variability of the isolates by assessing their
serovar, phylogenetic relationships, and presence of AMR genes. The isolates
were sequenced at Statens Serum Institut (SSI), Copenhagen (Figure 7) and
turned out to be mainly APP8 (Figure 10). During the visit to SSI, the large
international comparison study of APP8 (Paper II) was initiated, involving
bioinformatic research groups at the SSI and Imperial College in London. A
collection of Danish (n=22) isolates and UK sequences (n=67) (European
Nucleotide Archive project PRJEB2343) were used for the comparison.
Genetic phylogenies and AMR gene profiles were compared to assess

differences between the populations.
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5.3.3.1 The Norwegian APP isolate repository
Isolates of APP from 30 lungs were obtained from the diagnostic sampling in
Paper I (Figure 10) and included in the genome study (Paper II). At the NVI,
an additional 104 bacterial isolates from routine diagnostics (diagnosed
cases of APP) since 2004 were made available for the genome study (Figure
10). The frozen isolates were revived through bacteriological procedures
recommended for cultivation of APP (Gottschalk et al. 2019). In the end, 128
isolates (Figure 10) from 81 herds were confirmed as being APP. Following
genetic serovar determination based on comparison to respective serovar
reference strains, 123 isolates were confirmed as serovar 8 (Figure 10). The
APP8 isolates originated from a total of 76 herds, of which 23 herds had given

rise to multiple (range 2-6) isolates.

30 isolates
case/control
104 1solates in i
129 isolates
NVI data . . . E—
) r > sequenced
archive . _— T < 1’4
|
2 not 1 duplicate 2 other 1 poor
located in data file species sequencing
quality
128 APP
sequences
104 isolates | | 104 APP —
within-host ! sequences -~ )\ 5 non
APPE
isolates
227 APPE
sequences

Figure 10. A schematic overview of the retrieval of isolates of Actinobacillus
pleuropneumoniae serovar 8 (APP8) for sequencing, from the isolate repository
and additional sampling (within-host) at the Norwegian Veterinary Institute
(NVI).
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To elucidate within-host variability of APP infections, additional isolates
were collected (Figure 11). Six infected pig lungs, from five geographically
unrelated herds were sampled after being issued to NVI for diagnostic
purposes in 2019 and 2020. This sampling resulted in 104 isolates of APP

(Figure 10), all confirmed to be serovar 8 by genomic serovar determination.

Rnger/Miriam Cohen

Figure 11. Sampling of isolates for within-host variability assessment. Two to
five lesions within each set of lungs, in six lungs, were swabbed. Each swab was
cultured on individual culture plates. From each plate five to eight colonies
were sampled and purified for whole genome sequencing, resulting in 104
isolates, all confirmed to be Actinobacillus pleuropneumoniae serovar 8. Photo

credit: Liza Miriam Cohen.

5.3.3.2 Nucleotide extraction and whole genome sequencing
Purified bacterial isolates, confirmed as APP by MALDI-TOF MS at the NVI

were sent on transport medium to SSI, where genomic DNA was extracted
following their routine procedures using commercial kits. The DNA was then

pair-end sequenced using [llumina technology.
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5.3.3.3 Determination of serovar from whole genome
sequences
The serovar was determined based on the presence of the serovar specific

CPS as previously described. All non-APP8 isolates were excluded from the
study in Paper II (Figure 10). Five isolates from the Norwegian isolate
repository were non-APP8, visualized in the maximum likelihood phylogeny
of the whole Norwegian APP collection (n=128) in Figure 12 alongside the

respective reference strains (n=18) of APP serovar 1-18.
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Figure 12. A maximum likelihood phylogeny of 128 isolates of Actinobacillus
pleuropneumoniae collected from Norwegian pigs’ lungs between 2004 and
2020. While 123 isolates belong to serovar 8 (yellow curve), the remaining
five isolates were serovar 2, 7 (n=2), 10 and 12 (blue curve). The respective
reference strains for serovar 1-18 are included (blue curve). Tree scale

indicates number of substitutions per site as a measure of genetic variability.

54



5.3.3.4 Single nucleotide polymorphism analysis
Single nucleotide polymorphism analysis was performed in the shared “core
genome” of nucleotide sequences that were compared. Duplicated regions in
the sequences were removed before SNP calling was performed by
comparing the isolate sequences to that of an APP8 reference strain, whose
closed genome has been published (GenBank accession number
LN908249.1). Sequenced areas with low sequencing depth and ambiguous
variant calls were removed, and high-density SNP regions were also
identified and removed. Sequencing depth, or coverage, refers to the number
of times a given nucleotide in the genome was read, determining with what
confidence the nucleotide was observed in that position. Illumina
recommends a coverage between 30 x and 50 x for WGS. Variant calling is
concluding that there is a difference in the nucleotides at a given position,
and another term for SNP. An ambiguous call means that the conclusion is
unclear or could not be made. High density SNP regions can stem from
recombination, an event where genes are acquired from an external source.
Although an important source to genetic variation, such events can
complicate the phylogenetic reconstruction as it masks the true relationship
between sequences, such regions were thus removed. This resulted in a core
genome of 1.67 Megabase pairs, equal to 71.6% of the reference

chromosome, as a basis of the comparison.

5.3.3.5 Clonality
Clonality was determined based on the results of the SNP analysis, but no
strict cut-off was established. Single nucleotide polymorphism distances
(number of SNPs) between the 104 isolates from the within-host sampling
were analyzed to assess clonality. The number of SNPs between isolates from
the same pigs in the within-host variation study were <2, indicative of
clonality. The lowest number of SNPs between isolates from different pigs
that were also from different herds was 18, which were considered non-

clonal.

5.3.3.6 Phylogenetic reconstruction
Pairwise comparison and determination of SNP distances between isolates

is the basis for the phylogenetic reconstruction, which was done by
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maximum likelihood approach, using software with a ModelFinder function
(Kalyaanamoorthy et al. 2017). Likelihood is the probability of observing the
data given the model (Lemey et al. 2009). With the maximum likelihood
approach, all trees (models) that could explain our observations are
compared to find the tree with the highest probability. Robustness was
assessed with bootstrap analysis with 100 replicates to evaluate the strength

of the estimated phylogenetic relationship in each branch.

5.3.3.7 Metadata annotation

The farm location was used for geographic annotation and visual mapping of
the phylogenies. Also relevant to the host population structure, herd
category (level in pyramid) and slaughterhouse affiliation was requested
from production records at Animalia and used for phylogenetic annotation.
Year of sampling of the isolates was necessary for the estimation of time to
most recent common ancestor (TMRCA). Year of sampling was thus drawn
from the diagnostic records of the Norwegian and Danish isolates, and from
the annotation data of the UK sequences (European Nucleotide Archive
project PRJEB2343).

Geographic visualization was performed using the freely available
Microreact (http://microreact.org), a hierarchical and geographical analysis
tool (Argimon et al. 2016). A map has been included here (Figure 13) to
illustrate that isolates originated mainly from the three areas with the most
concentrated pig production in Norway. The map includes the five non-
serovar 8 isolates in the Norwegian isolate collection (Figure 13).
Phylogenetic relationships are not illustrated in this figure but was

demonstrated in Paper II.

Visualization and annotation of a maximum likelihood phylogeny displaying
the whole Norwegian APP collection, including the respective reference
genomes  (Figure 12) was performed using iTol v4.314
(https://itol.embl.de)(Letunic et al. 2019). A more detailed phylogeny of the

relationships between the APP8 isolates was published in Paper II.
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Figure 13. Geographic distribution of Norwegian Actinobacillus
pleuropneumoniae isolates in the genome study. Green circles are non-serovar
8 isolates. Red and blue circles are serovar 8 isolates, red circles also indicates
that the isolate was collected during the field study of respiratory disease
outbreaks in 2017 and 2018.

5.3.3.8 Chi squared test
Categorical data variables regarding the isolates were analyzed using a cross
table and the chi squared test to assess the relationship between
geographical location or slaughterhouse affiliation and phylogenetic clade.
The test assesses the distribution within the cross table and compares the

result to a null hypothesis of equal distribution of observations in the cells.
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5.3.3.9 Antimicrobial resistance genes
The bacterial genomes were searched for genes that have been annotated in
the ResFinder database (Zankari et al. 2012) to be associated with
phenotypic antimicrobial resistance, by sequence alignment using BLAST.
The isolates in which AMR genes were identified were not tested for
phenotypic resistance, the clinical relevance of these genes was therefore
assumed from literature. The effect of national differences between Norway,
Denmark and the UK in antimicrobial drug use and restricted animal

movement on the occurrence of resistance was assessed.

5.3.3.10 Coalescence analysis

Time of separation from TMRCA, in this case between the Norwegian and
Danish APP8 isolates was estimated using Bayesian Evolutionary Analysis
by Sampling Trees (BEAST) (Suchard et al. 2018 , Bouckaert et al. 2019).
Bayesian inference combines the prior probability of the phylogeny P(A)
with the likelihood of the data (B). The analysis produces a posterior
probability distribution on trees P(A|B), which is the probability that the
phylogeny is correct, given the prior, the data and the correctness of the
likelihood model:

P(A[B) = P(BJA) P(A)

P(B)

Different coalescent and clock models were applied to allow both constant

and variable mutation rates across branches.
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5.4 Synopsis of papers
A summary of the Paper I-11I is provided below. The detailed results can be
found in the attached Papers I-III.

5.41 Paperl
A descriptive study of acute outbreaks of respiratory disease in

Norwegian fattening pig herds

The main aim of this study was to investigate outbreaks of respiratory
disease in conventional Norwegian fattening pig herds. The aim was pursued
in a case/control field study including 14 herds. In seven herds with reported
outbreaks of acute respiratory disease (case), herd demographic data and
clinical signs were recorded. Diagnostic protocols were compared by parallel
analysis of clinically healthy pigs from seven non-outbreak (control) herds.
Diagnostic samples for laboratory examination included lungs from three to
five pigs, pooled oral fluid (OF) samples from two pens, and paired serum

samples from 10 pigs per herd.

Non-outbreak herds were smaller, had fewer livestock suppliers and more
air space per pig than the outbreak herds. Onset of the outbreaks were 35
days after arrival in the compartment. Number of days from first discovered
symptom to calling the field veterinarian was one day. The most reported
clinical signs were sudden deaths and dyspnea. Odds ratio for fever during
the outbreak was 2.8 compared to after recovery. An average compartment
morbidity of 60%, mortality of 4% and case fatality of 9% was recorded in
the outbreak herds. All outbreak herds treated sick pigs with procaine
benzylpenicillin and reported that this effectively reduced the clinical signs
and stopped the outbreak. Post-mortem examinations revealed acute lesions
resembling porcine pleuropneumonia in all 28 pigs investigated from the
outbreak herds. The lesions were distributed in all lung lobes, but the caudal
lobes were the most affected. Acute porcine pleuropneumoniae-like lesions
were also present in two of the 24 (8%) pigs from the non-outbreak herds,
while chronic lesions were recorded in another two of these pigs (8%).
Diffuse interstitial pneumonias, typical viral infections, was not observed.

Actinobacillus pleuropneumoniae serovar 8 was isolated from lungs and/or
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pleura from all (100%) pigs (n=28) in the outbreak herds, and from two out
of 24 pigs (8%) in the non-outbreak herds. No other significant bacterial
findings were made. Seroconversion to APP antibodies was detectable in all
outbreak herds analyzed and in six out of seven non-outbreak herds, but the
risk ratio for seroconversion of individual pigs was higher (risk ratio 2.3
[1.50- 3.43 95% CI; P<0.001]) in the outbreak herds. Antibodies to SIV was
only detected in serum in one outbreak herd, in which it was not found to be
linked to the outbreak. All herds tested positive for PCV2 and negative for
influenza A viruses in OF using RT-qPRC.

The main etiological pathogen found during outbreaks of respiratory disease
was APP8. All pigs from outbreak herds had typical lesions of acute porcine
pleuropneumonia. Co-infections were not found to impact disease
development. Disease characteristics were typical of APP and caused severe

clinical signs.

5.4.2 Paperll
Comparative genome sequence analysis of Actinobacillus
pleuropneumoniae serovar 8 isolates from Norway, Denmark and the
United Kingdom indicates distinct phylogenetic lineages and

differences in distribution of antimicrobial resistance genes

The primary objective of this study was to characterize the genetic
variability of isolates of APP8 in the Norwegian population. The secondary
objectives were to determine the within-host variability of APP8, and to
compare the APP8 bacterial populations in Norway, Denmark, and the
United Kingdom (UK). Serovar 8 is the predominant clinical serovar of APP
in Norway and the UK and has been isolated from clinical cases in Denmark.
Isolates of APP8 from the UK (n=67), Denmark (n=22) and Norway (n=123)
collected between 1983- 2020 were compared using WGS. In this material
each isolate represented one pig. By including an additional 104 APP8
isolates from the lungs of six Norwegian pigs, genetic variability within
individual infected pigs was analyzed. Genetic variability was defined by
SNPs in the core genome. The comparison also included AMR gene profiles

to assess the effect of national differences in antimicrobial drug use and
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restricted animal movement on the occurrence of resistance genes. In this
study we combined bacterial genome data (the genetic variability and
dissemination of APP8 isolates, including their AMR profiles) and metadata
of the structure of the pig population to assess its effect on the dissemination
of APP8 in Norway.

The study confirmed APP8 as the dominating clinical serovar in Norway.
Isolates that had previously been classified as APP6 serologically were
confirmed to be APP8 by genomic serovar determination and were thus
reclassified. Other serovars detected in the collection of clinical isolates
include 2, 7, 10 and 12, and these were excluded from the study. Very low
within-host variation was observed (< 2 SNPs), indicative of monoclonal
infections with APP8. The phylogeny of 123 Norwegian APP8 isolates from
76 herds revealed some within-herd genetic variation. Norwegian isolates
formed three phylogenetic clades. Substantial geographical clustering was
observed within these clades, meaning that isolates from the same
geographic region were more genetically similar. Slaughterhouse affiliation
and herd category did not show significant clustering in the phylogeny.
Persistence of genetic lines over time was signs of a slow genetic divergence,

indicating that the bacterium is under low selective pressure in Norway.

In the phylogeny of the three international APP8 collections, we found two
distinct monophyletic branches characterized by the Norwegian and UK
isolates, respectively. Three Danish isolates were scattered across the UK
branch, whereas the remaining 19 Danish isolates clustered in two
monophyletic groups within the Norwegian branch. Coalescence analysis
estimating the separation of Norwegian and Danish isolates as TMRCA,
indicated that this separation happened around 200 years ago. A separation
of the Norwegian and UK isolates thus happened even longer ago. The
phylogenetic analyses also revealed striking differences in occurrence of
AMR genes, as these were 23-times more prevalent among the UK isolates
than among the Norwegian isolates. The occurrence of AMR in Danish
isolates was intermediate. Across populations, the sulfonamide resistance

gene sul2 was the most occurring. Only four Norwegian APP8 isolates had
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AMR genes. Three of these isolates carry the resistance gene tet(y) which has

previously not been identified in species within the Pasteurellaceae family.

International biosecurity considerations allowing for a closed Norwegian pig
population has allowed for a distinct separation between Norwegian isolates
and those from neighboring nations. Regional livestock trading patterns has
led to limited variation among APP8 isolates in Norway, with clear
geographic clustering. The overall genetic variability in isolates of APP8 from

Norway is generally low, and genetically persistent over time.

5.4.3 Paperlil

A descriptive study of the biosecurity levels in Norwegian fattening pig
herds with and without outbreaks of respiratory disease

The objective of this study was to describe the biosecurity levels in
Norwegian fattening pig herds with outbreaks of respiratory disease (case)
caused by APP and in non-outbreak (control) herds. The aim was pursued in
a case/control field study including 14 herds. Biocheck.UGent™ was used for
objective soring of biosecurity at the herd level. The scores of the total,
external and internal biosecurity were given in indexes between 0-100
where 0 is the lowest possible score, indicative of poor biosecurity

implementation.

The total, subtotal external and subtotal internal Biocheck.UGent™ scores for
the outbreak herds (n=7) were 61, 64 and 57, respectively. The total, subtotal
external and subtotal internal Biocheck.UGent™ scores for the non-outbreak
herds (n=7) were 60, 69 and 61, respectively. Both herd groups scored
higher on external than internal biosecurity. Both herd groups had
implemented measures to reduce the risk of introduction and spread of
infectious disease through purchase of livestock, and management
implementation in the finishing unit, while measures between
compartments were poorly implemented. Objective scoring of biosecurity in
Norwegian fattening pig herds showed no difference between herds with

outbreaks of respiratory disease and in non-outbreak herds.
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5.5 Discussion

This section provides a discussion of the main results, methodological
considerations, limitations, and some future perspectives. The
understanding of multifactorial infectious respiratory diseases in pigs has
been approached with regards to the epidemiological triad (Figure 5),
investigating the infectious agents, a variety of environmental factors and

properties of the host.

5.5.1 Agent
Based on the comprehensive diagnostic procedures performed in Paper I the
main etiologic agent behind outbreaks of respiratory disease was APP8.

Results of Paper Il indicate that lung infections with APP8 were monoclonal.

5.5.1.1 Disease severity
The clinical signs found during outbreaks in Norway where in line with
typical clinical signs reported from acute infections with APP, such as
reduced general condition and appetite, fever, dyspnea, and coughing (Vigre
et al. 2002, Gottschalk et al. 2019). Regarding the virulence, the results of
Paper I indicated that APP8 harbors virulence factors that surpass the
natural resistance mechanisms of the pigs. The outbreak morbidity and a
case fatality described in Paper I were somewhat moderate compared to
descriptions of porcine pleuropneumonia in literature reviewed by
Klinkenberg et al. (2014b). They found morbidity to range from 10-100%
and mortality of 1% 10%. Case fatality rate is rarely included in published
literature, but is regarded as a measure of virulence (van Seventer et al
2017). Case fatality rate is a more robust measurement of disease lethality
than mortality, due to being less subjected to the confounding effect such as
that of other illnesses occurring simultaneously in the herd. However, it
requires information regarding the cause of death to be accurate. Since
multimicrobial interactions are common for respiratory disease, it can be
hard to assess virulence of single infective agents under field conditions. In
this study, however, the clinical characteristics are representative of the
traits of APP8. Morbidity and case fatality rate may be influenced further by
the time of treatment initiation and susceptibility to drug of choice. As

described in Paper I, the sampling and initiation of antimicrobial treatment
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occurred one day after the first clinical signs were noticed, and the treatment
was reported to stop the outbreak and further development of clinical signs.
The time and effect of treatment should be included when assessing the

disease characteristics as a measure for virulence.

In lungs and pleura of pigs in outbreak herds there were typical acute
macroscopic lesions of porcine pleuropneumonia (Gottschalk et al. 2019),
from which APP8 was isolated (Paper I). High severity of the infections was
indicated by the extensive lesion distribution (Paper I). The whole lung may
be affected in severe cases (Sibila et al. 2014). This distribution of lesions
could have occurred from inhaling high doses of bacteria due to a high
infectious pressure in the environment, or extensive growth and
dissemination post inhalation. The lesions were indicative of profuse tissue
damage, even as short as 1 day after the first clinical signs were noticed by
the farmer (Paper I). The tissue damage was likely caused by actions of the
bacterial virulence factors, including Apx-toxins. Isolates of APP8 are
traditionally associated with the expression of ApxIl and ApxIII (Table 1)
(Frey 2003). No diagnostic test was performed in the current study to assess
virulence in the isolates of APP. The severity of clinical signs and pathology

caused by infections with APP8 in Norway were indicative of high virulence.

Since variation in virulence within serovars is well known, updated
information about the relevant serovars and virulence should be attained
within the population, as argued by Sassu et al. (2017). While this study is a
contribution towards a database of relevant clinical serovars, there is a lack

of such databases from populations around the world.

5.5.1.2 Diagnosis
In paper I, the diagnosis was determined both by the presence of APP, and
the seeming absence of other major respiratory agents. Multimicrobial
interactions have been central in respiratory disease in pigs (Opriessnig et
al. 2011), but were not fount to contribute to the development of outbreaks
in Norway (Paper I). It is possible that some minor pathogens were missed.
For instance, the procedure did not include selective Mycoplasma spp.

culturing. The presence of M. hyopneumoniae was assessed serologically, but

64



there are other mycoplasmas that could be involved in respiratory infections
(Falk et al. 1991a). Future investigations of the lung microbiota using
molecular methods are likely to increase our insight into microbial

interactions in the pig lung.

Collection of OF allows for efficiently sampling for respiratory pathogens
that are excreted in oronasal fluids during the prolific stage (Hernandez-
Garcia et al. 2017, OIE 2021a). Although OF collection is done with minimal
intervention, a weakness of this procedure, when used for outbreak
diagnostics, is that pigs with reduced general condition are reluctant to chew
on the ropes and contribute to the pooled sample. The virology results in
Paper I suggested that neither SIV nor PCV2 contributed to the disease
outbreaks. The absence of SIV in all OF samples was supported by the lack of
typical pathological lesions and absence of SIV antibodies in serum. No
difference was detected in PCV2 levels between the outbreak- and the non-
outbreak herds. Reluctancy of sick pigs to chew on the ropes thus seemed to

have minimal influence on the results in the present study.

Currently, there are no internationally acknowledged protocol for
diagnosing APP, such as in the Terrestrial Animal Health Code (OIE 2021a).
A case/control approach was used in Paper I so that the diagnostic
procedures to verify the etiology behind the outbreaks could be compared to
a control group (non-outbreak herds). The protocol used in Paper I, showed
that collecting lungs on farm works well for diagnosing APP during an
ongoing outbreak. The results indicate that in the presence of typical acute
clinical signs, one lung is sufficient to demonstrate the presence of APP
(Paper I). Since APP was also found to cause monoclonal infections (Paper
I), one bacteriologic sample from one clinically affected pig will suffice for

the diagnosis of APP during outbreaks.

Even if APP was successfully isolated from submitted samples, post-mortem
changes in the lung could alter the microbiologic composition (Brooks 2016).
Sampling bacteriologic swabs in field, prior to sending the lungs for
pathologic evaluation, was a feasible alternative. However, field swabbing

could be sensitive to contamination that might influence the results. In 2021
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a method for sampling lesions in field to detect APP by PCR was published
(Stringer et al. 2021b), which could reduce the possibility of contamination
and altered microbiological composition. However, this method does not

allow for isolation of APP for further testing and DNA sequencing.

The presence and activity of APP during outbreaks, was also confirmed by
the presence of antibodies in serum (Paper I). Immunity is an important
result of interaction between the agent and the host and is thus discussed
further under aspects of the host below. Serology proved to be challenging

to use for diagnostic purposes.

5.5.1.3 Classification
Applying WGS was helpful for improved diagnosis and classification of APP.
It seems that clinical isolates of APP in Norway have been dominated by
serovar 8 since 2004 (Paper I, Paper II). This finding deviates from
investigations in the 1990’s when APP2 was the most prevalent serovar
(Falk et al. 1990, Falk et al. 1991b). The APP isolates studied in the 1990’s
had been collected at slaughter from chronically infected animals (Hgie et al.
1991), while the isolates in the current studies are from clinical cases.
Differences in acute and chronic potential between serovars or strains could
exist, thus explaining the different results. Falk et al. also detected antibodies
to APP6, using serologic methods (Falk et al. 1990). No isolates of APP6 were
found among the isolates in the current studies, previous APP6 isolates were
in fact reclassified as APP8 following genomic analysis in Paper II. Cross-
reactions to APP8 antibodies might explain the seeming presence of
antibodies to APP6. That implies APP6 was never present in the Norwegian
population (Norwegian Veterinary Institute 2021), and APP8 has been
underdiagnosed. Similar underestimations and overestimations of serovars
have been described in England and Canada (O'Neill et al. 2010, Gottschalk
2015). The advantages of serovar determination using molecular methods
have been discussed in the introduction, and due to the increased precision
compared to serological methods, differences in the results are to be

expected.
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Since no known cross-reaction between APP2 and other serovars is common,
the finding of APP2 was more reliable. Only one APP2 isolate was observed
in the material that was investigated in the current study (Figure 12). In later
times, APP2 has been diagnosed from a small number of clinical cases at the
NVI, but APP8 remains the most diagnosed serovar (Norwegian Veterinary
Institute 2021). Similar shifts in serovar prevalence have been described in
Germany. A reduction in serovar diversity was seen in a recent population
wide study of historical clinical APP isolates (Schuwerk et al. 2021). The
prevalence of APP2 has increased in central Europe, while other serovars
dominate in more peripheral European countries like Spain (Maldonado et
al. 2009), the UK (Li et al. 2016) and Norway (Paper II).

An upgraded multiplex PCR now differentiates between all 19 described
serovars of APP (Stringer et al. 2021a), and was recently included in the NVI
protocol, replacing serological serovar determination (Falk et al. 2020). The
reason for not using this PCR in our study was that the APP isolates were
already being sequenced and analyzed for the phylogenetic study in Paper ],

so applying another molecular based test was redundant.

Although it cannot be concluded that there has been a shift among clinical
isolates from APP2 to APP8 in the Norwegian pig population, assessing the
dissemination and genetic variability in a large collection of APP8 has
clarified some details regarding links to national and regional structure and
dynamics of the population. It is not clear what prompted this seeming shift
in APP serovar occurrence in Norway. Attempts at eradicating APP in
breeding herds by strategic medication in the 1990’s (Hofmo et al. 1998)
could have contributed to a shift in APP serovar carrier status. A test of the
current APP carrier state of sows in the breeding and commercial sow herds

is needed to clarify this aspect.

5.5.1.4 Other agent traits
Antimicrobial resistance is not likely to complicate the respiratory infection
dynamics with APP8 in Norway. A low level of AMR in Norwegian APP
isolates has been shown both by the results of Paper I, and the national AMR
surveillance program from 2021 (NORM/NORM-VET 2020 2021). Although
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the surveillance program did not differentiate between serovars, the isolates
are mainly APP8 from the diagnostic archives of NVI. For a comprehensive
assessment of phenotypic AMR, clinical breakpoints for more antimicrobial
agents need to be established, as many are still missing (Sassu et al. 2017). A
divergence between the specific results of the MIC testing and the identified
AMR genes might exist, as limitations of identifying AMR genes in ResFinder
are tied to a lack in knowledge of genetic variants associated with the
respective phenotypes. Even so, since the correlation between AMR
phenotype and genotype has been found to be high, screening for AMR genes

was considered a reliable method to describe AMR profiles of APP isolates.

The results of Paper I confirms APP8s role as a primary respiratory
infectious agent. Multimicrobial etiologies thus seems to be less relevant for
respiratory disease in Norwegian pigs. With regards to the epidemiological
triad (Figure 5) the respiratory disease outbreaks were thus tied to the

qualities of APP8, the environment, and the host.

5.5.1 Environment

5.5.1.1 Effect of population structure and health
management procedures

International and national biosecurity implementations are likely the most
important contributors to a good health status and respiratory disease
control in Norway. National import legislation (Ministry of Agriculture and
Food 1998) and additional requirements of the production animal sector
regarding import of live animals (KOORIMP et al. 2021) have contributed to
a high national biosecurity in Norway at least for the last 30 years (KOORIMP
etal 2021). These systems that regulate the Norwegian pig population have

been influencing the dissemination of APP, as shown in Paper II.

55.1.1.1 International comparisons

A closed Norwegian pig population has allowed for the evolution of distinct
Norwegian clades that differ by comparison to isolates from neighboring
nations Denmark and the UK. The estimations of TMRCA between APP8

isolates from Norway, Denmark and the UK were indicative of how long the
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three national pig populations have been closed off from each other. Even if
the import legislation in Norway have been at play for decades, it seems like
the Norwegian population has been isolated from the other two populations
for centuries (Paper II). As an alternative to the BEAST model, to estimate a
timeline for the evolution of the population, a simplistic linear regression
model would calculate the association between SNPs and time. This
approach supposes that mutations happen at a constant rate, which they do
not (Vandamme 2009).

55.1.1.2 Genetic antimicrobial resistance

The geographic separation of the isolates from UK, Denmark and Norway
was supported by striking differences in occurrence of AMR genes. While the
occurrence of AMR genes in Norwegian APP8 was low, the occurrence was
23-times higher in UK isolates, also somewhat higher in Danish isolates
(Paper 1II). Closed populations, in combination with differences in
antimicrobial treatment procedures in the UK, Norway and Denmark have
probably led to the widely different AMR patterns (Paper II). Dissemination
of AMR genes are driven both by selective pressure towards AMR by
exposure to antimicrobial agents, and horizontal transmission from other
species in the environment (FAO 2016). Thus, some assumptions can be

made about the Norwegian pig population:

- Prudent use of antimicrobial drugs in pigs over time has contributed
to a low selective pressure towards AMR in APP8.

- Prudent use of antimicrobial drugs in pigs over time has contributed
to a low selective pressure of AMR genes in other livestock
associated bacteria, reducing the source of AMR genes for horizontal
transmission.

- A closed pig population in Norway, due to national biosecurity
considerations, has restricted the possibility of resistant strains
from other populations to manifest in Norway.

- Regulation on livestock trade in the future will likely be important
to sustain an APP population widely susceptible to antimicrobial
drugs, for instance by stopping an introduction of multi-resistant

APP strains from other pig populations.
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Future detailed genetic analyses could elucidate whether it is likely that the
observed AMR genes stem from horizontal transmission. The AMR genes can
accumulate in mobilizable genetic elements, facilitating horizontal
transmission of multiple genes together, previously demonstrated in APP8
(Bossé et al. 2015, Bossé et al. 2016). Whether the genes identified in this
study are part of a common mobilizable element requires further

investigation.

55.1.1.3 The Norwegian pig production structure

The structure of Norwegian pig production is evident in the evolutionary
relationship and dissemination of APP8. Regional livestock trading patterns
has led to limited variation among APP8 isolates in Norway, with clear
geographic clustering (Paper II). A high level of similarity between strains
from different herds in Norway limits the traceability of isolates. This
restricts the use of a population phylogeny as a background for tracing
sources of transmission (Figure 6). This is relevant for instance to assess
indirect transmission routes, or persistence of bacteria in the environment

after attempted sanitation.

By addressing sampling year, a persistence of genetic lines became evident.
The persistence of APP strains in the population could be explained by a slow
genetic divergence due to a low selective pressure. Due to the possibility of
harboring of bacteria in the tonsils and chronic lesions of adult sows (Fablet
et al, 2011), APP could persist in breeding herds in the top tiers of the
production pyramid (Figure 2). Random genetic changes have accumulated
over time, while the strict management and biosecurity practices that apply
for these herds ensure that no horizontal exchange of strains happen. This
allows for the dissemination of slightly different strains downward in the
pyramid (Figure 2). The findings support direct contact as the main
transmission route of APP8. Pigs that descend from different livestock
sources will harbor different strains of APP8. Since individual commercial
fattening pig herds can purchase livestock from multiple sow herds, this is a
likely explanation for the observed within-herd genetic variation in Paper I

(Figure 14). A diversity of strains in the tonsils of each pig might also have
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contributed to the observed differences, even if they stem from the same
source. Capturing the true variation of APP strains from a herd is difficult and
might require tonsillar sampling and sampling of pigs from all the supplying

sources.

At the same time, a top-down distribution of isolates from breeding herds is
a likely explanation for the geographic clustering of isolates in Norway
(Figure 14). One nucleus breeding herd can supply gilts directly to several
multiplier breeding herds. These can in turn supply pigs to many commercial
herds, which are usually located in the same part of the country. This enables
transmission of clonal isolates, allowing their persistence within the system

and geographic region.

Strain 3 Breeding
herds

/ Sow herds

Fattening
herds

Strain
diversity

Geographic cluster Within-herd

variation

Figure 14 An illustration of Actinobacillus pleuropneumoniae (APP) strain

distribution from breeding herds in the Norwegian pig production system.
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5.5.1.1 Herd biosecurity
Since national import restrictions hinder the most likely transmission routes
of respiratory pathogens that are absent from the Norwegian pig population,
the risk of introducing these agents to a herd is generally unlikely. However,
APP is assumed to occur endemically in the conventional pig population in
Norway (Lium 2002), supported by the results of Paper 1. If present in the
supplying herd, APP is probably introduced to the fattening herds by
tonsillar carriers with every new livestock batch. Only external biosecurity
practices related to the livestock source will influence the introduction of
APP through this route. Other external biosecurity practices could however
be important in limiting potential transmission by other routes. The
relevance of transmission of APP by other routes than direct transmission
via purchased livestock is not fully understood. Because airborne
transmission has not been disconfirmed, there is a general recommendation
that herds that are converted to the SPF system in Norway is strategically
located away from other pig farms where APP occurs (Animalia 2020b). To
establish targeted biosecurity measures, more knowledge regarding

transmission of APP is needed.

While rules and regulations form the framework for biosecurity practices,
the practical execution on herd level also depends on factors such as
tradition, knowledge and understanding of the farmers (Ritter et al. 2017).
The external biosecurity is probably more influenced by rules and
regulations, while internal biosecurity to a larger degree is subject to the
farmers own wishes and motivation (Postma et al. 2016). Both outbreak and
non-outbreak herds scored higher on external than internal biosecurity
(Paper III). Better compliance requires a framework tailored to the
production type, infrastructure, economic development state and perhaps to
preexisting tradition (Ritter et al. 2017). Knowledge and understanding of
risks and consequences are crucial and will influence the attitudes of the
farmers (Laanen et al. 2014). As the farmers motivation to implement
biosecurity practices was not addressed in this study, we can only make
generalized assumptions as to why the biosecurity scores were suboptimal

even while regulations promoting biosecurity practices are in place.
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Objective scoring of biosecurity in Norwegian fattening pig herds implies
there might be a lack of compliance of important biosecurity measures
internally at the farm. Suboptimal internal biosecurity practices that
increase the risk of transmission of APP between groups of animals in the
herd could have contributed towards the outbreaks. Emphasizing this point,
all-in-all-out rearing by compartment is one of the most important
biosecurity measures to reduce the clinical significance of APP, as discussed
by Sjoélund in her thesis (Sjolund 2010). However, since the importance of
APP transmission in respiratory disease outbreaks is not clear, the effect of

herd biosecurity to control this disease is similarly unclear.

5.5.1 Host
Presence of serum antibodies to APP, regardless of disease outbreaks
indicated the presence of APP in all but one herd (Paper I). A high proportion
of the pigs in both outbreak and non-outbreak herds had positive titers of
APP antibodies already at the initial sampling. In Norway, average age at
weaning is 33 days (Ingris 2021), which is older than the requirements of
the EU (European Parliament and Council 2016a). Due to APP being a late
colonizer in piglets (Tobias et al. 2014b) the APP carrier rates in Norway are
likely to be relatively high. The onset of disease outbreaks occurred at
different times during the fattening period (Paper 1), at 35 days median after
arrival to the fattening unit. The pigs were then around 14 weeks old.
Protection by maternally derived antibodies drops prior to this (Cruijsen et
al. 1995, Chiers et al. 2002a), which indicates that some other criteria must

be filled before the disease breaks out.

As the serologic investigations revealed to us, evidence of acquired immunity
to APP was present in all but one herd, however, a relatively high proportion
were seronegative in the first sample (Paper I). This means they were likely
susceptible to a challenge with APP. In our study, antigens were not tested
for serovar specificity. As cross-protection between serovars can be lacking
(Dubreuil et al. 2000), the pigs’ immunity towards APP8 was not possible to
ascertain in the current study. Although serology is important for the
detection of previous and subclinical colonization (Chiers et al 2002a),

serologic analyses of APP proved to be challenging for diagnostic purposes
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(Paper I). The challenge is due to the unclear mechanisms between
subclinical colonization by APP and triggering of the immune system
(Gottschalk 2015). The presence of acquired APP antibodies in serum has
been described to last for many months (Gottschalk et al. 2019). The time of
colonization and following seroconversion in these pigs could not be
assessed, but it is assumed that APP was present in all the herds prior to the

outbreak.

The mechanisms of disease outbreaks were likely tied to additional factors
than just the host susceptibility and agent presence in these instances, even

if no such risk factors were identified in these studies.

5.5.2 Outbreak mechanisms
The precise events leading up to a lung infection have not been elucidated.
Monoclonal infections could result from any of two existing theories to
explain the mechanisms behind outbreaks with APP in endemically infected
herds (Klinkenberg et al. 2014). The theories suggest that outbreaks are
caused by a) newly introduced virulent strains of APP and/or by b) descent
to the lower respiratory tract of strains already resident in the tonsils.
During an outbreak of disease, the infectious pressure of more virulent
isolates will increase. Internal biosecurity practices will be important in
restricting bacterial transmission within the herd. If descending bacteria
from the tonsils are also involved in the infections, a variation in the genomes
of bacteria isolated from the lungs of diseased pigs would be expected.
Findings of monoclonal infections in the present studies did not support a
combination of the two theories. Isolate variation within a herd also
indicated that disease occurring in a herd was not solely tied to the spread of
a single virulent strain. Several strains could be circulating in a herd during
an outbreak. The tonsillar carrying state of the pigs in this study was not

assessed but could have contributed to clarify the mechanisms of disease.

5.5.2.1 Triggers for disease outbreaks
Some management and demographic features of the outbreak and non-
outbreak herds were described in the materials section of Paper I and IlI, but

there was a lack of power to perform statistical comparisons. Even so, the
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outbreak herds were generally larger, had more livestock suppliers and less
air space per pig than the non-outbreak herds, all known risk factors for
infectious respiratory disease (Rosendal et al. 1983). The way pigs are
reared in commercial farms today is quite different from 30 years ago, and
the need for updated knowledge regarding risk factors has been addressed
by Sassu et al. (2017).

Ideally, to address the mechanisms behind outbreaks, the above-mentioned
demographic features should be accounted for as environmental factors. For
APP in particular, theories regarding “trigger” factors, as described by
Klinkenberg et al. (2014), have been central to understanding mechanisms
behind outbreaks, but require further investigation. Targeted risk factor
studies to contribute to a trigger factor check list can be utilized at the face

of an outbreak, as suggested by Sassu et al. (2017).

The interactions between APP, the pigs and the various environmental
factors that could trigger disease outbreaks are intricate. Consequently,
preventing disease in herds that are colonized with APP is challenging. It has
therefore been suggested that efforts to prevent disease should be aimed at
hindering bacterial transmission (Velthuis et al. 2003 , Tobias et al. 2014a).
Knowledge of transmission between colonized and healthy animals is thus
crucial to prevent the spread of APP and limit disease occurrence and should

be prioritized in future research.

5.5.3 Ethical considerations
To be able to perform sampling from live animals, the Norwegian Food Safety
Authority approved the study design for ‘Grisefine lunger’, maintaining
compliance of ethical guidelines and the three R’s. FOTS Norwegian Food
Safety Authority reference ID 13185.

In addition to sampling from live pigs, the field study included sampling of
lungs from dead pigs. Serologic investigations did not provide satisfactory
diagnostic confidence as seroconversion to APP unrelated to the outbreak
was demonstrated both in outbreak and non-outbreak herds. As has been

described previously and confirmed by the study in Paper I, diagnosing APP
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should be done by post-mortem inspection and bacteriological culture from
typical acute lesions. Out of ethical considerations, untreated pigs that had
recently succumbed to respiratory disease were selected for sampling in the
outbreak herds, if available. However, in the absence of such subjects, a
minimum of three pig per herd were euthanized. Collecting pigs’ lungs was
necessary to perform sound diagnostic procedures and verifying the main
etiological agent behind the ongoing outbreaks. Findings from paper I
demonstrated that sampling only one typical animal is enough, when the

clinical signs are indicative of APP.

5.5.4 Limitations
The aims of this thesis were pursued through observational studies. The field
study (Paper [ and III) relied on participation by field practitioners and herd
owners. Seven case and seven control herds were selected from the same
source population, namely conventional commercial farrow-to-finish, and
fattening pig herds in Norway. To increase the generalizability of the results,
breeding herds and SPF herds were excluded from participation. These
herds were excluded because the management of those herd types is likely
to differ from commercial herds. Also, both due to stricter health
requirements, and due to the general high health status, outbreaks of
respiratory disease were expected to happen less frequently in those herds.
Herds were subject to convenience sampling rather than random sampling,

and no formal assessment of the risk of selection bias was performed.

The initial biologic sampling and clinical examination was performed by the
field veterinarians, and prone to observer/operator bias, even if instructions
were provided for the sampling. Since Paper 1 was mainly descriptive, the
effect of potential bias is limited, for instance to the report of clinical signs.
For body temperature, on the other hand, bias may occur both due to
differing techniques and thermometers. Each herd was thus used as its own
control, comparing temperatures at visit phases 1 and 3 (Figure 9),

measured by the same operators to reduce observer bias.

Itis worth noting that the data analyzed in Paper II consists mainly of isolates

collected after 2004 and are not equally represented in time. Concentrated
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sampling contributed to the reported uncertainty around the estimates of
population divergence between countries (Paper II). Since sampling from
the whole population was not feasible, an adequate representation of the
population over time is necessary for good estimates of divergence.
However, it is believed that the isolates in the material have been subject to
minimal selection bias due to being passively collected through routine
diagnostics of animals sent in during outbreaks. Isolates were collected from
all levels of the production system, and from all the major pig producing

regions in Norway (Paper II).

5.5.5 Future perspectives
The work described in this thesis has provided new knowledge. To increase
our understanding of infectious respiratory disease further, some future

perspectives are discussed below.

There are substantial geographical differences in clinical importance of
serovars of APP (Dubreuil et al. 2000). This is partly due to differences in
serovar prevalence and expression of Apx toxins, but also due to differences
in expression of other virulence factors between strains within a serovar
(Gottschalk et al. 2019). So far, the distribution of other virulence factors that
could explain this difference has not been clarified. There are currently no
available diagnostic tests to differentiate between strains of different
virulence, to the author’s knowledge. Such a test could be applied to evaluate
the potential of a particular strain of APP to cause outbreaks, and to be able
to test purchased livestock for their APP carrying status (Gottschalk et al
2019), beyond the classification of serovar. Mapping of virulence-associated
traits is a prerequisite for development of a virulence assessment tool.
Previous work within this field by Xu et al. (2010) was only performed on
single isolates of a small range of serovars, however, resulting in an observed
conservation of virulence associated genes in typically virulent serovars. The
phenotypes and clinical relevance of these virulence-associated genes
should be further assessed (Gottschalk et al. 2019). In Paper I, severe
infections with APP8 were indicative of moderate to high virulence.

Virulence factor testing of the isolates would have been interesting. An
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annotation of virulence associated genes from a large collection of isolates

preferably where all serovars are represented, is needed.

The interest in preventing APP in populations nationwide demands more
research regarding risk factors for disease and subclinical manifestation.
Paper II revealed that during an outbreak, the strain of APP that causes
disease is not necessarily the same among affected pigs in one herd. It also
revealed monoclonal infections by APP8. This strengthens the belief that
disease outbreaks follow an invasion of the lungs by a single strain of APP
that colonized the tonsils prior to the disease. Migration and colonization of
the pulmonary tissue by APP is likely to follow a triggering risk factor that
affect many pigs in the compartment (Klinkenberg et al. 2014). There are
studies that have identified risk factors associated with lesions at slaughter.
To limit the occurrence of outbreaks, a targeted risk factor analysis for
outbreaks of APP is needed.

Only a few Norwegian isolates of APP8 were found to carry AMR genes
(Paper II). In depth analysis of the isolates in question including a phenotypic
MIC test could elucidate the clinical relevance of the observed genes. In
addition, investigation of the genetic segments surrounding the AMR genes
could identify whether they seem to be originating from individual
acquisition or if they could be part of a common mobilizable genetic element,

to assess their spreading potential.

As the results of Paper Il showed, there was variation in APP strains isolated
from a herd. This means that capturing the range of isolates from a given
herd can be difficult. In fattening pig herds, pigs from different sources are
expected to carry different strains of APP. Since sows in the supplying herds
could be carrying multiple different strains, strain diversity can also occur in
pigs from the same source. An assessment of tonsillar strain diversity in sows
would increase our knowledge regarding the association between livestock

supply and strain diversity in fattening pig herds.

The results of Paper III have indicated that particularly the internal

biosecurity was lacking in the fattening herds. A poor internal biosecurity
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represents a risk for a spread of endemically occurring infectious agents
between animal groups in the pig herds. Although the results from Paper III
were not generalizable for the fattening pig herds in Norway, the paper
addresses a lack of compliance between the framework of the biosecurity
rules and regulations and the farmer compliance. A screening of the

biosecurity of Norwegian herds is in place to isolate potential problem areas.

As a direction for future research, the following objectives are suggested:

- Map virulence factors of APP in Norway by phenotypic and
genotypic testing

- Targeted risk factor analysis for outbreaks of APP

- Investigation of the acquisition of AMR genes in Norwegian isolates

of APP8, and their clinical relevance

- Screening of tonsillar carries state of sows in breeding and

commercial sow herds to map diversity of APP in carrier animals
- Screening of biosecurity levels in Norwegian pig herds in different

levels of the production pyramid and address compliance to the

existing biosecurity framework in Norway
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5.6 Conclusion

The work described in this thesis has increased the understanding of
infectious respiratory disease in the Norwegian pig population, and new

knowledge about APP outbreaks in Norway has been gathered.

The clinical characteristics of respiratory disease outbreaks in Norwegian
fattening pig herds were severe and typical for APP. Through comprehensive
diagnostic procedures, APP8 was found to be the main etiological agent
behind the outbreaks. No other respiratory agents were found to contribute
to the disease outbreaks (Paper I). Even with various strains of APP within
one herd, pneumonic infections with APP8 were found to be monoclonal

within the pig (Paper II).

Historically, APP8 has been underdiagnosed in the Norwegian pig
population and has been the dominating clinical serovar in Norway over the
last years. Structure of the pig population, such as regional livestock trading
patterns has led to limited variation among APP8 isolates in Norway, with
clear geographic clustering. The overall genetic variability in isolates of APP8

from Norway is low, and genetically persistent over time.

There was a low occurrence of AMR genes in Norwegian isolates of APP8.
International biosecurity considerations allowing for a closed Norwegian pig
population has allowed for a distinct separation between Norwegian isolates
and those from neighboring nations Denmark and the UK (Paper II). While a
high level of national biosecurity in Norway is the most important
contribution to the health status of the Norwegian pig population,
biosecurity measures at the herd level are important to the prevent the

spread of agents that occur in the population.

During outbreaks, objectively scored biosecurity levels were moderate, and
showed no difference between herds with and without outbreaks of
respiratory disease (Paper III). However, a lower internal biosecurity score
in both outbreak and non-outbreak herds was found, implying there might

be a lack of compliance with important biosecurity measures internally at
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the farm. A low internal biosecurity score implies there is a risk of
transmitting infectious agents like APP between pigs within the herd. More
information regarding transmission of APP is needed to assess the
association between biosecurity measures on occurrence of outbreaks with
APP. Genetic investigations were helpful, as studying the genetic variability
and evolution of agents increased our understanding of APP and the effect of

population structure and production practices, including biosecurity.

Knowledge of the respiratory disease etiology and biosecurity levels in
Norwegian pig herds can contribute to prevent future outbreaks.
Additionally, the possibilities within WGS to increase our knowledge of APP
proved to be particularly useful when studying the effect of pig population
structure on genetic variability and AMR status. The work described in this
thesis increased our understanding of infectious respiratory disease and

may contribute to improved health of pigs.
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Abstract

Background: Respiratory diseases are major health concerns in the pig production sector worldwide, contributing
adversely to morbidity and mortality. Over the past years there was a rise in reported incidents of respiratory disease
in pigs in Norway, despite population wide freedom from Aujeszky s disease, porcine reproductive and respiratory
syndrome, porcine respiratory corona virus and enzootic pneumonia. The main objective of this study was to inves-
tigate acute outbreaks of respiratory disease in conventional Norwegian fattening pig herds. The study included 14
herds. In seven herds with reported outbreaks of acute respiratory disease, data on clinical signs was recorded and
samples for laboratory examination were collected. Diagnostic protocols were compared by parallel analysis of clini-
cally healthy pigs from seven non-outbreak herds.

Results: The most commonly reported clinical signs were sudden deaths and dyspnea. An average compartment
morbidity of 60%, mortality of 4% and case fatality of 9% was recorded in the outbreak herds. Post-mortem examina-
tions revealed acute lesions resembling porcine pleuropneumonia in all 28 pigs investigated from the outbreak herds
and in 2 of the 24 (8%) pigs from the non-outbreak herds. Chronic lesions were recorded in another 2 pigs (8%) from
the non-outbreak herds. Actinobacillus pleuropneumoniae serovar 8 was isolated from lungs and/or pleura from all
tested pigs (n=28) in the outbreak herds, and from 2 out of 24 pigs (8%) in the non-outbreak herds, one pig with an
acute and another pig with a chronic infection. No other significant bacterial findings were made. Seroconversion to
A. pleuropneumoniae antibodies was detectable in all outbreak herds analyzed and in six out of seven non-outbreak
herds, but the risk ratio for seroconversion of individual pigs was higher (risk ratio 2.3 [1.50- 3.43 95% Cl; P <0.001]) in
the outbreak herds. All herds tested positive for porcine circovirus type 2 and negative for influenza A viruses on oral
fluid RT-gPCR.

Conclusion: The main etiological pathogen found during acute outbreaks of respiratory disease was A. pleuropneu-
moniae serovar 8. All pigs from outbreak herds had typical lesions of acute porcine pleuropneumonia, and only A.
pleuropneumoniae serovar 8 was identified. Co-infections were not found to impact disease development.

Keywords: Actinobacillus pleuropneumoniae, Acute respiratory disease, Fattening pigs, Outbreak diagnostics
.
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are however hard to determine in field conditions. Stud-
ies show that coinfections with different respiratory
agents are common in pigs [4, 5]. Viral infections often
predispose for secondary bacterial infections. This has
been studied under experimental conditions, i.e. coinfec-
tions of porcine reproductive and respiratory syndrome
virus (PRRSV) and Mpycoplasma hyopneumoniae (6],
PRRSV and Actinobacillus pleuropneumoniae [7], swine
influenza virus (SIV) and Bordetella bronchiseptica [8].
Moderate to marked fever, lethargy, coughing, sneezing
and dyspnea are common clinical signs during disease
outbreaks [9, 10]. The presence of multiple pathogens
often increases the severity of disease and occurrence of
lesions in the respiratory tract [8, 11, 12]. There are dif-
ferences in occurrence and distribution of pathogens
between countries, regions and herds [13, 14] that con-
tribute to the complexity of respiratory disease.

Due to strict import regulations in Norway, there is
negligible import of live pigs to the commercial pig popu-
lation [15]. The national yearly yield was approximately
1.6 million slaughtered pigs in 2018, originating mainly
from 2580 registered fattener pig herds with a concession
limit of maximum 2100 slaughtered pigs per year [16,
17]. The Norwegian pig production is also characterized
by stringent regulation of antimicrobial drug use and a
tradition of eradicating diseases from animal populations
[18, 19]. The commercial pig population in Norway has
documented freedom from several important respiratory
pathogens including Aujeszky’s disease virus, PRRSV,
SIV (apart from influenza A [HIN1]pdm09) [20] and M.
hyopneumoniae [18]. After the pandemic in 2009/2010,
antibodies to SIV (HIN1)pdm09 have been detected reg-
ularly from 25 to 50% of examined herds in Norway [21],
but SIV (HIN1)pdmO9 infections in the Norwegian pig
population has been considered to have limited clinical
impact [22]. In cases of respiratory disease in Norwegian
herds, A. pleuropneumoniae has regularly been isolated
from lungs of carcasses submitted for routine diagnostics
[23]. Several studies from other countries conclude that
A. pleuropneumoniae is normally present in most con-
ventional pig herds, having a main reservoir in the tonsils
of carrier pigs [24, 25]. Accordingly, outbreaks in conven-
tional herds are most often triggered by factors related
to animal housing, management and environment rather
than an introduction of the bacteria in a naive herd [26].
Preceding infection with a primary viral pathogen is also
a possible triggering factor [4]. In the years between 2010
and 2014 there was an increase in reported acute cases
of respiratory disease requiring veterinary treatment in
Norway [27]. A systematic investigation of porcine res-
piratory disease outbreaks in Norway has not recently
been performed, and updated knowledge is needed for
appropriate disease prevention and intervention. The

Page 2 0f 13

main objective of this study was to investigate clinical
outbreaks of acute respiratory disease in Norwegian fat-
tening pig herds, using a group of non-outbreak herds to
compare diagnostic procedures.

Methods

Study design

Source population

The source population was the conventional fattening pig
herds located in central and southern parts of Norway in
the period between September 2017 and October 2018.
The conventional herds are not part of the Norwegian
Specific Pathogen Free (SPF) sub-population, in which
herds are free from e.g. toxin producing Pasteurella mul-
tocida and all serotypes of A. pleuropneumoniae.

Sample population

Seven conventional fattening pig herds with acute out-
breaks of respiratory disease (outbreak herds) and seven
pig herds without respiratory disease outbreaks (non-
outbreak herds) were included in this study.

The inclusion criteria for outbreak herds were; three
or more pigs displaying acute signs of respiratory dis-
ease including fever and coughing and/or dyspnea, and/
or otherwise reduced general condition e.g. lethargy
or inappetence. Non-outbreak herds inclusion crite-
ria were; absence of acute clinical signs of respiratory
disease at the time of sampling, situated in the same
geographical area as the outbreak herds. The non-out-
break herds were not matched to the outbreak herds by
means of other parameters. Herds were included only if
there were more than three weeks until planned slaugh-
ter, due to follow-up sampling per protocol. Two herds
were excluded, due to treatment with antimicrobial
drugs before sampling could be carried out, and insuf-
ficient time from outbreak to planned slaughter, respec-
tively. Descriptive herd data are listed in Table 1.

Recruitment and selection of herds

A network of veterinary practitioners was established
to collect samples and herd data. The practition-
ers were contacted through emails, letters, meetings and
announcements in relevant journals and national news-
papers. The veterinarians contacted the project group
immediately upon being called out to examine pigs with
symptoms of acute respiratory disease. Outbreak herds
were recruited for participation by the veterinary practi-
tioners after meeting the inclusion criteria. Non-outbreak
herds were then recruited by the veterinary practitioners
contacting herd owners meeting the matching criteria,
asking their participation and arranging a visit. Com-
plete kits containing materials and detailed instructions
for sample collection, preservation and transport were
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Table 1 Overview of descriptive data in both outbreak and non-outbreak herds (n=14)

Descriptive herd data Outbreak herds (n=7)?

Non-outbreak herds (n=7)?

Median Interquartile range Median Interquartile

range

Production site Single site production

No. of suppliers 2 7 1 0

Herd size 650 310 500 350

Yearly yield? 2109 1818 1543 1661

Estimations from on-farm registrations:

Pigs in compartment® 155 90 196 255

Compartment volume per pig' 39m? 2m? 43m? 15m3

Floor space per pig? 1.0m? 02m? 1.1 m? 02m?

? Herd type: 5 finishers, 2 farrow-to-finish. 6 herds: one compartment affected and tested. 1 herd: two compartments affected and tested, compartment average

presented

> Herd type: 6 finishers, 1 farrow-to-finish. One compartment tested per herd

€ Number of pigs in the herd/at the production site at the time of the outbreak/sampling

9 Fattening pigs slaughtered over the last 12 months. Not considering piglets for sale

¢ Number of pigs the compartment with the ongoing outbreak

f 'm?in the compartment divided by the number of pigs

9 total m?in the compartment divided by the number of pigs, not considering empty stalls, walkways etc

pre-distributed to designated pick up points at abattoirs
and veterinary practice offices and sent to veterinarians
across the country upon request.

Herd visits

Each outbreak herd was visited on three occa-
sions (Fig. 1, green boxes); the first visit was conducted
as soon as possible during the reported outbreak for
initial sampling. The second visit was performed 2 to 5
days later to conduct interviews and register herd demo-
graphic data. During the third and final visit two to four
weeks after the first, follow-up samples were collected,
as described in Fig. 1. Non-outbreak herds were visited
on two occasions, once for initial sampling, farmer inter-
views and herd registrations, and secondly for follow up
sampling.

First visit (outbreak sampling)

Details about the diagnostic sampling are shown in
Fig. 1. Diagnostic sampling in outbreak herds was per-
formed the day the veterinarian was notified about the
disease. The veterinary practitioner reported observed
clinical signs on a standardized submission form. In these
herds, three to five pigs were selected for organ collec-
tion, 28 pigs were sampled in total. The selection was
made from pigs with clinical signs of respiratory disease
prior to death or euthanasia by captive bolt and exsan-
guination. Short time from death to sampling was con-
sidered, no additional criteria for sampling were applied.

In non-outbreak herds three to five pigs were haphaz-
ardly selected, 24 pigs were sampled in total. Lungs and
mediastinum (including pericardium, excluding the
heart) and trachea caudal to the thoracic inlet were col-
lected. Within each herd, care was given not to sample
pigs treated with any antimicrobial drugs up to 14 days
prior to the sampling.

Blood sampling was performed on a total of 10 pigs per
herd by haphazard selection from as many pens in the
compartment as possible, up to 10 pens. A total of 141
pigs were sampled. The pigs were selected regardless of
clinical presentation and restrained by snaring the upper
jaw. During restraint the pigs were ear-tagged for individ-
ual identification at follow-up sampling during the final
visit. Rectal temperature was measured, and blood sam-
ples were collected (details in Fig. 1).

Pooled oral fluid (OF) samples were collected from
two haphazardly selected pens (n=14 pooled OF sam-
ples from 28 pens) using chewing rope as described by
Prickett et al. [28]. Care was given to keep the stress of
the animals during sampling to a minimum.

Second visit (interviews and on-farm demographic data
sampling)

Demographic data sampling was obtained by interview-
ing the farmers using a purpose-built questionnaire, see
details in Fig. 1. Relevant information regarding the dis-
ease outbreaks including information about the first 5
days after noticing the first clinical signs was registered in
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outbreak herds. The following data was registered: dates
of the pigs’ arrival to compartment, a description of earli-
est observed clinical signs, onset of disease, time to vet-
erinary contact, time from the first clinical signs to the
initial sampling, numbers of pigs displaying clinical signs,
applied antibiotic treatment, and number of sick and
dead pigs from the start of the outbreak until the time of
the interview.

Final visit (follow up)

During the final visit, second blood samples were col-
lected from individually ear tagged pigs, and rectal tem-
perature measured in the same pigs.

Sample handling and diagnostics
Procedures for sample handling are presented in Fig. 1.

Pathological examination

Organs from 52 pigs were subject to post-mortem exami-
nation. The pericardium, pleura, trachea, bronchi, lung
parenchyma and tracheobronchial lymph nodes from 28
to 24 pigs from outbreak herds and non—outbreak herds
respectively, were examined at the Norwegian Veteri-
nary Institute (NVI) according to a standardized protocol
(Additional file 1). Tissue samples from the lungs, pleura
and lymph nodes were fixed, processed, sectioned and
stained for histological examination (Additional file 2). In
total, 112 histological sections from the outbreak herds
and 36 sections from 3 non-outbreak herds were exam-
ined following a standardized protocol (Additional file 2).

Bacteriology

Sampling (on charcoal transport swabs) for bacterial cul-
tivation was performed during postmortem examination
of 52 lungs and pleurae, see details in Table 3. The lung
surface was flamed and aseptically incised before swab-
bing of lung tissue. The swabs were cultivated as a part of
the routine diagnostics at NVI (Additional file 3).

Serotyping by whole genome sequencing

Serovar identification of cultured A. pleuropneumoniae
(n=31 isolates) was performed on sequence data, gener-
ated through whole genome sequencing of the A. pleu-
ropneumoniae isolates at Statens Serum Institut (SSI),
Copenhagen, Denmark. The serovar was determined
based on the presence of the serovar specific cps operons
[29, 30]. Details regarding the method are described in
Additional file 3.

Serology

The serum samples (n=282) were analyzed using com-
mercial diagnostic kits for antibodies to A. pleuro-
pneumoniae, influenza A virus, PRRSV, PRCV and
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M. hyopneumoniae. The analyses were performed as
described by the manufacturers; details are given in
Additional file 3. Interpretation of the test results were
categorical, based on the cut-off values recommended
by the test manufacturers. Presence of antibodies to
PRRSV, porcine respiratory corona virus (PRCV) and M.
hyopneumoniae were tested in the second serum sample
(n=141). Serum ELISA was conducted on paired serum
samples (n=282) from individual pigs for antibodies to
influenza A virus and A. pleuropneumoniae.

Virology

The presence of influenza A virus and porcine circo-
virus type 2 (PCV2) nucleic acids in pooled oral flu-
ids (n=14) were analyzed with real time polymerase
chain reaction (PCR) by in-house procedures (Addi-
tional file 3). A cycle threshold (Ct) value for influenza
virus below 37 was considered positive. PCV2 quan-
titative PCR (qPCR) is a quantitative test where results
are given as measured nucleotide copies in 200 puL sam-
ple, calculated from repeated measures at different Ct
values and results are reported as low (<10* copies),
moderate (10*~107 copies) or high (> 107 copies).

Statistical analyses

Our sample size of 10 serum samples per herd was cho-
sen based on an estimate of at least one positive animal if
the prevalence of our disease in question is around 25%
at a 95% confidence level. The same sample size was used
for agents not present in the population, that we did not
expect to find, due to practical reasons.

Statistical analyses of the data were performed using
the software Stata (STATA SE/15 for Windows;
Stata Corp., College Station, TX, USA). Descriptive
numeric results are presented as average values and the
standard deviation (SD) for data with a normal distribu-
tion, or median value followed by the interquartile range
(igr) for data that was not normally distributed.

Rectal temperatures from the first visit and from the
final visit to the herd were compared. The variable “fever”
was defined as a rectal temperature above 39.5 °C. Odds
ratios for fever during the outbreak sampling compared
to fever during follow-up visits, were calculated using a
Stata 15 case—control odds-ratio calculator.

Morbidity was measured as the proportion of pigs with
clinical signs of respiratory disease of the total number
of pigs in the herd (herd morbidity) and in the compart-
ment (compartment morbidity). Mortality was measured
as the proportion of pigs dying during the outbreak, out
of the total number of pigs in the herd (herd mortality)
and in the compartment (compartment mortality). Case
fatality, an indicator of pathogen virulence and disease
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lethality, was measured as the proportion of pigs that
died during the outbreak and displayed clinical signs of
respiratory disease prior to their death, out of the total
number of pigs displaying respiratory disease.

A herd was classified as seroconverted if at least one
pig shifted from negative to positive status and no pigs
shifted from positive to negative status. The proportion
of seroconverted pigs in each herd was calculated. Sam-
ples from pigs that could not be identified by ear tags
(one herd, n=10) were excluded. When calculating the
incidence proportion and risk ratios for seroconver-
sion to A. pleuropneumoniae, pigs that were seroposi-
tive on the first serum sample were excluded from the
population at risk. Incidence proportion was defined as
the proportion of the seronegative pigs that seroconvert
during the time at risk. Time at risk was defined as time
between paired serum samples. The risk ratio (RR) for a
pig to seroconvert in outbreak herds, compared to non-
outbreak herds, was calculated using a Statal5 Cohort
study risk-ratio calculator the 95% confidence interval
(CI). The statistical significance of the calculated associa-
tion, whether it was likely that the RR was different from
1, was indicated by the reported p value.

Results

Clinical findings

Median number of days from the farmers noticed clini-
cal signs of respiratory disease until calling the local
veterinary practitioner was 1 day. Onset of outbreak
was 35 days (median, iqr 43) after the pigs arrived at the
compartment. The severity of the clinical signs varied
between outbreak herds. Clinical signs reported by the
veterinary practitioner were mainly sudden deaths (four
herds) and dyspnea (three herds). Signs such as fever,
bloody froth from oronasal openings, cough and lethargy
were also reported, and it was observed that sick pigs
were reluctant to chew on the cotton ropes used for OF
sampling.

In all herds, intramuscularly administrated procaine
benzylpenicillin was used to treat sick pigs over 3 to 5
days. In one herd, tiamulin was additionally administered
in the drinking water for 4 days. Treatments were started
by the veterinary practitioner during the first visit after
the outbreak of disease. All herd owners reported the
treatment to effectively reduce acute clinical signs and
stop the further spread of disease.

The average compartment morbidity during the out-
break was 60% (SD 43, range 6—-100%), while herd mor-
bidity was 25% (SD 19, range 0.9-51%) in the outbreak
herds. Case fatality rate during the disease outbreaks was
on average 9% (SD 12, range 0-34%) over 5 days, sug-
gestive of a low virulent agent. During the outbreaks,
compartment mortality was 4% on average (SD 3, range
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0-10%), while herd mortality was 2% (SD 2, range 0—5%).
Proportion of pigs in the outbreak herds measuring a rec-
tal temperature above 39.5 °C was 57.6% (n=54) and 30%
at the first and final visit, respectively. For the non-out-
break herds the proportion of pigs with a rectal tempera-
ture above 39.5 °C was 42.4% (n=50) and 10% at first and
final visit, respectively. The odds for a temperature above
39.5 °C were higher (odds ratio=2.8, 95% CI 1.17-6.70),
during outbreak than during follow-up in the outbreak
herds. There were no dropouts among the study animals,
the number of animals tested at the visits was the same.
Median number of days between first and final visit was
22 days (iqr 5) in outbreak herds and 18 days (iqr 4) in
non-outbreak herds.

Diagnostics

Pathological examination

Results from the pathological examinations of 52 organs
are presented on herd level in Table 2. Gross pathology of
the lungs was detected in all pigs (n=28) from the out-
break herds. Acute pleural lesions were reported in 25 of
these pigs (89%) and chronic pleural lesions, were found
in one. Typical lesions of acute pneumonia were found
in all the pigs. The acute lesions were principally dorsally
distributed in all lung lobes, but the caudal lobes were the
most affected. Chronic lung lesions were observed in one
pig. Moderate to severe enlargement of the tracheobron-
chial lymph nodes was a prevalent finding (n=22, 73%)
in the pigs with pneumonia. Characteristic gross lung
lesions are shown in Fig. 2.

In the non-outbreak herds various gross lung lesions
were detected in seven of the 24 pigs (29%). Pleuritis
was observed in two of 24 pigs (8%), where one had an
acute pleuritis, and the second pig focal chronic pleuri-
tis. Pneumonia was observed in four other pigs. Mild,
focal, acute lesions were seen in two of them, while
similar acute lesions and abscess formation was seen
in another. Multifocal, necrotizing, chronic pneumo-
nia was diagnosed in the fourth pig. A single pig from a
non-outbreak herd had gross lung lesions of multifocal
bleeding and mottled grayish green areas indicative of
larval migration by Ascaris suum. Diagnostic results for
individual herds, including the gross findings are sum-
marized in Table 2.

Histopathological changes agreed with the acute mac-
roscopic lesions observed. Histological examination
revealed fibrin and neutrophil deposits on the pleura.
In the lung parenchyma there was alveolar filling with
necrotic leukocytes, neutrophils and fibrin. Interstitial
edema and hemorrhage, peribronchial and peribron-
chiolar leukocyte infiltration was observed. Subacute to
chronic, necrotic lesions of varying sizes were demar-
cated by macrophages, lymphocytes and plasma cells
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Fig. 2 Lungs from pigs that displayed clinical signs of respiratory disease prior to death. Macroscopic lung lesions. a. Acute pleuropneumonia—
Macroscopic lesions include fibrinopurulent pleuritis (dotted ring), edematous lungs with multifocal to coalescing hemorrhagic and hyperemic
areas (dashed ring). A. pleuropneumoniae was cultured in abundance from pleura, left and right caudal lung lobes. b Chronic pleuritis, acute
pneumonia. Macroscopic lesions include fibrous pleuritis (dotted ring), and focal, dark red areas of condensed lung tissue (dashed ring). The
tracheobronchial lymph nodes were moderately enlarged (continuous ring). A. pleuropneumoniae was cultured from the right caudal lung lobe; no
bacteria were retrieved from the chronic pleuritic lesion

Table 3 Summary of bacteriologic findings on at least one sample from lung and pleura in 28 pigs from outbreak herds
and 24 pigs from non-outbreak herds

Microbial species Outbreak herds® Non-outbreak herds®

Lung Pleura Lung Pleura

n=28 n=28 n=24 n=24
Actinobacillus pleuropneumoniae 28° 26° 24 0
Pasteurella multocida 1 3 - -
Streptococcus spp. 5 10 - -
Haemophilus parasuis - - - -
Bordetella bronchiseptica - - 1 -
Coliform bacteria 2 2 - -
Other: Actinomyces hyovaginalis, Trueperella pyogenes, Proteus 3 - 1 -

mirabilis, Fusobacterium spp.
Unspecific mixed culture - 1 4 1

? In total, 28 pleural swabs and 52 lung swabs were collected in outbreak herds, while 24 pleural and 49 lung swabs were collected in non-outbreak herds. The sum of
findings per lung or pleura are presented here

b From swabs of acute lung lesions. A. pleuropneumoniae was the sole microbial species detected in lung samples from 20 of these pigs

€ From swabs of pleuritic lesions. A. pleuropneumoniae was cultured from 26 pleuritic lesions. A. pleuropneumoniae was the sole microbial species detected in pleura
samples from 13 of these pigs

4 From swabs of lung lesions. A. pleuropneumoniae was the sole microbial species detected in one lung with chronic lesions, while the other was a mixed culture from
an acute lesion

surrounded by connective tissue. Histopathological path-  investigating samples from lungs without gross lesions
ological changes in lymph nodes included neutrophils in  from the non-outbreak herds there was occasional occur-
subcapsular sinuses in cases of acute pneumonia. When  rence of mononuclear cell infiltrates and fibrin deposits
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on the pleura or in alveolar lumen, and areas of intersti-
tial bleeding.

Bacteriology
Actinobacillus pleuropneumoniae was cultured from
all sampled pigs (n=28) from outbreak herds (n=7).
Abundant growth of A. pleuropneumoniae was present
in lung tissue in all 28 pigs and on pleura in 26 pigs. In
samples from 20 of the lungs and 13 pleurae, A. pleuro-
pneumoniae was the sole microbial species detected. In
the remaining samples, a range of bacteria were detected
in addition to A. pleuropneumoniae and the results are
shown in Table 3. Swabs from non-outbreak pigs’ lungs
produced mostly negative bacteriology. From non-out-
break herds, A. pleuropneumoniae was isolated from
lung parenchyma in two out of 24 pigs. The A. pleuro-
pneumoniae isolates originated mainly from areas with
acute gross pathology (Table 2). In one non-outbreak pig
A. pleuropneumoniae was cultured from a chronic lung
lesion.

Serotyping of A. pleuropneumoniae on genome level
revealed that all sampled isolates belonged to serovar 8.

Serology

The 282 serum samples were successfully analyzed in
one session. Antibodies to A. pleuropneumoniae were
detected in samples from six (86%) outbreak herds and
four (57%) non outbreak herds. At the first serum sam-
ple, 35% (25 of 71) of the pigs in the outbreak herds were
seropositive, and 37% (26 of 70) in the non-outbreak
herds. At the second serum sample, 89% (63 of 71) and
60% (42 of 70) of the pigs were positive in the outbreak
and non-outbreak herds respectively, details are listed in
Table 2. Six outbreak herds and six non-outbreak herds
were considered seroconverted, indicative of an active
infection in the period from the first to the second visit.
Seroconversion in the seventh outbreak herd could not
be assessed due to missing ear tags. Proportion of sero-
converted pigs in each outbreak herd ranged from 30 to
100%, and from O to 80% in non-outbreak herds (Table 2).
Incidence proportion was 0.96 (SD 0.10) in outbreak
herds over the median time at risk of 22 days. Incidence
proportion in the non-outbreak herds was 0.44 (SD 0.36)
over the median time at risk of 18 days. The risk for
seroconversion was more than double compared to pigs
from non-outbreak herds (RR 2.3 [1.50-3.43 95% CI;
P <0.001]).

Antibodies to influenza A virus were detected in one
outbreak herd, where one pig seroconverted during
the sampling period, and two pigs were found to have a
reduced antibody titer to below cutoff. Influenza A-anti-
bodies were not detected in the remaining six outbreak
herds or the non-outbreak herds. The proportion of SIV
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seropositive herds was 7% out of the herds combined.
Antibodies to M. hyopneumoniae, PRCV and PRRSV
were not detected in samples from any herds.

Virology

The 14 pooled OF samples from 28 pens, median num-
ber of pigs per pen was 10 (range 5-19), were all negative
for Influenza A Viruses. Quantification of PCV2 by RT-
qPCR turned out low or moderate in all samples, results
per herd are shown in Table 2.

Discussion
Field outbreaks of acute respiratory disease in Norwegian
fattening pigs were investigated and A. pleuropneumo-
niae serovar 8 was the main pathogen detected, with neg-
ligible presence of co-infections. Clinical signs reported
were in agreement with previous reports of A. pleuro-
pneumoniae infections, which are described to have a
diverse clinical presentation [31]. Even with the large var-
iation in morbidity and mortality rates, the results from
this study were in line with observations from other stud-
ies, as research on outbreak characteristics of respiratory
disease show that morbidity can range from 10 to 100%
[26]. Mortality during outbreaks of acute porcine pleuro-
pneumonia is usually reported to be between 1 and 10%
[26]. Case fatality rates are not commonly included in this
research literature but is a more precise measure of the
lethality of a disease, especially if little information about
other illnesses is available. Disease that affects mortality
are likely to have common risk factors [32] and the use of
case fatality rate is a more robust measurement and less
subjected to confounders such as that of other illnesses.
Even as a single infectious primary agent, A. pleu-
ropneumoniae can cause severe clinical signs. During
acute porcine pleuropneumonia, high fever is common
[33, 34]. For pigs in the age range from 3 to 6 months,
body temperatures normally span from 38.5 to 39.3 °C
[35], and the proportion of pigs displaying a fever can be
indicative of an outbreak. In the present study, the pigs
were restrained by snaring the upper jaw during clinical
examination and blood collection, which is stressful for
the animal [36]. The cutoff for fever at 39.3 °C+0.2 was
used in the study to compensate for this stress. Higher
odds for displaying fever in the herds during outbreak
than at the final visit were found among the pigs in this
study. This signified body temperature as a disease char-
acteristic during outbreaks of porcine pleuropneumonia,
although technical biases like personnel and thermom-
eters used might have influenced our results. This coin-
cided with results from a recent study from Finland [37].
There are 18 acknowledged A. pleuropneumoniae sero-
vars, of which some were recently described [38]. From
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the Norwegian pig population, serovars 2, 6, 7, 8 and
10 have previously been reported [39]. Serovar 8 has
been most commonly associated with clinical disease
in recent years, followed by type 6 [40]. However, these
previous findings were all based on antibody agglutina-
tion tests which are prone to cross-reactions, for instance
between serovars 3, 6, 8 and 15 [41]. All A. pleuropneu-
moniae strains in this study belonged to type 8, raising
questions about the importance of serovar 6. Underes-
timation of serovar 8 has occurred in Canada [42], Eng-
land and Wales [43]. Serovar 8 is typically viewed as low
virulent and is less often associated with clinical disease
globally. In a study describing clinical presentation of
different serovars in experimentally infected pigs [33],
serovars that were less commonly associated with disease
were able to produce severe clinical signs, including high
fever. This could perhaps be a result of absence of other
respiratory agents including more virulent serovars of A.
pleuropneumoniae.

The macro- and histopathologic findings were typical
for acute pleuropneumonia caused by A. pleuropneu-
moniae [44—-46], supporting that A. pleuropneumoniae
was the main etiologic pathogen in these outbreaks.
Direct agent detection, primarily by bacteriological cul-
turing in affected lung tissue obtained during necropsy,
is considered the most adequate method for diagnosing
porcine pleuropneumonia [31]. Direct PCR is a method
that would be expected to yield similar results but would
not allow for storing of the bacterial isolates for further
molecular testing, as was done in this study. We observed
a low incidence of pathological lesions in non-outbreak
herds, and A. pleuropneumoniae was only isolated from
lesions resembling porcine pleuropneumonia. Other
bacteria, including P multocida and Streptococcus spp.,
were also detected in a few samples in this study. Both
are known opportunistic bacteria that colonize the upper
respiratory tract of healthy pigs [4]. Streptococcus suis
is the most important streptococcal swine pathogen
found to contribute to bronchopneumonia [47]. It is not
unlikely that the bacteria could colonize areas already
infected with A. pleuropneumoniae. The lesions might
then be hard to distinguish from the primary pathogen,
particularly if large parts of the lungs are affected. In one
outbreak herd all five lungs had growth of other bacteria.
They could have been contaminated during collection,
transport or sampling. Alternatively, these pigs were all
colonized by secondary bacterial pathogens. The number
of herds included in this study was too low to investi-
gate whether the presence of these bacteria was linked to
any differences in outbreak characteristics or diagnostic
results. The low occurrence of common secondary invad-
ers could have been explained by the short time span
between registered disease and sampling. It has been

Page 10 of 13

questioned whether the actions that led to the eradica-
tion of M. hyopneumoniae from the Norwegian pig pop-
ulation [18] also significantly reduced the occurrence of
other pathogens. This has not yet been investigated.

Treatment with procaine benzylpenicillin was in line
with the therapeutic guidelines published by the Norwe-
gian Medicines Agency as the drug of choice for acute
porcine pleuropneumonia [48]. Similar recommenda-
tions have been published in Finland and Sweden [49,
50]. In Denmark, tilmicosin and tulathromycin have
been commonly used against acute pleuropneumonia
[51] partly due to the convenience of peroral adminis-
tration, not due to reduced susceptibility to benzylpeni-
cillin. National surveillance programs for antimicrobial
resistance in these countries have recently reported a
high proportion of A. pleuropneumoniae isolates being
susceptible to benzylpenicillin [51-53]. Nevertheless,
there are no recently published studies on the efficacy of
procaine benzylpenicillin for porcine pleuropneumonia
in Norway. Such knowledge of causative pathogens is the
fundament for correct and prudent use of antimicrobi-
als. The details to antimicrobial resistance patterns of A.
pleuropneumoniae in Norway are currently being studied
further.

Seroconversion to A. pleuropneumoniae had occurred
in most of the herds, in many cases in absence of clini-
cal disease. The risk for seroconversion to A. pleuropneu-
moniae for pigs in outbreak herds was more than double
compared to pigs from non-outbreak herds, despite small
within-herd populations at risk due to many seropositive
pigs in the first serum samples. Seroconversion to less
virulent strains might have happened without resulting
in a cross-protection to the outbreak-causing serovar.
In Finland, Haimi-Hakala et al. observed no difference
in either prevalence of seroconverted herds or propor-
tion of seroconverted pigs per herd in the outbreak case
group and non-outbreak control group [37]. They dis-
cuss that neither single or paired serum sampling for the
diagnosis of acute respiratory disease in field conditions
is of much value due to both a lack of details concerning
the initiation time of infection and a high prevalence of
subclinical infections with A. pleuropneumoniae. The risk
for seroconversion was not addressed in their paper. A
Danish study from 2004 investigated correlations in sero-
conversion to A. pleuropneumoniae and concluded that
variation in seroconversion was mainly explained by a
common batch level factor, that varies between farms and
batches within a farm [54]. Outbreaks of disease might
be viewed as a batch level factor in this sense. In cases
of all-in-all-out rearing by compartment, which is com-
mon, batches of pigs are usually housed separately. As
we observed, the outbreaks were often restricted to sin-
gle compartments. Risk factors can be related to animal
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housing, management and environment [26], and infec-
tion pressure might be increased during clinical disease
and is a likely trigger for seroconversion. Risk factor anal-
yses were beyond the scope of this paper due to a lower
number of herds in our study than what was expected.
The seeming decrease in outbreak occurrence might have
resulted from of a collective effort in the Norwegian pig
production system to increase the health status of herds
with reoccurring problems with respiratory disease prior
to our sampling.

When investigating SIV antibody titers we found that
only one outbreak herd was seropositive. Even though
one pig seroconverted during the sampling period, two
pigs were found to have reduced antibody titer. Since
a single false-positive serological reactor could not be
excluded, the true status of these animals was uncertain.
There being multiple false-positive reactions in one herd,
which would have been the case here, was perhaps less
likely. The proportion of seropositive herds in this study
was less than what is found on a national level, where
approximately 25% of the herds are reported positive
[21]. The virology results from our study suggested that
neither SIV nor PCV2 contributed to the disease out-
breaks in the study population. The absence of SIV in all
OF samples supported the lack of pathological lesions
and serological results indicative of SIV infection. No
difference was detected in PCV2 levels between the out-
break- and the non-outbreak herds. Reluctancy of sick
pigs to chew on the ropes could have resulted in unrep-
resentative PCV2 levels. Since PCV2 levels was tested on
pooled samples we have no information on the individual
pig’s contribution to the sample.

The health status of the Norwegian pig population is
very good and have many similarities to the one of Fin-
land in the sense that they are free from M. hyopneumo-
niae, PRRSV and until recently PRCV [21]. In Finland, a
more diverse outbreak etiology has been observed [37].
In the Finnish study, A. pleuropneumoniae was found to
be the most likely cause of disease in 14 of the 20 sampled
herds. In most of these herds, A. pleuropneumoniae was
the only etiologic pathogen identified. Similarly, 16 out-
breaks of respiratory disease were studied in the Nether-
lands [10] concluding that five of these were most likely
caused by A. pleuropneumoniae, while seven were caused
by SIV (HIN1) and (H3N2). Like in our study, they did
not find any clear evidence of specific dual infections.

Conclusion

The main etiological pathogen of acute outbreaks of res-
piratory disease in the included Norwegian fattening pigs
was A. pleuropneumoniae. All pigs from outbreak herds
were found to have typical lesions of acute porcine pleu-
ropneumonia, and only A. pleuropneumoniae serovar 8
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was identified. The clinical presentation and pathology of
A. pleuropneumoniae was in line with previous reports
on field outbreaks internationally. Co-infections did not
seem to be of impact on disease development.
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Additional file 3 - Details of sample handling and diagnostics

Included in this document are extended details of diagnostic procedures that were conducted in A
descriptive study of clinical outbreaks of respiratory disease in Norwegian fattening pig herds. Some
details are repeated in the manuscript to ensure proper context.

Bacteriology

The samples were handled as part of the Norwegian Veterinary Institute (NVI) bacteriology
department’s routine diagnostic work.

Swabbed material from lungs and pleura was cultured on 5% sheep’s blood on agar base including a
cross-streak of B-toxic Staphylococcus aureus to help the growth of Nicotinamide adenine dinucleotide
(NAD) dependent bacteria like A. pleuropneumoniae and incubated in a humidity chamber in 5%

CO2. The swabs were additionally cultivated on blood agar for anaerobic incubation and on a cysteine
lactose electrolyte deficient (CLED) agar for aerobic incubation.

Colonies were isolated by secondary culturing. Colony identification was verified by Matrix assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (MALDI Biotyper®,
Bruker Daltonics, Bremen, Germany).

Serotyping by whole genome sequencing

Pure cultures of A. pleuropneumoniae isolated from the lungs and pleura were sampled for whole
genome sequencing at Statens Serum Institut (SSI), Copenhagen, Denmark.

Extracted bacterial DNA was quantified using the Qubit (Invitrogen, Waltham, MA, USA), followed by
library preparation with the Nextera XT DNA Library Prep Kit (Illumina Inc., San Diego, CA, USA) using
manufacturers protocol. The libraries were sequenced on the NextSeq 550 platform (lllumina Inc., San
Diego, CA, USA) to obtain paired-end 151 bp reads. The serovar was determined based on the presence
of the serovar specific cps operons by local BLAST using CLC Genomic Workbench 11.0.1.

Virology

The pooled oral fluid samples were run in real-time PCR according to NVIs molecular biology
department’s in-house procedures. Nucleic acids were extracted using a Nuclisense easyMAG 2,
(Biomerieux, Marcy-I'Etoile, France). PCRs were run in a Stratagene Mx3005P (Agilent Technologies,
Santa Clara, California, USA), with respective positive and negative controls on each plate. A cycle
threshold (Ct) value for SIV below 37 was considered positive. PCV2 qPCR is a quantitative test where
results are given as measures nucleotide copies in 200 pL sample, calculated from repeated measures
at different Ct values.



Serology

Details regarding the commercial tests that were used to analyze for agent specific antibodies:

Agent name Kit name Manufacturer Sensitivity* Specificity*
A. ID Screen® APP IDvet, Montpellier, | 82.9% 99.6%.
pleuropneumoniae | Screening Indirect France
Influenza A virus ID Screen® Influenza A IDvet, Montpellier, | 69% at the 89% at the
Antibody Competition France recommended | recommended
Multi-species cutoff of 0.5 cutoff of 0.5
PRRSV IDEXX PRRS X3 IDEXX, Maine, USA | 98.8% 99.9%
PRCV SVANOVIR® TGEV/PRCV- | Boehringer 93% 97%
Ab Ingelheim Svanova,
Uppsala, Sweden
M. Mycoplasma Oxoid™, Cheshire, 100% 98%
hyopneumoniae hyopneumoniae ELISA England

PRRSV = Porcine Reproductive and Respiratory Syndrome Virus, PRCV = Porcine Respiratory Coronavirus

*The sensitivity and specificity of the serologic tests have not been evaluated on the Norwegian pig population and might
deviate somewhat from the references used by the manufacturers.

The analyses were performed as described by the manufacturers. Plate reading was performed with a

Thermo Multiscan EX.
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Actinobacillus pleuropneumoniae is the etiological agent of porcine pleuropneumonia, a
disease of major impact on pig health, welfare, and productivity globally. Serovar 8 (APP)
is the predominant clinical serovar in Norway and the United Kingdom (UK), and has been
isolated from clinical cases in Denmark. The primary objective of this study was to
characterize the genetic variability of isolates of A. pleuropneumoniae APP8 in the
Norwegian population. The secondary objectives were to determine the within-host
variability of APP8; to compare the APP8 bacterial populations in Norway, Denmark, and
the UK, including antimicrobial resistance (AMR) gene profiles and to assess the effect of
national differences in antimicrobial drug use and restricted animal movement on the
occurrence of resistance. Isolates of APP8 from the UK (n=67), Denmark (n=22), and
Norway (n=123) collected between 1983 and 2020 were compared using whole genome
sequencing. To investigate genetic variability within individual hosts, an additional 104
APP8 isolates from the lungs of six Norwegian pigs were compared. Very low within-host
variation was observed (< 2 single nucleotide polymorphisms). The phylogeny of 123
Norwegian APP8 isolates from 76 herds revealed some within-herd genetic variation, but
substantial geographical clustering. When inferring the relatedness of the three international
APP8 collections, the topology highlighted the existence of two distinct monophyletic
branches characterized by the Norwegian and UK isolates, respectively. Three Danish
isolates were scattered across the UK branch, whereas the remaining 19 Danish isolates
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clustered in two monophyletic groups nested in the Norwegian branch. Coalescence
analysis, performed to estimate the divergences from a common ancestor, indicated a
last common ancestor several centuries ago. The phylogenetic analyses also revealed
striking differences in occurrence of AMR genes, as these were 23-times more prevalent
among the UK isolates than among the Norwegian isolates. An increased understanding
of the effects of population strategies is helpful in surveillance and control of

infectious diseases.

Keywords: A illus pleur
genes, evolution, serovar 8

INTRODUCTION

Comparing genome sequence data provides information on
molecular and epidemiologic relationships. In microbial infection
dynamic studies, population genomics is used to gain insight
into species populations, to map diversity and better understand
the transmission patterns of pathogens. Genetic variability can
be compared at many levels within and between species
populations and is influenced both by inherent biologic
characteristics that affect the transmission of the pathogen, as
well as by host population structures and events (i.e., host
population dynamics). Transmission routes, animal population
structures and management practices, and patterns of animal
movements should all be reflected in the genetic relationships
observed between the pathogens.

Systemizing the pig production sector enables efficient
surveillance and biosecurity measures which are becoming
increasingly important. In order to secure a high level of
biosecurity, strict population structures are applied to the pig
production in many countries (including Norway, the UK, and
Denmark), which include restricted or negligible live animal
import from other countries and domestic trade structured
through a tiered pyramid. The Norwegian pig production system
has a pyramidal structure, with a unidirectional flow of animals
from a low number of genetic nucleus breeding herds at the
top, to a larger number of commercial producers at the bottom
(Norwegian ~ Veterinary Institute, 2021la).  Actinobacillus
pleuropneumoniae is a porcine opportunistic bacterium and
the etiological agent of porcine pleuropneumonia. A.
pleuropneumoniae is transmitted mainly through direct contact
between animals, commonly from sows to suckling piglets, or
by aerosols over short distances (Chiers et al., 2002; Velthuis
et al., 2003; Fablet et al., 2011; Tobias et al., 2014). In most
modern pig producing countries, herds are endemically infected
with A. pleuropneumoniae, with healthy carrier pigs harboring
the bacterium in their tonsils (Gottschalk, 2015; Sassu et al.,
2017). While more virulent isolates are able to colonize the
lower respiratory tract and cause pleuritis and/or pneumonia,
other isolates will not (Gottschalk, 2015). To what extent bacteria
involved in lung infections are genetically heterogeneous or
are solely monoclonal has not been elucidated.

Porcine pleuropneumonia is considered a major health and
welfare challenge to pig production worldwide and is a source
of considerable use of antimicrobial drugs, both in treatment

phylogeny, whole genome sequencing, antimicrobial resistance

and prophylaxis (Sassu et al, 2017). As prevalent use of
antimicrobial drugs to combat disease leads to emergence of
resistant strains (FAO, 2016), national strategies for antimicrobial
drug use are based on knowledge of the antimicrobial resistance
(AMR) profiles of relevant pathogens. Antimicrobial treatment
practices are an important population-wide factor affecting
genetic variability through selection of resistance in pathogenic,
as well as commensal, bacteria. Population-wide surveillance
for AMR genes using whole genome sequencing (WGS) can
be useful when forming future national strategies for treatment
and control. WGS is a sensitive method for detecting known
AMR genes in bacteria (Anjum et al, 2017) including A.
pleuropneumoniae, where the AMR genotype was shown to
correlate nearly 100% with the phenotype for antimicrobial
agents other than macrolides (Bossé et al., 2017).

Among the 19 described serovars of A. pleuropneumoniae
(Stringer et al., 2021), serovar 8 (APP8) is most commonly
isolated from cases of acute porcine pleuropneumonia in Norway
(Cohen et al,, 2020; Norwegian Veterinary Institute, 2021b)
and the UK (O’Neill et al., 2010; Li et al., 2016). In Denmark,
APPS8 has also been isolated from clinical cases, although earlier
studies have shown it is not the most prevalent serovar (Moller
et al, 1992; Kokotovic and Angen, 2007). Previous analyses
of A. pleuropneumoniae populations, using multilocus enzyme
electrophoresis (Moller et al., 1992; Hampson et al., 1993) or
amplified fragment length polymorphism (Kokotovic and Angen,
2007), indicated that the species is divided into clonal groups
mainly corresponding to the different serovars. More recent
analysis by enterobacterial repetitive intergenic consensus-based
PCR, revealed a degree of variation within populations of
isolates of serovars 1, 7, and 15 in Australia (Yee et al., 2018).
Comparison of whole genome sequences from seven Brazilian
APPS isolates indicated that differences in these were mainly
due to prophage and other mobile genetic elements (Prado
et al,, 2020). To our knowledge, there has previously not been
published detailed analysis of large populations of a single
serovar of A. pleuropneumoniae using genomic data.

The primary objective of this study was to characterize the
genetic variability in isolates of APP8 in the Norwegian
population. Secondary objectives included determining variability
at two further levels, i.e., within-host and between populations
in different countries (Norway, Denmark, and the UK), and
comparing AMR genes in the different national populations
as an indicator of the effect of regional antimicrobial drug
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use and closed populations on dissemination of AMR. We used
temporal and geographic data to gain knowledge regarding
the effect of the pig population structure, animal movement,
antimicrobial drug consumption and AMR levels on the evolution
of this important pig pathogen.

MATERIALS AND METHODS

Bacterial Isolates

Isolates of APP8 from countries where this serovar has commonly
occurred in clinical cases were included in this study. A total
of 316 isolates were included, of which 227 isolates originated
from Norway, 67 originated from the UK and 22 from Denmark
(Table 1).

The Norwegian Isolate Repository
A primary isolate repository was established, consisting of 123
APPS8 isolates from individual pigs collected through routine
diagnostics at the Norwegian Veterinary Institute (NVI) in
the period from 2004 to 2019. The isolates originated from a
total of 76 herds, of which 23 had given rise to multiple
(range 2-6) isolates. These isolates mainly stemmed from cases
of clinical pleuropneumonia; however, a minority of isolates
(n=2) were cultured by swabbing from pneumonic lungs at
slaughter with no prior remarks of clinical signs. Serovar
determination was performed by the method as previously
described (Cohen et al., 2020). Non-APP8 isolates (n=5),
collected at the NVT in the same period, were excluded from
the study. In 2019 and 2020, an additional 104 isolates were
sampled from pneumonic lungs at the NVI to investigate
within-host variation of A. pleuropneumoniae. We sampled six
pigs from five geographically unrelated herds by swabbing two
to five lesions within every set of lungs. Swabs from each
lesion were cultured on individual agar plates. From each plate
we selected five to eight colonies of A. pleuropneumoniae, all
serovar 8, resulting in 104 isolates all of which were sequenced.
Swabbed material from lungs and pleura was cultured on
5% sheeps blood on agar base including a cross-streak of
B-toxic  Staphylococcus aureus to support the growth
of nicotinamide adenine dinucleotide-dependent
A. pleuropneumoniae and incubated in a humidity chamber
in 5% CO,. Colonies were purified by secondary culturing,

TABLE 1 | APP8 sample population grouped according to country of origin.

Country of origin Isolate Additional Total
repository for isolates
phylogenetic sampled for
reconstruction’ within-host
analysis
Norway 1283 104 227
UK 67 0 67
Denmark 22 0 22
Total 212 104 316

"Isolates stem from routine diagnostics.

then stored at —80°C. Isolates were revived by the same
bacteriological procedures. Colony identification was verified
by matrix assisted laser desorption ionization (MALDI) time-
of-flight mass spectrometry (MALDI Biotyper, Bruker Daltonics,
Bremen, Germany). Pure cultures were collected onto sterile
swabs and placed in Amies transport medium with charcoal
and shipped in bulk by courier to Statens Serum Institut (SSI),
Denmark. Prior to DNA extraction, isolates were cultured on
chocolate agar and incubated at 35°C over-night.

The UK Isolate Repository

Genomic sequences from 67 clinical isolates of APP8 have
been included from the archives of Imperial College in London.
The genome for the APP8 reference strain 405, GenBank
accession ID: txid754257, was included here as a UK isolate,
although it was isolated in Ireland in 1984 (Nielsen and
O’Connor, 1984). Retrieval of the UK isolates was performed
from 2003 to 2011 at the Animal and Plant Health Agency
(formerly known as the Animal Health and Veterinary
Laboratories Agency) diagnostic laboratories in England and
Wales. Methods regarding sample collection and handling of
the UK isolates have been published previously (Bossé et al., 2015).

The Danish Isolate Repository

Twenty-two Danish clinical isolates of APP8 originate from
diagnostic work at Danish Veterinary Laboratory (later National
Veterinary Institute — Technical University of Denmark), over
the years from 1983 to 2009. Eight of these isolates (sampled
between 1983 and 1991) were shipped to Imperial College,
London, United Kingdom, in 2007. DNA extraction and WGS
of these isolates were performed according to the method
previously described (Bossé et al., 2020). The remaining 14
isolates (sampled between 1996 and 2009) were transferred to
SSI in 2019 and cultured on chocolate agar, and incubated at
35°C over-night, prior to DNA extraction.

Metadata

The year of sampling was retrieved from the diagnostic records
for all included isolates (n=316).

Epidemiology of the Norwegian Isolates

We retrieved the unique farm identification number (ID) for
the farm from which the Norwegian APP8 pig isolates (n=123)
originated. This ID was in turn used to identify the farm
location, production type (herd category) and abattoir affiliation
as livestock movement is restricted within the slaughterhouse
systems. This information was included to study the effects
of geographic origin and livestock trade on genetic variability
on population level.

The variable farm location was divided into five geographical
categories: North (n=6), Central (n=21), East (n=37), South-
West (n=46), and Greater Oslo (n=12). For one isolate, this
information was unavailable. The geographic regions defined
here are based on the official administrative regions of the
Norwegian Food Safety Authorities, as they were in April of
2020 (Norwegian Food Safety Authorities, 2012). For statistical
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TABLE 2 | An overview of the distribution of Norwegian APP8 isolates (n=123) divided into two categories; the abattoir and herd of origin.

Number of isolates in herd of origin (% of total)

Abattoir category No of herds (%) No of isol (%)

Breeding herds Commercial herds Other Unknown
Private 28 (36.8) 42 (34.1) 2(1.6) 39 (31.7) 1(0.8) 0
Cooperative 46 (60.5) 78 (63.4) 6 (4.9) 61 (49.6) 7(5.7) 4 (3.3)
Unknown 2(2.6) 3(2.4) 1(0.8) 0 2(1.6)
Total 76 123 8 (6.5) 101 (82.1) 8 (6.5) 4.

TABLE 3 | Internal SNP differences among 104 APP8 isolates from six pigs from
five different herds.

Pig No isolates Internal SNP distance
1 25 0

2 10 0-1

3 10 0

4 14 0

5 20 0-2

6 25 0-2

"Clonal isolates from the same herd, sampled during a disease outbreak.

analyses, these groups were merged to form three geographical
regions (Supplementary Figure 1) with larger sample sizes:
East and Greater Oslo (Region 1), South-West (Region 2),
North and Central (Region 3).

Herd of origin was categorized into four types (Table 2),
based on the structure of the Norwegian pig production pyramid
system. The category “Breeding herds” included isolates from
genetic nucleus and multiplier breeding herds (n=8), while
the “Commercial herds” category included isolates from
commercial sow herds and fattening pig herds for consumption
(n=101). A 3rd category labeled “Other” (n=8), included
isolates from places of origin that differed from the common
herd types in the production pyramid, such as isolates from
stud quarantine and testing stations, as well as pigs submitted
for diagnostics by an abattoir and could not be traced to a
herd. Six isolates were grouped as “Unknown.

The variable for abattoir affiliation was divided in three
categories: “Cooperative,” owned by the members (Nortura,
n=78), “Private” (privately owned abattoirs, members of The
Meat and Poultry Industry’s National Association, n=42), or
“Unknown” (n=2; Table 2). These categories were chosen
because livestock trade in Norway is usually restricted within
these abattoir systems.

Summary data for the tables and statistical analyses of the
epidemiological data were performed using Stata (STATA SE/15
for Windows; Stata Corp., College Station, TX, United States).
The distribution of geographic regions of origin and abattoir
affiliation within three clades in the Norwegian APP8 phylogeny
was assessed using a cross table and evaluated using the chi
squared (x?) test. One isolate was excluded from the analysis,
as the region of origin was unknown. Herd as a random effect
was accounted for.

A dataset of the
(Supplementary Data).

isolate metadata has been included

Analyses of Genetic Variability

Bioinformatic analysis of bacterial genome sequences allow
study of genetic variability within and between populations.
In this study we assessed genetic variability in whole genome
sequences through single nucleotide polymorphisms (SNPs) in
the core genome of the included isolates. WGS was also used
to characterize the AMR genes carried by the isolates.

Genome Sequencing

Genomic DNA was extracted from the Norwegian (n=227)
and 14 of the Danish isolates using the DNeasy Blood and
Tissue Kit (QIAGEN, Germantown, MD, United States) and
quantified on a Qubit 3.0 Fluorometer (Invitrogen, Waltham,
MA, United States). Preparation of the DNA sequence libraries
were performed using the Illumina Nextera XT DNA Library
Preparation Kit (Illumina Inc., San Diego, CA, United States)
and sequenced on a NextSeq 500 platform (Illumina Inc.,
San Diego, CA, United States) with paired-end sequencing
(2x 151 bp) using a 300-cycle NextSeq Mid-Output Kit followed
by quality assessment using bifrost.! The reads were de novo
assembled using SPAdes (Bankevich et al, 2012) using
default parameters.

Phylogenetic Reconstruction Using SNP Calling

For phylogenetic reconstruction, the sequence reads from all
isolates were included. Using the closed chromosomal sequence
of APP8 strain MIDG2331 (GenBank accession number
LN908249.1) as reference, after removal of duplicated regions
using NUCmer (Kurtz et al., 2004), identification of SNPs was
performed with NASP v.1.0.0 (Sahl et al., 2016). All positions
with less than 10-fold sequencing depth and 90% unambiguous
variant calls for any isolate were excluded. Removal of high-
density SNP regions, such as those caused by recombination,
were identified and removed using Gubbins v.2.3.4 (Croucher
etal., 2015) prior to phylogenetic reconstruction using IQ-TREE
v.1.5.5 (Nguyen et al., 2015) using ModelFinder as implemented
in IQ-TREE, and phylogenetic robustness was assessed with
bootstrap analysis using 100 replicates. Visualization and
annotation of the phylogenies were performed using iTol v4.314.2
Geographic visualization was performed in Microreact.’ In
Microreact, each isolate was given the coordinates for the
capital of the municipality in which the farm was located to

'https://github.com/ssi-dk/bifrost (Accessed April 09, 2021).
*https://itol.embl.de (Accessed April 09, 2021).
*https://microreact.org (Accessed April 09, 2021).
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comply with General Data Protection Regulations. Additionally,
a SNP distance between multiple isolates collected from the
same pigs was obtained as outlined above and used to investigate
within-host variation, using the same-sized core genome. Mean
SNP counts for within-pig (internal) variability were calculated
(Table 3). Isolates were considered clonal if they displayed
very limited variation (<2SNPs).

Genotyping AMR

The presence of AMR genes was investigated using ABRicate*
to search the assembled genomes for genes associated with
resistance found in the ResFinder database (Zankari et al.,
2012). The gene presences were determined based on a combined
>80% hit length and >90% sequence identity. Only the primary
repository APP8 isolates (11=212) were included in these analyses
(Table 1).

Coalescence Analyses

To ascertain the temporal relationships of our samples, we utilized
coalescent analyses that model how variants sampled from a
population may have originated from a common ancestor, by
estimating rooted, time-measured phylogenies. For this, BEAST
v2.6 was used and run at the CIPRES Science Gateway v3.3°
public resource. The bModelTest v1.2.1 package was applied
using the transitionTransversionSplit model and automatic
estimation of mutation rate and log normal nucleotide
frequencies. Different coalescent (constant population and
Bayesian skyline) and clock models (strict clock and relaxed
clock log normal) were applied to allow both constant and
variable mutation rates across the branches. For all combinations
of models, independent chains (n=2) of 400 million in length
were performed with storing of data every 40,000th step,
assessing the convergence of key ESS values using Tracer v1.7,
after burn-in of 10% by calculation of the log,, Bayes factors
for model comparison. Trees were visualized using DensiTree
v2.2.7 (Bouckaert, 2010).

RESULTS

Within-Population Variation of Norwegian
APPS8 Isolates

Phylogeny

Three distinguishable genetic clades were observed among the
Norwegian isolates in the phylogeny and named Norway I,
Norway II, and Norway III (Figure 1B). Median and maximal
pairwise SNP distances within the Norwegian population were
112 and 153 SNPs respectively, within a core genome of 1.67 Mbp
(71.6% of the reference chromosome), indicating a small within-
population variation. Clonal isolates (<3 SNPs) were in some
cases isolated from pigs in the same herd. In other instances,
isolates from pigs in the same herd sampled at the same point
in time displayed a much greater variation (Figure 2).

“https://github.com/tseemann/abricate (Accessed April 09, 2021).
*https://www.phylo.org (Accessed April 23, 2021).

Year of Sampling and Epidemiology of Isolates
The Norwegian isolates were sampled between 2004 and 2020,
with a higher sampling frequency in 2013 and between 2017
and 2019 (Supplementary Figure 1). Samples from different
years were scattered across the phylogeny, with few SNPs
between isolates sampled up to 13years apart, suggesting that
APP8 is diversifying at a slow rate in the population.

The clades within the Norwegian phylogeny showed a
geographical pattern (Figure 2; Supplementary Figure 1). The
x* of the distribution of isolates between three identified genetic
clades and the three combined region categories (Table 4) was
72.3 (p<0.001). Accounting for herd as a random effect did
not influence the results, hence the associations between
phylogenetic clade and region was not random, meaning that
isolates from the same geographic regions were more closely
related than isolates from different regions. This finding supports
geography as a factor of influence to the molecular evolution
of A. pleuropneumoniae, and that different lineages of the
bacterium spread within distinct geographic regions.

The primary repository isolates were mainly (i.e., 101 of
123) sampled from commercial herds. The distribution of herds
in the different herd categories is presented in Table 2.

There was a visual clustering of isolates within the same
abattoir system categories to phylogenetic clade (Figure 2),
however the statistical analysis did not support this (x> 4.1,
p=0.4).

Within-Host Variation
A SNP distance <2 (median value between 0 and 1) was
found between the isolates from the same pig, indicating that
they belonged to the same clone. Further statistics on these
isolates is shown in Table 3.

Comparative Genome Analyses

Phylogenies

The APPS8 isolates from UK and Norway were separated by
approximately 1,500 SNPs into two distinct phylogenetic branches
(Figure 1A), where three Danish isolates were found scattered
across the UK branch, while the remaining 19 Danish isolates
clustered in two monophyletic groups in the Norwegian branch
(Figure 1B).

Coalescence Analyses

The BEAST analysis performed on the Norwegian branch
indicated that the APP8 population separated several centuries
ago (Figure 1C). The last common ancestor with a Danish
isolate, based on strict mutation rates and a coalescent
Bayesian skyline tree prior, can be dated back to at least
200years (95% HDP: 1343-1837). From this analysis,
we extrapolated that the Norwegian and UK isolates shared
a common ancestor much further back in time, and that
no evidence of later introductions can be found in our data.
In contrast, our data support recent A. pleuropneumoniae
transmissions between the UK and Danish pig populations
which are reflected in the molecular relationships of APP8
isolated during the last decades.
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FIGURE 1 | (A) A purged midpoint rooted maximum likelihood phylogeny of isolates of APP8 from Norway, illustrating the two distinct branches of the
APP8 collection (the Norwegian branch and the UK branch). The Norwegian branch contains 19 Danish and 123 Norwegian isolates (n=142), whereas the
UK branch contains three Danish and 67 UK isolates (n=70) with ~1,500 SNPs separating the branches. (B) A rooted maximum-likelihood phylogeny of
the Norwegian APP8 branch. Danish isolates are indicated by black dots on the branches. Based on the topology, five distinct phylogenetic clades
labelled Norway |-l and Denmark | and Il are highlighted. The scale indicates substitutions per site. (C) DensiTree representation of 9,000 time-measured
phylogenies obtained from BEAST with the best fitting model after removal of 10% burn-in. X-axis is a time scale indicating years since 2019, illustrating
the temporal relationships between the 123 Norwegian and 19 Danish isolates. Similar clustering is observed as with the maximum-likelihood approach,
however in a different order, highlighted by clade labels.
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FIGURE 2 | Within-herd variability, geographic origin, and abattoir affiliation of APP8. More than one isolate was sampled from each of 23 herds, indicated by the
Farm ID, the black dots point to the location of the isolate in the phylogeny. Geographic origin across five major regions of Norway is indicated by colored circles
(legend in figure). Abattoir affiliation to the two main slaughterhouse groups in Norway (Cooperative and Private) and a third Unknown group are indicated with
greyscale triangles (legend in figure). The scale indicates substitutions per site.

AMR Genes We found statistical differences in occurrence of resistance genes
The following AMR genes were identified across the entire in the three national populations, with the AMR genes most
APP8 collection: aph(3”)-Ib, aph(6)-Id (streptomycin resistance  abundant among the UK APP8 isolates (Figure 3B; Table 5).
genes, also called strA and strB, respectively), tet(Y), tet(H), The sulfonamide resistance gene, sul2, was the most common
tet(B; tetracycline resistance), dfrA14 (trimethoprim resistance), ~AMR gene occurring in the entire collection, being present in
blagog., (beta-lactam resistance), and sul2 (sulfonamide resistance). ~ 3.3% of the Norwegian and 66% of the UK isolates. The resistance
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TABLE 4 | Distribution of Norwegian isolates of APP8 (n =123) from three phylogenetic clades across three geographical regions in Norway (% of clade total).

Phylogenetic clade Region 1 Region 2 Region 3 Unknown Total
Norway | 2(14.9) 2(14.9) 10(71.4) 0 14
Norway Il 34 (66.7) 3(5.9) 14 (27.4) 0 51
Norway Il 13 (22.4) 41 (70.7) 3(5.2) 1(1.7) 58

Region 1=East and Greater Oslo, Region 2=South-West, and Region 3=North and Central Norway.

profiles of a large collection of UK isolates, including the ones
in this study, have been described previously (Bossé et al,
2017). In the UK APP8 branch, the AMR genes were more
prevalent in some subclusters, suggestive of a clonal expansion
and/or local dissemination by acquisition of mobile genetic
elements. The three Danish isolates within the UK branch also
resembled the UK isolates in terms of AMR genes. The remaining
19 Danish isolates were nested within the Norwegian branch
and had similar low prevalence of AMR genes.

Within the isolates from the Norwegian population, AMR
genes were found in only 3.3% (n=4) of the isolates. The
four isolates in question did not cluster together, pointing to
independent acquisition of the AMR genes. The four isolates
originated from the same abattoir system, in three different
regions, namely Southwest, East and Greater Oslo, and were
isolated over a span of 13years. A combination of the genes
aph(3”)-1b, aph(6)-1d, tet(Y), and sul2 was found in three of
these. To our knowledge, this is the first time tet(Y) has been
found within the Pasteurellaceae family.

DISCUSSION

In this study we characterized the genetic variability in terms
of SNPs, to infer molecular relationships, and distribution of
AMR genes in a collection of APP8 isolates. We found that
both internationally and within Norway, geographic origin is
associated with molecular relationships, as we observe distinct
genetic clustering between countries and within major
geographical regions in Norway. By applying coalescence analyses,
we estimated that the Norwegian isolates separated from UK
and Danish isolates several centuries ago. This distinct genetic
separation may be due to several historical aspects. Live animal
contact between the UK and Norway has not been documented
in recent times, reflected by the distinct separation of the
APP8 phylogenies of these countries into two branches. Our
data show no signs of recent contact. The separation of the
UK and Norwegian branches seems to date back to the Middle
Ages, during which Vikings from Norway traveled by boat to
the British Isles and were likely to bring livestock out or back
home. The clustering of Danish isolates within the UK and
Norwegian branches are indicative of multiple introductions,
also estimated to have occurred at times where live animal
exchange was more likely than today. Evidence of contact
between the Norwegian and Danish populations is indicated
in the phylogeny to have last occurred around 200years ago.
Norway was under Danish rule in the period between 1537
and 1814. Livestock exchange was more likely to have occurred
during this period, although no such records have been tracked

in the writing of this manuscript. Breeding animals from UK
were introduced in Denmark in the 1980s and is probably
the reason for the detection of three Danish APP8 isolates
among the UK isolates (personal communication, Qystein
Angen, senior researcher at SSI, Copenhagen).

By applying geographic and population structure data to
our phylogeny, we observed a significant genetic clustering of
our isolates. Closely related isolates were identified within
geographic regions, supporting geography as a factor of influence
to the molecular evolution of A. pleuropneumoniae. Surprisingly,
there was no clustering of the abattoir categories in the phylogeny,
supporting direct contact as the main source of transmission,
since livestock trade usually is restricted within these systems.
Strains of A. pleuropneumoniae are believed to persist within
the breeding herds, harbored in the tonsils and chronic lesions
of adult sows (Fablet et al., 2011). Since most of these herds
are self-supplying, no direct contact with animals from other
herds takes place. One nucleus breeding herd can supply pigs
(mainly gilts) directly to several multiplier breeding herds,
which in turn can supply pigs to many commercial herds,
usually located in the same part of the country. This enables
transmission of clonal isolates, allowing their persistence within
the system and geographic region. Additionally, individual
commercial fattening pig herds can purchase livestock from
multiple sow herds, in which case we would expect the pigs
to be carrying genetically different strains. This is a reasonable
explanation for the observed range in genetic within-herd
variability but was not investigated further.

At the individual host level, we observed almost no
genetic variation. This is likely due to inherent biologic
characteristics of the bacterium and the host. It has been
shown that pigs can carry a variety of A. pleuropneumoniae
isolates in their tonsils (Vigre et al., 2002). The isolates
can differ in serovar and potential for invasive infection
because of virulence factors that enable them to colonize
the lower respiratory tract. Diseased and infectious pigs
can transmit the clinical isolate through aerosols by coughing,
which is a common clinical sign, and in their saliva and
nasal secretions by nose-to-nose contact to susceptible pigs
(Gottschalk and Broes, 2019). Outbreaks of porcine
pleuropneumonia within affected herds are common, though
it is not well described in literature if these occur due to
newly introduced virulent strains of A. pleuropneumoniae
and/or by descent to the lower respiratory tract of strains
already resident in the tonsils. However, it has been suggested
that in endemically infected herds where A. pleuropneumoniae
is harbored asymptomatically in the tonsils, environmental
triggers (such as stress or co-infection with other respiratory
pathogens) play a larger role in precipitating disease outbreaks
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FIGURE 3 | AMR among the APP8 populations collected over 13years. (A) A midpoint rooted phylogeny of isolates of APP8, after removal of recombinant
regions, illustrating the two distinct branches of the APP8 collection (the Norwegian branch and the UK branch). The Norwegian branch contains 19 Danish
and 123 Norwegian isolates (n=142), whereas the UK branch contains three Danish and 67 UK isolates (n=70) with ~1,500 SNPs separating the
branches. (B) Rooted phylogenies of the Norwegian branch (left) and the UK branch (right), including AMR gene plot for streptomycin resistance genes
aph(3")-Ib and aph(6), tetracycline resistance genes tet(Y), tet(B), and tet(H), beta-lactam resistance gene blarog s, trimethoprim resistance gene dfrA14 and

sulfonamide resistance gene sul2. Presence of a resistance gene is indicated by a red colored box, while an empty box indicates absence of resistance
gene. The scale indicates substitutions per site.
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TABLE 5 | AMR genes identified in isolates of APP8 from Norway (n=123), Denmark (n=22), and the United Kingdom (n=67).

Country of aph(3")- aph(6)- tet(Y) tet(H) tet(B) dfrA14 blagog.1 sul2 Total
origin Ib/strA Id/strB

Norway 3.3% (4) 2.4% (3) 2.4% (3) - - - 0.8% (1) 3.3% (4) 3.3% (4)
Denmark 9.1% (2) - - 45% (1) 13.6% (3) 4.5% (1) 4.5% (1) 13.6% (3) 22.7% (5)
United 19.4% (13) 1.5% (1) - 4.5% (3) 67.2% (45) 22.4% (15) 23.9% (16) 67.2% (45) 74.6% (50)
Kingdom

aph(3")-Ib and aph(6)-Id = streptomycin resistance genes (also called strA and strB, respectively); tet(Y), tet(H), and tet(B) = tetracycline resistance genes; dfrA14 =trimethoprim
resistance gene; blagos.=beta-lactam resistance gene; sul2 =sulfonamide resistance gene. The number of isolates harboring the gene is given in parentheses. Genes that were not

present are indicated by “-”.

than transmission of a newly introduced virulent strain
(Klinkenberg et al., 2014). During an outbreak of disease,
the infectious pressure of more virulent isolates will increase,
and if descending bacteria from the tonsils are also involved,
a variation in the genomes of bacteria isolated from the
lungs of diseased pigs is expected. When diagnosing a case
of porcine pleuropneumonia in a herd, due to practical
and financial considerations, it is not uncommon that only
a single sample per pig or per herd is submitted for in-depth
diagnostics including serotyping and AMR testing. Our
results support that porcine pleuropneumonia in a pig is
caused by a monoclonal infection, indicating that a single
sample per pig will be sufficient for a diagnostic purpose.
Still, different isolates of APP8 were isolated within a herd,
meaning that the mechanisms of disease in a herd was not
solely tied to the spread of a single virulent clone. As
virulence can vary both between different serovars of
A. pleuropneumoniae and between isolates of the same serovar
(Sassu et al., 2017), there is a possibility that our findings
do not apply across all serovars. Our results must still
be considered valuable when establishing relevant control
strategies against A. pleuropneumoniae.

The pangenome of six Brazilian APP8 isolates was recently
reported (Prado et al, 2020) and showed that the gene
repertoire is well conserved in relation to the available genomes
of other serovars, though the presence of serovar-specific
patterns of AMR within A. pleuropneumoniae is debatable
(Asawa et al., 1995; Lee et al., 2015; Kim et al., 2016). Due
to a low prevalence of clinical pleuropneumonia caused by
APP8 globally, most studies on AMR have been performed
on other serovars. AMR genes have many times been found
to be linked to, and accumulate in, mobile genetic elements,
acting as vehicles for horizontal transmission in many bacterial
species. A. pleuropneumoniae is no exception (Bossé et al.,
2015, 2016b), and many isolates in our study harbor multiple
resistance genes that could be tied to such mobile elements.
Mobile genetic elements, like plasmids and Integrative and
Conjugative Elements (ICE), are not generally tied to specific
serovars, though integration of ICE into the chromosome
does favor vertical in addition to horizontal transmission,
perhaps explaining why some elements have only been found
within specific serovars so far. The fef(B) gene has previously
been shown to be part of a Tnl0 insertion in an integrative
conjugative element, ICEApI1 (Bossé et al,, 2016b), in the
MIDG2331 genome (Bossé et al., 2016a) and in the genomes

of a further 21 UK clinical APP8 isolates (Bossé et al., 2017).
This gene was also associated with a Tn7 insertion in the
chromosome in 15 (one serovar 7 and the rest APP8), and
with possible plasmid sequences in 14 (one each of serovars
2, 6, 7, and 12, and the rest APP8) further isolates (Bossé
et al., 2017). The other AMR genes, i.e., tet(H), sul2, dfrAl4,
blagos., aph(3”)-Ib, and aph(6; previously referred to as strA
and strB), were all associated with potential plasmids, in a
variety of serovars, as indicated by the sequences flanking
the AMR genes on the associated contigs (Bossé et al., 2017).
The presence of other AMR bacteria in the host population
is likely a risk factor for acquisition of these genetic elements.
National strategies for handling emergence of multidrug-
resistant bacteria in livestock in general could therefore be of
relevance to prevent development of AMR in clinically important
pathogens like A. pleuropneumoniae. 1t is of high interest to
the Norwegian pig production sector to avoid introducing
multi-resistant bacteria through contact with other pig
populations. Our results conclude that important differences
are present also within a serovar, and factors other than the
intrinsic ~ properties of serovars contribute to the
AMR biodiversity.

The observed differences in AMR gene distribution can also
be attributed to the deviating treatment practices in the respective
countries. Substantial differences in antimicrobial use exist in
pig production in Norway, the UK, and Denmark (Veterinary
Medicines Direcorate, 2019; DANMAP 2019, 2020; NORM/
NORM-VET 2019, 2020). Sulfonamides were the most used
subgroup of antimicrobial drugs for treatment of production
animals in Denmark in the 1980s, bypassed by tetracyclines
in the 1990s. Resistance to sulfonamides and tetracyclines was
found in Danish A. pleuropneumoniae isolates already in 1995
(DANMAP 1996, 1997). Around this time, the Danish
government implemented measures to significantly reduce the
use of antimicrobial drugs in food production. AMR in A.
pleuropneumoniae has not been systematically investigated in
Norway. According to current Norwegian therapeutic guidelines,
benzylpenicillin-procaine is the drug of choice for treating
porcine pleuropneumonia (Norwegian Medicines Agency, 2012).
In a recent field study of acute outbreaks of porcine
pleuropneumonia in Norway (Cohen et al., 2020), treatments
were found to be in line with these recommendations. In
comparison, tilmicosin and tulathromycin have been commonly
used in Denmark against acute pleuropneumonia partly due
to the convenience of peroral administration (DANMAP 2019,
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2020), which is not common practice in Norway (European
Medicines Agency, 2018). In the UK, a systematic decrease in
general antimicrobial drug use for pigs has been observed
since 2015 across most relevant drug classes. However,
tetracyclines remain the most used drug class (UK-VARSS,
2020), possibly contributing to the continued selection of
tetracycline resistance in A. pleuropneumoniae.

We studied genetic variability in three different levels, i.e.,
within-host, within-population and between populations. The
generalizability for the UK and Danish isolates was somewhat
hard to ascertain due to limited access to metadata. Isolates
were collected from all levels of the production system, and
from all the major pig producing regions in Norway. Overall,
we observed a low within-population variability of APP8 in
Norway and a persistence of genetic lineages over time. Time
is only one factor to influence variability, however it is worth
noting that our data consists mainly of isolates collected after
2004 and are not equally represented in time. This concentrated
sampling contributes to the reported uncertainty around the
estimates of population divergence between countries. Since
sampling from the whole population is not feasible, an adequate
representation of the population over time is necessary for
good estimates of divergence. However, we believe that the
isolates in our material have been subject to minimal selection
bias due to being passively collected through routine diagnostics.
A baseline phylogeny of A. pleuropneumoniae, as provided by
this study, will likely be of great value to future surveillance
and control of this pathogen, both because it increases our
understanding of the effects of restricted animal movement,
and as it enables the discovery of introductions of new genetic
lineages. To unveil the clinical relevance of these genetic
characteristics, future studies on pathogenicity within genetic
lineages are necessary.

CONCLUSION

In this study we utilized genomic data from populations of
APP8 to elucidate the population dynamics of the pigs. With
modern sequencing techniques and genomic analyses, we were
able to study genetic variability, both within and between
populations, and to identify evolutionary patterns and
relationships. Isolates sampled within-host were nearly identical,
and there was little genetic variability between isolates from
pigs in a herd during an outbreak, supporting that one sample
per animal and only a few samples per herd should suffice
for diagnostic sampling. The occurrence of AMR genes in
Norwegian isolates is low, and there is a substantial difference
in the occurrence of AMR of APP8 in Norway and the UK.
By applying relevant metainformation about the source of the
strains, we increased our understanding of their correlation
to genetic traits such as AMR. Likely a result of the closed
pig population strategies, there is no evidence of recent
transmission of A. pleuropneumoniae into Norway from Denmark
and the UK, and the last common ancestor dates more than
200years back. Our results indicate that the genetic variability
found within and among the APP8 populations is influenced

not only by inherent biologic characteristics that affect the
transmission of the bacteria, but also heavily influenced by
social and political strategies and regulations that affect the
host population dynamics. A baseline phylogeny of
A. pleuropneumoniae as provided by this study, will likely be of
great value to future surveillance and control of this pathogen,
partly because it increases our understanding of the effects of
restricted animal movement nationally and internationally and
enables the discovery of introductions of new genetic lineages.
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Abstract

Background

Biosecurity is a set of measures designed to reduce the risk of introduction,
establishment and spread of animal diseases, from and within an animal
population. In Norway there is a high level of national biosecurity protecting
the favorable health status of Norwegian pigs. However, there are no studies
describing the current external and internal biosecurity levels of Norwegian
fattening pig herds. This study used Biocheck.UGent™ which is an
acknowledged tool for objective soring of biosecurity at the herd level
Biocheck.UGent™ uses a questionnaire to assign a score of the total, external

and internal biosecurity for each herd. The maximum score is 100.

The objective of this study was to describe the biosecurity levels in Norwegian
fattening pig herds with outbreaks of respiratory disease (case) caused by

Actinobacillus pleuropneumoniae and in non-outbreak (control) herds.

Results

The total, subtotal external and subtotal internal Biocheck.UGent™ scores for
the outbreak herds (n=7) were 61, 64 and 57, respectively. The total, subtotal
external and subtotal internal Biocheck.UGent™ scores for the non-outbreak
herds (n=7) were 60, 69 and 61, respectively. Both herd groups scored higher
on external than internal biosecurity. Both herd groups had implemented
measures to reduce the risk of introduction and spread of infectious disease
through purchase of livestock, and management implementation in the
finishing unit, while measures between compartments were poorly

implemented.

Conclusion

Objective scoring of biosecurity in Norwegian fattening pig herds showed no
difference between herds with outbreaks of respiratory disease and in non-
outbreak herds.
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Background

What is biosecurity

Biosecurity is of utmost importance to prevent infectious diseases both in
human and veterinary medicine. The term biosecurity is defined as a set of
management and physical measures designed to reduce the risk of introduction,
establishment and spread of animal diseases, infections, or infestations to, from
and within an animal population (1). An animal population is defined as a group
of units sharing a common defined characteristic (1), e.g., nation or herd.
Measures to mitigate risk of introduction and spread of disease build on
knowledge of general infection biology and specific disease epidemiology (2).
Hence, we can address biosecurity through generalized principles or more
tailored measures for specific production types and diseases. Biosecurity is
often divided into external biosecurity (EXT) and internal biosecurity (INT)
(2). The EXT prevents introduction of infectious agents to susceptible
populations, whereas the INT prevents the spread of infectious agents in

susceptible populations when the agent is already present (2).

How can we quantify biosecurity?

While quantifying biosecurity in a herd can be challenging, it can provide
better grounds for objective assessment and comparison. The overall
biosecurity is impacted by many factors representing different risks. A
weighted scoring system is therefore useful. Biocheck.UGent™ is a tool
established by Ghent University, Belgium (3), for objective biosecurity scoring
atherd level in poultry, cattle and pig herds (4). A detailed questionnaire is the
basis for a biosecurity scoring within 12 defined areas of the production,
differentiating between EXT and INT biosecurity. The questionnaire is paired
with a knowledge database that provides advice targeted at the areas of

improvement (4).
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The Biocheck.UGent™ is risk based, accounting for risks associated with known
transmission routes of infectious agents (5). In a review of transmission routes
for 24 porcine pathogens of global importance, direct contact between animals
is the only route that applies for all pathogens (6). This is in agreement with
the international standards of the World Organization for Animal Health (OIE),
stating that segregation of animals is the most important element of herd
biosecurity, followed by cleaning and disinfection (2). Other, indirect,
transmission routes include via semen, manure, animal vectors, insect vectors,
aerosols, water and feed and fomites (transport vehicles, people, equipment,

and clothing).

Respiratory infections and biosecurity

Targeted biosecurity measures against porcine respiratory disease requires
knowledge of relevant infectious agents. Infectious respiratory diseases
contribute to reduced animal welfare, decreased production efficiency, and
increased use of antimicrobial drugs. Respiratory diseases is one of the most
common health concerns to fattening pigs (7). In the current paper, “fattening”
is referring to both the fattening and finishing stages. Infectious agents that
cause respiratory disease in pigs can be divided into primary and secondary
invaders (8). Primary invaders can cause disease on their own. Secondary
invaders are often resident in the respiratory tract and will only contribute to
disease development following a primary infection and/or a reduction in the
pig’s respiratory defenses (8). Important and widespread primary respiratory
viruses include Porcine Reproductive and Respiratory Syndrome Virus
(PRRSV), Swine Influenza Virus (SIV) and Porcine Circovirus type 2 (PCV2)(7).
Common primary respiratory bacteria are Mycoplasma hyopneumoniae and
Actinobacillus pleuropneumoniae (7). Parasitic infestations that affect the
respiratory tract also occur, particularly larval migration of Ascaris suum (8).
Generally, respiratory viruses can be considered more infective than bacteria
and parasites, reflected by known transmission routes (6). Direct transmission
applies to all the above-mentioned agents, while aerosol transmission is
common for viruses. Potential for indirect transmission depend on the agents’
ability to survive outside the host (6, 9). Due to differences between agents,
there are no specific biosecurity measures for control of all respiratory

diseases. For instance, possible transmission routes for PRRSV includes direct
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contact, and via people, semen, manure, animal and insect vectors, aerosols,
animal feed, water, and fomites. Relevant biosecurity measures therefore
encompass most areas of the production. On the other hand, A.
pleuropneumoniae transmits by direct contact, short distance aerosols, and to
some extent water and fomites (9-11). Relevant EXT measures include
routines for purchase of animals from sources with known health status, and
distance from neighboring farms. Relevant INT measures include all-in-all-out
practice per compartment and pen, and routines for cleaning and disinfection
between batches (9). Biosecurity measures may be less effective in reducing
the risk of disease by commensal secondary invaders (12). Biocheck.UGent™ is
not targeted towards specific agents. The results must be interpreted with

attention to transmission routes of agents that one wishes to prevent.

Norwegian conditions

There are substantial differences in the occurrence of infectious respiratory
agents between countries, subpopulations and farms within a country (8).
Differences in population health status is closely linked to structure and
regulation of the pig production. The commercial pig production system in
Norway is structured in a tiered pyramid. The livestock flow is unidirectional
from a limited number of self-recruiting genetic nucleus breeding herds at the
top, through multiplier herds, to commercial farrow-to-feed, farrow-to-finish
or specialized fattening herds in the lower tiers (13). Commercial herds
purchase livestock from one or multiple supplier herds. Most livestock trade is
coordinated regionally by representatives of the pig production sector, usually
the slaughterhouse. There has been a shift towards larger farms during the last
30 years in many countries globally including Norway (14). Production volume
in Norwegian pig farms is regulated by national legislation (15). Fattening pig
herds are limited to 2100 fatteners yearly, which is smaller than farm sizes in
many other modern pig producing countries (16, 17). National measures to
maintain a favorable health status for Norwegian pigs include, but are not
limited to, strict import regulation (18-20), and legal biosecurity requirements
in the Regulation on keeping of pigs aimed at good hygienic practices and

prevention of disease transmission (21).
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Occurrence of respiratory agents

Comprehensive active serosurveillance document the population-wide
absence of several important porcine pathogens including PRRSV (22) and M.
hyopneumoniae (23). Today, SIV HIN1pdmO09 and A. pleuropneumoniae are
perhaps the most widespread clinically relevant primary infectious
respiratory agents in the Norwegian pig population (24, 25). Actinobacillus
pleuropneumoniae is detected regularly during routine diagnostics of clinical
respiratory disease (13), and was recently found as the etiologic agent in a
study of outbreaks of respiratory disease in seven Norwegian fattening herds
(25). Although PCV2 is endemically occurring in the population, its impact to
the respiratory health in Norwegian pigs is not clear. Common respiratory
secondary invaders, including Pasteurella multocida (7) and Streptococcus suis
(8) and to some extent Gldsserella (Haemophilus) parasuis, are also present in

the population.

Practices to improve respiratory health

Due to endemicity of primary respiratory invaders in Norway (26) reducing
the impact of especially A. pleuropneumoniae in fattening pigs has been
prioritized. The Norwegian pig production sector have established high health
breeding herds in the production pyramid (27), nationally eradicated M.
hyopneumoniae (23) from the pig population, and the sector encourages herds
to convert to Specific Pathogen Free (SPF) production (28). SPF herds are free
from both porcine pleuropneumonia (A. pleuropneumoniae) and atrophic
rhinitis (toxigenic P. multocida) in addition to swine dysentery (Brachyspira
hyodysenteriae) and sarcoptic mange (Sarcoptes scabiei var suis). Furthermore,
the sector has organized efforts to improve the respiratory health in herds with
repeated problems of respiratory disease, although no records of the following
activities have been published. Herd owners are advised to perform initial
diagnostic procedures and initiate appropriate preventive measures, before
establishing a vaccination protocol in combination with assignment of regular
livestock suppliers to reduce mixing of animals from different sources
(Gulliksen SM, swine veterinarian at Animalia, personal communication by
email, 2021 Oct. 31.). After the eradication of M. hyopneumoniae, the pig
production sector claims the biggest challenge has been related to the

occurrence of A. pleuropneumoniae (28).
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Health and biosecurity monitoring in fattening pig herds

Previous recordings of health parameters in Norwegian pig herds have varied
with production type. There are specific requirements to health
documentation in herds that supply livestock, i.e. breeding herds (27) and
commercial sow herds (29). While health and welfare scorings are performed
at slaughter, fattening pig herds have been less closely monitored through
production. A system for documenting health, welfare, and hygiene data from
all herds in the production system was established in 2019 (30). Systematic
investigations of the current biosecurity levels in Norwegian fattening pig
herds are lacking, and the available literature regarding scoring the biosecurity

in fattening pig herds internationally is somewhat scarce (31-33).

In 2017 and 2018 a case/control study of respiratory disease in Norwegian
fattening pig herds was performed, enrolling seven case herds with outbreaks
of respiratory disease caused by A. pleuropneumoniae, and seven control herds
(34). The biosecurity levels in these herds were assessed using the
Biocheck.UGent™ tool.

Aim
The objective of this study was to describe the biosecurity levels in Norwegian

fattening pig herds with outbreaks of respiratory disease (case) and in non-

outbreak (control) herds.

Material and methods

Sampling

In 2017 and 2018, 14 fattening pig herds were investigated in a field study of
respiratory disease in the Norwegian pig population to map the etiology of
acute outbreaks of respiratory disease. Seven herds with outbreaks of
respiratory disease (outbreak herds) where included. Seven control herds
(non-outbreak herds) with no clinical signs of an ongoing outbreak of
respiratory disease, were matched from the same practice area. The non-
outbreak herds were suggested by veterinary field practitioners that
contributed to the sampling. All herds were commercial fattening pig
producers, either specialized fattening herds (n= 5 outbreak herds and 3 non-

outbreak) or farrow-to-finish herds (n= 2 outbreak herds and 4 non-outbreak).
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A more detailed description of the selection of herds has been described

previously (25). The data collection happened according to the timeline in

Figure 1.
Outbreak
. Visit phase 1 Slaughter
Batch arrival Biologic sampling
Visit phase 2

| Biocheck and interview
Environment registrations
|

L] i | '
1L T 4

35 days 20 days

Visit phase 3

Biclogic sampling

Figure 1 Timeline of data collection for this study. Median number of days

between events are given.

Herd characteristics

Herd characteristics of the outbreak and non-outbreak herds, including
number of livestock suppliers, pigs produced in a year, the herd size, the animal
capacity of the compartment, the number of pigs in the compartment, the
compartment volume per pig (m3), floor space per pig (m?), number of years
of experience of the owner, and the number of people working on the herd
(personnel) are presented in Table 1. Data were collected per compartment
due to the nature of the sampling, which was performed during an ongoing
outbreak of respiratory disease in the compartment. A description of the
collection of herd characteristics data and a presentation of these descriptive

statistics have been published previously (25).
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Table 1 Descriptive herd characteristics of the outbreak and non-outbreak herds.

Outbreak (n=7)

Non-outbreak (n=7)

Herd characteristics M IQR M IQR
Number of suppliers 2 7 1 0
Pigs produced (Yearly yield)| 2109 1818 1543 1660
Herd size| 650 310 500 350
Animal capacity in compartment| 240 125 197 145
Pigs in compartment| 155 90 199 249
Compartment volume per pig, m3 3.9 2 4.3 1.5
Floor space per pig, m? 1 0.2 1.1 0.2
Biocheck farm characteristics*
Owner’s years of experience 24 16 13 10
Personnel 2 1 3 2

M = median, IQR = Interquartile range

*Questions regarding herd characteristics are asked in the Biocheck.UGent™

questionnaire, but not factored into the biosecurity scoring.
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Biosecurity quantification

The biosecurity levels in each herd were quantified using Biocheck.UGent™ for
pigs. A Norwegian translation of the questionnaire was made for this study, in
collaboration with the developers, and has been made available to the public
on the Biocheck.UGent™ website (4). Biocheck.UGent™ for pigs is comprised of
a detailed questionnaire that forms the basis for a quantitative scoring of
biosecurity within 12 defined areas of the pig production (A-L). The first part
of questionnaire is divided into six areas (A-F) which are used to quantify the
EXT of a herd. The second part of the questionnaire covers another six areas
(G-L), which quantifies the INT of a herd. The questionnaire was performed as
an interview in Norwegian, by a single interviewer. The results are given as
scores of the total biosecurity (TOT), EXT, and INT respectively. The score
ranges from 0-100, where a high score indicates better implementation of the
biosecurity measures in question. Both INT and EXT are comprised of several
subcategories (Table 2). EXT includes purchase of livestock and semen,
transport of animals, cadaver and manure handling, supply of equipment, feed
and water, personnel and visitors, vermin and bird control and the location of
the farm. INT includes the different compartments at the farm, and person and
equipment traffic between compartments, handling of sick animals, cleaning,
and disinfection during production and between batches. The subtotal EXT and
INT score calculation is based on a weighting (Table 2) which reflects the
relative associated risk of introducing or spreading infectious disease (5). Here
we have reported the scores in the two groups within each subcategory, as well
as the subtotal INT, EXT, and TOT (Table 3). For the specialized fattening herds
(n=2 non-outbreak and 4 outbreak herds), questions related to farrowing and
piglet management were not evaluated. Therefore, in the subcategories “H.
Farrowing and suckling period” and “I. Nursery unit” only the farrow-to-finish

herds are represented.
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255 Table 2 Worldwide average scores and weighting factors of Biocheck.UGent", as per

256 September 9.2021.

Worldwide Weigh

Biocheck.UGent™ category
average (%)

External biosecurity
A. Purchase of breeding pigs, piglets, 89 25
and semen
B. Transport of animals, removal of 77 23
carcasses and manure
C. Feed, water, and equipment supply 50 15
D. Visitors and farmworkers 72 17
E. Vermin and bird control 73 10
F. Location of the farm 67 10
Subtotal external biosecurity 74
Internal biosecurity
G. Disease management 73 10
H. Farrowing and suckling period >8 4
[. Nursery unit 68 14
J. Finishing unit 75 14
K. Measures between compartments, 53 28
working lines and use of equipment
L. Cleaning and disinfection 69 20
Subtotal internal biosecurity 64
Total 69

257 Number of completed surveys: 4494. Adapted from the Biocheck.UGent™ web page
258 (35).

11



259
260
261

262

263
264
265
266
267

268
269
270
271

272

273
274
275
276
277

278

Questions regarding herd characteristics that are asked in an introductory
section of the Biocheck.UGent™ questionnaire, but not factored into the

biosecurity scoring (Table 1).

Statistical analysis
Stata (STATA SE/15 for Windows; Stata Corp., College Station, Texas, USA),

was utilized for descriptive analysis of data from the biosecurity scoring. Due
to the small sample sizes, median values were used both when reporting
biosecurity scores, and herd characteristics, where IQR was used to show

variability about the mean.

Two-sample Wilcoxon rank-sum (Mann-Whitney) test was used to compare
the scores of the outbreak and with the non-outbreak group, a non-parametric
test for small sample sizes. It tests the hypothesis that there is no difference

between the distribution of scores in the groups, indicated by a p-value of 0.05.

Results

The median TOT score was 61 in outbreak herds and 60 in non-outbreak herds.
In both groups the score of EXT was higher than the INT. The median TOT and
subtotal INT and EXT Biocheck.UGent™ scores, including all 12 subcategories
Ato L, are listed per group (outbreak/non-outbreak) in Table 3 and visualized

in Figure 2.
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Table 3 Biocheck.UGent™ scores of the outbreak (n=7) and non-outbreak herds (n=7).

Outbreak Non- Ranked
outbreak [sum test*

Biosecurity category M [IQR [ M [ IQR | P-value
Total Biosecurity score 61 [ 21 | 60 | 10 0.8
Subtotal external biosecurity score 64 | 17 | 69 | 16 0.18
A. Purchase of breeding pigs, piglets,and| 80 | 32 | 74 | 28 0.75
semen
B. Transport of animals, removal of 67 | 18 | 67 | 13 0.75
carcasses and manure
C. Feed, water, and equipment supply 47 | 24 | 57 | 10 0.26
D. Visitors and farmworkers 24 [ 35 | 65 | 64 0.19
E. Vermin and bird control 80 [ 40 | 80 | 10 0.9
F. Location of the farm 60 [ 30 | 70 | 40 0.22
Subtotal internal biosecurity score 57 | 36 | 61 | 25 1
G. Disease management 60 | 40 | 60 | 20 0.94
H. Farrowing and suckling period 33 7 40 | 26 0.62
[. Nursery unit 46 | 50 | 71 7 0.41
J. Finishing unit 86 | 50 | 100 | 14 0.15
K. Measures between compartments, 43 32 32 54 0.75
working lines and the use of equipment
L. Cleaning and disinfection 75 | 35 | 50 | 25 0.48

M = median, IQR = Inter quartile range

*Wilcoxon ranked sum test

Farrowing and Nursing: n = 2 and 4 outbreak and non-outbreak herds, respectively.
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iy

‘_ Non-outbreak ~ [[] Outbreak
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I

Biocheck.UGent score

20

Figure 2 Box and whisker plot of Biocheck.UGent™ scores of the outbreak
(n=7) and non-outbreak (n=7) herds.

Farrowing and Nursing: n = 2 and 4 outbreak and non-outbreak herds,
respectively. Each graph representing the group scores for total, subtotal
external, subtotal internal and 12 subcategories respectively. Horizontal line
indicates median score. Blue dots outside the boxes represent outliers, single
observations that are inconsistent with the remainder of the data.

Total = Total biosecurity score, External = Subtotal external biosecurity score,
Purchase = Purchase of breeding pigs, piglets and semen, Transport =
Transport of animals, removal of carcasses and manure, Feed = Feed, water,
and equipment supply, Personnel = Visitors and farmworkers, Vermin =
Vermin and bird control, Internal = Subtotal internal biosecurity score,
Location. = Location of the farm, Disease = Disease management, Farrowing =
Farrowing and suckling period, Nursery = Nursery unit, Finishing = Finishing
unit, Compartm. = Measures between compartments, working lines and the

use of equipment, Cleaning = Cleaning and disinfection.
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In the outbreak herds, the subcategory with the lowest score was “D. Visitors
and farmworkers” and in the control group, “K. Measures between
compartments, working lines and the use of equipment” scored the lowest. In
both herd groups, the highest subcategory scores were in the categories “J.

Finishing unit”, “A. Purchase of breeding pigs, piglets and semen” and “E.

Vermin and bird control”.

Non-outbreak herds were smaller and had fewer livestock suppliers than the
outbreak herds (Table 1).

Discussion

The results in a global perspective

A quantification of the biosecurity levels of two groups of Norwegian fattening
pig herds has been described in this study. There was no significant difference
between the level of biosecurity in the outbreak herds and non-outbreak

herds. The median EXT scores were higher than the INT scores in both groups.

The results from this study agree with results from comparable herd types
from other European countries. The worldwide, and per country average
scores (Table 2) are available on the Biocheck.UGent™ web page(4). According
to Biocheck.UGent™, the average TOT score was 71, ranging from 54 to 77 per
country, with 100 indicating a maximum level of biosecurity. These scores, and
much of the literature regarding the use of Biocheck.UGent™ for pigs,
discriminate poorly between herd types. Comparisons should be made
between comparable herd types. The use of Biocheck.UGent™ to quantify
biosecurity levels in fattening pigs has only been reported from a few other
European countries (31, 32). Both groups in this present study scored
relatively low compared to fattening pig herds in the UK, that had a median
TOT score of 68.3, EXT score of 74.8 and INT score of 59.6 (31). Fattening pig
herds from Belgium, Finland, Poland, and the UK, where anonymously scored
in a study from 2020 (32) arguing that there is a variation in biosecurity scores
in European countries. The groups in the present study scored within the range
of these four countries, in which there was a median EXT score of 66 [58.5-
75.3] and median INT score of 71 [45.5-71.2] (32). In three of the four
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countries the EXT score was higher than the INT score (32), as observed for

both groups in the present study.

Biosecurity in Norwegian pig herds

According to the scoring of Biocheck.UGent™ there was room for improved
biosecurity in the herds in this study, similar to indications of biosecurity
scorings in the UK, Finland, Poland, and Belgium (5, 31, 32). We can
differentiate between the installations and procedures that constitute the
hardware, and the actual implementation, understanding and compliance with
measures and protocols as the software of biosecurity. For countries in the
European Union (EU), the Animal Health law (36) encourages a more unified
approach to biosecurity that is aligned with international standards like the
OIE. While Norway is not a member of the EU, it is required to implement EU
legislation through the European Economic Area (EEA) agreement. There are
specific biosecurity requirements in Norwegian national legislation regarding
pig production. The biosecurity requirements include but are not limited to the
presence of a hygiene lock at the farm entrance and suitable areas for loading
and unloading livestock for transport. There are also specific requirements
regarding facilities for cleaning animal compartments and equipment, and
facilities for changing clothes and personal hygiene (21). International and
national legislation or regulations to implement biosecurity measures on farm
level will lay down formal requirements to the farmers but will not
automatically ensure compliance. The biosecurity framework of rules and
regulations is probably more influential to the EXT, while INT to a larger
degree is subject to the farmers own wishes and motivation (37). Better
compliance requires a framework tailored to the production type,
infrastructure, economic development state and perhaps to preexisting
tradition (38). Knowledge and understanding of risks and consequences are

crucial and will influence the attitudes of the farmers (39).

High national biosecurity level

Import restrictions hinder the most probable transmission routes for all
agents, and thus reduces the likelihood of introducing infectious respiratory
agents that are absent from the Norwegian pig population to a herd. Import
legislation (19) and additional requirements of the production animal sector

regarding import of live animals (18) have contributed to a high national
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biosecurity in Norway at least for the last 30 years (18). Still, other
transmission pathways could be relevant to the introduction of infectious
agents to Norway, in which case the biosecurity measures implemented at the
herd will be significant to the national health situation. Although more
attention to biosecurity is likely in densely populated farms (5), small
production units and a long distance between units contributes to segregation
of pigs. Thus, a less concentrated production strengthens the EXT level of
Norwegian farms. In the event of an introduction of new infectious respiratory
agents, sound biosecurity practices to reduce contact points between herds

could reduce the potential for spreading.

The first introduction of Porcine Respiratory Coronavirus (PRCV) to Norway
was discovered through the national serosurveillance program (40). Although
the source of this introduction remains unidentified this is a recent example of
a breach in the national and herd EXT. PRCV has not been found to cause
clinical disease in Norwegian pigs. The introduction of pandemic swine
influenza virus (SIVH1IN1 pdm09) in 2009 (41) is another example of an EXT
breach, where virus most likely transmitted to pig herds from infectious
personnel. No introduction of other SIV serovars to the Norwegian pig
population prior to or in the years after the SIV pandemic has been detected
(22), as these are not commonly transmitted via humans, and the biosecurity
measures in place likely provide sufficient protection against their

introduction.

Characteristics of the outbreak and non-outbreak herds

Some herd characteristics such as farm size and age of farm buildings might be
relevant to disease prevention. Non-outbreak herds were smaller and had
fewer livestock suppliers than the outbreak herds. Previous studies have found
a link between farm size and level of biosecurity, but disagree whether the
association is positive (33) or negative (42). It has been discussed that bigger
farms pay more attention to biosecurity due to relatively bigger economic
consequences of introducing infectious agents to the herd (33). Since
production volume per holding in Norway is restricted by law, the batch sizes
(fattening pigs) are limited by these regulations. Many producers are
contracted to regular supply from the same supplying herd. Mixing of pigs from

different sources still occurs in herds that have a higher yield than a single
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supplier can deliver or when producers buy fatteners on the open market. One
of the two biggest slaughterhouse groups in Norway, reported that 70-80% of
fattening pigs were sold through regular contracts in 2017 (43). However, if
supplying herds ensure a homogenous health status to relevant infectious
agents, the biosecurity is not compromised simply by having a higher number
of suppliers. Targeted testing and surveillance of relevant infectious agents is
already implemented and documented in the Norwegian breeding herds (27),
and within the SPF system (44). Alternatively, proper segregation of pigs from
sources of different health status, and all-in-all-out rearing per compartment,
could prevent transmission of infectious agents between them. A negative
association between age of the buildings and EXT has been described (5). Older
buildings that were not built with biosecurity practices in mind is an example
of how facilities unsuitable to ensure proper segregation through
compartmentalization can influence the biosecurity. Questions regarding
livestock supply and health status (EXT) as well as compartmentalization

(INT) are included in the Biocheck.UGent™ assessment.

Subcategories

Purchase of animals and management implementation in the finishing unit
restrict the direct animal contact and are thus likely the areas of the production
that are most relevant to the control of respiratory disease agents. High EXT
scores in subcategory A suggest that measures to reduce the risk of introducing
infectious agents through purchased livestock and genetic material (semen)
had been implemented. Herds that are self-recruiting will achieve a high score
in this category (5). High scores were also achieved because of the health
requirements that apply for supplier herds in Norway (27, 30, 45). The
difference in number of suppliers was thus not reflected in a different EXT
score between the two herd groups in this study. High INT scores in
subcategory ] implied that the herds practiced measures in the finishing pig
unit to limit direct animal contact points and animal density, including all-in-

all-out systems per pen and per unit.

Even if direct contact is thought to be the primary transmission route,
measures between compartments could be relevant, for instance for the

spread of A. pleuropneumoniae (11). Low INT scores in the subcategory K
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indicated that change of clothing or shoes, handwashing or use of separate

equipment between compartments was lacking.

A high EXT score in the subcategory E implied that routines to keep vermin,
birds, and companion animals out of contact with the pigs were in place,
including a rodent-control program. A low EXT score in category D indicated
that either the structure or implementation of the hygiene lock at the farm
entrance was suboptimal. Norwegian pig farmers are required to have a
hygiene lock (21), which are regulated by national guides. Measures related to
the hygiene lock and vermin and bird control may however not be so relevant
to the introduction of respiratory disease agents, particularly A.

pleuropneumoniae which is the most relevant agent to the herds in this study.

The link between biosecurity and respiratory disease

Biocheck.UGent™ is a general and all-encompassing biosecurity tool to
quantify the general level of biosecurity. The tool is not fit for mapping risk
factors for specific infectious agents. Associations between biosecurity and
other herd parameters such as antimicrobial drug use, animal welfare, pig
health and production efficiency have been made, however causal
relationships were not determined (12, 31, 46). Although biosecurity
influences the introduction, establishment and spread of infectious respiratory
agents, respiratory diseases are multifactorial and a causal relationship
between biosecurity implementation and occurrence of respiratory outbreaks

cannot be made in this study.

Bias and generalizability

Due to the study design, the inclusion criteria for the case and control group,
and the low number of included herds, generalizability to the general pig
population of Norway was low. The small sample sizes also made the results
uncertain. Even so, results such as a high EXT and a lower INT, regardless of
the herd group, was similar to findings from other studies. This indicates that
even with few herds, this descriptive study may be indicative of biosecurity
levels in Norwegian fattening pig herds. A strength of this study is that the
biosecurity assessment was performed by one interviewer, to minimize the
observer bias. There is some doubt regarding the fit of Biocheck.UGent™ for a

comparison of Norwegian herds due to the absence of many infectious agents
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that the biosecurity measures are targeted at, and farm sizes are small and
farm density and animal density is so low that nuances will not be registered.
The tool was however deemed fit for a general scoring of biosecurity in
Norwegian fattening pig herds, and context was gained by viewing the scores
against other European countries, and what is known about the national

biosecurity in Norway.

Conclusion

Quantifying the biosecurity using Biocheck.UGent™, where the maximum
scores is 100, the median total score was 61 in outbreak herds and 60 in non-
outbreak herds. Both herd groups scored higher on external than internal
biosecurity. Both herd groups had implemented measures to reduce the risk of
introduction and spread of infectious disease through purchase of livestock,
and management implementation in the finishing unit, while measures
between compartments were poorly implemented. A high level of national
biosecurity in Norway which reduces the risk of introduction, establishment
and spread of porcine respiratory diseases is arguably the most important
contribution to the health status of the Norwegian pig population. The
objective scoring of biosecurity in Norwegian fattening pig herds showed no
difference between herds with outbreaks of respiratory disease and in non-
outbreak herds.

List of abbreviations

EXT: external biosecurity

INT: internal biosecurity

IQR: Inter quartile range

PRCV = Porcine Respiratory Corona Virus

PCV2 = Porcine Circovirus type 2

PRRSV: Porcine Reproductive and Respiratory Syndrome Virus

SIV: Swine Influenza Virus
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