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Preface 

This Ph. D. thesis presents data obtained from experimental work including animal studies carried 

out on the island of Lindholm from August 2015 until March 2019 (interrupted by ~ 9 months 

maternity leave). Lindholm is a part of the National Veterinary Institute, Technical University of 

Denmark (DTU Vet). The Ph. D. project was supervised by Senior Researcher Thomas Bruun 

Rasmussen, Senior Adviser Anette Boklund and Professor Anette Bøtner. It was funded by the 

Danish Veterinary and Food Administration and the Technical University of Denmark. A four-

week short-term scientific mission at the Polish National Veterinary Institute was funded by the 

ASFV COST Action CA15116.  

The thesis is divided into four main parts. Part 1 is a general introduction to African swine fever 

(ASF) as a re-emerging disease that reviews current knowledge of ASF virus (ASFV), its presence, 

transmission and disease manifestation, mainly in a European context. Part 2 summarizes the aims 

of the thesis and the contents of the five papers that are presented in Part 3: 

1. Olesen, A.S., Lohse, L., Dalgaard, M.D., Woźniakowski, G., Belsham, G.J., Bøtner, A., 

Rasmussen, T.B., 2018. Complete genome sequence of an African swine fever virus 

(ASFV POL/2015/Podlaskie) determined directly from pig erythrocyte-associated nucleic 

acid. J. Virol. Methods 261, 14-16. doi: 10.1016/j.jviromet.2018.07.015 

2. Olesen, A.S., Lohse, L., Boklund, A., Halasa, T., Gallardo, C., Pejsak, Z., Belsham, G.J., 

Rasmussen, T.B., Bøtner, A., 2017. Transmission of African swine fever virus from 

infected pigs by direct contact and aerosol routes. Vet. Microbiol. 211, 92-102. doi: 

10.1016/j.vetmic.2017.10.004 

3. Olesen, A.S., Lohse, L., Boklund, A., Halasa, T., Belsham, G.J., Rasmussen, T.B., Bøtner, 

A., 2018. Short time window for transmissibility of African swine fever virus from a 
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contaminated environment. Transbound. Emerg. Dis. 65 (4), 1024-1032. doi: 

10.1111/tbed.12837 

4. Olesen, A.S., Lohse, L., Hansen, M.F., Boklund, A., Halasa, T., Belsham, G.J., 

Rasmussen, T.B., Bøtner, A., Bødker, R., 2018. Infection of pigs with African swine fever 

virus via ingestion of stable flies (Stomoxys calcitrans). Transbound. Emerg. Dis. 65 (5), 

1152-1157.  doi: 10.1111/tbed.12918 

5. Olesen, A.S., Hansen, M.F., Rasmussen, T.B., Belsham, G.J., Bødker, R., Bøtner, A., 

2018. Survival and localization of African swine fever virus in stable flies (Stomoxys 

calcitrans) after feeding on viremic blood using a membrane feeder. Vet. Microbiol. 222, 

25-29.  doi: 10.1016/j.vetmic.2018.06.010 

Part 4 provides further discussions, overall conclusions from the presented manuscripts and 

includes suggestions for future research within the area.  
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Objectives and summary 

African swine fever (ASF) is a notifiable haemorrhagic disease of domestic pigs and wild boar. 

The disease is caused by African swine fever virus (ASFV), a large double-stranded DNA 

arbovirus. In 2007, ASF was introduced into Georgia, and from there it spread further into 

Transcaucasia and Russia. In 2014, the disease was notified from EU member states: the Baltic 

States and Poland. In these EU members states ASF has now been reported to be endemic in the 

wild boar population with sporadic outbreaks in domestic pigs. Today, ASF has been detected in 

five additional EU member states: the Czech Republic, Romania, Hungary and Bulgaria in Eastern 

Europe and Belgium in Western Europe. Furthermore, the disease has become widespread within 

Russia and China, and recently ASF was reported from Mongolia and Vietnam. Outbreaks in 

domestic pigs and wild boar cases have huge socio-economic consequences for affected countries. 

Since no vaccine is available for ASF, control relies on early detection and implementation of 

control measures. When recognising an outbreak and choosing the most effective measures against 

the disease, knowledge of disease transmission, clinical signs and pathological outcomes is crucial. 

Such knowledge can be obtained via experimental studies in domestic pigs and wild boar. 

Knowledge of genetic diversity and evolution of the ASFVs currently circulating in Europe, 

Transcaucasia, Russia and Asia can aid in the tracing of outbreaks and link strains with observed 

virulence. This knowledge can be obtained by sequencing of the circulating ASFVs.  

One objective of this Ph. D. project has been to investigate different routes of transmission in pigs 

infected with a currently circulating ASFV, to assess virus shedding and describe clinical signs 

and pathological findings in infected pigs. These objectives were investigated through 

transmission studies in domestic pigs using an ASFV from Poland, ASFV POL/2015/Podlaskie. 

In addition, another aim of the project was to obtain a full-length genome sequence of a currently 
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circulating ASFV. This was achieved by next generation sequencing of ASFV 

POL/2015/Podlaskie.  

Manuscript 1: This manuscript reports the complete genome sequence of ASFV 

POL/2015/Podlaskie. The sequence was determined directly from nucleic acids extracted from an 

erythrocyte-enriched sample of blood. This sample was obtained from a pig experimentally 

infected with the ASFV from Poland. The 189393 bp sequence was 99.95% identical to ASFV 

Georgia 2007/1 showing only 95 nt differences. ASFV POL/2015/Podlaskie is one of the first 

reported full-length ASFV sequences from Eastern Europe.  

Manuscript 2: Manuscript 2 presents findings from animal studies in which transmission and 

clinical and pathological outcomes in infected domestic pigs were investigated. In these studies, 

transmission from pigs intranasally inoculated with ASFV POL/2015/Podlaskie via direct contact 

(to contact pigs within the same pen or in an adjacent pen) and via air was investigated. Inoculated 

pigs and pigs exposed to the virus via direct contact or by air developed an acute disease 

progression with high fever, depression, anorexia and sometimes bleedings. In some pigs, few 

pathomorphological findings were observed and in others findings were consistent with those of a 

hemorrhagic disease. Infectious virus was isolated from the blood of the pigs, and sometimes from 

nasal and rectal swabs. Viral DNA was detected in air samples. The studies show that ASFV 

POL/2015/Podlaskie causes an acute disease in infected pigs and that the virus is transmitted via 

direct contact and air.  

Manuscript 3: Manuscript 3 presents animal studies that investigate transmission to domestic pigs 

from a pen environment contaminated with secretions and excretions from pigs infected with the 

ASFV POL/2015/Podlaskie. Following euthanasia of the pigs in the experiments described in 

manuscript 2, healthy pigs were introduced into the pens in which the ASFV-infected pigs had 
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been housed. The naïve pigs were introduced at 1, 3, 5 or 7 days following euthanasia of the 

infected pigs. Pigs introduced into the contaminated pen environment after 1 day developed 

viremia and clinical signs of the disease. Pigs introduced after three or more days did not become 

infected following housing in the contaminated environment over a period of three weeks. The 

findings show that ASFV can be transmitted via an environment contaminated with the virus, 

however, in our experimental setup, only for a limited time period.  

Manuscript 4: This manuscript presents findings from an experimental study in domestic pigs in 

which transmission of ASFV POL/2015/Podlaskie via stable flies, Stomoxys calcitrans, was 

investigated. Flies were fed on blood with a virus titre realistic for an infected pig. Following 

feeding, the flies were euthanized. Subsequently, pigs were inoculated orally with blood-fed 

homogenized flies or were fed blood-fed intact flies within soft cake. One group of pigs was 

inoculated orally with infectious blood. Within a week after inoculation or feeding, 25–50% of the 

pigs within each group developed viremia and clinical signs of ASF infection. These findings show 

that stable flies can infect pigs with ASFV following oral uptake and indicate that these flies or 

other blood-sucking insects could explain some ASF introductions into pig herds.  

Manuscript 5: This manuscript describes an in vitro experiment in which the potential role of 

stable flies as vectors of ASFV was investigated further. In the experiment, flies were fed ASFV-

spiked blood using a membrane feeder. The flies were euthanized at different time points from 0 

to 72 hours following feeding. Subsequently, different parts of the flies were analyzed for the 

presence of viral DNA and infectious virus. Viral DNA was detected in mouth parts from the flies 

for at least 12 hours, and in head and body parts for up to three days following feeding. Infectious 

virus was detected in fly bodies for up to 12 hours following feeding. These findings indicate that 

stable flies can transmit infectious virus.  
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Formål og sammenfatning (Objectives and summary in Danish) 

Afrikansk svinepest (ASF) er en anmeldepligtig hæmorragisk sygdom som inficerer tamsvin og 

vildsvin. Sygdommen forårsages af Afrikansk svinepestvirus (ASFV), et stort dobbeltstrenget 

DNA arbovirus. ASF blev introduceret til Georgien i 2007, og spredte sig derfra videre igennem 

Transkaukasien og til Rusland. I 2014 blev sygdommen rapporteret fra EU medlemslande: fra de 

Baltiske lande og Polen, hvor den nu er er rapporteret til at være forekommende endemisk i 

vildsvinepopulationen med sporadiske udbrud i tamsvin. I dag er ASF påvist i yderligere fem EU 

medlemslande: Tjekkiet, Rumænien, Ungarn og Bulgarien i Østeuropa, og Belgien i Vesteuropa. 

Endvidere er ASF nu udbredt i Rusland og Kina, og for nyligt blev ASF rapporteret fra Mongoliet 

og Vietnam.  

Udbrud i tamsvin og vildsvin har store socioøkonomiske konsekvenser for afficerede lande. 

Eftersom der ikke findes en vaccine mod ASF, beror sygdomsbekæmpelse på tidlig påvisning og 

implementering of kontrolforanstaltninger. For at kunne opdage et udbrud så hurtigt som muligt 

og for at kunne vælge de mest effektive kontrolforanstaltninger mod ASF, er viden om 

sygdomsspredning, kliniske symptomer og patologiske fund i inficerede grise af afgørende 

betydning. Denne viden kan opnås via eksperimentelle studier i tamsvin og vildsvin. Viden om 

genetisk diversitet og evolution af de ASFV, som for øjeblikket cirkulerer i Europa, 

Transkaukasien, Rusland og Asien kan være en hjælp under smitteeftersporing og kan linke 

stammerne med observeret virulens. Viden som denne kan opnås via sekventering af de 

cirkulerende ASFV stammer. 

Formålet med dette Ph.d. projekt har været at undersøge forskellige smitteveje i tamsvin inficeret 

med et af de for øjeblikket cirkulerende ASFV, at vurdere virusudskillelse samt beskrive kliniske 

symptomer og patologiske fund i de inficerede grise. Dette blev undersøgt gennem 
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transmissionsstudier i tamsvin med et ASFV fra Polen, ASFV POL/2015/Podlaskie. Endvidere var 

formålet med Ph.d. projektet at sekventere et komplet genom fra et af de for øjeblikket cirkulerende 

ASFV. Dette blev opnået gennem Next Generation sekventering af ASFV POL/2015/Podlaskie.  

Manuskript 1: I dette manuskript er det komplette genom af ASFV POL/2015/Podlaskie 

rapporteret. Sekvensen blev bestemt direkte fra nukleinsyre ekstraheret fra en erytrocytberiget 

blodprøve. Blodprøven var udtaget fra en gris, som var eksperimentelt inficeret med det polske 

ASFV. Sekvensen på 189393 bp var 99,95% identisk til ASFV Georgia 2007/1 - med kun 95 nts 

forskelle. ASFV POL/2015/Podlaskie er en af de første rapporterede fuldlængde ASFV sekvenser 

fra Østeuropa. 

Manuskript 2: I manuskript 2 præsenteres dyreforsøg i hvilke smittespredning, kliniske 

symptomer og patologiske fund i inficerede tamsvin blev undersøgt. I forsøgene blev 

smittespredning fra grise podet intranasalt med ASFV POL/2015/Podlaskie til kontaktgrise via 

direkte kontakt (til kontaktgrise i samme sti eller i en opadliggende sti) eller via luft undersøgt. 

Podede grise og grise eksponeret til virus via direkte kontakt eller via luft udviklede et akut 

sygdomsforløb med høj feber, nedstemthed, anoreksi og nogle gange blødninger. Hos nogle grise 

observeredes få patomorfologiske fund og i andre var fundene forenelige med fund ved en 

hæmorragisk sygdom. Infektivt virus blev isoleret fra blod fra grisene og nogle gange fra næse- og 

rektalsvabere. Virus DNA blev detekteret i luftprøver. Studierne viser, at ASFV 

POL/2015/Podlaskie forårsager akut sygdom i inficerede grise, og at virus kan spredes via direkte 

kontakt og via luft.  

Manuskript 3: I manuskript 3 præsenteres dyreforsøg i hvilke smittespredning til tamsvin fra et 

stimiljø kontamineret med ASFV POL/2015/Podlaskie blev undersøgt. Efter aflivning af grise fra 

forsøgene beskrevet i manuskript 2, blev raske grise indsat i stier, i hvilke de ASFV-inficerede 
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grise havde været opstaldet. De naive grise blev introduceret 1, 3, 5 eller 7 dage efter aflivning af 

de inficerede grise. Grise indsat i det kontaminerede stimiljø efter 1 dag udviklede viræmi og 

kliniske symptomer forenelige med sygdommen. Grise indsat efter tre eller flere dage blev ikke 

inficeret efter opstaldning i det kontaminerede miljø over en treugers periode. Fundene viser, at 

ASFV kan spredes via et viruskontamineret miljø, dog kun for en begrænset periode i vores 

eksperimentelle opsætning.  

Manuskript 4: I dette manuskript præsenteres fund fra et eksperimentelt studie i tamsvin, under 

hvilket smittespredning af ASFV POL/2015/Podlaskie via stikfluer, Stomoxys calcitrans, blev 

undersøgt. Fluer blev fodret med blod tilsat ASFV, således at virustiter i blodet var realistisk for 

en inficeret gris. Fluerne blev aflivet efter fodringen. Grise blev efterfølgende podet oralt med 

blodfodrede homogeniserede fluer eller fodret med blodfodrede intakte fluer i romkugledej. En 

gruppe af grise blev podet oralt med infektiøst blod. Inden for en uge efter podning eller fodring, 

udviklede 25-50 % af grisene inden for hver gruppe viræmi og kliniske symptomer forenelige med 

ASF infektion. Fundene viser, at stikfluer kan inficere grise efter oralt indtag og indikerer, at disse 

fluer eller andre blodsugende insekter kan forklare nogle ASF introduktioner til grisebesætninger. 

Manuskript 5: Dette manuskript beskriver et in vitro forsøg, hvori stikfluers potentielle rolle som 

vektorer for ASFV undersøges yderligere. I forsøget blev fluer fodret med blod tilsat ASFV ved 

hjælp af et membranbaseret fodringssystem. Fluerne blev aflivet på forskellige tidspunkter, fra 0 

til 72 timer, efter fodring. Herefter blev, forskellige dele af fluerne analyseret for tilstedeværelsen 

af virus DNA og infektiøst virus. Virus DNA blev påvist i munddele fra fluerne i op til 12 timer, 

og i hoveder og kropsdele i op til tre dage efter fodring. Infektiøst virus blev påvist i kroppe fra 

fluerne i op til 12 timer efter fodring. Fundene indikerer, at stikfluer kan sprede infektiøst virus.  
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Part 1: Introduction 

1.1. African swine fever: A re-emerging threat  

African swine fever (ASF) is a haemorrhagic disease of the family Suidae, including domestic pigs 

and wild boar. The disease is caused by infection with African swine fever virus (ASFV), the only 

member of the genus Asfivirus within the family Asfarviridae (Dixon et al., 2005). ASFV is the 

only known DNA arbovirus, infecting a tick vector of the genus Ornithodoros spp. (Burrage, 2013).   

ASF was first described in Kenya in the 1920s (Montgomery, 1921); it was identified as a disease 

causing high mortality in domestic pigs in East Africa already in the early 1900s (Sánchez-Cordón 

et al., 2018). Since then, ASF has spread in domestic pig populations throughout most sub-Saharan 

African countries (Penrith & Vosloo, 2009) and 33 African countries have been reported to have 

experienced outbreaks of ASF between 1989 and 2017 (Penrith et al., 2019).  

In 1957 and again in 1960, ASF was reported from outside of Africa, as outbreaks were notified 

from Portugal. The second introduction into Portugal in 1960 was not controlled and the disease 

spread further into other European countries, including Spain and to the Island of Sardinia, Italy. 

The Iberian Peninsula was finally declared free of ASF in the mid-1990s, but the disease still 

remains endemic in Sardinia (Costard et al., 2009; Penrith & Vosloo, 2009; Sánchez-Cordón et al., 

2018), where it was introduced in 1978 (Costard et al., 2009).   

Introduction of ASF outside of Africa occurred again in 2007, when the disease was first notified 

from Georgia. An outbreak was reported in the beginning of June but the first clinical signs of the 

infection were observed before May in areas surrounding the port of Poti on the eastern shore of 

the Black Sea. Most likely, the virus was introduced via improper disposal of waste, including 

infected pork, from international ships. ASF spread further within Georgia and was reported from 
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Armenia and the Chechen Republic of Russia in 2007. This was followed by outbreaks in 

Azerbaijan in the beginning of 2008 (Beltrán-Alcrudo et al., 2008). Within the Chechen Republic, 

extensive transmission was observed within the wild boar population resulting in spread of the 

infection into neighboring areas. Outbreaks occurred in backyard farms in the southern parts of 

Russia, and through illegal movement of infected meat ASF was introduced into the central 

European part of Russia (Gogin et al., 2013). In 2012 and 2013, ASF was reported from Ukraine 

and Belarus, respectively (EFSA, 2014). During the following years, the virus spread into EU 

member states, namely the Baltic States and Poland, presumably via infected wild boar from Russia 

and Belarus (EFSA, 2015). In the beginning of 2014, the first wild boar cases were reported from 

areas in Lithuania and Poland bordering with Belarus (EFSA 2015; Śmietanka et al., 2016). In the 

following summer, the first outbreaks were reported in domestic pigs within these countries (EFSA, 

2015), and the first wild boar cases and outbreaks in domestic pigs were reported from Latvia 

(EFSA, 2015; Oļševskis et al., 2016). Finally, in September 2014, the first wild boar cases were 

reported from Estonia (EFSA 2015; Nurmoja et al., 2018) and were followed by outbreaks in the 

domestic pigs in June 2015 (Nurmoja et al., 2018).  Within the Baltic States and Poland, the disease 

has now been reported to have become endemic in the wild boar population with sporadic outbreaks 

in domestic pigs (Chenais et al., 2019). The disease has continued to spread in a west – and 

southwards direction within these countries (EFSA, 2018). In Poland, outbreaks in pig farms near 

Kaliningrad and Warsaw have now been reported (OIE WAHIS Interface, 2019), according to 

Google Maps not more than ~500 kilometers from the German border.   

In 2017 and 2018, ASF also spread into other EU member states; the Czech Republic and Romania 

in 2017 and Hungary, Bulgaria and Belgium in 2018. Within the Czech Republic, the disease has 

apparently been confined to wild boar within an infected zone (EFSA, 2018), and no new cases 
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have been reported since April 2018 (OIE WAHIS Interface, 2019).  In Romania, several outbreaks 

in domestic pigs and a few wild boar cases have been reported since the introduction of the virus 

(see Table 1), which is reported to be opposite to the observed disease patterns in the other affected 

EU member states (EFSA, 2018). However, the number of ASF notifications from wild boar 

seemed to increase during the first months of 2019 (OIE WAHIS Interface, 2019). In Hungary, the 

disease has been detected in wild boar in several regions of the country and, in Bulgaria, one 

outbreak in a small backyard farm has been reported and wild boar cases have been notified near 

the border to Romania (EFSA, 2018; OIE WAHIS Interface, 2019). In Belgium, the first wild boar 

cases were reported in the southeastern part of the country, close to the borders to France and 

Luxembourg (Linden et al., 2019). As of March 2019, more than 500 wild boar cases have been 

reported to the OIE. There are no reports of outbreaks in domestic pigs in Belgium (OIE WAHIS 

Interface, 2019). The long-distance movements of the disease into non-affected regions and 

countries within the EU (e.g. into central Poland, the Czech Republic and Belgium) are most likely 

due to anthropogenic factors (Chenais et al., 2019; EFSA, 2018; Śmietanka et al., 2016), as also 

reported in Russia (Gogin et al., 2013; Oganesyan et al., 2013). 
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Table 1: Reports of outbreaks in domestic pigs (dp) and cases in wild boar (wb) in EU member states 

from 2014 to 2018.  Italy (Sardinia) is excluded and thus only outbreaks and cases caused by ASFV 

genotype II are depicted. The data was retrieved from the Animal Disease Notification System (ADNS) 

(https://ec.europa.eu/food/animals/animal-diseases/not-system_en) 

 2014 2015 2016 2017 2018 

 wb dp wb dp wb dp wb dp wb dp 

Lithuania 45 6 111 13 303 19 1328  30 1443 51 

Latvia 148 32 753 10 865  3 947 8 685 10 

Estonia 41 0 723 18 1052 6 637 3 230 0 

Poland 30 2 53 1 80 20 741 81 2438 109 

Czech Rep.       202 0 28 0 

Romania       0 2 170 1163  

Hungary         138 0 

Bulgaria         5 1 

Belgium         161 0 

 
Outside Europe, there were reports of ASF being detected in March 2017 in far Eastern Russia 

(Siberia) bordering Mongolia. This is over 4000 km away from the outbreaks in European Russia. 

Since then, several outbreaks near the border to China have been reported (Kolbasov et al., 2018). 

Subsequently, the disease was, for the first time, detected in China in the northeastern city of 

Shenyang in the beginning of August 2018 (Wang et al., 2018). However, from mid-June signs of 

the infection were seen on a farm and subsequently sporadic outbreaks in the same area followed 

(Zhou et al., 2018). As of March 2019, 24 Chinese provinces have been affected by the disease 
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(FAO website, 2019), and ASF has been notified from backyard farms in Mongolia and in domestic 

pigs in Vietnam (FAO website, 2019; OIE WAHIS Interface, 2019).  

ASF is notifiable to the World Organization for Animal Health (OIE) (EC, 2002; OIE-Listed 

diseases, 2019). In affected countries, ASF has huge socioeconomic consequences due to culling 

campaigns, movement restrictions on pigs (Sánchez-Cordón et al., 2018) and export losses (Halasa 

et al., 2016a; Halasa et al., 2016b). In Denmark, it is estimated that an outbreak of ASF could result 

in total losses of up to €362 million, mainly due to export losses (Halasa et al., 2016a). In 2014 and 

2015, the value of exports of pork and pork products from the Baltic States and Poland was 

estimated to decrease by 25-50% following the introduction of ASF (USDA Foreign Agricultural 

Service report, 2016). In order to limit the spread of the disease within the EU, measures to prevent 

introductions into new areas and to control the disease in affected regions are laid down within the 

EU legislation (as in EC, 2002). Generally, vaccination is regarded as a valuable tool to control 

viral infections in livestock (Arias et al., 2017). However, a safe, efficient vaccine against ASF 

does not exist today, and approaches using candidate live attenuated vaccines and subunit vaccines 

are being explored (Arias et al., 2017; Revilla et al., 2018; Sánchez-Cordón et al., 2018). Due to 

the lack of a vaccine for ASF, current control strategies rely on early disease detection followed by 

implementation of strict control measures (Arias et al., 2017). In EU member states, minimum 

control measures in the event of an outbreak are stamping out of infected herds, followed by 

cleaning and disinfection of the premises as well as epidemiological investigations with tracing of 

movements of live pigs and pork products. Protection- and surveillance zones must be established 

around an infected herd. Within these zones, enhanced surveillance of herds and restriction of pig 

movements must be implemented in combination with quarantine and biosecurity measures (EC, 

2002). Recently, due to the virus continuing to spread within EU member states, more measures 
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have been described to limit the spread of the virus. These include, among others, regionalization 

measures (EC, 2014a), enhanced biosecurity, awareness-raising campaigns and reduction in wild 

boar densities (EC, 2018). In order to choose the most effective control strategies, epidemiological 

modelling has been used as a tool to compare the effects of different measures against ASF (EFSA, 

2015; EFSA, 2017b; Halasa et al., 2016b; Halasa et al., 2018). Using modelling, intense diagnostic 

testing of dead animals in the control zones laid down within EC (2002) has been predicted as the 

most effective measure to reduce the impact of an ASF outbreak in an industrialized pig population 

free of wild boar contacts (Halasa et al., 2016b).  
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1.2. African swine fever virus genomics and replication 

The ASFV genome is a linear double-stranded DNA molecule of 170-193 kbp. Differences in the 

length of the genome are mainly due to the loss or gain of open reading frames (ORFs) from 

multigene families (MGFs) located near the genome ends. Five different multigene families have 

been identified, MGF 100, 110, 300, 360 and 505/530. Gene members from these families are 

present in multiple copies per genome, with copy numbers varying between different ASFVs. In 

addition, related genes, which encode the early membrane protein, p22, can vary in copy number. 

These five MGFs and the p22 genes constitute approximately 30% of the genome. Smaller length 

variations are the result of short tandem repeats in genes or in intergenic regions. The genome 

includes some 151-167 ORFs, encoding structural proteins and non-structural proteins involved in 

morphogenesis, replication, and evasion of the host defense (Dixon et al., 2013). Recently, 68 

virus-encoded proteins have been identified within the ASFV particle (Alejo et al., 2018).   

Within ASF virions, the viral genome is associated with nucleoproteins and enzymes involved in 

early mRNA transcription and processing (Alejo et al., 2018; Salas and Andrés, 2013). A protein 

core shell, an inner lipid envelope and a capsid with icosahedral structure surround these (Fig. 1). 

In addition, extracellular virions are surrounded by an outer envelope derived from the plasma 

membrane of infected cells (Salas and Andrés, 2013). ASFV has been shown to be resistant to a 

wide range of pH values. Infectious virus has been detected in spleen after ~two-year storage at -

20oC and -70oC, although a decline in infectivity was observed at -20oC (Plowright & Parker, 

1967). The virions can survive heating (Plowright & Parker, 1967; Montgomery, 1921), but heating 

for more than 30 minutes at 60oC inactivates virus infectivity (Plowright & Parker, 1967).  
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Figure 1: ASFV particle. The viral genome surrounded by a protein core shell (matrix shell), an inner lipid 

envelope (inner membrane), a capsid with icosahedral structure and an outer envelope (extracellular 

virions). Obtained from the Swiss Institute for Bioinformatics.  

 

In vivo, ASFV initially infects porcine cells of the mononuclear phagocyte system, mainly 

monocytes and macrophages (Gómez-Villamandos et al., 2013). The process of virus entry into 

the host cell has been controversial (Hernáez et al., 2016; Netherton & Wileman, 2013). Recently, 

evidence for entry into swine macrophages via two alternative mechanisms, via macropinocytosis 

and clathrin-mediated endocytosis, has been presented (Hernáez et al., 2016). After internalization, 

the virions enter through the endocytic pathway from which the virus is released into the cytosol 

(Hernáez et al., 2016; Netherton & Wileman, 2013).  

ASFV replicates in the cytoplasm of cells in viral assembly sites near the nucleus (often referred 

to as viral factories). However, at early stages of the infection viral DNA replication has been 

detected within the nucleus. The role of this early nuclear replication is not known (Dixon et al., 

2013). Transcription of early genes and immediate early genes occurs in the early phase of the 

infection cycle, i.e. before DNA replication is initiated, and transcription of intermediate and late 
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genes in the late phase, i.e. after DNA replication has been initiated (Rodríguez & Salas, 2013). As 

the virus contains genes involved in DNA replication and repair (Dixon et al., 2013), transcription 

and mRNA modification, its genome replication and gene transcription is almost completely 

independent from the host (Rodríguez & Salas, 2013).  

Virus assembly takes place within the viral factories (Brookes et al., 1996; Salas & Andrés, 2013). 

The inner lipid envelope is formed, most likely from endoplasmic reticulum-derived cisternae 

recruited to the factories (Netherton & Wileman, 2013; Salas & Andrés, 2013). Then, the capsid 

and core shell are formed simultaneously on their respective sides of the inner envelope. The 

encapsidation of the viral genome and associated nucleoproteins is not fully understood (Salas & 

Andrés, 2013). The newly formed virions egress from the host cell by budding, thereby acquiring 

the outer envelope of the extracellular virions (Brookes et al., 1996; Salas & Andrés, 2013). In 

tissue samples from ASFV-infected pigs, free virions without outer envelopes have also been 

observed (Gómez-Villamandos et al., 1995a). In vitro, such intracellular forms (cell-associated 

ASFVs) have been shown to be infectious (Andrés et al., 2001; Schloer, 1985).  These virions 

could be the result of an alternative mechanism for viral egress by cell lysis that is observed at late 

stages of the infection (Andrés et al., 2001; Salas & Andrés, 2013).  
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1.3. Infection with African swine fever virus    

Without the involvement of ticks (see below), contact to the mucosa of the oral and upper 

respiratory system represents the usual natural route of infection for ASFV (Blome et al., 2013; 

Howey et al., 2013). After oronasal infection, primary virus replication takes place in mononuclear 

phagocytic cells in the tonsil and regional lymph nodes. Following primary replication, systemic 

spread via lymph and blood occurs to secondary replications sites. Within secondary organs, 

replication primarily takes place in macrophages, but at later stages of the infection, replication 

within other cell types (Gómez-Villamandos et al., 2013), including fibroblasts, smooth muscle 

cells (Gómez-Villamandos et al., 1995a) and endothelial cells has been reported (Gómez-

Villamandos et al., 1995a; Gómez-Villamandos et al., 1995b). Infection of macrophages induces 

secretory activation of these cells with a pro-inflammatory, pro-coagulant and pro-apoptotic 

profile. This leads to characteristic findings during ASFV infection (Blome et al., 2013; Gómez-

Villamandos et al., 2013) including depletion of lymphocytes by apoptosis (Gómez-Villamandos 

et al., 1995a; Oura et al., 1998) and vascular changes with edema and hemorrhages via activation 

of endothelial cells (Gómez-Villamandos et al., 1995b). The procoagulant state of the endothelium 

is described as one of the factors causing an activation of the coagulation system during acute 

ASFV infection (Gómez-Villamandos et al., 1995b; Gómez-Villamandos et al., 2013).  

The clinical and pathological presentation of the infection depends on the virulence of the virus 

strain, dose, route of administration and host factors. Peracute and acute disease progressions with 

high lethality are observed in ASFV infections with highly virulent isolates, while a subacute 

disease progression with less marked clinical signs, and sometimes recovery, can be observed 

during infections with moderately virulent isolates. Isolates with low virulence can cause a chronic 
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form of the disease mainly characterized by unspecific wasting and secondary bacterial infections 

(Sánchez-Vizcaíno et al., 2015). A number of animal studies with ASFVs from Transcaucasia, 

Russia and Eastern Europe have reported a peracute or acute disease progression within infected 

domestic pigs and wild boar. Hence, high lethality and a rapid disease progression with unspecific 

clinical findings such as high fever, depression, reduced feed intake or anorexia are the most 

consistent findings (Gabriel et al., 2011; Gallardo et al., 2017; Guinat et al., 2014; Pietschmann et 

al., 2015) (Fig. 2A and Fig. 2B). Clinical findings also include: increased respiratory frequency or 

dyspnea (Gabriel et al., 2011; Pietschmann et al., 2015), diarrhea (Gabriel et al., 2011; Gallardo et 

al., 2017; Guinat et al., 2014; Pietschmann et al., 2015), hemorrhagic discharge from the nose or 

rectum (Gabriel et al., 2011; Gallardo et al., 2017) (Fig. 2C), vomiting and neurological signs 

(Pietschmann et al., 2015). Skin bleedings are sometimes reported from experimental settings 

(Gallardo et al., 2017) and from the field (Nurmoja et al., 2018), but at other times only hyperemia 

of the skin is observed (Gallardo et al., 2017; Pietschmann et al., 2015) (Fig. 2D). Abortions in 

pregnant sows have been reported from affected farms (EC, 2014b). From field settings in Russia 

and from an early outbreak in Lithuania, a peracute to acute disease progression with unspecific 

clinical findings has been reported (EC, 2014b; Gogin et al., 2013). In contrast, mild clinical signs 

have been reported during outbreaks in Estonia, which were detected at an early stage following 

virus introduction (Nurmoja et al., 2018). From Armenia, a subacute disease picture in domestic 

pigs has been reported (Sargsyan et al., 2018), and clinical signs described as acute, subacute and 

even chronic have recently been reported from one experimental study, in which pigs were infected 

with ASFVs from Southern Estonia (Gallardo et al., 2018).   
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Figure 2: Clinical findings in pigs infected with ASFV POL/2015/Podlaskie. Clinical signs including 

depression (A+B), rectal bleeding (C) and hyperemia of the skin (D). All pigs had high fever. 

 

As also observed clinically, pathological findings are often not very characteristic in field settings 

(Nurmoja et al., 2018) or in experiments. In experimental studies in domestic pigs and wild boar 

using the currently circulating ASFVs, enlarged hemorrhagic lymph nodes is one of the more 

consistent findings (Gabriel et al., 2011; Gallardo et al., 2017; Guinat et al., 2014; Pietschmann et 

al., 2015) (Fig. 3A). Other pathological findings include: an enlarged hemorrhagic spleen, pettecia 

in different organs (Gallardo et al., 2017; Guinat et al., 2014; Pietschmann et al., 2015), edema or 

fluid accumulation (Gabriel et al., 2011; Gallardo et al., 2017; Guinat et al., 2014; Pietschmann et 

al., 2015) (Fig. 3B) and general signs of a coagulation disorder (Pietschmann et al., 2015) (Fig. 3C 

and Fig. 3D).  
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Figure 3: Pathological findings in pigs infected with ASFV POL/2015/Podlaskie.  Enlarged and 

hemorrhagic gastric lymph nodes (A), hydroabdomen (B) and internal (C) and external hemorrhages (D).  

 

From its clinical and pathological presentation, ASF cannot be distinguished from classical swine 

fever (CSF). Furthermore, septicemias can also present in the same manner as these viral infections. 

Therefore, laboratory tests are required to confirm or reject an ASF suspicion. The disease can be 

diagnosed by the detection of the viral genome, e.g. using polymerase chain reaction (PCR), or by 

virus isolation in cell culture. Serological diagnosis can be also performed, e.g. by enzyme-linked 

immunosorbent assay (ELISA) or immunoblotting (OIE Terrestrial Manual, 2012). Most 

commonly, early detection is based on PCR while ELISA is used for surveillance programs in 

affected countries (Sánchez-Vizcaíno et al., 2014). As early as 2-4 days post inoculation with the 

currently circulating ASFVs, viral DNA is readily detected by PCR in blood samples from 

inoculated pigs. If assayed, antibodies against ASFV are seldom detected in these animals (Gabriel 
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et al., 2011; Guinat et al., 2014; Pietschmann et al., 2015).  Hence, when pigs die rapidly following 

an acute disease progression, before antibodies against ASFV can be detected, serology may not 

provide a suitable method for disease surveillance (Guinat et al., 2014). However, in experimental 

studies with ASFVs from Northeastern or Southern Estonia, using ELISA, seroconversion in wild 

boar and domestic pigs from 10 days post inoculation was reported (Gallardo et al., 2018; Nurmoja 

et al., 2017). From the field, antibody positive domestic pigs (Nurmoja et al., 2018; Oļševskis et 

al., 2016) and wild boar have been reported (EFSA, 2017b; Nurmoja et al., 2017; Oļševskis et al., 

2016), but the proportion of dead wild boar that test PCR positive is much higher than the 

proportion that test ELISA antibody positive (EFSA, 2018). 
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1.4. Transmission of African swine fever virus 

Until recently, three overall epidemiological transmission cycles were described for ASF. A 

sylvatic cycle, a tick-pig cycle and a domestic cycle (Costard et al., 2013). However, the 

transmission patterns described within these three cycles do not match the current situation in the 

wild boar population in Europe. Recently, a fourth cycle, the wild-boar habitat cycle, has been 

proposed to describe the observed transmission patterns within wild boar in Eastern Europe 

(Chenais et al., 2018) (Fig. 4).   

The sylvatic cycle (Fig. 4A), observed in East and Southern Africa, involves soft ticks of the genus 

Ornithodoros spp. and wild pig reservoirs, namely warthogs (Phacochoerus spp.) (Costard et al., 

2009; Costard et al., 2013). Warthogs are considered the natural vertebrate host of ASFV and the 

most important vertebrate reservoir for the disease in Africa (Costard et al., 2013). Young warthogs 

become infected in their burrows via bites from infected resident soft ticks and develop a transient 

viremia sufficient to infect new ticks (Costard et al., 2009; Costard et al., 2013). The warthogs 

remain asymptomatically infected for life with an absence of horizontal or vertical transmission 

between warthogs (Costard et al., 2013). Infection directly from warthogs to domestic pigs has not 

been reported, and in Africa, Ornithodoros ticks are the most likely mechanism of transmission 

from the sylvatic cycle to domestic pigs (Costard et al., 2009; Costard et al., 2013). Within the tick-

pig cycle (Fig. 4B), the virus is mainly transmitted between domestic pigs, but the ticks serve as a 

virus reservoir. Hence, they are important in the long-term maintenance of the virus in domestic 

pigs in Africa, and historically on the Iberian Peninsula, where they have been found to infest pig 

pens (Costard et al., 2013). Soft ticks of the genus Ornithodoros spp., namely the O. erraticus 

complex, are present in Southern Europe, the Transcaucasian countries and Russia. These ticks 
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primarily feed in burrows and have not been found to infest wild boar. Hence, they seem to be 

epidemiologically important in traditional pig housing systems (e.g. old shelters) (EFSA, 2010), 

but are not considered to be important in the current scenarios within domestic pig and wild boar 

populations in Eastern and Central Europe (EFSA 2018). Other possible biological vectors within 

Europe, i.e. hard ticks of the species Ixodes ricinus and Dermacentor reticulatus, have been 

reported as non-competent biological vectors of ASFV since no evidence of virus replication was 

detected within these ticks (de Carvalho Ferreira et al., 2014).  

The transmission patterns of ASFV within the domestic (Fig. 4C) and wild boar-habitat cycles (Fig. 

4D) are introduced in the following sections. During the current ASF epidemic, the domestic cycle 

has, in particular, been observed in the backyard sectors in Russia (EFSA, 2015; Gogin et al., 2013), 

while the wild boar-habitat cycle seems to be important in the persistence of the infection in Eastern 

Europe (Chenais et al., 2019). 
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Figure 4: ASFV transmission cycles.  Sylvatic cycle (A), Tick-pig cycle (B), Domestic cycle (C), Wild-

boar-habitat cycle (D). Slightly modified from Chenais et al. (2018).  The epidemiological role of bush pigs 

depicted in (A) is not established.  

 

1.4.1. Transmission of African swine fever within domestic pigs 

The domestic cycle (Fig. 4C) does not involve the natural ASFV reservoirs, warthogs and soft 

ticks. Within this cycle, the virus is transmitted among domestic pigs or from domestic pig 

products, e.g. pork, to domestic pigs (Chenais et al., 2019; Costard et al., 2013). During the current 

European epidemic, human activities are found to be an important factor for ASFV transmission 

within domestic pigs. Illegal movements of pigs or especially pork products and swill feeding pose 

a risk for introduction of the disease into domestic pig herds (EFSA, 2015; EFSA, 2017a), e.g. in 

Poland, most outbreaks in domestic pigs in 2016 were linked to these human-mediated activities 

(EFSA, 2017a).  
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In the majority of outbreaks in Eastern Europe, direct contact has been excluded as a route of 

introduction into the domestic pig sector (EFSA, 2018). The virus is, however, readily transmitted 

via direct contact within experimental settings that could represent within-herd conditions (Guinat 

et al., 2014; see also manuscript 2), and transmission via air over short distances has been 

demonstrated (Wilkinson & Donaldson, 1977, see also manuscript 2). Viral DNA has been detected 

in nasal, oral and rectal swabs obtained from domestic pigs infected with a recent ASFV (ASFV 

Georgia 2007/1) (Guinat et al., 2014). In the same study, infectious virus was sometimes isolated 

from nasal and rectal swabs with titres ranging from 102 to 104 HAD50/mL. In the study by Guinat 

et al., (2014), a high contagiousness was observed. In the field, however, the transmission can be 

slow, and moderately to low contagiousness is reported (Nurmoja et al., 2018; Oļševskis et al., 

2016).  

Swill feeding as a means of transmission between backyard farms is considered a likely route of 

introduction into domestic pig herds in Russia and China (Gogin et al., 2013; Oganesyan et al., 

2013; Wang et al., 2018). In addition, swill feeding as a means of transmission cannot be excluded 

in some outbreaks in Poland (EFSA, 2017a) or in some early outbreaks in Latvia (Oļševskis et al., 

2016). High titres of infectious ASFV (above 106 HAD50/mL) are detected in blood (Gallardo et 

al., 2017; Guinat et al., 2014) and tissues, including muscle and fat, from infected pigs (Mebus et 

al, 1993). Infectious virus has been detected in pork products after 60 days storage at chilled or 

sub-zero temperatures (Sindryakova et al., 2016). In a recent animal study, oral administration of 

dried cured pork products produced from meat obtained from ASFV-infected pigs, was able to 

infect pigs for up to 60 and 83 days into the processing of these meat products. This is beyond the 

processing time of the products, meaning that they can pose a risk for disease transmission (Petrini 
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et al., 2019). In the field, viral DNA has been detected in pork and salted fat in Russia (Gogin et 

al., 2013).  

1.4.2. Transmission of African swine fever within wild boar 

The wild boar-habitat transmission cycle (Fig 4D) can involve direct transmission between wild 

boar and indirect transmission via a contaminated environment (Chenais et al., 2018). Within the 

wild boar population in Eastern Europe, ASF has been spreading slowly, moving westward by 1-2 

km per month (EFSA, 2017a). The establishment of new clusters of wild boar cases in areas far 

distant from previous cases has been attributed to human involvement in the spread of the disease 

(EFSA 2017b; EFSA, 2018).  

In an area with limited human-mediated transmission, variations in wild boar movements and direct 

contact between wild boar groups were not observed to be a major driver of ASF transmission 

within the wild boar population (Podgórski & Śmietanka, 2018). The persistence of the infection 

in wild boar has been suggested to be due to long-term survival of the virus in the environment 

(Chenais et al., 2018; Chenais et al., 2019; Oļševskis et al., 2016). Hence, a habitat with infected 

wild boar carcasses could be an important reservoir for ASFV in Eastern Europe, with persistence 

of the virus favored by a cold and moist climate (Chenais et al., 2018; Chenais et al., 2019). 

Infectious virus has been isolated from tissues obtained from infected wild boar (Nurmoja et al., 

2017; Pietschmann et al., 2015; Zani et al., 2018).  ASFV has been reported to survive putrification 

(Montgomery, 1921), and carcasses of infected wild boar may remain infectious for several weeks 

(EFSA, 2015). Probst et al., (2017) reported that rooting was the most frequent behavior 

surrounding a carcass. Often rooting was observed in the soft soil after decomposition and wild 

boar seemed to avoid direct contact to fresh carcasses. Hence, rather than the carcasses themselves, 
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the soil underneath the carcasses was suggested to be important for contamination of the 

environment (Probst et al., 2017). Following spiking with infectious blood, viable virus has been 

detected in soil for up to seven days (Carlson et al., 2017).  

It has been proposed that animals recovering from ASFV infection should be studied as potential, 

persistently infected, carriers of the virus (Arias et al., 2018). In experimental studies, an acute fatal 

disease progression within the majority of wild boar experimentally infected with Armenian, 

Russian, and Estonian ASFVs has been reported (Gabriel et al., 2011; Nurmoja et al., 2017, 

Pietschmann et al., 2015). In the study by Nurmoja et al., (2017) using an attenuated ASFV from 

Northeastern Estonia, one wild boar survived the infection, and in a study using two ASFVs from 

Southern Estonia, four wild boar survived (Gallardo et al., 2018). No evidence of recovery leading 

to a carrier state was reported from either of these studies and the surviving wild boar cleared 

themselves from infectious virus (Gallardo et al., 2018; Nurmoja et al., 2017). In another study, 

pigs inoculated with a low virulence genotype I ASFV from Portugal transmitted the disease to 

contact pigs (Gallardo et al., 2015). However, in a large carrier trial with sentinels and animals 

recovering from an infection with a moderately virulent genotype I ASFV from the Netherlands, 

no evidence of an infectious carrier state was reported and the survivors were able to fully eliminate 

the infection (Petrov et al., 2018). 

1.4.3. Spillover from wild boar to domestic pigs  

Direct contact to domestic pigs has not been reported to be an important part of ASF transmission 

within the wild boar population in the Baltic States and Poland (EFSA, 2015) and direct contact 

into domestic pig holdings from either infected pigs or wild boar has been excluded in the majority 

of outbreaks (EFSA, 2018; Nurmoja et al., 2018). In Russia, however, spillover between wild boar 
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and domestic pigs in backyard settings via direct contact has been reported (Gogin et al., 2013; 

Oganesyan et al., 2013).  

In Estonia and Latvia, most outbreaks in domestic pigs have been reported in areas where ASFV 

is circulating in the wild boar population (EFSA, 2018; Nurmoja et al, 2018; Oļševskis et al., 2016) 

and outbreaks in domestic pigs are correlated in time with wild boar cases. This indicates a link 

between the risk of introduction into domestic pig herds and the level of contamination of the 

outside environment (EFSA, 2018). Spillover between domestic pig and wild boar populations is 

often attributed to indirect human-mediated transmission (EFSA, 2015; EFSA, 2018; Nurmoja et 

al., 2018). However, seldom can the exact route of entry into domestic pig herds be established 

(EFSA, 2018).  

ASFV can be introduced into pig farms via fomites such as crops, grass, clothing, bedding and 

vehicles contaminated with the virus (EFSA 2018; Nurmoja et al., 2018; Oļševskis et al., 2016). In 

feed ingredients spiked with a splenic homogenate containing ASFV Georgia 2007/1, viable ASFV 

was detected after 30 days of modelled transportation (Dee et al., 2018). Infectious virus has been 

isolated from feed samples spiked with infectious blood after 30 days of storage at cooled 

temperatures, but only for a few (1 or 5) days when the feed samples were stored at room 

temperature. In the same study, viable ASFV was detected in water spiked with infectious blood 

for up to 50 and 60 days at room- or cooled temperatures, respectively (Sindryakova et al., 2016). 

The minimum infectious dose after drinking contaminated water has been reported to be 1 TCID50, 

whereas 104 TCID50 was required to establish infection via ingestion of contaminated feed 

(Niederwerder et al., 2019). 
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The stability of the virus in carcass material that could potentially contaminate fomites such as feed 

is presented in section 1.4.2. Aside from carcass material or blood, secretions or excretions from 

infected wild boar could also possibly contaminate the environment. Viral DNA can be detected in 

fecal swabs (Gabriel et al., 2011; Nurmoja et al., 2017) and oropharyngeal swabs from wild boar 

following infection (Gabriel et al., 2011; Nurmoja et al., 2017; Pietschmann et al., 2015), In a 

recent study, infectious virus was detected in urine and faeces already from the first day of fever in 

domestic pigs inoculated with a Georgian ASFV (Davies et al., 2017). In the same study, viable 

virus was detected in faeces and urine kept at 4oC and 12oC for 5 days. At room temperature, 

infectious virus was detected until day 3 and day 5 in faeces and urine, respectively (Davies et al., 

2017). In an early report, fresh urine and 11 days old faeces induced infection in pigs upon 

inoculation with these materials (Montgomery, 1921).  

In domestic pigs and wild boar, seasonal variation in the number of ASF notifications has been 

observed in Eastern Europe. In domestic pigs, outbreaks are almost exclusively reported during the 

summer period (EFSA, 2017a; EFSA, 2018; Nurmoja et al., 2018; Oļševskis et al., 2016). Such 

variation could be attributed to seasonal farming practices - including harvest, seasonal human 

behavior, wild boar ecology or transmission via vectors (EFSA, 2018). Blood-sucking insect 

vectors, abundant in these regions during the summer period, have been proposed to play a part in 

the transmission from wild boar into domestic pig farms (see manuscripts 4 and 5). Stable flies, 

Stomoxys calcitrans, have been shown to act as mechanical vectors of the virus and virus 

transmission to pigs occurred as a result of bites from these flies (Mellor et al., 1987). The possible 

role for blood-fed insect vectors in the transmission of ASFV to pigs is addressed in manuscripts 4 

and 5.  
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1.5. African swine fever virus molecular epidemiology  

The molecular epidemiology of ASFV has conventionally been investigated using partial 

sequencing of the gene encoding the major capsid protein, p72, (Bastos et al., 2003) resulting in 

differentiation into 24 genotypes (Achenbach et al., 2017; Bastos et al., 2003; Boshoff et al., 2007; 

Lubisi et al., 2005; Quembo et al., 2018). Higher resolution of discrimination between virus strains 

can be obtained using sequencing of the p54-gene, the central variable region (CVR) within the 

B602L gene, (Gallardo et al., 2009), and the p30-gene (Rowlands et al., 2008). Partial sequence 

analysis of the p72-gene placed ASFVs from Georgia within genotype II along with viruses from 

Madagascar, Mozambique and Zambia (Rowlands et al., 2008). Subsequently, using p72- 

sequencing, ASFVs from Russia (Malogolovkin et al., 2012), Siberia (Kolbasov et al., 2018), 

Eastern Europe (Gallardo et al., 2014), Belgium (Garigliany et al., 2019) and China (Ge et al., 

2018; Li et al., 2018) have also been placed within genotype II. When extending p72-sequencing 

with sequencing of additional regions, most of the analyzed sequences from the currently 

circulating ASFVs are 100% identical (Malogolovkin et al., 2012; Rowlands et al., 2008).  

Using partial sequencing of the CVR region and other regions, some variation has, however been 

described for the Eastern European ASFVs. From Estonian wild boar, two different CVR variants 

have been reported, a CVR-1 variant and a CVR-2 variant, the latter with a deletion in the B602L 

gene (Nieto et al., 2016). In the same study, only CVR-1 variants were reported from Latvia, 

Lithuania and Poland. In ASFVs from Poland, minor variations have been detected within the MGF 

505-2R (Frączyk et al., 2016; Śmietanka et al., 2016) and within the EP402R. These genes are 

involved in evasion of the host immune response (Frączyk et al., 2016). Furthermore, amplification 

of the intergenic tandem repeat sequences (TRS) containing region between the 173R and 1329L 

genes has identified ASFVs with and without a TRS insertion, allowing a discrimination into 
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intergenic region (IGR) I variants, without the insertion, and IGR II variants, with the insertion 

(Gallardo et al., 2014). Up until now, both allele variants have been detected in Russia (Goller et 

al., 2015; Kolbasov et al., 2018), China (Bao et al., 2019; Ge et al., 2018; Li et al., 2018) and 

Eastern Europe (Bao et al., 2019; Gallardo et al., 2014). An IGR I variant has been reported from 

Georgia (Gallardo et al., 2014) and an IGR II variant from Western Europe (Garigliany et al., 

2019).  

Serological classification of ASFVs has been proposed as an additional tool to discriminate 

between circulating viruses, as serological diversity is observed within p72 genotypes. Up until 

now, eight different serogroups have been identified, and a Russian genotype II isolate was 

classified within serogroup eight (Malogolovkin et al., 2015a). The eight identified serogroups 

correlate with the phylogenetic groupings found using sequencing of the genes encoding C-type 

lectin and CD2v proteins. These proteins are necessary/sufficient for hemadsorption of ASFV to 

red blood cells (Malogolovkin et al., 2015b). The CD2v protein encoded by the EP402R gene was 

found to have minor variations within ASFVs from Poland (Frączyk et al., 2016) (see above), and 

based on sequence analysis of this gene two different subgroups have been detected within 

genotype I viruses from Sardinia (Sanna et al., 2017). Recently, two Chinese ASFVs have been 

found to belong to CD2v serogroup eight (Ge et al., 2018, Li et al., 2018).  

Even though partial sequencing can be used as a tool to study the transmission of closely related 

ASFVs (Gallardo et al., 2014), complete genome sequences can provide more information about 

the phylogeny. This can include identifying useful additional markers for epidemiological tracing 

(Farlow et al., 2018) and providing a link between genetic changes and observed phenotypes 

(Chapman et al., 2011; Zani et al., 2018). Using full-length genome sequencing, (almost) complete 

genomes from three ASFVs from Georgia 2007/2008 (Chapman et al., 2011; Farlow et al., 2018), 
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a highly virulent ASFV from Poland (see manuscript 1), a deletion mutant from Estonia with an 

attenuated phenotype (Zani et al., 2018) and a Chinese ASFV (Bao et al., 2019), all genotype II, 

have been published. Following comparisons, low levels of variation have been reported (Bao et 

al., 2019; Farlow et al., 2018; Zani et al., 2018). Variations between ASFVs from China, Georgia 

and Eastern Europe have been detected within genes within the MGF 110 and the MGF 360 and 

within genes involved in host cell interactions, replication, transcription and repair or 

morphogenesis (Bao et al., 2019). Between two 2008 Georgian samples, variations within seven 

genes have been reported (Farlow et al., 2018). In the attenuated ASFV from Estonia, deletions 

were detected when the complete genome was compared to the reference genome ASFV Georgia 

2007/1. Deletions included, among others, thirteen genes belonging to the MGF 110, three genes 

belonging to the MGF 360 and the KP177R gene (Zani et al., 2018). Gene members belonging to 

the MGF 110 could be involved in morphogenesis (Dixon et al., 2013; Zani et al., 2018). Members 

of the MGF 360 have been shown to be involved in virus replication (Zani et al., 2018), and this 

gene family seems to have an important role in virulence, virus tropism and suppression of the host 

immune response (Dixon et al., 2013). The KP177R gene encodes a membrane protein, p22, 

located within the inner envelope of the virion (Alejo et al., 2018). 
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Part 2: Thesis outline and aims  

This Ph. D. thesis focuses on different aspects of the ASFVs currently circulating in Europe. These 

aspects were investigated through sequencing and transmission studies in domestic pigs using an 

ASFV from Poland, ASFV POL/2015/Podlaskie.  

The aim of the work conducted on ASFV sequencing was to establish a method for full-length 

genome sequencing of ASFV from clinical material and to obtain the complete genome sequence 

of a currently circulating ASFV.   

The aims of the transmission studies in pigs were to investigate different routes of transmission in 

pigs infected with a currently circulating ASFV and to assess virus shedding, clinical and 

pathological outcomes in the infected pigs. 

During the project, methods for full-length genome sequencing directly from porcine blood and 

partial sequencing for ASFV were established at our laboratory. The work conducted using 

sequencing is presented in manuscript 1 entitled “Complete genome sequence of an African swine 

fever virus (ASFV POL/2015/Podlaskie) determined directly from pig erythrocyte-associated 

nucleic acid”. In this manuscript, a full-length genome ASFV sequence was determined directly 

from an erythrocyte-enriched blood sample and the obtained sequence was aligned and compared 

to a reference genome, ASFV Georgia 2007/1.  

The ASFV POL/2015/Podlaskie was used for inoculation of domestic pigs in animal studies 

performed in high containment stable units (BSL3 animal isolation facilities) at Lindholm. These 

studies are presented in manuscripts 2, 3 and 4. In the last manuscript, manuscript 5, an in vitro 

study linked to the animal study described in manuscript 4 is presented.  
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In manuscript 2 “Transmission of African swine fever virus from infected pigs by direct contact 

and aerosol routes”, transmission from pigs intranasally inoculated with ASFV 

POL/2015/Podlaskie to contact pigs via direct contact (within and between pens) or via air was 

investigated. Data on clinical and pathological presentation and virus shedding, including in air, 

was obtained and is presented in the manuscript.  

In manuscript 3 entitled “Short time window for transmissibility of African swine fever virus from 

a contaminated environment” transmission to contact pigs from a pen environment contaminated 

by pigs infected with POL/2015/Podlaskie was assessed. The naïve pigs were introduced into the 

contaminated pens 1, 3, 5 or 7 days following removal of the ASFV-infected pigs. Also, virus 

shedding from the infected pigs in different environmental contaminators was assessed.  

The possible role of stable flies, Stomoxys calcitrans, as insect vectors of ASFV is reported in 

manuscripts 4 and 5. In manuscript 4 “Infection of pigs with African swine fever virus via 

ingestion of stable flies (Stomoxys calcitrans)” the clinical outcome in pigs inoculated orally with 

infectious blood or stable flies that had fed on blood containing ASFV was investigated. Finally, 

in manuscript 5 entitled “Survival and localization of African swine fever virus in stable flies 

(Stomoxys calcitrans) after feeding on viremic blood using a membrane feeder” an in vitro feeding 

method for stable flies on ASFV-spiked blood and subsequent analysis of the flies is presented. 

Using PCR, different parts of stable flies were tested for the presence of the viral DNA at different 

time points from 0 to 72 hours following feeding on ASFV-spiked blood. The survival of the virus 

within the bodies of the flies was assayed by virus isolation in cell culture.  
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A B S T R A C T

African swine fever (ASF) is an important disease of domestic pigs and wild boar. The disease is caused by
African swine fever virus (ASFV). In 2014, ASFV was introduced into Eastern Europe, and it has since then
continued to spread within various Eastern European countries. Investigating differences in sequences between
ASFV isolates may be a valuable tool to understand differences in virulence among them, however currently, no
complete genome sequences of the viruses responsible for the Eastern European outbreaks have been reported. In
this study, the complete genome sequence of a highly virulent ASFV was determined directly from erythrocyte-
associated nucleic acids obtained from a pig experimentally infected with an isolate from Poland (ASFV POL/
2015/Podlaskie). The sequence (ca. 189 kb) of this recent European ASFV showed 95 nt differences (99.95%
identity) from the ASFV Georgia 2007/1 genome. The complete sequence of ASFV POL/2015/Podlaskie should
assist further studies on the genetic diversity and evolution of the European ASFVs.

African swine fever (ASF) is an important viral disease of domestic
pigs and wild boar (EFSA Panel on Animal Health and Welfare, 2014).
The African swine fever virus (ASFV), the only member of the Asfar-
viridae family, has a large (170–193 kbp) double-stranded DNA genome
(Dixon et al., 2013). In 2007, ASFV was introduced into Georgia, and it
has then spread within the Transcaucasian countries, the Russian Fed-
eration, Belarus and Ukraine (EFSA Panel on Animal Health and
Welfare, 2014). More recently, since 2014, the virus has spread into
various Eastern European countries (EFSA Panel on Animal Health and
Welfare, 2015). Currently, virulence factors of the virus are not fully
defined and filling these knowledge gaps is required for understanding
differences in virulence among ASFV strains (Blome et al., 2013).
Comparison of genome sequences between strains of different virulence
may be a valuable tool to understand such issues. At present, only the
complete genome sequence of the ASFV Georgia 2007/1 isolate is
available (Chapman et al., 2011). No complete genome sequences of
viruses responsible for the Eastern European ASF outbreaks have been
reported. In this study, we describe the complete genome sequence of
the recent Eastern European ASFV POL/2015/Podlaskie (the isolate is
described in Olesen et al. (2017)).

The ASFV POL/2015/Podlaskie sequence was determined using
blood from a domestic pig experimentally infected with this virus iso-
late; this was derived from spleen material collected from an ASFV-
infected wild boar in Podlaskie voivodeship (province) in February
2015 (Olesen et al., 2017). For the experimental infection, virus was
isolated from spleen material by two passages in porcine pulmonary
alveolar macrophages. Following virus inoculation, EDTA-stabilized
blood was obtained from the pig (no. 23) at euthanasia, eight days later,
following an acute rapid disease progression characterized by fever,
incoordination, diarrhea and viremia (Olesen et al., 2017). Within 12 h
of collection of the blood sample, erythrocytes were separated from
mononuclear cells and the plasma fraction of the blood using Lym-
phoPrep™density gradient medium (STEMCELL™ Technologies). Viral
DNA was extracted from the erythrocyte-enriched sample (9.5 log10
virus genome copies/mL sample) on a MagNA Pure 96 system (Olesen
et al., 2017). DNA libraries were generated using the extracted DNA
with the Nextera XT DNA library preparation kit and sequenced on a
MiSeq with Reagent Kit v3 600 bp (Illumina Inc.). The complete ASFV
genome was determined by de novo assembly and iterative mapping
using CLC Genomics Workbench (QIAGEN). PCR products were
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Table 1
Variation detected between ASFV POL/2015/Podlaskie and ASFV Georgia 2007/1.

Type Genome position(*)(**) and modification Annotation (ORF position(*)) Effect on ORF(***) PCR (POL/2015) PCR (Geo/07)

Indel 412_413insA Terminal inverted repeat (1..420) insA insA
Indel 432_433insCC insCC No change
Indel 433_434_insT insT InsT
Indel 440_441insA InsA InsA
Indel 1604_1607delTT MGF_360-1L (852..1934) Frameshift
Indel 1622_1623insT MGF_360-1L (852..1934) Frameshift
Indel 3246_3247insA KP177R (3212..3781) Frameshift
Indel 3861_3862insA
Indel 5670_5671_insA ASFV_G_ACD_00070 (< 5604..5732) Frameshift
Indel 5820_5821insT
Indel 5869_5870insA
Indel 7823_7824insA ASFV_G_ACD_00120 (7795..7920) Frameshift
Indel 7940_7941_insA ASFV_G_ACD_00120 (7795..7920) Frameshift
Indel 8505_8506insA
Indel 10465_10466insA
Indel 13266_13270delCCC MGF_110-14L (13253..13603) Glycine codon deleted(****)
Indel 13665_13666insA ASFV_G_ACD_00240 (13602..13685) Frameshift
Indel 16879_16880insGG
Indel 18736_18737insT
Indel 18830_18831insGG
Indel 19032_19039delGGGGGG ASFV_G_ACD_00350 (18994..19128) Two Glycine codons deleted delGGGGGG No change
Indel 19461_19462insT InsT InsT
Indel 20669_20670insA
Indel 20834_20836delG
Indel 21588_21589insA
Indel 23027_27028insA InsA InsA
SNP A26037G MGF_360-10L (25401..26438) Synonymous mutation G No change
Indel 26455_26456insT InsT InsT
Indel 31678_31679insA InsA InsA
Indel 39024_39025insTT InsTT InsT
Indel 40730_40731insT InsT InsT
Indel 42616_42617insT InsT InsT
Indel 44547_44548insT InsT InsT
Indel 47321_47322insA InsA InsA
Indel 48663_48664insA A151R (48651..49127) Frameshift InsA InsA
Indel 55974_55975insA
SNP T62197A F1055L (59853..62999) Non synonymous mutation (E to V)
Indel 63845_63846insT
Indel 63860_63861insA
Indel 63867_63868insT
Indel 63876_63877insT
SNP G68524A EP1242L (66514..70242) Synonymous mutation
Indel 81525_81526insT C84L (81353..81592) Frameshift
Indel 81619_81620insA
SNP G99635A B34L (99614..100678) Synonymous mutation A No change
Indel 113166_113167insA
Indel 117181_117182insT
Indel 124704_124705insA
Indel 124803_124804insTT CP204L (124770..125375) Frameshift
Indel 133463_133464insA
Indel 138421_138422insT D129L (138420..138809) Synonymous mutation
Indel 143757_143758insA
Indel 152792_152793insA
SNP C155227T
SNP G155895A H240R (155339..156064) Non synonymous mutation (R to H)
Indel 161251_161253delA QP383R (160525..161676) Frameshift (change of 12 contiguous residues)
Indel 161292_161293insA QP383R (160525..161676) Frameshift (return to initial ORF)
SNP C165718T
SNP C165762T
SNP C165780T
SNP C165782T
SNP C166066T E199L (165845..166444) Non synonymous mutation (G to R)
Indel 167763_167764insA
Indel 169454_169455insT
Indel 169462_169463insA
Indel 169741_169742insT I267L (169605..170444) Frameshift
Indel 172017_172018insT
Indel 173565_173566insA
Indel 174954_174955insA ASFV_G_ACD_01760

(174920..175003)
Frameshift (fusion with downstream ORF I177L)

Indel 175632_175633insA
Indel 177493_177494insA MGF_360-16R (176590..177519) Frameshift (fusion with downstream ORF

DP63R)
Indel 179379_179380insA

(continued on next page)
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prepared and sequenced using Sanger and MiSeq methodologies to
confirm parts of the sequence representing ca. 35 kb of the genome. The
PCR products were amplified from DNA extracted from the blood of pig
23, but also from spleen material collected from a pig experimentally
infected with a 2007 Georgian isolate (Nielsen and Uttenthal, 2013).
Finally, the consensus sequence was compared to the ASFV Georgia
2007/1 genome (accession number FR682468 (Chapman et al., 2011))
using CLC Genomics Workbench and Geneious version 10.2.3 (Bio-
matters).

The complete genome sequence of ASFV POL/2015/Podlaskie
(189393 bp, GenBank accession number MH681419) was obtained
from a reference-based alignment consisting of 113246 mapped reads
(0.84% of 13489946 total reads) with an average coverage of 103 reads
per nt using blood from pig 23. In addition, an identical consensus
sequence, with a coverage of 159 reads per nt, was assembled from
253045 mapped reads combined from this pig and ten other pigs in-
fected with the same inoculum (as described in Olesen et al. (2017))
using the same approach.

Comparison to the ASFV Georgia 2007/1 sequence revealed just
95 nt differences (thus 99.95% identity) (Table 1). Of note, were a 3 bp
deletion leading to loss of the terminal glycine codon in the MFG_110-
14 L open reading frame (ORF), and a deletion of a stretch of 6 Gs
within the ORF of the ASFV_G_ACD-00350 gene resulting in the loss of
two glycine codons. The effect on protein functions resulting from these
deletions is unknown. Furthermore, four non-synonymous mutations
were observed at: nt 62197 in the gene F1055L (Glu to Val), nt 155895
in the H240R gene (Arg to His), nt 166066 in the gene E199L (Gly to
Arg), and nt 181965 in the gene I9R (Lys to Glu). Eleven other SNPs
were observed, these were synonymous or situated in non-coding re-
gions, including heterogeneity at nt 189223 (G/A), nt 189226 (A/G)
and nt 189253 (C/G) (Table 1).

The remaining differences were 1–2 nt indels in homopolymeric
regions, predominantly within intergenic regions, but 17 of these indels
were identified within coding regions (Table 1). Some indels (17) were
confirmed by sequencing of PCR products to rule out possible homo-
polymer artefacts. Most of these indels (14 out of 17) were also ob-
served in DNA extracted from the spleen material collected from the pig
experimentally infected with a 2007 Georgian isolate (Nielsen and
Uttenthal, 2013) (Table 1). This indicates that different variants of the
ASFV Georgia 2007/1 sequence exist; these should be investigated

further.
The complete genome sequence of the ASFV POL/2015/Podlaskie

obtained from an experimentally infected pig should assist further
studies on the genetic diversity and the evolution of the European
ASFVs. Importantly, the use of whole-genome sequencing of viruses
directly from blood-derived nucleic acid samples should minimize bias
introduced by steps such as virus isolation and PCR amplification prior
to sequencing.
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Table 1 (continued)

Type Genome position(*)(**) and modification Annotation (ORF position(*)) Effect on ORF(***) PCR (POL/2015) PCR (Geo/07)

SNP A181965G I9R (181698..181988) Non synonymous mutation (K to E) near C-
terminus

Indel 183305_183306insT
Indel 183314_183315insT
Indel 184967_184969delT ASFV_G_ACD_01940

(184949..185080)
Frameshift

Indel 186352_186353insT
Indel 189022_189024delA DP60R (188997..189161) Frameshift delA No change
SNP G189223A Quasispecies G/A G/A
SNP A189226G Quasispecies No change No change
SNP C189253G Quasispecies C/G C/G
Indel 189282_189283insT InsT InsT

(*) The positions of detected variations and open reading frame (ORF) positions are based on the reference genome (ASFV Georgia 2007/1, FR682468).
(**) The position of the indels refer to the position of the last nucleotide within each homopolymer region. Genome positions for indels are given by the flanking nt
positions.
(***) The effect of the frameshifts can increase or decrease the size of the protein or can just alter the amino acid sequence.
(****) Read in right to left direction.
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A B S T R A C T

In 2014, African swine fever virus (ASFV) was introduced into the Baltic states and Poland. Since then, the
disease has continued to spread within these regions, and recently, cases were reported in the Czech Republic
and Romania. Currently, there is an increasing risk of ASFV introduction into Western Europe. Hence, there is an
urgent need to assess current contingency plans. For this purpose, knowledge of modes-of-transmission and
clinical outcome in pigs infected with new European ASFV strains is needed.

In the present study, two experiments were conducted in pigs using an isolate of ASFV from Poland (desig-
nated here POL/2015/Podlaskie/Lindholm). In both studies, pigs were inoculated intranasally with the virus and
contact pigs were exposed to the experimentally infected pigs, either directly (contact within and between pens)
or by air.

Pigs exposed to the virus by intranasal inoculation, by direct contact to infected animals and by aerosol
developed acute disease characterized by viremia, fever and depression. Infectious virus was first detected in
blood obtained from the inoculated pigs and then sequentially among the within-pen, between-pen and air-
contact pigs. ASFV DNA and occasionally infectious virus was found in nasal-, oral-, and rectal swabs obtained
from the pigs, and ASFV DNA was detected in air samples. No anti-ASFV antibodies were detected in sera.

In conclusion, the study shows that the currently circulating strain of ASFV can be efficiently transmitted via
direct contact and by aerosols. Also, the results provide quantitative transmission parameters and knowledge of
infection stages in pigs infected with this ASFV.

1. Introduction

African Swine Fever (ASF) is a severe viral haemorrhagic disease
affecting swine (Mebus, 1988). The disease is caused by African swine
fever virus (ASFV) which is a large, enveloped, DNA virus and the sole
member of the genus Asfivirus within the family Asfarviridae (Dixon
et al., 2005).

In 2007, ASFV was introduced into Georgia and subsequently into
other Transcaucasian countries, the Russian Federation, Ukraine and
Belarus (EFSA Panel on Animal Health and Welfare, 2014). In the be-
ginning of 2014, outbreaks of the disease occurred in the Baltic states
and Poland, within wild boar and domestic pigs (EFSA Panel on Animal
Health and Welfare, 2015). Outbreaks have continued to occur in the
Baltic states and Poland, and more recently, in 2017, ASFV has been

reported in wild boar in the Czech Republic and in domestic pigs in
Romania

(http://www.oie.int/wahis_2/public/wahid.php/
Diseaseinformation/WI).

The continued circulation of the virus in Eastern Europe means that
there is a risk of further spread of ASFV into Western Europe. In
European countries, with a large swine production and substantial ex-
ports of swine products, it is predicted that ASF outbreaks will have
huge economic consequences, especially due to export restrictions
(Halasa et al., 2016a,b). Hence, enforcement of current ASF con-
tingency plans to achieve early detection and eradication of the disease
in these countries is of major importance in order to limit these costs
(Halasa et al., 2016c). Currently, since no vaccine or treatment options
are available to prevent the infection (Zakaryan and Revilla, 2016), the
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disease can only be controlled by administrative and regulatory mea-
sures. The procedures applied in the event of an outbreak are based on
classical disease control strategies (EFSA Panel on Animal Health and
Welfare, 2014; CEC, 2002; Gallardo et al., 2015). These include epi-
demiological investigations, tracing of pigs, stamping out on infected
holdings, surveillance and strict movement control (The European
Commision, 2013). In order to choose the most effective control stra-
tegies, modelling of the epidemiological and economic consequences of
an outbreak can be a valuable tool, and recently such analyses of
within-herd and between-herd ASFV transmission have been reported
(Halasa et al., 2016a,b). However, in order for these models to reflect
the actual conditions that may occur in an outbreak situation, accurate
quantitative parameters concerning the nature of ASFV transmission
from domestic pigs infected with the currently circulating European
ASFV strains are necessary. Also, knowledge of the clinical and pa-
thological aspects of the infection by these strains is important to fa-
cilitate early detection of ASFV by farmers, veterinary practitioners and
the authorities.

In the present study, we have conducted two experiments in pigs
with an ASFV isolate obtained from an infected wild boar in Poland in
February 2015, this virus is designated here as POL/2015/Podlaskie/
Lindholm. Transmission of the virus via direct contact between ex-
perimentally infected pigs and susceptible, within-pen- and between-
pen contact pigs was investigated. In addition, potential aerosol trans-
mission over a short distance, between pigs within separated pens was
analyzed. Previously, transmission studies in pigs using ASFVs from the
Georgian incursion of the disease have investigated direct-contact
transmission (Guinat et al., 2014; Gallardo et al., 2017), but airborne
transmission have only been clearly demonstrated once − using an
African isolate of the virus (Wilkinson and Donaldson, 1977). To our
knowledge, this is the first study to investigate transmission between
pigs via air using a recent European ASFV.

2. Materials and methods

2.1. Animals

Twenty two pigs, eight to nine weeks of age, 18–25 kg, were in-
cluded in each of the two studies. The 44 pigs were obtained from a
conventional Danish swine herd (Landrace × Yorkshire × Duroc hy-
brids) with specific pathogen free (SPF) status. This means freedom
from atrophic rhinitis, enzootic pneumoniae, porcine reproductive and
respiratory syndrome, swine dysentery and most serotypes of
Actinobacillus pleuropneumoniae. On arrival at the research facility, one
week before the start of the experiment, all pigs were found to be
healthy by veterinary inspection. The pigs were fed a commercial diet
for weaned pigs once a day, and water was provided ad libitum. Straw
was used for bedding.

Animal care and maintenance, experimental procedures and eu-
thanasia were conducted in accordance with Danish and EU legislation
on animal experimentation (Consolidation Act 474 15/05/2014 and EU
Directive 2010/63/EU) and with the approval from the Danish Animal
Experimentation Inspectorate (license number 2015-15-0201-00606).

2.2. Challenge virus

Spleen material from a dead wild boar in Podlaskie voivodeship
(province), Poland, collected in February 2015, was obtained via the EU
Reference Laboratory (EURL) for ASF (Valdeolmos, Spain). At the
EURL, the sample (designated as Pol14/WB-17397#13) was found
positive for ASFV by the UPL real-time polymerase chain reaction (PCR)
(Fernández-Pinero et al., 2013) and after one passage in porcine blood
monocytes (PBM) (Carrascosa et al., 2011) showing the characteristic
haemadsorbing pattern (data not shown).

For the experimental infections, virus was isolated from the spleen
material (as described below) in porcine pulmonary alveolar

macrophages (PPAM). These cells were obtained as described by Bøtner
et al. (1994), and resuspended in Eagle’s Minimum Essential Medium
(EMEM) supplemented with streptomycin (Sigma-Aldrich), neomycin
(Sigma-Aldrich) and 5% fetal calf serum (suppl. EMEM) to a final
concentration of 2 × 106 cells/mL.

For isolation of the virus, Nunc™ cell culture flasks (Thermo Fisher
Scientific), containing 10 mL of the cell suspension, were inoculated
with 200 μL of a clarified 10% spleen suspension. After three days in-
cubation at 37 °C, in an atmosphere with 5% CO2, the first passage virus
was harvested by freezing and thawing. For the second passage, 200 μL
of this virus harvest was added to 10 mL fresh PPAM, then incubated
and harvested as described for the first passage.

The titre of the second passage was determined by end-point titra-
tion in PPAM. Following three days incubation (as above), virus in-
fected cells were identified following fixation and staining of the cells
using an immunoperioxidase monolayer assay (IPMA) as described for
the detection of PRRSV (Bøtner et al., 1994). The cells were stained
using ASFV antibody positive swine serum, protein A-conjugated horse-
radish peroxidase (Sigma-Aldrich) and hydrogen peroxide and the in-
fected (red-stained) cells were counted using a light microscope. The
virus titre (as TCID50/mL) was calculated using the method described
by Reed and Muench (1938).

For inoculation of pigs, the second passage virus was diluted in
suppl. EMEM to 4 log10 TCID50 per 2 mL. At the time of inoculation,
back titration of the inoculum was carried out in PPAM to confirm the
administered dose.

2.3. Study design

Upon arrival at the research facility, pigs were randomly allocated
into two separate high containment stable units (BSL3 animal isolation
facilities), termed unit I and unit II (Fig. 1). Inside unit I, the pigs were
divided into the following groups; 1) inoculated pigs, 2) within-pen
contact pigs, 3) between-pen contact pigs, and 4) air-contact pigs. In-
side unit II, pigs were kept in one group as mock-inoculated control
pigs. In study a, 16 pigs (pigs 1–16 in groups 1a-4a) were allocated to
unit I and six pigs (pigs 17–22 in group 5a) to unit II. In study b, 18 pigs
(pigs 23–40 in groups 1b-4b) were allocated to unit I and four pigs (pigs
41–44 in group 5b) to unit II (Fig. 1). Unit I had a room volume of
155 m3 and the air within the room was changed 5–10 times/h. Air was
recirculated, following HEPA filtration, into the room above pens 1 and
2. The air exit was located adjacent to pen 3 (Fig. 1). Unit I had an
average temperature of 20.6 °C (± 0.4 °C) and a relative humidity of
44% (±4%).

Following an acclimatization period of one week, the four pigs in
groups 1a (pigs 1–4) and 1b (pigs 23–26) were inoculated intranasally

Fig. 1. Illustration of the pens and groups in the two studies, a and b. Black dots = i-
noculated pigs in group 1a (pigs 1–4) and 1b (pigs 23–26) in pen 1; white squar-
es = within-pen contact pigs in group 2a (pigs 5–8) and 2b (pigs 27–30) in pen 1; black
rhombus = between-pen contact pigs in group 3a (pigs 9–12) and 3b (pigs 31–34) in pen
2; white dots = air-contact pigs in group 4a (pigs 13–16) in pen 3 and white + grey
dots = air-contact pigs in group 4b (pigs 35–40) in pen 3; black + grey squares = control
pigs in group 5a (pigs 17–22) in pen 5 and black squares = control pigs in group 5b (pigs
41–44) in pen 5.
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(I.N.) with 2 mL virus suspension containing 4 log10 TCID50. The con-
trol pigs in group 5a and group 5b were mock-inoculated I.N. with 2 mL
suppl. EMEM.

The day after inoculation of groups 1a and 1b, i.e. post infection day
(PID) 1, the pigs from group 2a (pigs 5–8) and 2b (pigs 27–30) were
moved from pen 4 into pen 1 to serve as within-pen contacts. From PID
0, group 3a (pigs 9–12) and 3b (pigs 31–34) were housed in pen 2,
adjacent to pen 1, and served as between-pen contacts. These pigs were
allowed nose-contact to the pigs in pen 1 between bars dividing the two
pens. Groups 4a (pigs 13–16) and 4b (pigs 35–40) in pen 3 were se-
parated from pens 1 and 2 by a corridor (ca. 1 m wide). Pigs in pen 3
were not allowed any direct contact to pigs in pens 1 and 2 and thus
served as potential contacts for virus transmission via air. In order to
avoid indirect virus transmission via equipment and/or personnel to
groups 4a and 4b, separate equipment was used for these pigs. Also,
feeding, caretaking and experimental procedures were performed in
these groups before handling the groups in pens 1 and 2.

2.4. Clinical examination and necropsy

Clinical scores, including rectal temperatures, were recorded from
individual pigs on each day. A total clinical score was calculated per
day based on a system slightly modified from that described by
Pietschmann et al. (2015). The total clinical scores were calculated as
the summation of scores given in ten categories (Table 1) allowing a
maximum total clinical score of 42. The presence of clinical signs was
defined as a clinical score above 3. This threshold was chosen based on
the clinical scores obtained in the control groups.

The pigs were euthanized through intravascular injection of
Pentobarbital following deep anesthesia. At necropsy, body condition
and macroscopic findings in skin, organs and body cavities were eval-
uated and described.

2.5. Sampling

2.5.1. Sampling from the pigs
In study a, unstabilized blood, EDTA-stabilized blood (EDTA blood)

and oral-, nasal-, and rectal swabs were collected prior to inoculation
(PID 0) and on PID 1–4, 7, 9 and 11 from group 1a. Groups 2a −5a
were sampled on PID 0, 3–7, 9, 11 and 14. In study b, sampling between
the different groups was modified based on the prior results from study
a. Thus, unstabilized blood, EDTA blood and oral-, nasal-, and rectal
swabs were collected on PID 0, 2–5, 7–9 from group 1b. Groups 2b and
3b were sampled on PID 0, 5–11, 14 and 15, group 4b was sampled on
PID 0, 5, 6, 8–12, 14 and 15, and group 5b was sampled on PID 0, 7 and
14. In addition, in both studies, blood samples were collected from all
pigs and nasal-, oral-, plus rectal swabs were collected from most pigs at
euthanasia.

Swabs were collected in 1 mL 0.85% NaCl (study a) or EMEM
supplemented with streptomycin, neomycin and 2% fetal calf serum
(study b), then frozen at −80 °C until further processing and analysis.
Serum and EDTA blood samples were frozen at −80 °C until analysis.

2.5.2. Air sampling
Air samples were collected on each day from PID 0 to PID 11 in

study a and from PID 0 to PID 18 in study b using a hand-held
AeroCollect (an electrostatic air sampler produced by FORCE
Technology) (Jensen et al., 2005). In study a, each sample was collected
over a period of 5 min, sampling approximately 1 L of air per sample.
Air was sampled 1 m above the pigs in pens 1 and 3. In these same pens,
air samples were collected just above the pen floor. In addition, prior to
inoculation and on PID 2, 5, 8 and 11 air samples were collected from
the corridor between pens 1 and 3 in unit I and from unit II (Fig. 1).
Additionally, samples were collected from approximately 1–2 cm from
the snout of diseased pigs (respiratory air). In study b, one sample was
collected over a period of 5 min while another was collected over a

period of 60 min, sampling approximately 1 L or 12 L of air per sample,
respectively. Air was collected 1 m above the pigs in pens 1, 2 and 3.
Every third day, air samples were collected from the pen housing the
mock-inoculated pigs in unit II. Cartridges from the air samplers were
frozen at −20 °C until further processing.

2.6. Pre-processing of samples

Swab samples were thawed, vortexed for approximately 10 s. and
centrifuged. Cartridges from the air sampler were thawed, and 50 μL
nuclease free water was flushed through each one 3–4 times in order to
elute the collected particles into the fluid which was then stored at
−80 °C until further analysis.

2.7. ASFV DNA detection by quantitative real-time polymerase chain
reaction (qPCR)

DNA was purified from EDTA blood, sera, nasal-, oral-, and rectal
swabs using a MagNA Pure 96 system (Roche) with the DNA/Viral NA
S.V. 2.0 and Viral NA Plasma extern lysis S.V. 3.1 protocol.

Table 1
Clinical signs and corresponding clinical scores used for transmission study for ASF:.

Temperature 0 < 39.0 °C
1 39.0–39.5 °C
2 39.6–40.0 °C
3 40.1–40.5 °C
4 40.6–41.0 °C
5 > 41.0 °C

Alertness and recumbency 0 Alert
1 Depressed/lethargic
2 Only gets up when touched
4 Gets up slowly when touched
6 Remains recumbent when touched

Appetite 0 Normal
1 Reduced
4 Picking at food
6 Does not eat

Body condition 0 Normal, full stomach
1 Empty stomach, sunken flanks
2 Empty stomach, sunken flanks, loss of

muscle mass
3 Emaciated

Skin 0 Normal
1 Minimal area of the skin with observed

bleeding ( < 10% of the body)
2 Moderate area of the skin with observed

bleeding (10–25% of the body)
3 Generalized skin bleeding (> 25% of the

body)

Joints 0 No joint swelling
1 Swelling
4 Severe swelling and lameness

Respiration 0 Normal
1 Mildly labored
2 Labored +/− cough
3 Severely labored

Eyes 0 Normal
1 Small amount of exudate
2 Moderate amount of exudate

Gastrointestinal and urinary
tracts

0 No diarrhea
1 Mild diarrhea for less than 24 h
3 Diarrhea for more than 24 h or vomiting
4 Bloody diarrhea or blood in urine

Neurology 0 No signs
3 Hesitant, unsteady walk, crossing-over of

legs is corrected slowly
4 Pronounced ataxia
6 Paralysis or convulsions
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Extracted DNA and the samples obtained from the air-samplers were
tested for the presence of ASFV DNA by qPCR using the Mx3005P qPCR
system (Agilent Technologies) essentially as described by Tignon et al.
(2011). Absolute quantification was used to determine the number of
genome copies by reference to a standard curve based on a 10-fold
dilution series of the pVP72 plasmid (King et al., 2003). A positive re-
sult in qPCR was determined by identification of the threshold cycle
value (Cq), at which FAM dye emission appeared above background
within 40 cycles. For nasal-, oral-, and rectal swab samples, consistent
detection of Cq values< 35 was interpreted as an indication of virus
excretion. Cq values> 35 and/or intermittent detection was inter-
preted as the presence of viral DNA being obtained from the environ-
ment.

2.8. Virus detection by virus isolation

Infectious ASFV in serum and swab sample filtrates (filtered using
0.45 μmMinisart Syringe filters, Sartorius Stedim Biotech) was detected
by end-point titration in PPAM. Serum was used for virus isolation, as
less background staining was observed in the low dilutions, when using
sera compared to EDTA blood. Hence, the highest sensitivity for de-
tecting infectious virus was obtained using serum.

For the swab samples, amphotericin (0.85 μg/mL) (Sigma-Aldrich)
and benzylpenicillin (1000 UI/mL) (Panpharma) were added to the cell
suspensions. The cells were stained for the presence of virus, as

described above, and the ASFV titres were calculated as TCID50/mL.
Sera and swab samples found negative in the first passage were

passaged once more in PPAM.

2.9. Antibody detection

Sera obtained at euthanasia were tested for the presence of anti-
ASFV antibodies using an Ingezim PPA Compac ELISA (®INGENASA-
INGEZIM PPA COMPAC K3 INGENASA) that detects antibodies directed
against the VP72 protein. The test was performed according to the
manufacturer’s instructions.

2.10. Statistical analyses

The average duration of the time until onset of clinical signs (the
incubation period in the inoculated pigs) was calculated as the average
duration between PID 0 and the appearance of clinical signs (clinical
score above 3). The average duration of time until onset of infectious-
ness (the latent period in the inoculated pigs) was calculated as the
average time between PID 0 and the first detection of virus/viral DNA
in the different sample types. For swab samples, first detection was
defined as the first consistent detection of Cq values< 35.

For all groups, the different time periods were calculated as
mean ± standard deviation. The average duration of each of the dif-
ferent time periods was compared between groups using a one-way

Fig. 2. Clinical scores (panel A) and detection of ASFV DNA in EDTA
blood by qPCR (panel B) obtained from the inoculated pigs from group
1a (pigs 1–4) and group 1b (pigs 23–26) in pen 1. “x” indicates the
presence of ASFV DNA in nasal swabs, “+” indicates the presence of
ASFV DNA in oral swabs and “*” indicates the presence of ASFV DNA
in rectal swabs. Shown in non-boldface indicate viral residues from the
environment, while shown in boldface indicate viral excretion (defi-
nition given in the text).
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analysis of variance (one-way ANOVA) and post-hoc analysis (Tukeýs
test), and between individual groups using an unpaired, two-tailed
Student’s T-test in GraphPad Prism (GraphPad Software).

3. Results

3.1. Virus isolation

ASFV was isolated from the spleen of a wild boar from Poland in
2015 using PPAM. After a second passage the virus titre was 5 log10
TCID50/mL. This virus isolate, as used for the subsequent experiments,
was designated POL/2015/Podlaskie/Lindholm.

3.2. Course of infection

3.2.1. Inoculated pigs
Pigs 1–4 (group 1a) were inoculated intranasally on PID 0 with a

virus suspension that was shown to contain 4.1 log10 TCID50/2 mL.
Following inoculation, pig 4 displayed slight depression and hyperemic
skin on PID 4. Fever (temperature above 40 °C), severe depression,
anorexia and weakness was observed on PID 5, when the pig was eu-
thanized due to severe rectal bleeding. Two other pigs in this group,
pigs 1 and 3, appeared depressed starting from PID 4 and 5, and fever,
reduced food intake developing into anorexia, hyperemic skin and
slight ataxia were observed in these pigs prior to euthanasia on PID 6
(Fig. 2A). One pig in group 1a, pig 2, showed a delayed course of in-
fection with fever starting from PID 9. This pig appeared depressed and
would not eat prior to euthanasia on PID 11.

Pigs 23–26 (group 1b) were inoculated intranasally on PID 0 with a
virus suspension containing 4.6 log10 TCID50/2 mL. Following in-
oculation, fever was observed in pigs 23, 25 and 26 starting from PID 5
and 6. On subsequent days, a further increase in temperature, along
with depression, reduced food intake or anorexia were observed in
these pigs. The pigs were euthanized on PID 6, 7 and 8, respectively
(Fig. 2A). Prior to euthanasia, incoordination and diarrhea were ob-
served in pig 23, and pig 25 had rectal bleeding. The last pig in group
1b, pig 24, had a prolonged time course of infection with fever from PID
8, and on the following days depression and reduced food intake were
observed. Vomiting was observed on PID 11, and later the same day the
pig was found dead.

In the inoculated pigs, clinical signs were accompanied by the de-
tection of viral DNA in EDTA blood and sera (Fig. 2B and Supplemen-
tary data (sera)) together with the detection of infectious virus (vir-
emia) in sera (see Supplementary data (sera)). Nasal-, oral-, and rectal
swabs obtained from most inoculated pigs were positive by qPCR prior
to, or at euthanasia, and the first detection of viral DNA in swabs often
coincided with the first detection of viral DNA in EDTA blood samples
and the appearance of clinical signs (Fig. 2). However, prior to the
detection of samples with levels of viral DNA indicating virus excretion
(Fig. 2B), some oral- and rectal swabs obtained from pigs 2 and 24, in
particular, were found to contain low levels of viral DNA (Fig. 2B) on
several days prior to the presence of clinical signs and viremia. This
was, as previously mentioned, interpreted as being indicative of ASFV
DNA obtained from the environment, rather than due to virus excretion
from these pigs. Infectious virus was isolated from rectal swab samples
containing blood collected at euthanasia from pigs 4, 24 and 25 with
titres ranging from 2.8 to 3 log10 TCID50/mL swab filtrate. Furthermore,
infectious virus was isolated from nasal swabs obtained from pigs 23 to
26 prior to, or at euthanasia, with titres ranging from 1.6 to 4.8 log10
TCID50/mL swab filtrate. No infectious virus was isolated from oral
swabs collected from the inoculated pigs.

3.2.2. Direct contact pigs
In group 2a, pig 7 was euthanized on PID 6 due to general ex-

haustion and watery diarrhea. This pig was not viremic and no viral
DNA was detected in blood samples obtained at euthanasia (Fig. 3B and

Supplementary data (sera)). Fever occurred in the remaining within-
pen contact pigs in group 2a and the between-pen contact pigs in group
3a from between PID 8–10, and in all pigs an increase in rectal tem-
perature was observed until euthanasia on PID 11 or 12 (Fig. 3A and
Fig. 4A). Clinical findings prior to euthanasia included depression,
anorexia, ataxia, inability to stand/or remain standing and hyperemic
skin. Furthermore, pig 6 developed severe nasal bleeding and in pigs 10
and 11 convulsions were observed.

In pigs 27–30 (group 2b) and pigs 31 and 33 (group 3b) fever was
first observed from PID 11 to 13. Clinical findings included depression,
reduced food intake or anorexia and hyperemic skin. These six pigs
were euthanized on PID 12–14 (Fig. 3A and Fig. 4A). At euthanasia,
severe rectal bleeding was observed in pigs 30 and 31. Pig 34, had fever
from PID 15, and on PID 16 severe lameness, most likely due to an
external injury that was not related to the infection, was seen in this
pig, and it was euthanized for animal welfare reasons. Pig 32, which
appeared clinically healthy, but found to be viremic, was euthanized on
the same day, as it was the last pig left in pen 2.

In blood samples obtained from the direct contact pigs, except for
pig 7 (as above), viral DNA and infectious virus could be detected in
EDTA blood and sera, respectively, collected prior to, or following,
euthanasia (Fig. 3B, Fig. 4B and Supplementary data (sera)). Nasal-,
oral-, and rectal swabs were positive by qPCR prior to euthanasia, and
in many of the pigs, viral DNA could be detected in swabs prior to the
detection of viral DNA in blood samples and prior to the appearance of
clinical signs (Figs. 3 and 4). Prior to the detection of clinical signs and
viral DNA in blood, viral DNA in the different swab samples was often
detected intermittently and levels were low (Fig. 3B and Fig. 4B). In-
fectious virus was isolated from rectal swab samples collected post
euthanasia from pigs 27, 28, 30 and 31 (samples from pigs 30 and 31
contained visible blood). Virus titres ranged from 1.6 to 3.8 log10 T-
CID50/mL swab filtrate and were highest, when blood was present.
From nasal swabs, obtained at euthanasia from pigs 6 (blood present),
8, 28–31 and 33, infectious virus was detected with titres ranging from
1.8 to 2.8 log10 TCID50/mL swab filtrate. No infectious virus was iso-
lated from oral swabs collected from the direct contact pigs.

3.2.3. Air-contact pigs
Among the air-contact pigs in group 4a, fever and depression were

observed from PID 11 and PID 12 in pigs 13–15. Other clinical signs
were similar to those observed in the direct-contact pigs in groups 2a
and 3a but were delayed by 3–5 days. A sudden drop in rectal tem-
perature was measured in pig 14 prior to euthanasia at PID 12. In pig
13, facial convulsions (lasting approximately 30 s in total) were ob-
served in the morning on PID 13. No convulsions were observed in the
afternoon or evening the same day. The pig was found dead in the pen
on PID 14, when the two remaining animals, pig 15 and pig 16, were
euthanized (Fig. 5A). At euthanasia, pig 15 had developed mild rectal
bleeding. Pig 16 did not show significant clinical signs besides mild
diarrhea and a slight increase in body temperature prior to euthanasia.
Pig 16 was euthanized despite the lack of clinical signs, as it was the last
pig left in stable unit I.

In group 4b, fever and reduced feed intake was observed in pigs 36
and 37 on PID 14. Rectal bleeding occurred in pig 37 on PID 15, when it
was euthanized. On PID 16, pig 36 was found in a recumbent position,
and a drop in body temperature was measured prior to euthanasia of
this pig. The four remaining pigs in group 4bwere euthanized on PID 17
or 18 due to the termination of the experiment. One remaining pig in
group 4b, pig 35, had a fever and was slightly depressed at euthanasia
on PID 17. Pigs 38–40 were clinically healthy, when they were eu-
thanized on PID 17 and 18, respectively (Fig. 5A).

The clinical findings in the air-contact pigs were accompanied by
the detection of viral DNA and infectious virus in blood samples ob-
tained from these pigs (Fig. 5B and Supplementary data (sera)). Despite
the lack of clinical signs in pigs 39 and 40, viral DNA and infectious
virus were detected in EDTA blood and sera, respectively, obtained
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from these pigs at euthanasia, while no viral DNA or infectious virus
was detected in blood samples obtained from pigs 16 and 38.

In the air-contact pigs, nasal-, oral-, and rectal swabs obtained from
most pigs were positive by qPCR prior to euthanasia, and in some pigs
low levels of viral DNA could be detected, sometimes intermittently, in
swab samples for some days prior to the detection of viral DNA in blood
samples and/or the presence of clinical signs (Fig. 5). Infectious virus
was isolated from blood-containing rectal swab samples collected fol-
lowing euthanasia from pigs 15 and 37. The sample obtained from pig
15 had a titre of 3.0 log10 TCID50/mL swab filtrate. The sample ob-
tained from pig 37 was only found positive for infectious virus fol-
lowing two passages in cell culture, i.e. only a very low level of virus
was present. Infectious virus was obtained from the nasal swabs col-
lected post euthanasia from pigs 13 and 39 and had titres ranging from
1.6 to 3.8 log10 TCID50/mL swab filtrate. On three subsequent days,
prior to euthanasia, infectious virus was isolated from nasal swabs
collected from pig 36 with virus titres ranging from 1.8 to 3.6 log10
TCID50/mL filtrate. No infectious virus was isolated from oral swabs
collected from the air-contact pigs.

3.2.4. Control pigs
No clinical signs of infection were observed, and no ASFV DNA was

detected in blood samples or in nasal-, oral- or rectal swabs obtained
from the control pigs throughout the course of these studies.

3.3. Transmission parameters

The average time until onset of clinical signs (CS above 3) and the
average time until onset of infectiousness for the eight groups of pigs
are shown in Table 2 (study a) and Table 3(study b). On average, the
inoculated pigs in group 1a and 1b started showing clinical signs on PID
6 ± 2.7 and on PID 6.3 ± 1.3, respectively. These pigs were followed
sequentially by the pigs in groups 2a, 3a and 4a on PID 8.3 ± 1.5,
10.0 ± 0.8 and 12.8 ± 1.0 and the pigs in groups 2b, 3b and 4b on
PID 12.3 ± 1.0, 13.3 ± 1.5 and 15.0 ± 1.7, respectively. The time
until onset of clinical signs was not significantly different (P > 0.05)
from the time until detection of infectious virus or viral DNA in sera,
respectively. EDTA blood samples were usually positive by qPCR at
least one day prior to the corresponding sera, and the serum levels of
viral DNA were consistently lower compared to those seen in EDTA
blood (Fig. 2B – Fig. 5B and Supplementary data (sera)).

3.4. Pathological findings

At postmortem examination, enlarged, haemorrhagic and oedema-
tous lymph nodes were observed, especially, among the gastric and
mediastinal lymph nodes. In some pigs, such lesions were observed in
most of the intrinsic lymph nodes. Other lesions included dark-col-
ouring and oedema of the tonsils, sometimes accompanied by pustules
or haemorrhages, haemorrhagic splenomegali, few petechial bleedings
in the renal cortex, ecchymoses in the bladder wall (in one pig) and
bleeding from the most caudal part of the colonic mucosa.
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Fig. 3. Clinical scores (panel A) and detection of ASFV DNA in EDTA
blood by qPCR (panel B) obtained from the within-pen contact pigs from
group 2a (pigs 5–8) and group 2b (pigs 27–30) in pen 1. “x” indicates the
presence of ASFV DNA in nasal swabs, “+” indicates the presence of ASFV
DNA in oral swabs and “*” indicates the presence of ASFV DNA in rectal
swabs. Shown in non-boldface indicate viral residues from the environ-
ment, while shown in boldface indicate viral excretion (definition given in
the text). NB: Data was only obtained from pig 7 until PID 6, where it was
euthanized due to a concurrent gastrointestinal infection.
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Hydroabdomen and hydropericardium with straw to cognac coloured
fluid was observed in some pigs. Sometimes, continued bleeding oc-
curred during necropsy, and occasionally large amounts of blood were
found in the abdominal cavity. In other pigs, few pathomorphological
changes were observed.

3.5. Anti-ASFV antibody detection

No anti-ASFV (VP72) antibodies were detected by ELISA in serum
samples obtained at euthanasia from any of the pigs (data not shown).

3.6. Virus detection in the air samples

In study a, ASFV DNA was detected in daily collected air samples
collected, from PID 5 until PID 11 in pen 1, and from PID 7 and PID 8 in
pen 3 (Fig. 6A). No viral DNA was detected in the air samples collected
in the corridor between the pens. In study b, ASFV DNA was detected in
the air on PID 8, PID 10, PID 13 and PID 14 in pen 1. Viral DNA was
detected in samples collected in pen 2 on PID 13, PID 14, PID 16 and
PID 17, and in samples collected in pen 3 on PID 10 and each day from
PID 14 until PID 18 (Fig. 6B). Detection of viral DNA in air samples and
viral loads in these samples are shown along with the clinical scores in
the different groups in Fig. 6.

4. Discussion

In these studies, acute disease and viremia occurred in pigs exposed

to a recent strain of ASFV from Poland (POL/2015/Podlaskie/
Lindholm) via intranasal inoculation, via direct contact within- and
between pens, and through the air. Clinical findings and pathological
outcomes were in accordance with earlier infection studies described
using ASFVs circulating in the Transcaucasian and Eastern European
regions (Guinat et al., 2014; Pietschmann et al., 2015; Gallardo et al.,
2017). Furthermore, the clinical results are in accordance with ob-
servations from field outbreaks in affected areas (EFSA Panel on Animal
Health and Welfare, 2014; Gogin et al., 2013).

Within all groups, some pigs succumbed to the infection earlier than
others. Hence, some pigs survived for several days with fever and de-
pression, while others died or reached the pre-determined humane end
points more quickly. A delayed course of infection in some inoculated
pigs has been reported previously in infection studies with Caucasian
and European ASFV isolates (Guinat et al., 2014; Gallardo et al., 2017).
In our studies, pig 2 (study a) showed a course of infection similar to
that observed in the within-pen contact pigs. This could suggest, that
this pig was not infected by the inoculation, but might have been in-
fected via direct-contact to the other inoculated pigs. In study b, pig 24
became infected prior to the within-pen contact pigs. This suggests, that
pig 24 was successfully infected at inoculation, but had a prolonged
time course of infection. Variation in the course of infection within the
different pig groups could be due to differences in the individual pig
susceptibility to the virus infection, and studies aimed at investigating
individual susceptibility and immune responses to the virus infection in
pigs of different gender, age, etc. could be warranted. Furthermore,
differences in disease progression may be due to different transmission
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Fig. 4. Clinical scores (panel A) and detection of ASFV DNA in EDTA
blood by qPCR (panel B) obtained from the between-pen contact pigs from
group 3a (pigs 9–12) and group 3b (pigs 31–34) in pen 2. “x” indicates the
presence of ASFV DNA in nasal swabs, “+” indicates the presence of ASFV
DNA in oral swabs and “*” indicates the presence of ASFV DNA in rectal
swabs. Shown in non-boldface indicate viral residues from the environ-
ment, while shown in boldface indicate viral excretion (definition given in
the text).
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efficiencies within the different contact groups, as previously described
(Guinat et al., 2014).

In our studies, the incubation periods observed following intranasal
inoculation were 6 ± 2.7 days (study a) and 6.3 ± 1.3 days (study b),
and are in accordance with incubation periods reported previously for
ASFV following oro-intranasal inoculation (Mebus, 1988). In earlier
studies using ASFVs from Georgia and Lithuania, an incubation period
of 4–5 days was reported following intramuscular injection (Guinat
et al., 2014; Gallardo et al., 2017). This difference may be explained by
different routes of inoculation, or by the inclusion of the two inoculated
pigs showing a delayed course of infection in the present study. Without
the inclusion of these two pigs, incubation periods were 4.7 ± 0.6 days
(study a) and 5.7 ± 0.6 days (study b).

The time until detection of clinical signs in the direct-contact pigs in
groups 2a and 3a, corresponds well to that reported by Guinat et al.
(2014), in which within-pen contact pigs started showing clinical signs
at approximately 10 days post inoculation of the pigs in group 1a. In
groups 2a and 3a, clinical signs were observed 3–5 days following ex-
posure to infectious blood excreted from one inoculated pig (pig 4) with
severe rectal bleeding on PID 5. This suggests, that oronasal exposure to
high amounts of virus excreted from this pig could be the cause of in-
fection in these groups. Supporting this, viral DNA was detected in-
termittently in oral and nasal swabs from pigs in these groups on, or
after, PID 5, most likely initially caused by virus obtained from the
environment. However, virus shedding due to primary replication in
the tonsil and retropharyngeal lymph nodes prior to the onset of vir-
emia cannot be ruled out, as discussed by Pietschmann et al. (2015). In
prior ASFV infection studies, direct contact to bloody discharges from

infected pigs has also been linked to transmission (Gabriel et al., 2011;
Pietschmann et al., 2015), and results from this study are consistent
with the view that blood is a very potent source of infection, as virus
titres in blood sampled collected late in the course of infection were
often higher than those observed in nasal and rectal swabs. Also, based
on our findings, it seems as if the excretion of infectious virus via nasal-
oral- and rectal swabs is often intermittently or absent (e.g. in oral
swabs), and does not contribute to a high level of infectious virus in the
environment. It should, however, be kept in mind that several factors
including low amount of virus in some swab samples and pre-processing
(filtration) could effect the detection of low levels of infectious virus by
virus isolation.

The direct-contact pigs in study b, groups 2b and 3b, started showing
clinical signs 3–4 days later than the direct-contact pigs in study a,
between 6 and 10 days following the first detection of clinical signs in
inoculated pigs in group 1b on PID 5. Starting from PID 5 and PID 7, low
levels of ASFV DNA were detected, sometimes intermittently, in nasal-,
oral- and rectal swabs obtained from groups 2b and 3b, respectively,
indicating that, as in study a, the virus excreted from diseased in-
oculated pigs could be transmitted to these pigs from PID 5. In study b,
large amounts of infectious blood were not excreted to the environment
from the inoculated pigs. Therefore, it seems as if the course of infection
in direct-contact pigs in this study could be more prolonged due to this
lack of a very potent source of infection i.e. infectious blood. Instead,
transmission must have relied on secretions or excretions from the in-
oculated pigs.

In air samples collected during study a, the detection of ASFV DNA
from PID 5 in pen 1 is coincident with the excretion of large amounts of

Fig. 5. Clinical scores (panel A) and detection of ASFV DNA in EDTA blood
by qPCR (panel B) obtained from the air-contact pigs from group 4a (pigs
13–16) and group 4b (pigs 35–40) in pen 3. “x” indicates the presence of
ASFV DNA in nasal swabs, “+” indicates the presence of ASFV DNA in oral
swabs and “*” indicates the presence of ASFV DNA in rectal swabs. Shown
in non-boldface indicate viral residues from the environment, while shown
in boldface indicate viral excretion (definition given in the text).
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blood from pig 4 and the presence of clinical signs in most of the in-
oculated pigs. In group 4a, low levels of viral DNA were detected in
nasal swabs obtained from some air-contact pigs at PID 6, and the
following day viral DNA was detected in the air samples from pen 3.
Disease was, however, not apparent in these pigs until 5–6 days fol-
lowing this detection. These findings suggest, that infectious virus was
transmitted by aerosol from the pigs in pen 1 at around PID 6–7 and
resulted in clinical disease in the pigs in group 4a some 5–7 days later.
In study b, viral DNA could not be detected in air samples from pen 1
prior to PID 8, indicating, that large amounts of virus were not excreted
from the pigs in group 1b. The later detection of viral DNA in air
samples from pens 1–3 corresponds well to the course of infection in
groups 2b, 3b and 4b, respectively. However, the detection of viral DNA
on PID 10 in air samples from pen 3, approximately 5 days before de-
tection of clinical signs in air-contact pigs in this pen, indicates that
virus was transmitted via the air to these pigs. Furthermore, the as-
sumption of aerosol transmission over short distances was supported by
the finding of similar levels of viral DNA in samples from above the pen
floor and from 1 m above the pigs in study a. In this study, we did not
measure infectious virus in air, but previously it has been shown that
infectious virus can be excreted to the air from pigs during acute ASFV
infection (de Carvalho Ferreira et al., 2013). These findings along with
the successful infection of pigs via air in our studies and in a study by
Wilkinson and Donaldson (1977) confirm that infectious virus shed
from diseased pigs can be transmitted via air over short distances.
Taken together, these findings show, that transmission via air could be
an important mode of ASFV transmission within farms.

Within all groups, the apparent latency period/time until onset of
infectiousness in EDTA blood was shorter when compared to the cor-
responding serum samples. The earlier detection in EDTA blood com-
pared to serum is presumably due to an association between the virus
and the cellular fraction of the blood, especially strong evidence for an

erythrocyte-ASFV association has been shown (Wardley and Wilkinson,
1977). This implicates that the qPCR assay has a higher sensitivity to-
wards whole blood, in which viral DNA loads are higher.

These studies emphasize the highly contagious nature of an ASFV
isolate from Poland in experimental settings. However, more moderate
contagiosity and less rapid transmission have been shown in other ex-
perimental studies (Pietschmann et al., 2015) and under field condi-
tions in some European regions (Oļševskis et al., 2016; Woźniakowski
et al.,2016). Higher contagiosity and rapid transmission may be due to
differences in inoculation dose, excretion patterns etc. In our studies,
the same inoculation dose was used in both experiments, but trans-
mission to contact pigs was more rapid in study a, presumably caused
by differences in excretion patterns (e.g. severe rectal bleeding) in
group 1a compared to group 1b. Hence, the course of infection in in-
dividual pigs, which can be affected by several factors, can determine
the speed of the transmission under both experimental and field con-
ditions.

In conclusion, these studies show, that the ASFV strain (POL/2015/
Podlaskie/Lindholm) obtained from a wild boar case occurring in 2015
can be efficiently transmitted to naïve pigs via direct contact and
through air. Also, the results provide quantitative transmission para-
meters and knowledge of infection stages in pigs infected with this
strain of ASFV. The estimated transmission parameters obtained from
this study should, however, be considered carefully, as several factors of
the study design, including sampling intervals and euthanasia of the
pigs, can affect the estimation of some transmission parameters. Hence,
a shorter sampling interval in the beginning of the study period com-
pared to the end of the study makes estimates more precise for the time
until infectiousness for group 1a compared to estimates for group 4a.
Also, in the calculations of the time until onset of infectiousness in the
pigs, virus excretion was only considered positive, when Cq values were

Table 2
Results of transmission study for ASF, study a: Estimates for the average duration of the
incubation period and the latent period for inoculated pigs, and for time until onset of
clinical signs (clinical score (CS) above 3 is considered above threshold) and time until
onset of infectiousness for contact pig groups.

Inoculated pigs
(1a)

Within-pen
contact pigs
(2a)

Between-pen
contact pigs (3a)

Air-contact pigs
(4a)

Incubation
period (days)

Time until onset of clinical signs (days) §

n = 4 n= 4 n = 4 n= 4
CS>3 6.0 ± 2.7 8.3 ± 1.5 10.0 ± 0.8 12.8 ± 1.0

Samples Latent period
(days) ξ

Time until onset of infectiousness (days) §

Sera + 5.5 ± 2.7 9.0 ± 0.0a 9.5 ± 1.0 12.0 ± 1.7a

Sera # 5.5 ± 2.7 9.0 ± 0.0a 9.5 ± 1.0 12.0 ± 1.7a

EDTA # 4.5 ± 3.1 7.7 ± 1.2a 8.5 ± 1.0 9.7 ± 1.2a

Nasal swab
#

5.3 ± 2.5 8.3 ± 1.5 11.0 ± 0.0 11.8 ± 1.5

Oral swab # 7.3 ± 3.2b 9.8 ± 2.5 11c 12.0 ± 1.7c

Rectal swab
#

7.0 ± 3.6d 8.3 ± 1.2d 10.5 ± 1.0 12.0 ± 1.7d

ξ Average number of days post inoculation (± standard deviation), § average number of
days post exposure (± standard deviation), # results by qPCR, + results by virus iso-
lation.

a Pigs 7 (group 2a) and 16 (group 4a) did not become viremic, and these pigs are not
included in the calculations.

b Viral DNA was not detected in oral swabs obtained from pig 1 (group 1a), and the pig
is not included in the calculation.

c Cq values below 35 were not consistently detected in oral swabs from pigs 10, 11, 12
(group 3a) and 14 (group 4a), and these pigs are not included in the calculations. A
standard deviation cannot be calculated for group 3a.

d Viral DNA was not detected in rectal swabs from pigs 1 (group 1a), 7 (group 2a) and
16 (group 4a), and these pigs are not included in the calculations.

Table 3
Results of transmission study for ASF, study b: Estimates for the average duration of the
incubation period and the latent period for inoculated pigs, and for time until onset of
clinical signs (clinical score (CS) above 3 is considered above threshold) and time until
onset of infectiousness for contact pig groups.

Inoculated pigs
(1b)

Within-pen
contact pigs
(2b)

Between-pen
contact pigs (3b)

Air-contact pigs
(4b)

Incubation
period (days)

Time until onset of clinical signs (days) §

n = 4 n = 4 n = 4 n = 6
CS>3 6.3 ± 1.3 12.3 ± 1.0 13.3 ± 1.5a 15.0 ± 1.7a

Samples Latent period
(days) ξ

Time until onset of infectiousness (days) §

Sera + 4.8 ± 1.5 12.0 ± 2.3 13.8 ± 2.1 15.4 ± 2.6b

Sera # 5.3 ± 1.9 12.0 ± 2.3 13.8 ± 2.1 15.4 ± 2.6b

EDTA # 4.5 ± 1.7 10.3 ± 1.0 12.8 ± 2.8 14.8 ± 3.0b

Nasal swab
#

5.3± 1.3 12.5 ± 1.3 13.3 ± 2.1c 15.0 ± 1.7c

Oral swab # 6.7 ± 1.5d 13.3 ± 1.0 15.0 ± 1.2 14.7 ± 0.6d

Rectal swab
#

5.8 ± 1.5 10.3 ± 0.5 14.8 ± 1.0 14.3 ± 0.6e

ξ Average number of days post inoculation (± standard deviation), § average number of
days post exposure (± standard deviation), # results by qPCR, + results by virus iso-
lation.

a Pigs 32 (group 3b), 38, 39 and 40 (group 4b) did not reach a clinical score above 3,
and these pigs are not included in the calculation.

b Pig 38 (group 4b) did not become viremic and this pig is not included in the calcu-
lation.

c Cq values below 35 were not consistently detected in nasal swabs from pigs 32 (group
3b), 38, 39 and 40 (group 4b) and these pigs are not included in the calculations.

d Cq values below 35 were not consistently detected in oral swabs from pigs 26 (group
1b), 38, 39 and 40 (group 4b) and these pigs are not included in the calculations.

e Cq values below 35 were not consistently detected in rectal swabs from pigs 38, 39
and 40 (group 4b) and these pigs were not included in the calculation.
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consistently< 35, while Cq values> 35 or intermittent detection of
viral DNA in swabs were regarded as a sign of viral residues being
obtained from the environment. This definition is used as it was found
that intermittent detection and/or the detection of low levels of viral
DNA in the swab samples has corresponded well to the times at which
other pigs, in the same stable, were excreting large amounts of virus.
Also, using this definition, it was found that virus excretion often co-
incided with the presence of clinical signs and viremia, supporting the
approach used. However, in some cases, low levels of viral DNA in
swabs might indicate early virus excretion (e.g. early measurements in
the inoculated pigs). Conversely, results indicating low level virus ex-
cretion from non-infected pigs (e.g. pigs 7 and 16) may be due to larger
amounts of viral residues being obtained from the environment.

In order to propose and implement the most cost-effective control
strategies, it is planned, that the data obtained in these studies on in-
fection dynamics in pigs infected with the currently circulating ASFV
will be incorporated into previously described models for ASFV spread
within- and between-herds (Halasa et al., 2016a,b).
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Fig. 6. Air sampling results from studies a (panel A) and b (panel B) shown
with the clinical scores in the different groups. In both panels, results presented
in blue have been obtained from pigs (dotted lines) and air samplers (symbols)
in pen 1. Results presented in green have been obtained from pigs and air
samplers in pen 2. Results presented in red have been obtained from pigs and
air samplers in pen 3. In study a, air was sampled 1 meter above the pigs (1 m),
just above the pen floor (floor) and 1–2 cm from the snout of diseased pigs
(respiratory) over a period of 5 min. In study b, air was sampled 1 m above the
pigs for 5 min and 1 h (5 min and 60 min), respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Supplementary I: Detection of infectious ASFV by virus isolation in cell culture (panel A) and detection of 
ASFV DNA by qPCR (panel B) in sera obtained from the inoculated pigs from group 1a (pigs 1-4) and group 
1b (pigs 23-26) in pen 1. In panel A, the two points in yellow (pig 23 PID 4 and pig 24 PID 7) indicate that the 
samples were found to contain infectious virus after two passages in cell culture.  
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Supplementary II: Detection of infectious ASFV by virus isolation in cell culture (panel A) and detection of 
ASFV DNA by qPCR (panel B) in sera obtained from the within-pen contact pigs from group 2a (pigs 5-8) 
and group 2b (pigs 27-30) in pen 1.  
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Supplementary III: Detection of infectious ASFV by virus isolation in cell culture (panel A) and detection of 
ASFV DNA by qPCR (panel B) in sera obtained from the between-pen contact pigs from group 3a (pigs 9-12) 
and group 3b (pigs 31-34) in pen 2.   
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Supplementary IV: Detection of infectious ASFV by virus isolation in cell culture (panel A) and detection of 
ASFV DNA by qPCR (panel B) in sera obtained from the air-contact pigs from group 4a (pigs 13-16) and 
group 4b (pigs 35-40) in pen 3.  
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Summary

Since the introduction of African swine fever virus (ASFV) into the Baltic states and

Poland in 2014, the disease has continued to spread within these regions. In 2017,

the virus spread further west and the first cases of disease were reported in the

Czech Republic and Romania, in wild boar and domestic pigs, respectively. To con-

trol further spread, knowledge of different modes of transmission, including indirect

transmission via a contaminated environment, is crucial. Up until now, such an indi-

rect mode of transmission has not been demonstrated. In this study, transmission

via an environment contaminated with excretions from ASFV-infected pigs was

investigated. Following euthanasia of pigs that were infected with an isolate of

ASFV from Poland (POL/2015/Podlaskie/Lindholm), healthy pigs were introduced

into the pens, in which the ASFV-infected pigs had been housed. Introduction was

performed at 1, 3, 5 or 7 days, following euthanasia of the infected pig groups. Pigs,

that were introduced into the contaminated environment after 1 day, developed

clinical disease within 1 week, and both ASFV DNA and infectious virus were iso-

lated from their blood. However, pigs introduced into the contaminated pens after

3, 5 or 7 days did not develop any signs of ASFV infection and no viral DNA was

detected in blood samples obtained from these pigs within the following 3 weeks.

Thus, it was shown that exposure of pigs to an environment contaminated with

ASFV can result in infection. However, the time window for transmissibility of ASFV

seems very limited, and, within our experimental system, there appears to be a rapid

decrease in the infectivity of ASFV in the environment.

K E YWORD S

African swine fever virus, environment, fomite, haemorrhagic disease, virus transmission

1 | INTRODUCTION

African swine fever (ASF) is a notifiable viral disease, which infects

members of the Suidae family. Since 2014, ASF has been spreading

through regions of the Baltic states and in Poland, where outbreaks

of the disease in domestic pigs and wild boar have been reported

(EFSA Panel on Animal Health and Welfare, 2015). In 2017, cases

were observed, for the first time, in wild boar in the Czech Republic

(Anonymous, 2017a) and in domestic pigs in Romania (Anonymous,

2017b).

To, most efficiently, reduce further spread of the disease,

understanding of ASF virus (ASFV) transmission routes is impor-

tant. Various modes of transmission have been described for

ASFV, including direct transmission from infected pigs to
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susceptible pigs (Guinat et al., 2016), transmission via air (Olesen

et al., 2017; Wilkinson & Donaldson, 1977) and indirect transmis-

sion via tick vectors, fomites or feed (Guinat et al., 2016). Several

animal studies have investigated direct pig-to-pig or wild boar-to-

pig transmission with the strains originating from the Georgian

incursion of the disease (Gabriel et al., 2011; Gallardo et al., 2017;

Guinat et al., 2014; Olesen et al., 2017; Pietschmann et al., 2015)

but indirect transmission via fomites has never been clearly

demonstrated (Guinat et al., 2016), even though this could be an

important mode of transmission (Penrith & Vosloo, 2009; Wo�zni-

akowski, Frazczyk, Niemczuk, & Pejsak, 2016).

As ASFV continues to circulate in regions of the Russian Fed-

eration and the Baltic States, environmental contamination with

ASFV from infected animals, especially wild boar, may contribute

to the transmission of the virus, as it appears that the virus can

survive in the environment for some time; this can be within

organic material and slurry (S�anchez-Vizca�ıno, Mur, & Mart�ınez-

L�opez, 2012). Within the EU and some regions of the Russian

Federation, outbreaks have occurred in farms with apparently high

levels of biosecurity (EFSA Panel on Animal Health and Welfare,

2014, 2015). It has been suggested that one explanation for this

could be that environmental contamination with the virus facili-

tates disease spread via fomites (Gogin, Gerasimov, Malogolovkin,

& Kolbasov, 2013). Furthermore, it has been suggested that feed-

ing of contaminated fresh grass or other feed could be responsible

for virus introduction into pig holdings (Ol��sevskis et al., 2016).

Hence, it seems that transmission into domestic pig farms via an

environment contaminated with ASFV could represent a significant

threat. Indeed, different matrices/materials, such as litter and

fomites, have been ranked as having a moderate risk of retaining

infectious ASFV while being transported into the EU (EFSA

Panel on Animal Health and Welfare, 2014).

Infectious ASFV has previously been isolated from environmental

contaminators such as urine, faeces and pig slurry (Davies et al.,

2017; Greig & Plowright, 1970; Haas, Ahl, B€ohm, & Strauch, 1995).

In addition, in one early report, such material has previously been

found capable of transmitting the disease between pigs (Mont-

gomery, 1921). Hence, it seems as if indirect transmission, for exam-

ple, via contaminated clothing and boots (Guinat et al., 2016) or

vehicles (EFSA Panel on Animal Health and Welfare, 2014) could be

responsible, in part, for the virus transmission that is occurring in the

eastern European countries. In order to obtain more knowledge of

such modes of transmission, the aim of this study was to investigate

indirect ASFV transmission to susceptible pigs via a contaminated

environment.

2 | MATERIALS AND METHODS

In this study, following euthanasia of pigs infected with an ASFV

from Poland (POL/2015/Podlaskie/Lindholm, as described in Olesen

et al., 2017), healthy pigs were introduced into the pens in which

ASFV-infected pigs had been housed.

2.1 | Animals

On two occasions, six and sixteen pigs, respectively, at ten to

12 weeks of age, were obtained from a conventional Danish swine

herd (Landrace X Yorkshire X Duroc hybrids) with specific-pathogen-

free (SPF) status, as described previously (Olesen et al., 2017). On arri-

val at the research facility, 3 to 4 weeks before the start of the experi-

ment, all pigs were found to be healthy at veterinary inspection.

All experimental procedures, animal care and maintenance were

conducted in accordance with Danish and EU legislation (Consolida-

tion Act 474 15/05/2014 and EU Directive 2010/63/EU) and with

the approval from the Danish Animal Experimentation Inspectorate

(licence number 2015-15-0201-00606). Water was provided ad libi-

tum, and the pigs were fed a commercial diet for weaned pigs once

a day. Straw was used for bedding.

2.2 | Study design

The ASFV-contaminated environment was established as a part of

two previous experimental studies, which have been described by

Olesen et al. (2017). In these studies, four to eight pigs (that were

infected with the POL/2015/Podlaskie/Lindholm strain) were kept

within each pen. Within this experimental setting, the virus caused

an acute rapid disease progression and was readily transmitted

between pigs (Olesen et al., 2017). Hence, the pigs were kept within

each pen for only 1–4 days following the detection of clinical signs

of the infection before they had to be euthanized. Clinical signs in

general were fever, depression and anorexia, while more specific

findings in some pigs included vomiting, external bleeding or diar-

rhoea (Olesen et al., 2017). Faeces and wet bedding material were

removed from the pens each day during these experiments, except

at the day of euthanasia. No additional cleaning was performed

within the time period of these studies.

Following the termination of each of these two experiments, ter-

med studies a and b, healthy pigs were introduced into the stable

unit (unit I) at 1, 3, 5 or 7 days following the removal of the ASFV-

infected pigs from within unit I (Figure 1a, b). Thus, two follow-up

studies were performed, here termed studies A and B. Both follow-

up studies were carried out within the pens in unit I (Figure 1a, b);

however, the studies were not carried out in parallel, but at different

times. Within both studies, straw and faeces had been left in the

pens after removal of the ASFV-infected pigs, allowing the healthy

pigs to come into contact with this residual material. Visible blood

contamination (from euthanasia) had been washed away using

VirkonTM S (LANXESS, Suffolk, UK) prior to introduction of the pigs.

Briefly, areas with visible blood contamination were first cleaned

with water. The disinfectant was then added (1% solution) for a min-

imum of 10 min before cleaning with water once again.

Following the termination of study a, the follow-up study A was

carried out by the introduction of pigs 1–4 (group 1), into unit I at

0 days post-exposure (dpe) (Figure 1a). The pigs were housed in pen

3 where ASFV-infected pigs had been housed on the day prior to

their introduction. Pigs 1–4 were housed within the contaminated
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environment for 7 days, until euthanasia. Within the same period of

time, pigs 5–6 (group 2) were kept in a separate stable unit (in pen 5

in unit II) as negative controls. During study A, unit I had an average

temperature of 20.7°C (�0.5°C) and a relative humidity of 32.8% (�
4.8%).

Following the termination of study b, the follow-up study B was

carried out by the introduction of pigs 7–18 into unit I on 0 dpe.

Pigs 7–10 (group 3) were housed in pen 3, pigs 11–14 (group 4)

were housed in pen 2, and pigs 15–18 (group 5) were housed in pen

1 (Figure 1b). At the time of the pig introduction, the pens had been

left empty, after removal of the ASFV-infected animals for 3 days

(group 3), 5 days (group 4) or 7 days (group 5). Pigs 7–18 were

housed within the contaminated environment until 21 dpe, when

they were euthanized. Within the same period of time, pigs 19–22

(group 6) were kept in pen 5 in unit II as negative controls. During

study B, unit I had an average temperature of 21.0°C (�0.1°C) and a

relative humidity of 37.3% (� 4.2%).

2.3 | Clinical examination and euthanasia

Clinical scores, including rectal temperatures, were recorded from

individual pigs on each day, and a total clinical score (CS) was calcu-

lated on a daily basis as previously described (Olesen et al., 2017).

The presence of clinical signs was defined as a clinical score above

3. This threshold was based on the clinical scores obtained in the

control groups of studies a and b and of studies A and B (Olesen

et al., 2017).

The pigs were euthanized, either after testing ASFV-positive by

quantitative real-time polymerase chain reaction (qPCR) in EDTA

blood or at 21 dpe by intravascular injection of pentobarbital follow-

ing deep anaesthesia.

2.4 | Sampling

2.4.1 | Sampling from the environment prior to
introduction of healthy pigs

Faeces were collected from the floor during studies a and b and in

studies A and B. One sample of faeces was collected per pen per

sampling day. In order for the sample to be representative of faeces

from each pig within the different pens, the sample was collected as

a mix of faeces from different locations within the pen. Fresh faeces

(from the ASFV-infected pigs) were collected from the floor of pen 3

from 3 days before introduction of group 1 into unit I, that is at �3,

�2 and �1 dpe. Before introducing group 3 into pen 3, fresh faeces

(from the ASFV-infected pigs) were collected daily from �9 to �3

dpe. Similarly, before introducing pigs in groups 4 and 5 into pens 2

and 1, respectively, fresh faeces were collected daily from �9 to �5

dpe in pen 2 and from �9 to �7 dpe in pen 1. Before introducing

groups 3, 4 and 5 into the pens, most of the faeces left in the three

pens (residual faeces) were collected at 0 dpe. Hence, at sampling,

the residual faeces had been left on the pen floors for 3, 5 or

7 days, respectively. From all four groups, fresh faeces were col-

lected from the healthy pigs at 1 dpe.

From the ASFV-infected pigs housed in unit I, in the previous

studies a and b, urine and vomit had been obtained on an occa-

sional basis. Thus, in study a, two urine samples (midstream urine)

had been collected from ASFV-infected pigs in pen 3 at �4 dpe,

F IGURE 1 Illustration of the pens and
groups within units I (left) and II (right), in
studies A (panel a) and B (panel b). =

pigs 1–4 (group 1, study A) and = pigs
5–6 (control pigs, group 2, study A). ○ =

pigs 7–10 (group 3, study B); ♢ = pigs 11–
14 (group 4, study B); □ = pigs 15–18
(group 5, study B); and = pigs 19–22
(control pigs, group 6, study B)
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which is 4 days prior to the introduction of group 1 (study A).

In study b, before introduction of groups 3–5, three urine samples

(midstream urine) were collected from the ASFV-infected

pigs at �10 dpe to �8 dpe. Furthermore, before introduction of

group 5, one vomit sample was collected from the pen floor at

�10 dpe.

Urine, vomit and faeces samples were frozen at �80 �C until fur-

ther processing and analysis.

2.4.2 | Sampling from the introduced pigs

In study A, unstabilized blood, EDTA-stabilized blood (EDTA blood)

and nasal, oral and rectal swab samples were collected from pigs in

group 1 prior to their introduction into unit I at 0 dpe and then at 2

and 6 dpe.

In study B, unstabilized blood and EDTA blood were collected

from the animals in groups 3, 4 and 5 prior to their introduction into

unit I at 0 dpe and then at 3, 5, 7, 10, 12, 14 and 17 dpe. In addi-

tion, at 0, 3, 5 and 7 dpe, nasal, oral, and rectal swab samples were

collected from these pigs. From the control groups in both studies

(groups 2 and 6), unstabilized blood, EDTA blood and nasal, oral and

rectal swab samples were collected at 0 dpe. Finally, blood samples

were obtained at euthanasia from all pigs (groups 1–6).

Nasal, oral and rectal swab samples were collected in 1 ml 0.85%

NaCl (groups 1 and 2) or Eagle’s minimum essential medium (EMEM)

supplemented with streptomycin (Sigma-Aldrich, St. Louis, MO,

USA), neomycin (Sigma-Aldrich) and 2% foetal calf serum (groups 3,

4, 5 and 6). Swab samples, EDTA blood and serum samples were fro-

zen at �80°C until further processing or analysis.

Tonsils were obtained from the pigs following euthanasia and

were frozen at �80°C until further processing.

2.5 | Pre-processing of samples

Prior to further analysis, swab samples were thawed, vortexed for

approximately 10 s. and then centrifuged briefly at 2,000 9 g for 5–

10 s.

Tonsil, vomit and faecal homogenate suspensions (10%, w/v)

were prepared in EMEM supplemented with streptomycin, neomy-

cin, amphotericin, 0.85 lg/ml (Sigma-Aldrich), benzylpenicillin,

1000 UI/ml (Panpharma, Luitr�e, France) and 5% foetal calf serum.

Faecal and vomit suspensions were homogenized by vortexing

with glass beads (Merck Millipore, Massachusetts, USA) and cen-

trifuged at 950 9 g for 10 min. Tonsil suspensions were homoge-

nized using a MiniMix� Lab blender (Interscience,

Saint-Nom-la-Bret�eche, France) and centrifuged at 2,900 9 g for

15 min. Recovered supernatants were stored at �80°C until fur-

ther analysis.

2.6 | Detection of ASFV DNA by qPCR

DNA was purified from all samples using a MagNA Pure 96 system

(Roche, Basel, Switzerland) (Olesen et al., 2017) and analysed for the

presence of ASFV DNA by qPCR as previously described (Tignon

et al., 2011). Results are presented as viral genome copy numbers

(per gram: tonsil supernatants, or per ml: EDTA blood) by reference

to a standard curve based on a 10-fold dilution series of the pVP72

plasmid (King et al., 2003). A positive result in qPCR was determined

by identification of the threshold cycle value (Cq) at which FAM (6-

carboxyfluorescein) dye emission appeared above background within

40 cycles (40 cycles corresponded to the detection of approximately

1 (0.5) viral genome copy). For nasal, oral and rectal swab samples,

consistent detection of Cq-values <35 was interpreted as an indica-

tion of virus excretion. Cq-values >35 and/or intermittent detection

were interpreted as the presence of viral DNA being obtained from

the environment (as previously, Olesen et al., 2017).

2.7 | Detection of infectious ASFV by virus
isolation in cell culture

Serum, tonsil supernatant and filtered (using 0.45 lm syringe filters,

Merck Millipore) swab, urine, vomit and faecal supernatants were

analysed for the presence of infectious ASFV by endpoint titration

in porcine pulmonary alveolar macrophages (PPAM) seeded into

NuncTM 96-well plates (Thermo Fisher Scientific, Massachusetts,

USA). The virus-infected cells were identified using an immunoperox-

idase monolayer assay (IPMA) as previously described (Bøtner, Niel-

sen, & Bille-Hansen, 1994; Olesen et al., 2017). Virus titres were

reported as TCID50/ml or TCID50/gram, using the method described

by Reed and Muench (1938).

Samples found negative in the first passage were passaged once

more in PPAM seeded into NuncTM 24-well plates (Thermo Fisher

Scientific).

2.8 | Antibody detection

Sera obtained at euthanasia were tested for the presence of anti-

ASFV antibodies using an Ingezim PPA Compac ELISA (�Ingenasa-

Ingezim PPA Compac K3, Ingenasa, Madrid, Spain) according to the

manufacturer’s instructions.

3 | RESULTS

3.1 | Virus detection in environmental samples

Before introduction of group 1 pigs into pen 3, ASFV DNA was

detected in fresh faeces and in two urine samples from the previ-

ously infected pigs (see Olesen et al., 2017); thus, the environment

was clearly contaminated (Table 1). Before introducing the groups 3,

4 and 5 into pens 3, 2 and 1, respectively, ASFV DNA was also

detected in fresh faeces, in urine and in one vomit sample collected

from the infected pigs prior to their euthanasia and the introduction

of the healthy pigs (Table 2). In addition, in pen 1, ASFV DNA was

detected in residual faeces collected at 0 dpe prior to the introduc-

tion of group 5 (Table 2). However, infectious virus was not

detected in any of the faeces, urine or vomit samples collected from
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the infected pigs prior to the introduction of the healthy pigs follow-

ing two passages in PPAM.

3.2 | Clinical findings and virus detection

3.2.1 | Group 1 (introduced 1 day after final exposure
of the environment to infected pigs), study A

Fever (rectal temperature above 40°C) was observed in pigs 1 and

3 starting from 5 dpe, and in pigs 2 and 4 starting from 6 dpe.

Pig 3 appeared depressed at 6 dpe. Prior to euthanasia at 7 dpe,

pig 3 would not eat and pigs 1, 2 and 4 appeared slightly

depressed. Clinical scores obtained from the four pigs are shown

in Figure 2a. The increase in clinical scores obtained from the

individual pigs was contributed by unspecific clinical signs, in par-

ticular, due to an increase in rectal temperature, but also to

depression and a decrease in appetite. In general, clinical scores at

euthanasia were lower compared to our previous studies (Olesen

et al., 2017), as the pigs in group 1, for welfare reasons, were

euthanized as soon as they were found to be ASFV-positive by

qPCR in EDTA blood.

ASFV DNA was readily detected, and infectious virus was iso-

lated from EDTA blood and sera, respectively, obtained from each

of the four pigs at 6 dpe and at euthanasia (Figure 2b, c). Tonsil

samples collected from all four pigs were examined with positive

results in both qPCR and virus isolation (Figure 2d, e). In the ton-

sil sample obtained from pig 4, only low levels of virus were pre-

sent, and infectious virus was only detected following two

passages in PPAM. Nasal swab samples and a few oral swab sam-

ples collected from pigs 1–4 at 2 and 6 dpe yielded weak positive

results in qPCR (Table 1). However, no infectious virus was iso-

lated from these samples even following two passages in PPAM.

No ASFV DNA was detected in rectal swab samples collected

from group 1.

3.2.2 | Groups 3, 4 and 5 (introduced 3, 5 and
7 days after final exposure of the environment to
infected pigs), study B

The pigs in groups 3, 4 and 5 did not develop any clinical signs of an

ASFV infection, and no viral DNA was detected in EDTA blood sam-

ples obtained from these pigs over a period of 3 weeks following

introduction into unit I (data not shown). Tonsil samples from the

twelve pigs were examined with negative results by both qPCR and

inoculation into cell culture. ASFV DNA was occasionally detected in

a few nasal and oral swab samples obtained from these groups at 3,

5 and 7 dpe, but the Cq-values were high (Table 2), and no infec-

tious virus was isolated from these swab samples following two pas-

sages in cell culture. No ASFV DNA was detected in rectal swab

samples collected from groups 3, 4 and 5.

3.2.3 | Groups 2 and 6 (control pigs), studies A and B

Throughout the course of the study, no clinical signs of an infection

and no ASFV DNA was detected in blood or swab samples obtained

from the control pigs in groups 2 and 6.

TABLE 1 qPCR results of environmental, EDTA blood, nasal and oral swab samples within group 1 (study A)

Group 1 (1 day), pen 3

Days post-exposure

�4 �3 �2 �1 0 1 2 3 4 5 6 7
EUT. INT. EUT.

Environmental samples

Faeces No Cq No Cq 34.1 No Cq No Cq

Urine 33.8 + 37.7

Pig samples

EDTA blood, pig 1 No Cq No Cq 18.7 15.4

EDTA blood, pig 2 No Cq No Cq 20.7 18.3

EDTA blood, pig 3 No Cq No Cq 19.5 17.6

EDTA blood, pig 4 No Cq No Cq 24 19.2

Nasal swab, pig 1 No Cq 38.6 38.2

Nasal swab, pig 2 No Cq 34.5 36.5

Nasal swab, pig 3 No Cq 33.9 38.3

Nasal swab, pig 4 No Cq 34.6 39

Oral swab, pig 1 No Cq No Cq 36.6

Oral swab, pig 2 No Cq No Cq 39.1

Oral swab, pig 3 No Cq No Cq No Cq

Oral swab, pig 4 No Cq 36.3 No Cq

Numbers are Cq-values from qPCR assays. EUT indicates euthanasia of the ASFV-infected pigs within pen 3 at �1 dpe, and of the pigs within group 1

at 7 dpe. INT indicates the introduction of group 1 into the pen at 0 dpe. Samples collected at 0 dpe were collected prior to the introduction of the pigs

into the contaminated environment.
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TABLE 2 qPCR results of environmental, nasal and oral swab samples within groups 3, 4 and 5 (study B)

Group 3 (3 days),
pen 3

Days post-exposure

�10 �9 �8 �7 �6 �5 �4 �3 �2 �1 0 1 2 3 4 5 6 7
EUT. INT.

Environmental samples

Faeces No Cq No Cq 37.5 37.1 No Cq No Cq No Cq No Cq No Cq

Urine No Cq 29.6

Pig samples

Nasal swab, pig 7 No Cq No Cq No Cq No Cq

Nasal swab, pig 8 No Cq No Cq No Cq No Cq

Nasal swab, pig 9 No Cq No Cq No Cq No Cq

Nasal swab, pig 10 No Cq No Cq No Cq No Cq

Oral swab, pig 7 No Cq No Cq No Cq 37.7

Oral swab, pig 8 No Cq No Cq No Cq No Cq

Oral swab, pig 9 No Cq No Cq No Cq No Cq

Oral swab, pig 10 No Cq No Cq No Cq No Cq

Group 4 (5 days),
pen 2

�10 �9 �8 �7 �6 �5 �4 �3 �2 �1 0 1 2 3 4 5 6 7
EUT. INT.

Environmental samples

Faeces 33.1 No Cq 35.5 No Cq No Cq No Cq No Cq

Pig samples

Nasal swab, pig 11 No Cq No Cq No Cq No Cq

Nasal swab, pig 12 No Cq No Cq No Cq No Cq

Nasal swab, pig 13 No Cq No Cq No Cq No Cq

Nasal swab, pig 14 No Cq No Cq No Cq No Cq

Oral swab, pig 13 No Cq No Cq No Cq No Cq

Oral swab, pig 12 No Cq No Cq No Cq No Cq

Oral swab, pig 13 No Cq No Cq No Cq No Cq

Oral swab, pig 14 No Cq 37.7 No Cq No Cq

Group 5 (7 days), pen 1
�10 �9 �8 �7 �6 �5 �4 �3 �2 �1 0 1 2 3 4 5 6 7

EUT. INT.

Environmental samples

Faeces No Cq 26.7 No Cq 35.9 No Cq

Urine 29.7

Vomit 28.4

Pig samples

Nasal swab, pig 15 No Cq No Cq No Cq No Cq

Nasal swab, pig 16 No Cq 36.1 38.2 No Cq

Nasal swab, pig 17 No Cq 37.2 No Cq No Cq

Nasal swab, pig 18 No Cq No Cq No Cq No Cq

Oral swab, pig 15 No Cq No Cq No Cq No Cq

Oral swab, pig 16 No Cq No Cq No Cq No Cq

Oral swab, pig 17 No Cq No Cq No Cq No Cq

Oral swab, pig 18 No Cq No Cq No Cq No Cq

Numbers are Cq-values from qPCR assays. EUT indicates euthanasia of the ASFV-infected pigs within pens 3, 2 and 1 at �3, �5 and �7 dpe, respec-

tively. INT indicates the introduction of groups 3, 4 and 5 into the pens at 0 dpe. Samples collected at 0 dpe were collected prior to the introduction of

the pigs into the contaminated environment. EDTA blood collected from the pigs in groups 3, 4 and 5 at 0, 3, 5, 7, 10, 12, 14 and dpe 17 and at eutha-

nasia (at 21 dpe) tested negative in PCR.
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3.3 | Antibody detection

No anti-ASFV antibodies were detected in sera from any of the pigs

(data not shown).

4 | DISCUSSION

In this study, it was shown that exposure of pigs to an ASFV-con-

taminated environment can result in infection. Disease and viraemia

were observed in pigs exposed to an environment, in which ASFV-

infected pigs had been housed until 1 day prior to the introduction

of the healthy pigs (group 1). This may not seem very surprising.

However, in our experimental set-up, there seems to be an

unexpectedly rapid decrease in infectiousness of this environment,

as pigs exposed to an environment, in which ASFV-infected pigs had

been housed 3, 5 or 7 days earlier, did not become infected despite

exposure to this environment for a period of 3 weeks.

In group 1 (exposed to the environment at 1 day after removal of

ASFV-infected pigs from the pen), clinical signs accompanied by viraemia

appeared from 5 to 6 days following introduction into unit I. This incuba-

tion period is in accordance with earlier findings following experimental

infection with the Georgian ASFV or recent European strains of ASFV

(Gallardo et al., 2017; Guinat et al., 2014; Olesen et al., 2017). Nasal and

oral swab samples obtained from the pigs in group 1 on 2 and 6 dpe

yielded weak positive results in qPCR. In nasal swab samples, the Cq-

values were lower on 2 dpe compared to 6 dpe, and Cq-values below 35

were not consistently detected in swab samples obtained from any of

(a) (b)

(c) (d) (e)

F IGURE 2 Results obtained from pigs 1–4 (group 1). Clinical scores (panel a); detection of ASFV DNA in EDTA blood (panel b); detection
of infectious ASFV in sera (panel c); and detection of ASFV DNA and infectious ASFV in tonsil samples (panels d and e). In panel a, the dotted
line indicates the threshold for the presence of ASFV-related clinical signs (CS above 3). In panels b and c, the * indicates that no ASFV DNA
and infectious ASFV were detected in blood samples collected on 0 and 2 dpe. In panel e, the ** indicates that infectious virus was only
detected in the tonsil sample collected from pig 4 following two passages in cell culture. The detection thresholds for infectious virus are
indicated by dotted lines, 1.05 log10 TCID50/ml serum (panel c) and 2.05 log10 TCID50/gram tissue (panel e), respectively
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these pigs. This is interpreted as viral DNA being obtained from the envi-

ronment, and not as a sign of virus excretion. Also, the higher Cq-values

at 6 dpe compared to at 2 dpe could indicate that the level of environ-

mental contamination with virus was declining from 2 to 6 dpe.

In groups 3, 4 and 5 (exposed to the environment at 3, 5 and

7 days after removal of ASFV-infected pigs from the pens), the pigs

did not get infected, but high Cq-values (indicating low levels of

viral DNA) were, intermittently, detected in nasal and oral swab

samples from these pigs and ASFV DNA (but not infectious virus)

was detected in environmental samples (faeces, urine and vomit

from previous pigs) that were collected prior to introducing the

healthy pigs into unit I showing that the environment was indeed

contaminated by ASFV. Previously, infectious ASFV has been iso-

lated from faeces and urine samples (Davies et al., 2017), but in

this study we were not able to cultivate virus from fresh urine and

faeces or from residual faeces. In an earlier study (Montgomery,

1921), fresh urine or up to 11-day-old faeces from ASFV-infected

pigs were used to inoculate healthy pigs and the disease was pro-

duced. However, faeces stored for up to 23 days and urine, more

than 2 days old, failed to produce the disease. Furthermore, even

though ASFV DNA has been detected in faeces and urine samples

stored for up to 35 days and 126 days at room temperature

(21°C), infectious virus has only been detected for up to 3 and

5 days, respectively, in the same sample types (Davies et al., 2017).

These data correspond well with the reported half-life values at

room temperature for ASFV DNA of up to 9 days (Davies et al.,

2017) or 22 days (de Carvalho Ferreira, Weesendorp, Quak, Stege-

man, & Loeffen, 2014) in faeces and of 24 days in urine (Davies

et al., 2017). In contrast, the half-life values for infectious ASFV at

room temperature have been reported as only 0.4 and 0.6 days in

faeces and urine, respectively (Davies et al., 2017). These findings

along with those in this study suggest that there is a shorter sur-

vival of infectious ASFV in the environment than is indicated by

the detection of viral DNA (as discussed previously by Davies

et al., 2017). Thus, in our study, a contaminated environment

(maintained at an average temperature of ~21°C with a mean rela-

tive humidity of 33%–37%) was infectious at 1 day following

removal of infected animals, but a similar environment was unable

to produce infection after 3 days (or more). Presumably, the level

of infectious virus had declined to a level that was too low to

result in infection of the pigs after this time period. The survival of

the virus within the pen environment could be affected by several

factors, including temperature. As discussed earlier, the survival of

infectious virus has been determined to be limited to 3 days or

5 days in faeces and urine, respectively, at room temperature

(Davies et al., 2017). This corresponds well to the apparent short-

term duration of virus infectivity in our pen environment. It has

been shown earlier that virus titres in blood are higher than those

in nasal and rectal fluids (Guinat et al., 2014; Olesen et al., 2017)

and previous studies of ASFV infection have linked direct contact

to bloody discharges from infected pigs to virus transmission (Gab-

riel et al., 2011; Olesen et al., 2017; Pietschmann et al., 2015). Fur-

thermore, indirect transmission via fomites is most likely to occur

when virus levels are high, for example as in blood (EFSA Panel on

Animal Health and Welfare, 2010). Thus, if blood contamination

from euthanasia had not been washed away prior to introducing

the pigs, a longer period of infectiousness from the environment

might have been observed.

In conclusion, the infection of the pigs in group 1 indicates that

indirect contact with urine-, faeces- and/or saliva-contaminated

material such as boots or feed is probably responsible for transmis-

sion of the virus. Hence, contamination of the environment with

such excretions is a possible mode of transmission within farms,

between farms and possibly to and from wild boar. Incomplete disin-

fection of clothing and boots (Guinat et al., 2016) contaminated with

faeces or urine may serve as a possible mode of transmission within

and even between farms, and contaminated vehicles could be a pos-

sible route of transmission between farms (EFSA Panel on Animal

Health and Welfare, 2014). For the wild boar population, contamina-

tion of the environment by infected animals may play a role in the

transmission of the virus. Hence, contaminated grass and/or soil

might be a possible route of transmission from the wild boar popula-

tion into domestic pig farms (see Carlson et al., 2017).

Still, the short time period for transmissibility of the virus shown

in this study indicates that faeces- or urine-contaminated material

might play only a minor role in the long-term transmission of the

virus. Hence, the statements that virus can survive in contaminated

pig pens for 1 month (EFSA Panel on Animal Health and Welfare,

2010) and that introduction into pig farms can happen via contami-

nated feed (Ol��sevskis et al., 2016) may only apply, if virus levels are

high (e.g., by contamination with blood or bones) or if the time per-

iod between contamination and exposure/feeding is relatively short.

Data on the infectivity of animal residues are important when

modelling ASFV transmission and the effect of control strategies

(Halasa, Boklund, Bøtner, Toft, & Thulke, 2016). From this perspec-

tive, further experimental studies in pigs aimed at investigating the

transmission of ASFV from the environment are warranted, as more

data are needed to draw conclusions on the effect of environmental

contamination in ASFV transmission under field conditions both

within domestic pigs and wild boar. In addition, more knowledge is

needed regarding the survival of infectious virus in urine, faeces and

other excretions, and the level of virus needed in such material for

infection of domestic pigs and wild boar with the currently circulat-

ing European ASFV strains needs to be established.
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Abstract

Within Eastern Europe, African swine fever virus (ASFV) has unexpectedly spread to

farms with high biosecurity. In an attempt to explain this process, pigs were allowed

to ingest flies that had fed on ASFV-spiked blood, which had a realistic titre for an

infected pig. Some of the pigs became infected with the virus. Thus, ingestion of

blood-sucking flies, having fed on ASFV-infected wild boar before entering stables,

represents a potential route for disease transmission.

K E YWORD S

African swine fever, blood-feeding flies, haemorrhagic disease, Stomoxys calcitrans, virus

transmission

1 | INTRODUCTION

Since 2014, African swine fever virus (ASFV) has spread among wild

boar and domestic pigs within the Baltic States and Poland (EFSA

Panel on Animal Health and Welfare, 2015). In 2017, the virus was

detected, for the first time, in the Czech Republic and Romania (Anony-

mous, 2017a,b), and in 2018, an outbreak has occurred in Hungary

(Anonymous, 2018). Surprisingly, ASFV has also been introduced into

pig farms with high biosecurity (HB; EFSA Panel on Animal Health and

Welfare, 2014, 2015). However, the route of introduction into these

premises is unknown. Mechanical transmission of ASFV by the stable fly,

Stomoxys calcitrans, during feeding has been reported (Mellor, Kitching,

& Wilkinson, 1987). Thus, stable flies that feed on wild boar and subse-

quently feed on domestic pigs represent a potential route for spreading

ASFV. However, farms with HB generally have double fencing to create

a buffer zone to prevent proximity of wild boar to the stables. As stable

flies both breed and feed on farms (Foil & Hogsette, 1994), they may not

move frequently across this zone. In contrast, blood-feeding horse flies

(family Tabanidae) are strong flyers (Cooksey & Wright, 1987) and have

been observed near ventilation openings of an ASFV-infected HB farm

in Lithuania (R. B. Ren�e Bødker, unpublished data). These flies do not

breed in stables (Foil & Hogsette, 1994) but emerge from semiaquatic

habitats outside the farms, where they may have contact with wild boar

before entering the stables. The Tabanidae are known to be mechanical

vectors for viral pathogens (Krinsky, 1976), but they usually do not feed

inside dark stables as they are positively phototrophic (Middlekauff &

Lane, 1980). Tabanidae, however, are large enough that pigs may chase

and eat them or accidentally ingest them during feeding. It has been pro-

posed that analysing the effect of ingestion of insect vectors should be

prioritized (Guinat et al., 2016). Here, we have studied experimental

ASFV transmission to pigs via oral uptake of flies previously fed on blood

from ASFV-infected pigs. Stomoxys calcitrans has been used as a model

for blood-feeding flies, as they are readily caught and fed.

2 | MATERIALS AND METHODS

This study was conducted with approval from the Danish Animal

Experimentation Inspectorate (license number 2015-15-0201-00606)

in accordance with Danish and EU legislation (Consolidation Act 474

15/05/2014 and EU Directive 2010/63/EU). Twelve Danish SPF

pigs (Landrace 9 Yorkshire 9 Duroc hybrids), 8–9 weeks of age,
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were used. On arrival, the pigs were divided into groups of four ani-

mals within three separated BSL3 containment stables. Following

acclimatization, pigs 1–4 in group 1 were inoculated orally with

EDTA-stabilized blood spiked with blood obtained from pigs infected

with an ASFV isolate from Poland (Olesen et al., 2017). The pigs

were restrained but not sedated and swallowed the inoculum. Simi-

larly, animals in group 2 (pigs 5–8) were inoculated orally with eutha-

nized wild-caught stable flies (S. calcitrans) following their

homogenization. For group 3 (pigs 9–12), intact fed flies (20 per pig)

were added to ca. 100 g soft cake that was then eaten by each pig

(Table 1). The flies used for inoculation of groups 2 and 3 had been

wild-caught in the vicinity of a cattle herd using insect nets. Just

prior to their euthanasia (by freezing), the flies had been fed for 1 hr

on ASFV-spiked EDTA-stabilized blood that had a titre of 5.8 log10

TCID50/ml, which is realistic for an infected pig (Olesen et al., 2017)

using a heated membrane feeder equipped with a parafilm mem-

brane. EDTA-stabilized blood was used to prevent coagulation dur-

ing the spiking and feeding procedures. Blood feeding of the flies

was confirmed visually with stereo-microscopy of their abdomens

following feeding and euthanasia. For group 2, the flies were homog-

enized in Eagle’s minimum essential medium supplemented with

streptomycin (Sigma-Aldrich), neomycin (Sigma-Aldrich) and 5% foe-

tal calf serum (FCS; 200 ll per fly) using a 3-mm stainless steel bead

(Dejay Distribution Ltd., Launceston, UK) in a TissueLyser II (Qiagen,

Hilden, Germany) for 1 min at 25 Hz. Note, blood-fed homogenized

flies from an earlier experiment were shown to contain ASFV DNA

by PCR performed as described previously (Olesen et al., 2017); the

Cq-values ranged from 23.5 to 25.5 per fly, indicating that the feed-

ing procedure was effective.

Table 1 shows the dose of virus used for each group of pigs.

The titre of the blood (group 1) was obtained from back titration

in porcine pulmonary alveolar macrophages (PPAM) at the time of

inoculation (Olesen et al., 2017). Virus titration directly from flies

has been found previously to be difficult in our laboratory. Hence,

the level of virus present within the ingested flies (groups 2 and

3) was obtained by calculation assuming that each fly had con-

sumed 11–15 ll of the spiked blood (Schowalter & Klowden,

1979).

During the study, clinical scores, including rectal temperatures,

were recorded from pigs on each day, and a total clinical score (CS)

was calculated. The presence of clinical signs was defined as a CS

>3 (Olesen et al., 2017). EDTA-stabilized blood and unstabilized

blood were collected prior to inoculation at 0 days, postinoculation

(dpi), at 2, 4, 6, 8, 10, 12, 14 and 16 dpi and at euthanasia. ASFV

DNA was extracted from EDTA-stabilized blood as previously

described (Olesen et al., 2017) and detected using quantitative real-

time PCR (Tignon et al., 2011). The number of genome copies was

determined using a standard curve based on a dilution series of plas-

mid pVP72 (King et al., 2003). Infectious ASFV in serum was

detected by end-point titration in PPAM (Bøtner, Nielsen, & Bille-

Hansen, 1994; Olesen et al., 2017), and titres were presented as

TCID50/ml (Reed & Muench, 1938). Serum was used for virus detec-

tion, as less background staining has been observed, when using

serum compared to EDTA-stabilized blood (Olesen et al., 2017).

Serum samples, obtained at euthanasia, were tested for the presence

of anti-ASFV antibodies using an Ingezim PPA Compac ELISA (�Inge-

nasa, Madrid, Spain).

3 | RESULTS AND DISCUSSION

As a positive control, pigs (in group 1) were inoculated orally, at

0 dpi, with spiked blood containing 5 log10 TCID50 of ASFV

(Table 1). Within this group, pig 2 displayed fever starting from

6 dpi. Anorexia, depression and mild convulsions were observed

prior to, or at, euthanasia at 9 dpi (Figure 1a). Two other pigs

within group 1 (pigs 3 and 4) appeared depressed and had a fever

starting from 14 and 15 dpi, respectively. Due to severe depres-

sion and a sudden drop in rectal temperature, pig 3 was eutha-

nized at 15 dpi (Figure 1a). Pig 4 would not eat at 16 dpi and

vomiting was observed. At the morning inspection at 17 dpi, the

pig had generalized convulsions and was euthanized. The clinical

signs in these three pigs were accompanied by the detection of

ASFV DNA and infectious virus in blood and serum, respectively

(Figure 1a and 2a). Pig 1 remained clinically healthy throughout the

study period (Figure 1a), but viral DNA was detected in blood

obtained from this pig, after euthanasia for welfare reasons, at

17 dpi (Figure 2a).

To determine the potential for blood-fed flies to be a source of

ASFV infection, pigs were inoculated orally with homogenized flies

(group 2, Table 1) or allowed to ingest intact flies within soft cake

(group 3, Table 1) calculated to contain 5.1–5.3 log10 TCID50 of

ASFV in total. Within these groups, fever occurred in pigs 5 and 7

(from group 2) and pigs 10 and 11 (from group 3) starting from 5

and 6 dpi. On subsequent days, decreased appetite or anorexia

and depression were observed. Prior to euthanasia at 7 dpi (Fig-

ure 1b,c), a sudden drop in rectal temperature was detected in

these four pigs. Three remaining pigs within groups 2 and 3 (pigs

6, 8 and 9) had a fever starting from 11 or 13 dpi. These pigs and

pig 12 were euthanized at 12 or 14 dpi, respectively (Figure 1b,c).

Prior to euthanasia, clinical signs included depression, anorexia,

vomiting, a sudden drop in rectal temperature and hyperaemic skin.

Pig 12 remained clinically healthy, but was the only pig left in the

pen and was therefore euthanized for welfare reasons. No ASFV

TABLE 1 Inoculation material and dose for each group within the
study

Group no. Pig no. Inoculation material Inoculation dose

1 1–4 Oral inoculation

with 1 ml spiked blood

5 log10TCID50

2 5–8 Oral inoculation

with 20

homogenized flies

5.1–5.3 log10TCID50

3 9–12 Feeding with soft

cake containing

20 intact flies

5.1–5.3 log10TCID50
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DNA was detected in blood obtained from this pig following

euthanasia. In the other seven pigs within groups 2 and 3, clinical

signs were accompanied by the detection of viral DNA and

infectious ASFV in blood and serum samples (Figures 1b,c, and 2b,

c). No anti-ASFV antibodies were detected in serum from any of

the pigs.

F IGURE 1 Clinical scores obtained
from pigs 1–4 (group 1, panel a), pigs 5–8
(group 2, panel b) and pigs 9–12 (group 3,
panel c). A clinical score (CS) above 3 is
considered above the clinical threshold
that is indicated by the dotted line
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Within each group, the delayed time course of infection in some

pigs indicates that only 25% (group 1) and 50% (groups 2 and 3) of

the pigs were infected by the oral ingestion of the virus, while the

remaining pigs were most likely infected subsequently via contact

with the infected pig(s) within their group. Hence, the remaining pigs

started to show clinical signs of the infection and became viraemic

some 5–8 days later than the pigs that were infected by oral inges-

tion of the virus within each group (Figures 1 and 2). A similar pat-

tern of infection in inoculated and contact animals has been

reported previously using this virus (Olesen et al., 2017). Assuming

F IGURE 2 The detection of ASFV DNA
and infectious virus in EDTA-stabilized
blood and serum obtained from pigs 1–4
(group 1, panel a), pigs 5–8 (group 2, panel
b) and pigs 9–12 (group 3, panel c). The
solid lines show the detection of ASFV
DNA in EDTA-stabilized blood. The dotted
lines show the detection of infectious virus
in serum
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that one 50% hemadsorbing dose (HAD50) corresponds approxi-

mately to one TCID50 as a measure of ASFV infectivity, then this

may not be surprising. In a previous study, doses of 4 and 6 log10

HAD50 have been found necessary to efficiently establish ASFV

infection in domestic pigs following oral inoculation with a highly vir-

ulent strain of the virus (ASFV-Malawi; Howey, O’Donnell, de Car-

valho Ferreira, Borca, & Arzt, 2013), while in contrast 2 log10 HAD50

was insufficient.

These results indicate that, in addition to S. calcitrans acting as a

mechanical vector for ASFV through feeding on pigs (Mellor et al.,

1987), infection can also occur following oral uptake of these fed

flies. In the study by Mellor et al. (1987), two healthy pigs became

ASFV-infected after allowing 30 or 57 blood-fed S. calcitrans to feed

on them, while in this study, pigs became infected with the virus fol-

lowing ingestion of 20 blood-fed flies. For casual ingestion, 20 flies

may seem a high number. However, as previously mentioned, a rela-

tively high dose of infectious ASFV is required to establish infection

orally (Howey et al., 2013), and a calculated dose of 5 log10 TCID50

(in 20 flies) was chosen. As virus cultivation on fly samples had pre-

viously proven unsuccessful in our laboratory and as the stability of

the virus in such samples to our knowledge has been demonstrated

only once (Mellor et al., 1987), inactivation of the virus within the

flies could not be ruled out. Therefore, choosing a level of virus

known to cause infection via oral uptake (Howey et al., 2013) would

allow us to determine whether the virus was indeed still infectious

in the flies. Assuming that each fly consumes 11–15 ll of blood

(Schowalter & Klowden, 1979) when feeding on an infectious pig

(with a blood titre of 5.8 log10 TCID50), a single fly would theoreti-

cally carry some 3.8–4 log10 TCID50, which corresponds to the infec-

tious dose by oral inoculation (Howey et al., 2013). In addition,

other flies, in particular, the Tabanidae, can carry up until five times

more blood than stable flies (Leprince & Foil, 1993; Salem, Franc,

Jacquiet, Bouhsira, & Li�enard, 2012) yielding a potential level of up

to 4.5 log10 TCID50 per Tabanidae fly. It has previously been demon-

strated that very low doses (3 and 25 hemadsorbing units [HAU]/ml)

of a Caucasian isolate of the virus can sometimes result in infection

of weak animals following oronasal inoculation (Pietschmann et al.,

2015). Hence, the virus present within a few blood-fed Stomoxys

flies or Tabanidae flies could potentially result in infection with ASFV

(and maybe even a single fly is sufficient).

It is unlikely that ingestion of blood-fed flies is a common route

for transmission of ASFV between wild boars or between pigs within

a stable. However, when bearing in mind the biology of the flies, the

results indicate that Stomoxys flies could be one possible route of

transmission over short distances (e.g., within farms), while larger

flies, such as the Tabanidae, might explain some longer distance

examples of ASFV transmission (e.g., into and between farms). In

conclusion, blood-feeding flies could be a route for the observed,

but unexplained, introduction of ASFV into farms with HB. Such

transmission seems readily preventable (e.g., using ventilation filters).

Keeping these findings in mind, future studies investigating the role

of Tabanidae and other large blood-feeding flies in the transmission

of ASFV are warranted.
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A B S T R A C T

Since 2014, African swine fever virus (ASFV) has been spreading within Eastern Europe. Within affected regions,
the virus has infected some farms with high biosecurity and a marked seasonality of outbreaks in domestic pigs
has been observed. ASFV transmission from stable flies, Stomoxys calcitrans, has previously been shown both
mechanically and via ingestion of whole flies. Hence, blood-feeding flies may offer one explanation for the
introductions into high biosecurity farms and for the observed seasonality. The aim of this study was to further
elucidate the potential role of stable flies in ASFV transmission. Different parts of flies were analyzed for the
presence of viral DNA and infectious virus at different time points following in vitro feeding of the flies on blood
from an ASFV-infected pig.

Using qPCR, ASFV DNA was detectable in mouth parts of flies for at least 12 h and remained in head and body
samples from the flies for up to three days following feeding. Infectious virus was detected in fly body samples
prepared at 3 h and 12 h after feeding.

The presence of infectious ASFV in stable flies following feeding on viremic blood means that such flies are
capable of transporting infectious virus. The detection of ASFV DNA in the flies for up to three days following
feeding suggests that qPCR analysis of blood-feeding flies during ASFV outbreaks could be a useful method to
elucidate the role of these flies in ASFV transmission under field conditions.

1. Introduction

African swine fever (ASF) is a notifiable haemorrhagic disease of
domestic pigs and wild boar. The disease is caused by infection with
African swine fever virus (ASFV) (Sánchez-Vizcaíno et al., 2015). In
2014, ASFV was introduced into Eastern Europe, and since then out-
breaks have been reported in Poland, the Baltic countries (EFSA Panel
on Animal Health and Welfare, 2015) and, more recently, in the Czech
Republic, Romania and Hungary (OIE WAHIS interface, 2018). ASFV
can be transmitted both directly and indirectly between domestic pigs
and/or wild boar. Indirect transmission can occur via feed, tick vectors
or fomites (Guinat et al., 2016). In backyard farms within regions of
Europe affected by ASF outbreaks, the introduction of the virus has
often been facilitated by low biosecurity standards, including use of
swill feeding, feeding with contaminated grass and uncontrolled
movement of people (EFSA Panel on Animal Health and Welfare, 2015;
Olsevskis, 2015). However, the initial routes of introduction of the virus

into farms with high biosecurity (EFSA Panel on Animal Health and
Welfare, 2015; EC, 2014) are currently unknown. We have previously
shown that pigs can become infected with ASFV following ingestion of
flies (Stomoxys calcitrans) fed on blood containing the virus (Olesen
et al., 2018). Also, the virus can be transmitted mechanically (via bites)
from these flies during feeding (Mellor et al., 1987). Therefore, one
possible route of ASFV introduction into such high biosecurity farms
might be via blood-feeding flies (Olesen et al., 2018). Such a mode-of-
transmission could also be an explanation for the increasing number of
outbreaks observed during the summer period in domestic pigs in cer-
tain EU member states (EFSA, 2017). It is not considered likely that
transmission of the virus within pig herds relies on this route, but it
represents a possible mechanism for initial entry of the virus into a pig
population on a farm. In this study, we have analyzed separately dif-
ferent parts of such flies, namely: mouth parts, heads and bodies, for the
presence of ASFV DNA and for infectious virus. In addition, these dif-
ferent parts of the flies were analyzed at different times following

https://doi.org/10.1016/j.vetmic.2018.06.010
Received 3 May 2018; Received in revised form 12 June 2018; Accepted 15 June 2018

⁎ Corresponding author.
E-mail address: aneb@vet.dtu.dk (A. Bøtner).

Veterinary Microbiology 222 (2018) 25–29

0378-1135/ © 2018 Elsevier B.V. All rights reserved.

T

70

http://www.sciencedirect.com/science/journal/03781135
https://www.elsevier.com/locate/vetmic
https://doi.org/10.1016/j.vetmic.2018.06.010
https://doi.org/10.1016/j.vetmic.2018.06.010
mailto:aneb@vet.dtu.dk
https://doi.org/10.1016/j.vetmic.2018.06.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vetmic.2018.06.010&domain=pdf


feeding in order to investigate the capability of the flies to carry the
virus for an extended period of time.

2. Materials and methods

2.1. Flies

Stable flies (S. calcitrans) were caught in the vicinity of a Danish
cattle herd using insect nets. The flies were handled in a BSL3 labora-
tory facility, where 80–200 flies were kept within one of eight plastic
boxes (28.5 × 19.5 x 15.5 cm). In each of the boxes, a circular feeding
hole was cut in one side (diameter 11 cm), and the hole was covered by
a mosquito net sleeve. The flies in each of the boxes were assigned to
eight different time groups (see below).

2.2. Preparation of feeding material

Viremic blood was obtained from pigs experimentally infected with
ASFV (POL/2015/Podlaskie/Lindholm) that originated from Poland in
2015 (Olesen et al., 2017).

Fresh, EDTA stabilized, blood was collected from a healthy pig and
the undiluted blood was spiked with the viremic blood to produce a
titre of 5.2 log10 TCID50/mL. EDTA-stabilized blood was used in order
to prevent coagulation during the spiking and feeding procedures. The
blood was stored at −80 °C until it was fed to the flies. Prior to feeding,
the titre of the spiked blood was measured by end-point titration in
porcine pulmonary alveolar macrophages (PPAM) (Olesen et al., 2017).

2.3. In vitro Feeding and euthanasia of flies

Using a heated membrane feeder equipped with a Parafilm M®
membrane (Bemis) (Fig. 1), a total of 1055 flies were allowed to feed on
the ASFV-spiked blood. Prior to feeding, frozen blood (2 mL) was placed
between the feeder and the membrane and then warmed to approxi-
mately 37 °C. The device was then introduced into the box containing
the flies. The flies were allowed to feed for one hour, and then eu-
thanized by freezing (−20 °C) at preselected times post-feeding (0, 3, 6,
12, 24, 36, 48 and 72 h).

Between blood feeding and euthanasia, the flies were allowed to
feed on cotton wool pads soaked in sugar water. Following euthanasia,
their abdomens were visually examined for the presence of ingested
blood using stereo-microscopy. Flies seen to contain blood in their
abdomen were stored at -80 °C until further processing.

2.4. Pre-processing of fly samples

The flies were thawed and each fly was dissected into three sample
types, namely: mouth parts, heads, and bodies (thorax and abdomen).

The dissection was performed using forceps in a petri dish, and 200 μL
Eagle’s Minimum Essential Medium (EMEM), supplemented with
streptomycin (Sigma-Aldrich), neomycin (Sigma-Aldrich) and 5% fetal
calf serum (FCS), was added to each sample. The samples were then
homogenized using 3-mm stainless steel beads (Dejay Distribution Ltd.)
in a TissueLyser II (QIAGEN) for 1 min. at 25 Hz. The homogenates
were centrifuged at 2000 x g for 1 min and supernatants were collected
for further analysis.

2.5. ASFV DNA detection by qPCR

DNA was purified from the homogenized sample supernatants using
the MagNA Pure 96 system (Roche) (Olesen et al., 2017) and analyzed
for the presence of ASFV DNA by qPCR (Tignon et al., 2011). A positive
result in the qPCR was defined as giving a threshold cycle value (Cq) at
which FAM (6-carboxy fluorescein) dye emission appeared above
background within 40 cycles.

2.6. Virus detection by virus isolation in cell culture

Homogenate supernatants from samples harvested at 3 h (4 sam-
ples), 12 h (11 samples), 24 h (9 samples) and 36 h (6 samples) post-
feeding were prepared as described above. Note, only body samples
were used for virus isolation.

EMEM (200 μL) supplemented with streptomycin, neomycin, 5%
FCS, amphotericin 0.85 μg/mL (Sigma-Aldrich) and benzylpenicillin
1000 UI/mL (Panpharma) was added to the homogenate supernatants.
The samples were filtered using 0.45 μm syringe filters (Merck
Millipore), and 50 μL was inoculated onto PPAM seeded into Nunc™ 96-
well plates (Thermo Fisher Scientific). Following three days of in-
cubation (at 37 °C with 5% CO2), the presence of virus infected cells
was identified using an immunoperioxidase monolayer assay (IPMA)
(Bøtner et al., 1994; Olesen et al., 2017).

3. Results

Following euthanasia, ingested blood was observed in the abdomen
of 5–47% of the flies within the different time groups (Table 1). From
within each group, 10 (when possible) of the flies were selected for
further analysis.

3.1. Detection of ASFV DNA in the fly samples (mouth parts, heads and
bodies) post-feeding

Using qPCR, ASFV DNA was detected in 20–30% (in 2 or 3 samples) of
the mouth parts from within the groups of flies harvested at 0, 3 and 12 h
post-feeding. In these samples, Cq-values were high (above 35) indicating
only a low level of the viral DNA (Table 2 and Fig. 2a). No ASFV DNA was
detectable in mouth parts at 24 h post-feeding or later. Note, for ease of
presentation, in Table 2 and Fig. 2, the data are presented as 40-Cq values
so that higher numbers represent higher levels of ASFV DNA.

Fig. 1. Flies feeding on viremic blood using the membrane feeder.

Table 1
Number and percentage of S. calcitrans containing ingested blood following
access to the membrane feeder.

Time group (h) No. of flies examined No. and percentage of flies with
ingested blood

0 102 10 (10%)
3 147 18 (12%)
6 158 8 (5%)
12 198 30 (15%)
24 185 42 (23%)
36 112 53 (47%)
48 85 7 (8%)
72 168 8 (5%)
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From 0–12 hr post-feeding, ASFV DNA was detected in 50–90%
(4–9) of the head samples but only a minority of such samples
(10–20%) retained detectable ASFV DNA at 24, 36 and 72 h post-
feeding, while in the 48 h group all head samples were found ASFV
DNA-negative (Table 2 and Fig. 2b). In contrast, ASFV DNA was de-
tected in all the bodies at 0, 3 and 6 h post-feeding and still in 80–100%
of the bodies at the 12, 24 and 36 h time points. However, at 48 and
72 h post-feeding, only a small proportion (14–25%) of the bodies still
contained detectable ASFV DNA (Table 2 and Fig. 2c).

Not surprisingly, mouth parts from flies were only found ASFV-po-
sitive if the corresponding heads were found ASFV-positive. Similarly,
heads were only found ASFV-positive, if ASFV DNA had been detected
in the corresponding body (Table 2).

3.2. Detection of infectious virus in fly samples (bodies)

Body samples from within the 3 h (4 samples), 12 h (11 samples),
24 h (9 samples), and 36 h (6 samples) groups were also analyzed for
the presence of infectious virus by inoculation of the body homogenates
onto PPAM. Infectious ASFV was detected in bodies from two flies
within the 3 h group (50%) and from two flies within the 12 h group
(18%). However, contamination of the cell cultures with bacteria and
fungi often occurred prior to completion of the virus antigen staining
assay. Hence, within all tested time groups, the presence or absence of
infectious virus could not be determined in some samples.

4. Discussion

In this study, ASFV DNA and, in more limited cases, infectious virus
was detected in different parts of S. calcitrans, 0–72 hours after the flies
had fed on blood containing ASFV (5.2 log10 TCID50/mL).

In samples from the mouth parts of eight flies, very low levels of
ASFV DNA were detected at 0 h, 3 h and 12 h after feeding (Table 2,
Fig. 2a). For head and body samples, higher levels of ASFV DNA were
detected and up to 90–100% of the samples were ASFV DNA-positive up
to 36 h post-feeding (Table 2) but the incidence of positive flies dropped
markedly by 48 h, although viral DNA was still detected in a few head
and body samples at three days following feeding. Hence, selection of
visibly blood-fed flies for PCR analysis could prove useful when in-
vestigating the role of such flies in ASFV transmission during outbreaks.

The decrease in level of ASFV DNA in the body samples over time
(Table 2 and Fig. 2c) suggests that, as expected, stable flies are not

Table 2
Detection of ASFV DNA within blood-fed S. calcitrans at different times post-
feeding.

Time group (h) Fly number Mouth parts
(as 40-Cqa)

Heads
(as 40-Cqa)

Bodies
(as 40-Cqa)

0 1
2
3
4
5
6
7
8
9
10

–
2.7
–
–
–
–
–
–
1.1
2.9

2.2
10.3
6.7
5.8
1.6
1.5
–
2.8
4.4
10.8

16.6
16.8
16.7
15.7
16.0
15.9
15.7
14.9
14.5
15.0

3 11
12
13
14
15
16
17
18
19
20

–
4.6
–
–
–
1.9
–
–
–
–

5.8
10.6
3.3
–
7.2
9.7
1.4
2.4
2.2
–

15.1
13.3
14.8
14.5
15.6
14
14.7
16.1
14.6
15.1

6 21
22
23
24
25
26
27
28

–
–
–
–
–
–
–
–

–
8.1
–
2.3
–
–
3.1
1.3

12.7
14.8
15.4
15.4
14.5
15.3
13.6
13.6

12 29
30
31
32
33
34
35
36
37
38

–
4.1
–
–
–
1.3
–
–
–
0.8

–
8.9
1.0
4.8
–
6.8
–
4.1
–
10.4

14.2
14.7
14.3
14.4
–
14.8
14.3
13.1
13.3
15.2

24 39
40
41
42
43
44
45
46
47
48

–
–
–
–
–
–
–
–
–
–

–
5.0
–
–
–
1.4
–
–
–
–

–
10.7
11.1
14.0
11.5
11.5
3.4
–
5.6
4.0

36 49
50
51
52
53
54
55
56
57
58

–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
1.2
–

12.6
11.0
9.0
11.9
8.2
6.0
7.1
13.4
12.1
11.5

48 59
60
61
62
63
64
65

–
–
–
–
–
–
–

–
–
–
–
–
–
–

–
–
–
–
–
–
8.8

Table 2 (continued)

Time group (h) Fly number Mouth parts
(as 40-Cqa)

Heads
(as 40-Cqa)

Bodies
(as 40-Cqa)

72 66
67
68
69
70
71
72
73

–
–
–
–
–
–
–
–

–
–
–
–
1.5
–
–
–

–
–
–
–
9.9
–
–
11.2

“- “means that no viral DNA was detected (“No Cq”).
a When comparing Cq-values (as 40-Cq) between the different sample types,

it should be noted, that each sample was diluted with the same amount of
medium in order to allow full homogenization and to ensure a sufficient sample
amount for further analysis. Hence, the relatively small mouth parts samples
are more diluted compared to head and body samples.
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biological vectors for the virus, since there is no indication of ASFV
replication within them. In a previous study, no evidence for ASFV
replication within blowfly larvae, another possible vector of the virus,
was obtained either (Forth et al., 2018). The decreased level of viral

DNA demonstrated in this study with increasing time post-feeding
presumably reflects a decay of the virus over time. Virus isolation was
attempted on body samples from different time groups, and infectious
virus was obtained from the body samples from the 3 h and 12 h groups,

Fig. 2. Detection of ASFV DNA by qPCR in different parts of S.
calcitrans post-feeding on ASFV-spiked blood.
Flies were fed on ASFV-spiked blood and then euthanised at the
indicated times (the time group names indicate the number of
hours post-feeding). The flies were then dissected and the sepa-
rated parts homogenized. The presence of ASFV DNA was detected
by qPCR in mouth parts (panel a), heads (panel b) and bodies
(panel c). When comparing values between the different sample
types, it should be noted, that each sample was diluted with the
same amount of medium in order to allow full homogenization
and to ensure a sufficient sample amount for further analysis.
Means and standard deviations are indicated.
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respectively. In a previous study, analyzing the ingestion of whole flies
that had fed on blood from ASFV-infected pigs blood, it was clearly
shown that infectious virus was present in the flies immediately after
feeding (0 h), since naïve pigs became infected following ingestion of
the flies (Olesen et al., 2018) and, as stated above, infectious virus was
detected for up to 12 h post-feeding of the flies in this study. In one
earlier study, infectious virus was detected in blood-fed whole Stomoxys
flies for up to 48 h following feeding (Mellor et al., 1987). In the study
by Mellor et al., flies had been allowed to feed on blood containing
approximately 8 log10 HAD50/mL. Assuming that one 50% he-
madsorbing dose (HAD50) corresponds approximately to one TCID50 as
a measure of ASFV infectivity, a much lower dose was used for feeding
in our study (5.2 log10 TCID50/mL). Besides the contamination issues in
our study, this could be another possible explanation for the differences
observed in rate of clearance of infectious virus from the flies between
the two studies. We have previsouly found, that a titre of approximately
5–6 log10 TCID50/mL sera was realistic for a pig infected with an ASFV
from Poland (Olesen et al., 2017), and maximum titres of 5–6.5 log10

HAD50/mL have been detected in whole blood obtained from pigs in-
fected with an ASFV from Georgia (Guinat et al., 2014) (note the similar
titres in terms of TCID50/mL and HAD50/mL suggests these measures of
virus load are roughly equivalent). However, in one study, titres of
6.4–8.7 log10 HAD50/mL blood were reported in pigs infected with a
Lithuanian isolate of the virus (Gallardo et al., 2017).

In this study, we have chosen to use S. calcitrans as a model for other
blood-feeding insects since these flies are readily caught and fed in the
laboratory. Also, the stable fly has previously been shown to be able to
transmit ASFV mechanically, via feeding, for up to 24 h after feeding on
blood containing the virus (Mellor et al., 1987) and, as previously
mentioned, ingestion of such flies fed on ASFV-spiked blood resulted in
infection of pigs (Olesen et al., 2018). In both studies, a relatively high
number of flies were used: 30–57 flies (Mellor et al., 1987) or 20 flies
(Olesen et al., 2018). Based on previous calculations of the potential
level of infectious ASFV present within Stomoxys flies following feeding,
a single fly could carry sufficient virus for infection following oral up-
take (Olesen et al., 2018). In the case of mechanical transmission, even
though the dose needed to establish infection via an intramuscular
route (e.g. via bites) is lower than the dose needed to establish infection
orally (Howey et al., 2013), the low levels of ASFV DNA detected in
mouth parts suggests that a single fly may not be sufficient to establish
infection via such a route of transmission. Further animal studies could
be warranted to investigate these issues. In the current study, virus
isolation was not attempted on mouth parts samples, since the low le-
vels of ASFV DNA suggested that the amount of infectious virus would
be below the detection limit in the virus isolation assay.

Outbreaks occurring in high-biosecurity farms (EFSA Panel on
Animal Health and Welfare, 2015; EC, 2014) and the increasing number
of outbreaks observed during the summer period in domestic pigs
(EFSA, 2017) suggest the need to examine the possible role of blood-
feeding flies in the transmission of the virus; this requires collection and
analysis of such flies from on, an around, affected farms. Other flies,
including the Tabanidae which are known to be mechanical vectors for
viral pathogens (Krinsky, 1976), can carry up to five times more blood
than stable flies (Leprince and Foil, 1993; Salem et al., 2012) and the
involvement of these and other large blood-feeding flies in the trans-
mission of ASFV in regions with outbreaks of ASF might also be eluci-
dated by such studies.

In conclusion, this study demonstrates that blood-feeding flies are
capable of transporting infectious virus for at least 12 h. Furthermore
ASFV DNA was detected in the bodies of many flies up to 36 h post-
feeding. Therefore, such flies may play a role in the introduction of
ASFV to farms with high biosecurity. The results indicate that field
studies including collection and qPCR analysis of blood-feeding flies

during ASF outbreaks, and in particular on affected farms, could elu-
cidate the role of such flies in ASFV transmission.
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Part 4: Conclusions and perspectives 

Since 2007, ASF has spread from the Transcaucasian region into Russia and further into Asia 

and Europe, including into nine EU member states. The spread of the disease has proven difficult 

to control. Locally within the wild boar population in Eastern Europe, this is partly due to the 

stability of the virus in the habitat. In EU member states, introductions into domestic pig herds 

and long distance dispersal of ASFV within both wild boar and domestic pig populations have 

been attributed to indirect transmission mediated via humans. ASF has huge socioeconomic 

implications for affected countries. Therefore, it is important to limit disease transmission within 

an affected country and prevent spread to other countries. Since no vaccine is available, control 

and prevention rely on classical measures such as stamping out, surveillance and enhanced 

biosecurity. Epidemiological models can estimate the cost-effectiveness of a given measure and 

thus guide the contingency planning at national and EU levels. The effectiveness of these 

measures depends on the transmission of the disease and the virulence of the viruses currently 

circulating in EU member states. In addition, early identification of an outbreak requires 

knowledge of the clinical signs and pathological findings in infected Suidae. To increase the 

knowledge of the above, using a recent ASFV from Poland, transmission and outcome in 

infected pigs have been investigated, and sequencing of the virus has been performed during 

this Ph. D. project.   

In the first manuscript, the complete genome sequence of the highly virulent ASFV 

POL/2015/Podlaskie is presented and the obtained sequence compared to a reference genome, 

ASFV Georgia 2007/1. Upon comparison, the ASFV from Poland showed 99.95% identity (95 

nt differences) to the Georgian ASFV. Of these differences, 65 positions represented 1-2 nt 
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indels. As many of these nt differences were also detected in spleen material collected from a 

pig experimentally infected with a Georgian isolate from 2007, it could indicate the presence of 

different variants of the ASFV Georgia 2007/1 sequence (as discussed in manuscript 1). Farlow 

et al., (2018) have later investigated the sequence variation within Georgian ASFVs. Within 

their study, upon comparison to ASFV Georgia 2007/1, the vast majority of the 1-2 nt indels 

reported in manuscript 1, were also detected in two Georgian viruses from 2008 (ASFV Georgia 

2008/1 and 2008/2). In our manuscript and this more recent study, the large number of indels 

within homopolymeric regions seems pronounced, as also discussed by Farlow et al., (2018). 

Both studies used sequencing from blood samples without any prior propagation in cell culture. 

In contrast, ASFV Georgia 2007/1 was obtained from cell culture supernatant (Chapman et al., 

2011). Propagation in cell culture could induce some biases prior to sequencing, but extensive 

homopolymeric tract variation (within genes) has not been reported previously following in 

vitro passage of a Georgian ASFV (2007) in Vero cells (Krug et al., 2015). In another recent 

study from 2019, gene sequences reported to differ from ASFV Georgia 2007/1 in manuscript 

1, were identical to gene sequences of the highly virulent ASFV China/2018/AnhuiXCGQ. 

Hence, MGF 110-14L, in which a glycine was deleted in our study, and CP204L (p30-gene), 

QP383R, KP177R (p22-gene) and MGF 360-16R, in which indels were reported (see manuscript 

1), were 100% identical to the respective gene sequences of the Chinese ASFV. Variations 

within seven genes were reported upon comparison between ASF POL/2015/Podlaskie and 

China/2018/AnhuiXCGQ, including one gene member within MGF 110 (MGF 110-1L), three 

genes involved in nucleotide metabolism, NP419L, F1055L and O174L and one gene, E199L, 

encoding a structural protein (Bao et al., 2019). NP419L encodes a DNA ligase and O174L an 

X DNA polymerase. These are considered to be a part of a proposed ASFV base excision repair 
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system (Alejo et al., 2018; Dixon et al., 2013). E199L encodes a transmembrane protein 

localized at the inner envelope. The encoded protein has been related to virus entry (Alejo et al., 

2018). In order to look more closely into the effect and importance of the differences between 

ASFV genomes, access to additional complete genome sequences from the currently circulating 

ASFVs is needed. Comparison of genome sequences of strains differing in virulence could 

identify virulence determinants of the virus (ideally link observed virulence with genetic 

changes). Hence, it could be of great interest to obtain additional complete genome sequences 

of highly virulent viruses and of ASFVs described as moderately virulent, such as the ones 

apparently circulating in Southern Estonia (Gallardo et al., 2018) and Armenia (Sargsyan et al.,  

2018). In addition, obtaining more sequence information may identify additional genetic 

markers for epidemiological tracing of outbreaks. These markers could be useful for mapping 

of disease transmission at a molecular level.   

The animal studies described in manuscript 2 provide knowledge of clinical signs, pathological 

findings, and virus shedding from pigs infected with the ASFV POL/2015/Podlaskie. The 

studies also present quantitative transmission parameters applicable for modelling ASFV 

spread. The manuscript concludes that the ASFV from Poland caused an acute disease 

progression within infected pigs, and further that the virus could be readily transmittable through 

direct contact and air.  

Within infected pigs the observed acute disease progression is in accordance with disease 

progressions reported from other studies using circulating genotype II viruses (described in 

section 1.3.). However, a recent report from an endemic area in Armenia and an experimental 

study using endemic viruses obtained from wild boar in Estonia, both report a more varied 

disease picture ranging from acute to chronic (Gallardo et al., 2018; Sargsyan et al., 2018). This 
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suggests that the continued circulation of the genotype II ASFVs within these populations of 

domestic pigs and wild boar, respectively, could represent a different disease picture from that 

described for the ASFV from Poland in manuscript 2.  

Within the studies presented in manuscript 2, the virus was readily transmitted via direct contact 

and through air, and hence the contagiousness was concluded to be high. This contrasts with 

reports from the field, where ASFV transmission has been reported to be a rather slow process 

(Nurmoja et al., 2018; Oļševskis et al., 2016). In our manuscript, these differences in 

contagiousness reported from experimental and field settings, respectively, were attributed to 

different routes of inoculation/infection and differences in virus shedding - the latter caused 

differences in the speed of the transmission within our own experimental set-up.  In particular, 

the contagiousness seemed to be higher when blood was present (also see manuscript 2). 

Recently, Chenais et al., (2019) suggested that the moderate contagiousness reported from the 

field could, to some extent, mirror early detection and rapid implementation of control measures 

during outbreaks. I.e. when pigs are removed from pen units before the onset of severe clinical 

signs, including bleeding, this may slow down the speed of the transmission. Early detection 

may also provide one explanation for the mild clinical signs described from Estonian pig herds 

by Nurmoja et al., (2018). If pigs had been euthanized early in the course of the infection in the 

animal studies presented in manuscript 2, we would not have observed severe clinical signs in 

the majority of the pigs. I.e. these signs were more characteristic of the late stages of the 

infection. In areas in which the disease has not been detected before, the varied clinical signs 

and pathological findings reported from manuscript 2 may hamper such early disease detection 

and thus delay the implementation of control measures. 
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The results from manuscript 2 could guide epidemiological investigations and model spread 

within a herd setting, where the models should reflect direct contact, indirect transmission via 

e.g. personal and equipment, and also transmission via air over short distances. The obtained 

results on virus detection in different samples, including blood, can also guide the sampling 

schemes laid down by the authorities. E.g. in manuscript 2, viral DNA was detected in EDTA 

stabilized blood samples before it could be detected in serum samples.     

In perspectives, when obtaining data for epidemiological modelling, a more intensive sampling 

from the pigs (e.g. every day) would be useful. This would provide the most accurate estimates 

of calculated transmission parameters. However, pigs would often suffer from intensive 

sampling. Therefore, due to animal welfare reasons, such accurate estimates are difficult to 

obtain. In addition, it would be very interesting to analyse air samples for the presence of 

infectious virus as done by de Carvalho Ferreira et al., (2013). These authors detected infectious 

ASFV in air. With the current sampler, only a limited amount of sample material can be 

recovered and air samples were only assayed by PCR. Samples could be obtained in duplicate 

or even triplicate, so some aliquots could be used for virus isolation. One limitation is that the 

amount of virus might be below the detection limit in our virus isolation assay. Hence, in our 

studies a and b, the Cq values detected in air samples were rarely below 35, and infectious virus 

was difficult to obtain from other sample types, e.g. blood samples, when Cq values were above 

32 (Cq values are reported as genome copies in manuscript 2). Finally, when studying 

transmission through air, a study using two separate stable units only connected by an air pipe 

would be interesting to perform. At our facilities, such a set-up was not possible. Still, the 

detection of viral DNA in air linked with the course of infection within the pig groups (see 
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manuscript 2) in two independent studies should be sufficient to conclude that transmission of 

the currently circulating ASFVs via air over short distances is possible.  

In the third manuscript, it was shown that ASFV can be transmitted indirectly to naïve pigs 

through a pen environment contaminated with excretions and secretions from ASFV-infected 

pigs. Therefore, it was concluded that transmission via fomites contaminated with such 

secretions and excretions is probably responsible for some indirect transmission of the virus. 

However, in our experimental set-up a rapid decrease in the infectiousness of the pen 

environment was observed (also see manuscript 3). This indicates that the level of infectious 

virus left in the pen environment after more than 1 day was too low to result in infection. In 

another study, in which feed material was spiked with a splenic homogenate, viable virus was 

detected for up to 30 days under storage at varying temperatures (Dee et al., 2018). This finding 

contrasts the limited time window for transmission via contaminated fomites in our study. 

However, the survival of virus in urine and faeces may differ from the survival of the virus in 

spleen material. Presumably, the amount of infectious virus in secretions and excretions such as 

saliva, urine and faeces is lower than the amount of infectious virus in splenic homogenate 

(which contains blood). E.g., virus titres in nasal and rectal swabs have been found to be lower 

when compared to titres in blood or serum (Guinat et al., 2014; also see manuscript 2 and 

supplementary files). As discussed in manuscript 3, had we left other virus-containing material, 

e.g. blood from euthanasia of the ASFV-infected pigs, in the pen environment, virus survival 

would probably have been prolonged. Still, the results from Sindryakova et al., (2016), do not 

suggest a prolonged survival of the virus in blood-spiked fomites, such as feed, at room 

temperature (also see section 1.4.3.).  
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To my knowledge, the studies described in manuscript 3, are still the only reported 

investigations of transmission from an environment contaminated with secretions, such as 

saliva, and excretions, such as faeces and urine, from ASFV-infected pigs. Despite the above 

mentioned, the short survival of the virus in the stable environment was unexpected to us, and 

it would be interesting to repeat the study in the same set-up. However, the minimum infectious 

dose which was recently reported to be 104 TCID50 for feed (Niederwerder et al., 2019), may be 

difficult to reach within saliva, faeces and urine left at room temperature for days. Initial viral 

DNA loads were found to be low in urine and faeces (see manuscript 3) and most likely, only a 

low amount of infectious virus would be left after storage at room temperature for days (as 

discussed above).  

Should the studies be repeated, quantification of the level of contamination of the environment 

could be investigated further by obtaining more sample types during the study, such as bedding 

material etc. Finally, when estimating virus survival in excretions and secretions in vitro, it 

would be interesting to mimic different environmental conditions (similar to the study by Dee 

et al., 2018), e.g. a warm pen environment, a moist and cold environment representing the wild 

boar habitat conditions in Eastern Europe etc.  

In manuscripts 4 and 5, based on studies investigating infection of pigs with ASFV via ingestion 

of blood-fed flies and the presence of virus within these flies, it was concluded that stables flies, 

Stomoxys calcitrans, can act as possible insect vectors of ASFV. In manuscript 4, pigs became 

infected following oral uptake of flies containing the virus, and in manuscript 5 it was shown 

that infectious virus can be detected within the flies for up to 12 hours following their feeding 

on blood with an ASFV-titre realistic for an infected pig. The presence of insect vectors could 

be one explanation for the observed seasonality in ASFV outbreaks in EU member states. In a 
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recent EFSA report describing ASF epidemiology in the European Union (EFSA, 2018), the 

presence of haematopoietic insects was put forward as one possible explanation for the rapid 

and devastating transmission of ASF observed in domestic pig farms in Southeastern Romania. 

Many of the outbreaks were located near water (especially the Danube River) and spread of the 

virus seemed to increase following rain, where conditions were more favourable for insects (also 

see EFSA, 2018). It would be very relevant to investigate ASFV transmission via such insects 

further. Within field settings, epidemiological studies, sampling and analysis of blood-feeding 

flies or mosquitoes from affected farms, coupled with observations of the behaviour of the flies 

around and within pig farms, would help to elucidate the role of these flies in ASFV 

transmission. Coupled with field studies, additional experimental studies with flies, including 

stable flies and the larger Tabanidae (see manuscripts 4 and 5) could provide more information 

concerning the role of these flies in virus transmission. Building upon the work presented in 

manuscript 4, studies using ingestion of different numbers of blood-feed flies would establish 

the number of both small (S. calcitrans) and larger flies, required to establish infection orally, 

i.e. establish the minimum infectious dose. Furthermore, building upon the study by Mellor et 

al., (1987), more studies investigating the potential for these flies to act as vectors via bites could 

be important. As pointed out in manuscript 5, the amount of viral DNA on mouth parts of stable 

flies is small, but larger flies may carry more blood on their mouth parts, e.g. the Tabanidae 

who cut through the skin and feed from a pool of blood (Krinsky, 1976). This could initially be 

investigated in the laboratory through membrane feeding and subsequent analysis of the flies. 

Finally, it would be relevant to improve the detection methods for infectious virus in the flies 

following membrane feeding. We experienced some problems with contamination (bacteria and 

fungi). This might be overcome using laboratory reared flies, probably less contaminated than 
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their wild-caught counterparts, and/or by the application of a hemadsorption assay (as also used 

successfully by Mellor et al., 1987) instead of an assay relying on antigen staining for the 

detection of infected cells.  Alternatively, flies euthanized at different time points following 

feeding on ASFV-spiked blood could be fed to pigs to test the infectious potential of these flies.  

As a final concluding remark, a lot of work still needs to be done within the area of ASFV 

transmission and molecular epidemiology. Both the analysis of complete genome sequencing 

data and the in vitro and animal studies investigating different routes of transmission can add 

important knowledge that can be applied for contingency planning. The studies performed 

elsewhere that investigate the role of wild boar and their habitat in the current scenarios in EU 

member states also add valuable information. Furthermore, an effective control measure would 

be a safe, efficient vaccine. Currently, many studies are being performed within this area, 

although challenges still exist (as presented by Arias et al., (2017) and Revilla et al., (2018)). 

Finally, in light of the extensive involvement of humans in the spread of the disease, as also 

pointed out by Chenais et al., (2019), anthropogenic factors cannot be ignored when combating 

ASF.    
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List of abbreviations 

arbovirus: arthropod-borne virus   

ADNS: Animal Disease Notification System 

ANOVA: analysis of variance 

ASF: African swine fever, Afrikansk Svinepest (Danish) 

ASFV: African swine fever virus, Afrikansk svinepestvirus (Danish) 

bp: base pair  

Cq: threshold cycle value/quantification cycle  

CS: clinical score  

CSF: Classical swine fever  

CVR: central variable region 

dp: domestic pigs  

dpe: days post-exposure  

dpi: days post-inoculation  

EC: European Commission  

EDTA: ethylene diamine tetraacetic acid 

EFSA: European Food Safety Authority  

ELISA: enzyme-linked immunosorbent assay 

EMEM: Eagle’s minimum essential medium 

EU: European Union  

EURL: EU Reference Laboratory 

FAO: Food and Agriculture Organization 

FCS: fetal calf serum 
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HAD50: 50% hemadsorbing dose 

HB: high biosecurity  

IGR: intergenic region 

I.N.: intranasally  

indel: insertion/deletion 

IPMA: immunoperioxidase monolayer assay 

MGF: multigene family  

mRNA: messenger RNA 

nt: nucleotide  

OIE: World Organization for Animal Health 

ORF: open reading frame  

PCR: polymerase chain reaction 

PID: post infection day  

PPAM: porcine pulmonary alveolar macrophages  

PRRSV: porcine reproductive and respiratory syndrome virus 

qPCR:  quantitative real-time polymerase chain reaction

SNP: single nucleotide polymorphism  

SPF: specific pathogen free  

TCID50: 50% tissue culture infective dose  

TRS: tandem repeat sequences 

USDA: United States Department of Agriculture 

WAHIS: World Animal Health Information System 

wb: wild boar  
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