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Abbreviations and definitions 

 
16S rRNA 16S ribosomal RNA is the component of the 30S small subunit 

of a prokaryotic ribosome. 
Amplifying host A host in which infectious agents, e.g. TBEV, multiply to. 

higher concentrations 

BHK-21 cells Baby hamster kidney cells  

Bp Base pair 

C    Capsid protein  

cDNA    Complementary deoxyribonucleic acid 

CNS    Central nervous system 

Co-feeding When an infected tick and non-infected tick(s) are feeding 

close together or soon after each other on the same area of a 

host. Transmission of TBEV by co-feeding is independent of the 

host’s viraemia. 

Counties Names of Norwegian counties used in this thesis are based on 

the counties as they were in 2018. Since then, counties have 

been merged. As of 1st of January 2020 these counties have 

had changed borders:  

 

 

 

 

Ct    Cycle threshold 

Old counties:  New counties: 

Hordaland and Sogn og Fjordane  Vestland 

Aust-Agder and Vest-Agder  Agder 

Vestfold and Telemark  Vestfold og Telemark 

Oppland and Hedmark  Innlandet 

Buskerud, Akershus and Østfold  Viken 

Troms and Finnmark  Troms og Finnmark 
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Figure 4: Countries with confirmed cases of tick-borne encephalitis (TBE) in Europe are indicated 
with red dots (Dobler et al., 2019). Infection sites are not indicated in the map (Kartverket, Creative 
Commons BY 4.0).  

Within a subtype, the degree of variation in amino acid is low, up to 2.2 % in the polyprotein, 

and the variations between subtypes is found to vary from 5.0 % to 7.3 % sequence 

difference in the polyprotein. The difference between the subtypes in the nucleotides has 

been found to be between 14.6 % and 16.5 % (Adelshin et al., 2019; Demina et al., 2010; 

Ecker et al., 1999).  

The disease caused by the different subtypes of TBEV varies in severity and mortality 

(Gritsun et al., 2003b). Human infection with the TBEV-Eu subtype usually results in mild 

forms of TBE with a mortality rate of less than 2 %. TBEV-Sib causes similar symptoms 

although more severe disease outcomes have been reported (Gritsun et al., 2003c). TBEV-

FE is the subtype with the highest reported mortality rate of up to between 20 % and 40 % 

(Dorrbecker et al., 2010). Fatality rates are, however, difficult to find. An epidemiological 
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report by ECDC indicated a TBE fatality rate of about 0.6 % in Europe in 2018 (Russia not 

included) (European Centre for Disease Prevention and Control 2019). 

1.3.3. TBE and TBEV in Norway 

In Norway, TBE has been a mandatory notifiable disease to the Norwegian Surveillance 

System for Communicable Diseases (MSIS) since 1975. The first reported human case of TBE 

in Norway occurred in 1997 (Skarpaas et al., 2004). Phylogenetical analysis of parts of the E-

protein showed that the strain belonged to the TBEV-Eu subtype (Skarpaas et al., 2006). The 

patient was assumed to be infected at Tromøy located in the county of Aust-Agder in 

southern Norway (Skarpaas et al., 2002). Skarpaas and co-workers also analysed questing I. 

ricinus ticks collected from the neighbouring county of Vest-Agder, and found a TBEV-

prevalence of 0.2 % to 0.3 % (Skarpaas et al., 2006).  

The viral strain “Mandal 2009” is the only whole genome sequence of TBEV retrieved from 

Norway. Phylogenetically, “Mandal 2009” was found to belong to the Scandinavian group of 

the TBEV-Eu subtype. However, “Mandal 2009” revealed a shorter form of the TBEV genome 

within the 3’ NCR, similar to the highly virulent Hypr-strain (Asghar et al., 2014).  

The first suggested isolate of TBEV in Norway was described in 1978. The isolate originated 

from questing I. ricinus ticks collected in Sogn og Fjordane county in western Norway. 

Suspensions of the ticks were injected to mice brain. Serum samples from mice that showed 

clinical signs were analysed by haemagglutination inhibition tests and five positive samples 

with close serological relationship to the TBEV complex were detected (Traavik et al., 1978). 

In 1979, Traavik detected a 19.6 % TBEV seroprevalence by haemagglutination inhibition 

tests in humans from the same area (Traavik, 1979). 

An overview of studies that have detected TBEV in Norway is given in Table 1. In 2012, 

Andreassen et al. published a study on the prevalence of TBEV in questing I. ricinus nymphs 

in southern Norway. This study found a prevalence ranging from 0.1 % to 1.2 % in the study 

areas (Andreassen et al., 2012). In addition to the findings of TBEV in questing ticks in 

southern Norway (Andreassen et al., 2012; Kjelland et al., 2018; Skarpaas et al., 2006), TBEV 

has also been detected in questing I. ricinus nymphs and adults from coastal areas in the 

counties of Akershus, Østfold, Telemark, Buskerud, Vestfold, Rogaland, Hordaland, Sogn og 

Fjordane Møre og Romsdal, Trøndelag, and Nordland (Figure 6) (Larsen et al., 2014; Paulsen 
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et al., 2015; Soleng et al., 2018; Vikse et al., 2020). Furthermore, a study on blood donors 

has been published from the county of Østfold where a seroprevalence of 0.65 % was 

confirmed by a neutralisation test (Larsen et al., 2014). 

There is limited information on TBE in animals in Norway. A seroprevalence of 17.3 % has 

previously been detected in bovines by haemagglutination inhibition tests in southern and 

western Norway (Traavik, 1973). A study on TBEV IgG antibodies in dog serum found a 

seroprevalence of 16.4 % in southern Norway (Csango et al., 2004). Additionally, a 

seroprevalence study on cervids in the counties of Vest-Agder and Møre og Romsdal found 

a prevalence of 41 % and 1.6 %, respectively (Ytrehus et al., 2013). 
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Part two, co-infection of TBEV and A. phagocytophilum 

Part two consisted entirely of ewe lambs and was carried out in the autumn of 2018. The 

lambs were randomly divided into two groups (group 5 and 6). The same strains and batches 

of TBEV and A. phagocytophilum as in part one were inoculated to group 1 on day 0, while 

physiological saline water was used as negative control and inoculated to group 2 on day 0 

(Table 2). Blood samples were drawn from all animals on day 0, 2, 4, 6, 8, 10, 14, 18 and 21. 

Table 2: Overview of the study groups and the experimental design of part one and part two of the 
experimental study with infection of tick-borne encephalitis virus (TBEV) and Anaplasma 
phagocytophilum in lambs. Group 1 to 4 consisted of male lambs and group 4 to 6 consisted of 
female lambs.  

 
aTBEV was inoculated subcutaneously (1 ml of the strain Hochosterwitz, approximately 
6.5×106 FFU/ml. 
bA. phagocytophilum was inoculated intravenously (0.4 ml of heparinised sheep blood 
stabilised with 10 % demethyl sulphoxide (DMSO), approximately 1×106 infected cells, 
GenBank accession number M73220). 
c1 ml negative cell medium or physiological saline solution was inoculated subcutaneously. 

 

  
Part one: pre- and post- infection of TBEV and A. phagocytophilum 

  

  
Part two: co-infection of 

TBEV and A. 
phagocytophilum 

  

Day 
 

Group 1  
 

 
Group 2 

 

 
Group 3 

 

 
Group 4 

 

 
Group 5 

 

 
Group 6 

 

0 Inoculated 
with TBEVa 

Inoculated 
with A. 
 Phago-

cytophilumb 

Inoculated 
with A. phago-

cytophilumb 

Negative 
controlsc 

Inoculated 
with TBEV and 

A. phago-
cytophilum,a,b 

Negative 
controlsc 

21 

Inoculated 
with A. 
phago-

cytophilumb 

Inoculated 
with 

uninfected cell 
mediumc 

Inoculated 
with TBEVa 

Negative 
controlsc End of experiment 
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Flaviviridae

Ixodes ricinus and Ixodes 
persulcatus

I. ricinus

I.ricinus

Capreolus capreolus Cervus 
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elaphus Rangifer tarandus tarandus
Alces alces
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27 5/15

Roe deer 1 1/12 0.7

Red deer 2 2/11

Reindeer 0 0/3 0

657 30  
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Table S1 Samples collected by species and municipalities (for wild-reindeer by management areas). 
Municipalities in bold represent those were positive TBE animals were identified. 

Moose Red deer Roe deer Wild Reindeer 

Municipality Number of 
animals Municipality Number of 

animals Municipality Number of 
animals 

Reindeer 
district 

Number of 
animals 

Birkenes 7 Birkenes 1 Hitra 14 Setesdal 
Austhei 26 

Eidskog 27 Etne 15 Hjelmeland 2 Setesdal 
Ryfylke 27 

Eidsvoll 2 Flora 21 Horten 12 Snøhetta 30 

Eidsvoll 1 Luster 8 Kristiansand 18   

Halden 43 Lærdal 1 Levanger 21   

Karasjok 
komm 1 Masfjorden 14 Mandal 1   

Lardal 29 Namsos 16 Ringsaker 21   

Larvik 23 Rauma 15 Songdalen 1   

Midtre 
Gauldal 28 Skjåk 7 Søgne 1   

Nannestad 1 Suldal 14 Trøgstad 6   

Nannestad 1 Vindafjord 28 Vega 30   

Steinkjer 48   Vestby 21   

Trysil 20       

Ullensaker 3       

Vefsn 27       

Verdal 25       

Total 286  140  148  83 

      Grand total 657 

 

  

 

  



  



Table S2 Results for tick-borne encephalitis virus by enzyme linked immunosorbent assay and serum 
neutralisation test, and for louping ill virus by haemagglutination inhibition test and serum neutralisation test. 
All cervid samples included in this study where obtained during the hunting period in Norway in 2013. 

* Titre equal to 10 or higher was evaluated as positive by TBEV serum neutralisation test 
** Titres greater than 20 were considered positive by LIV haemagglutination inhibition test, and samples with 
titre 10 were considered inconclusive. 
***Titres equal to 4 or higher were considered as positive by LIV serum neutralisation test 
  

Species Municipality TBEV 
ELISA IgG 

TBEV IgG titre by serum 
neutralisation test* 

LIV IgG titre by 
haemagglutination  

inhibition test** 

LIV IgG titre by serum 
neutralisation test *** 

roe deer Søgne Borderline 15 <10 8 

red deer Vindafjord Positive 20 80 128 

red deer Birkenes Positive 640 320 256 

moose Birkenes Positive 120 40 64 

moose Halden Borderline <10 <10 <4 

moose Halden Positive 20 10 8 

moose Lardal Positive 60 20 16 

moose Lardal Borderline 30 10 <4 

moose Lardal Positive 2560 ≥ 320 8 

moose Lardal Positive 60 <10 16 

moose Lardal Positive 80 40 64 

moose Lardal Positive 160 40 45 

moose Lardal Positive 60 20 22 

moose Lardal Positive 160 10 16 

moose Lardal Positive 640 80 90 

moose Lardal Positive 640 40 64 

moose Larvik Positive 160 80 180 

moose Larvik Positive 1280 320 256 

moose Larvik Positive 640 80 90 

moose Larvik Positive 120 10 8 

moose Larvik Positive 160 40 16 

moose Larvik Positive 40 <10 11 

moose Larvik Positive 320 80 32 

moose Larvik Positive unknown 80 90 

moose Larvik Positive 80 <10 11 

moose Larvik Positive 320 80 64 

moose Larvik Positive 480 320 180 

moose Larvik Positive 80 40 128 

moose Larvik Positive 60 20 22 

moose Larvik Positive 40 10 16 

moose Larvik Positive 480 80 64 

moose Steinkjer Positive 160 40 45 

moose Steinkjer Borderline <10 <10 11 

moose Vefsn Positive <10 <10 unknown 

moose Vefsn Positive <10 <10 4 

reindeer Setesdal Ryfylke Borderline < 10 10 unknown 

reindeer Setesdal Austhei Positive <10 <10 <4 

reindeer Setesdal Austhei Borderline <10 <10 <4 
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Summary 32 

Tick-borne encephalitis virus (TBEV) is recognised as the most important zoonotic tick-33 

transmitted virus in Europe. TBEV is mainly transmitted to humans through bites from TBEV-34 

infected ticks (Ixodes ricinus and Ixodes persulcatus). However, alimentary infection after 35 

consumption of unpasteurised milk and cheese from domestic ruminants have been reported. 36 

There is little information about TBEV in ruminants in Norway. The objectives of this study 37 

were to analyse unpasteurised cow milk for TBEV RNA, and to study the presence of IgG 38 

antibodies to TBEV in the same animals. A total of 112 milk and blood samples were collected 39 

from cows from five different farms spread from southern to northern Norway. The milk 40 

samples were analysed by an in-house reverse transcription (RT) real-time polymerase chain 41 

reaction (PCR) and confirmed by pyrosequencing. Serum samples were screened by a 42 

commercial enzyme linked immunosorbent assay (ELISA) and verified by a TBEV-specific 43 

serum neutralisation test (SNT).  We found TBEV RNA in unpasteurised milk collected from 44 

farms in the municipalities of Mandal, Skedsmo and Brønnøy in 5.4% of the tested animals. 45 

Specific antibodies to TBEV were only detected in Arendal, where 88.2% of the tested animals 46 

were positive. Further studies on milk containing TBEV RNA should be performed to conclude 47 

if TBEV found in unpasteurised milk in Norway is infectious, which could be of great 48 

importance in a One Health perspective.  49 

Keywords 50 

Tick-borne encephalitis virus (TBEV), unpasteurised milk, domestic ruminants, real-time PCR, 51 

serum neutralisation test.  52 

Impacts 53 

- This is the first report of tick-borne encephalitis virus in unpasteurised milk in Norway.54 

- The study provides updated information on TBEV distribution in Norway.55 

- Norwegian authorities are currently considering to allow the sale of unpasteurised dairy56 

products. Our study indicates that a risk assessment may be suitable to evaluate the57 

consequences of consuming unpasteurised dairy products from domestic ruminants58 

grazing in areas of Norway where TBEV is detected.59 
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Introduction 60 

Tick-borne encephalitis virus (TBEV) is the causative agent of tick-borne encephalitis (TBE) 61 

in humans, and it is the most important zoonotic tick-transmitted virus in Europe from a medical 62 

perspective (Suss, 2011). TBEV is a positive-sense, single-stranded RNA virus in the 63 

Flaviviridae family, within the Flavivirus genus. TBEV is occasionally transmitted to humans 64 

through bites from TBEV-infected Ixodes ricinus or Ixodes persulcatus ticks, which are 65 

recognised as both vectors and reservoirs (Lindquist & Vapalahti, 2008). TBEV infection in 66 

humans often result in unspecific transient febrile symptoms, but the clinical outcome ranges 67 

from asymptomatic to severe infection in the central nervous system (Kaiser, 2012). The virus 68 

is traditionally divided into three main subtypes, the European, the Siberian and the Far Eastern 69 

(Ecker et al., 1999). At least two additional subtypes are known at present, the Baikalian and 70 

the Himalayan subtypes (Kovalev & Mukhacheva, 2017, Dai et al., 2018). In Norway, only the 71 

European subtype is found (Andreassen et al., 2012, Paulsen et al., 2015, Soleng et al., 2018). 72 

The closely related Louping ill virus (LIV) has been detected in Norway. However, no 73 

outbreaks have been reported since the last outbreak in 1991, reported by the Norwegian 74 

Veterinary Institute (Gao et al., 1993, Ulvund et al., 1983). The disease caused by the different 75 

subtypes of TBEV varies in severity and mortality; the European and Siberian subtypes 76 

generally have fatality rates of approximately 1 to 3%, while the Far Eastern subtype fatality 77 

rate might be as high as 20 to 40% (Dorrbecker et al., 2010, Gritsun et al., 2003a).  78 

Consumption of raw milk and other dairy product seems to be an increasing trend both in 79 

Norway as well as in other European countries due to the alleged health benefits and better taste 80 

of natural products. Outbreaks of Escherichia coli, Salmonella spp., Listeria monocytogenes, 81 

Campylobacter spp. and TBEV have been reported after consumption of unpasteurised milk in 82 

Europe (Bogovic & Strle, 2015, Costard et al., 2017, Willis et al., 2018). Alimentary TBEV 83 

infection following consumption of unpasteurised milk and cheese from domestic ruminants 84 

have been reported in approximately 1% of all TBE-cases (Kriz et al., 2009). However, this 85 

number may differ significantly. The highest occurrence of alimentary TBE is known from 86 

Slovakia, where up to 17% of TBE-cases are caused by consumption of infected milk (Kerlik 87 

et al., 2018). For other countries, the available information is limited. The largest reported 88 

outbreak of alimentary TBE occurred in Slovakia in 1951-52, where at least 660 people became 89 

infected (Kerlik et al., 2018).  90 

In most of the alimentary TBE-cases, the virus is transmitted through unpasteurised milk and 91 

cheese from goat, but TBEV infection through consumption of unpasteurised milk from cow 92 
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and sheep has also been reported (Balogh et al., 2010, Caini et al., 2012, Gresikova et al., 1975, 93 

Holzmann et al., 2009, Hudopisk et al., 2013, Markovinovic et al., 2016). Infected domestic 94 

ruminants do not display clinical symptoms, but they may develop a viremia with a duration of 95 

approximately one week (Baloh et al., 2012, Van Tongeren, 1955). In milk samples from 96 

infected ruminants, TBEV has been detected for up to 19 days post infection (Baloh et al., 97 

2012). Detectable antibodies in ruminants have been found for at least 28 months after infection 98 

(Klaus et al., 2014). The clinical manifestation of alimentary TBE in humans may differ from 99 

TBE after tick-bites. The alimentary TBE is biphasic, similar to infection caused by the 100 

European subtype of TBEV, with some observed differences. Alimentary-transmitted TBE has 101 

a shorter incubation period compared to TBEV infection through tick-bite (3 to 4 days and 7 to 102 

14 days, respectively). While the biphasic form is dominant for alimentary TBE, the biphasic 103 

form represents about 20 to 30% of all TBEV infections after tick-bite. Non-severe 104 

meningoencephalitis is observed for alimentary TBE, while clinical manifestations of tick-105 

associated TBE may be more severe with “aseptic” meningitis, meningoencephalitis, and 106 

meningomyeloencephalitis (Gritsun et al., 2003b, Ruzek et al., 2010). 107 

There is limited knowledge of the presence of TBEV in domestic ruminants in Norway. A study 108 

from 1973 detected a seroprevalence of 17.7% in bovine sera in western Norway (Traavik, 109 

1973). According to the Norwegian Surveillance System of Communicable Diseases (MSIS), 110 

the incidence of human TBE is low in Norway, with a total of 143 reported cases since 1997, 111 

of which 16 were reported in 2017. The human cases are limited to southern Norway 112 

(Norwegian Institute of Public Health, MSIS, 2018). However, I. ricinus ticks carrying TBEV 113 

have been detected in coastal areas from the county of Østfold in the southeast up to Brønnøy 114 

located in the county of Nordland in northern Norway. This indicates that the virus is more 115 

widespread in Norway than the reported human cases may suggest (Andreassen et al., 2012,  116 

Larsen et al., 2014, Paulsen et al., 2015, Soleng et al., 2018). Outbreaks of alimentary TBEV 117 

infections can be prevented by pasteurising milk before consumption or by vaccination against 118 

TBEV (Hudopisk et al., 2013, Offerdahl et al., 2016). For instance, immunisation of goats has 119 

been demonstrated as an effective method of preventing TBEV infection from unpasteurised 120 

milk (Balogh et al., 2012).   121 

The objectives of this study were to analyse unpasteurised milk samples from cows for TBEV 122 

RNA, and to study the presence of antibodies to TBEV in the same animals.   123 
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Materials and methods  124 

Collection of milk and blood samples  125 

A total of 112 milk samples were collected from grazing dairy cows between June 2014 and 126 

September 2017 on farms located in the municipalities of Skedsmo, Arendal, Mandal, Finnøy 127 

and Brønnøy in Norway. The Skedsmo samples were collected in June, the Brønnøy and Finnøy 128 

samples were collected in September, and the Mandal and Arendal samples were collected in 129 

October (Figure 1, Table 1). All cows included in the study have been grazing close to their 130 

respective farms during daytime for more than one year. Blood samples were taken from the 131 

same animals and separated to serum. In addition to the milk samples from individual cows, a 132 

total of five samples from bulk milk tanks at the farms, were tested from Skedsmo, Mandal 133 

(two samples), Finnøy and Brønnøy. The samples were stored in sterile tubes at -80°C until 134 

further processing. All farms, except the farm in Skedsmo, are situated in areas where ticks are 135 

known to be abundant. Of the five municipalities in this study, Mandal and Arendal are the only 136 

two where human cases of TBE have been reported in Norway (Norwegian Institute of Public 137 

Health, MSIS, 2018). 138 

Detection of tick-borne encephalitis virus in raw milk from cows 139 

Fat from all milk samples was removed by centrifuging at 6,000 x g for 10 minutes according 140 

to Cisak et al. (2010). Viral RNA from skimmed milk was then extracted using QIAamp® Viral 141 

RNA mini kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s 142 

instructions. The elution volume was 60 μL. Directly after extraction, the RNA was reversely 143 

transcribed to cDNA with random primers (High-Capacity cDNA Reverse Transcription Kit, 144 

Applied Biosystems, Foster city, CA, USA), followed by detection of TBEV RNA with in-145 

house RT real-time PCR and pyrosequencing assays according to Andreassen et al. (2012). The 146 

real-time PCR amplifies a 54 base pair fragment located on the envelope gene of TBEV, 147 

specific to the Norwegian TBEV-strain (Andreassen et al. 2012, Skarpaas et al., 2006). All real-148 

time PCR positive samples were further analysed by pyrosequencing according to the 149 

manufacturer’s manual for sequence analysis (SQA) on the BioTage system (Pyromark ID, 150 

QIAGEN, GmbH, Hilden, Germany). A positive control (“Soukup”) was used in the real-time 151 

PCR, and further in the pyrosequencing analysis, to compare and confirm the sequences 152 

revealed from the positive samples (Andreassen et al. 2012). 153 

Detection of IgG antibodies against tick-borne encephalitis virus in cow serum  154 

Serum samples from cows were screened for IgG antibodies against TBEV by a commercial 155 

enzyme linked immunosorbent assay (ELISA, Enzygnost® Anti-TBE virus IgG, Siemens 156 
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Healthcare, GmbH, Marburg, Germany) according to the manufacturer’s protocol, with one 157 

modification: the conjugate was changed to peroxidase-labelled antibody to bovine IgG diluted 158 

1: 30 000 (KLP, Gaithersburg, USA). The conjugate was diluted in IgG Conjugate Buffer 159 

Microbiol (Enzygnost® Anti-Rubella Virus IgG, Siemens Healthcare, GmbH, Marburg, 160 

Germany). Serum from calves vaccinated against TBE with the TicoVac-vaccine (Pfizer Ltd, 161 

Ramsgate Road, Sandwich, Kent, CT13 9NJ, UK), were used as positive controls and serum 162 

from calves, which never had been exposed to ticks as negative controls. 163 

Positive samples from the ELISA were re-tested in a TBEV-specific serum neutralisation test 164 

(SNT) at the Center for Virology of the Medical University of Vienna, as described by Stiasny 165 

et al. (2009). Briefly, serial dilutions of heat-inactivated samples were incubated with TBEV 166 

(strain Neudoerfl) for 1h at 37°C. Baby hamster kidney (BHK-21) cells were added and 167 

incubation was continued for three days. The presence of virus in the cell culture supernatant 168 

was assessed by ELISA. The virus neutralisation titre was defined as the reciprocal of the 169 

sample dilution that showed a 90% reduction in the absorbance readout compared to the control 170 

without antibody. Samples with titres equal to 10 and higher were defined as TBE seropositive. 171 

Results 172 

Tick-borne encephalitis virus in raw milk from cows 173 

TBEV RNA was detected by RT real-time PCR and pyrosequencing in six of the 112 (5.4%) 174 

analysed raw milk samples from cows. The positive samples originated from Mandal, Skedsmo 175 

and Brønnøy, in 28.6%, 13.6%, and 2.1% of the animals, respectively. In Mandal, two of the 176 

three real-time PCR positive samples were confirmed by pyrosequencing. Five positive samples 177 

from Skedsmo were detected by real-time PCR, three of them were confirmed by 178 

pyrosequencing. At Brønnøy, one sample was positive by both real-time PCR and 179 

pyrosequencing (Table 1).   180 

Both bulk tank milk samples from Mandal were positive by real-time PCR and confirmed by 181 

pyrosequencing, while the remaining tank samples were negative (data not shown).  182 

Antibodies against tick-borne encephalitis virus in cow serum 183 

IgG antibodies against TBEV were detected by ELISA in 16 of the 112 tested animals. 184 

However, positive samples by SNT were only detected in Arendal, where 15 out of 17 (88.2%) 185 

samples were positive. The titres in the SNT ranged from 15 to 1280. ELISA-positive samples 186 

from Skedsmo and Finnøy were negative by SNT (Table 2, Supplementary material Table 1).   187 
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None of the cows with TBEV-positive milk by RT real-time PCR and pyrosequencing had 188 

detectable TBE-antibodies in serum by SNT (Table 1 and 2). 189 

Discussion 190 

This is the first study to report tick-borne encephalitis virus (TBEV) in unpasteurised cow milk 191 

in Norway. TBEV RNA was detected in raw milk collected from areas both with and without 192 

reported human TBE-cases.  193 

A study from TBE-endemic areas in Poland found, by RT-PCR, an overall TBEV-prevalence 194 

of 11.1% in unpasteurised milk from cows (Cisak et al., 2010). The overall prevalence was 195 

lower in the current study (5.4%). Regions with no previously reported TBE-cases were 196 

included in our study, which is in contrast to the Polish study, where only high-endemic areas 197 

were included (Cisak et al., 2010). In Norway, TBEV has a wider geographic distribution than 198 

the human cases reported by MSIS, as recently documented by studies on ticks (Ixodes ricinus) 199 

and healthy blood donors (Larsen et al., 2014, Paulsen et al., 2015, Soleng et al., 2018). In 200 

Brønnøy in Nordland county, Soleng et al. (2018) detected a TBEV prevalence of up to 3% and 201 

9% in I. ricinus nymphs and adults, respectively. Our data from one positive milk sample in 202 

Brønnøy supports the suspicion that TBEV is circulating close to the northern border of I. 203 

ricinus ticks’ geographical distribution in Norway (Soleng et al., 2018).  204 

The TBEV RNA positive milk samples from Skedsmo were somewhat unexpected, because 205 

ticks only sporadically are found on livestock in this area (personal communication by the 206 

farmer). However, I. ricinus ticks may appear outside their normal range via transportation by 207 

mammals and migratory birds, which also may play an important role in transmission and 208 

distribution of TBEV (Labuda & Nuttall, 2004). Large mammals may facilitate short to 209 

medium-range transportation of ticks, while birds may transport ticks over long distances and 210 

across geographical barriers (Hasle et al., 2009).   211 

Seroprevalence studies on TBE in domestic animals in Europe have demonstrated that animals 212 

may serve as useful sentinels for detection of TBEV risk areas (Klaus et al., 2012, Klaus et al., 213 

2010, Rieille et al., 2017, Salat et al., 2017). In the present study, a total of 112 serum samples 214 

from five farms were analysed. TBEV-specific antibodies were detected in cattle in Arendal 215 

only. The fact that TBE-antibodies were detected in cows from Arendal is in accordance with 216 

the reported human TBE-cases, as this region has the highest number of reported TBE-cases 217 

annually (Norwegian Institute of Public Health, MSIS, 2018).  218 
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A previous study has shown that goats and sheep have a measurable antibody response for at 219 

least 28 months after primary infection (Balogh et al., 2012). The antibody response seems to 220 

vary between species, and it is unclear if all animals exposed to the virus develop an immune 221 

response (Klaus et al., 2012, Klaus et al., 2010). This might explain why the samples taken 222 

from Skedsmo, Mandal and Brønnøy had detectable TBEV RNA in the milk, but all animals 223 

tested negative for neutralizing antibodies to TBEV in the serum.  Balogh et al. (2012) showed 224 

that infected goats had measurable virus in the milk for up to 19 days post infection, but 225 

immunised goats did not shed TBEV through the milk. The positive serum samples from 226 

Arendal were sampled in October. If these cows were infected, and thereby immunised in the 227 

spring or summer, there will be no virus left in the milk samples taken in the fall, but the IgG 228 

will remain detectable for several months. This might be the reason why we did not detect 229 

TBEV RNA in the cow milk from this area, where 15 out of 17 animals had TBEV-specific 230 

antibodies. The sampling from Skedsmo occurred in June, and three milk samples were found 231 

to be positive for TBEV RNA. It is not known if these animals developed neutralising 232 

antibodies to TBEV post infection. While the age of the cows and introduction of animals to 233 

new areas may affect the results, all animals in the present study were adults, and had been 234 

grazing in the same area for more than one season. 235 

Sera testing positive for TBEV-specific IgG antibodies by ELISA may cross-react to the closely 236 

related Louping ill virus (LIV). For this reason, a neutralisation test is recommended to confirm 237 

the ELISA results (Rieille et al., 2017). However, TBEV and LIV are so closely related that 238 

antibodies to either virus may also react in a neutralisation test. On the other hand, LIV has not 239 

been detected in Arendal previously, and Louping ill cases have not been reported in Norway 240 

since the last report from the Norwegian Veterinary Institute in 1991 (Gao et al., 1993, Ulvund 241 

et al., 1983, Ytrehus et al., 2013). Furthermore, 7,615 ticks collected from all over Norway 242 

have been analysed for LIV, all were found to be LIV negative (Paulsen et al., 2017). 243 

A study by Cisak et al. (2010) found no correlation between milk samples tested by ELISA for 244 

presence of specific antibodies against TBEV with those obtained by RT-PCR, and they 245 

suggested that the ELISA is less appropriate for detecting the presence of TBEV-specific 246 

antibodies in milk. For this reason, ELISA on our collected milk samples was not performed.  247 

Detection of TBEV RNA in unpasteurised milk alone cannot prove that TBEV is endemic in 248 

an area, but detection of TBEV RNA in ticks and results from serological assays may indicate 249 

that the virus is circulating in an area. The presence of TBEV may therefore pose a direct risk 250 

for the human population living in, or visiting these areas, even without any reported TBE-251 
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cases. In this study, we found no relationship between TBEV RNA in milk and TBE IgG in 252 

serum. However, TBEV RNA in ticks has been detected in all areas, except for Skedsmo, 253 

where, to our knowledge, no ticks have been examined for TBEV. 254 

Further studies on TBEV in milk should be performed to conclude if TBEV found in 255 

unpasteurised milk in Norway is infectious. These results, as others reported in Europe, may 256 

point to the importance of considering a precautionary principle when consuming unpasteurised 257 

milk products in areas where TBEV is distributed (Balogh et al., 2012 Offerdahl et al., 2013). 258 

Previous studies have demonstrated that pasteurisation of milk is an effective method to prevent 259 

TBEV infections from dairy products (Hudopisk et al., 2013, Offerdahl et al., 2016). Further 260 

seroprevalence studies in domestic animal populations with broader geographical coverage and 261 

greater sample size should be carried out, accompanied by risk assessments to evaluate both the 262 

prevalence of TBEV RNA in milk and the consequences of consuming unpasteurised milk from 263 

ruminants in Norway. Furthermore, a seroprevalence study on people working in close contact 264 

with these animals could provide important epidemiological data for risk evaluation, as they 265 

could have been exposed to ticks or may be infected via unpasteurised milk.   266 
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Tables 427 

Table 1 Prevalence of tick-borne encephalitis virus in 112 unpasteurised milk samples 428 
collected from cows at five farms in Norway 429 

430 

Table 2 Seroprevalence of IgG antibodies against tick-borne encephalitis virus in 112 serum 431 
samples collected from cows at five farms in Norway 432 

Location 

(municipality, county, date) 

No. of serum 

samples 

Positive 

by ELISA 

Confirmed by SNT 

(seroprevalence) 

Skedsmo, Akershus, 02.06.2014 22 1 0 

Arendal, Aust-Agder, 05.10.2015 17 14 15 (88.2%) 

Mandal, Vest-Agder, 01.10.2014 7 0 0 

Finnøy, Rogaland, 11.09.2017 19 1 0 

Brønnøy, Nordland, 02.09.2015 47 0 0 

Total 112 21 15 (13.4%) 

433 

Location 

(municipality, county, date) 

No. of milk 

samples 

Positive by 

real-time 

PCR 

Confirmed by 

pyrosequencing 

(prevalence) 

Skedsmo, Akershus, 02.06.2014 22 5 3 (13.6%) 

Arendal, Aust-Agder, 05.10.2015 17 0 0 (0%) 

Mandal, Vest-Agder, 01.10.2014 7 3 2 (28.6%) 

Finnøy, Rogaland, 11.09.2017 19 0 0 (0%) 

Brønnøy, Nordland, 02.09.2015 47 1 1 (2.1%) 

Total 112 9 6 (5.4%) 
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Figures  434 
 435 
Figure 1 Geographical locations of the five farms included in the study. A total of 112 cow 436 
milk and serum samples were collected from Skedsmo (Akershus county), Arendal (Aust‐437 
Agder county), Mandal (Vest‐Agder county) and Finnøy (Rogaland county). Map from 438 
Kartverket (Creative Commons Attribution ShareAlike 3.0)  439 
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Supplementary material: 

Table 1 ELISA results and neutralisation test titre values from serum samples collected 
from cows from five farms in Norway 

Sample site Sample ID corrected 
absorbance value* ELISA result Neutralisation 

test titer 
Skedsmo 1 0.214 borderline not tested 
Skedsmo 2 0.164 negative not tested 
Skedsmo 3 0.151 negative not tested 
Skedsmo 4 0.189 negative not tested 
Skedsmo 5 0.223 borderline not tested 
Skedsmo 6 0.236 borderline <10 
Skedsmo 7 0.144 negative not tested 
Skedsmo 8 0.151 negative not tested 
Skedsmo 9 0.738 positive <10 
Skedsmo 10 0.193 negative not tested 
Skedsmo 11 0.171 negative not tested 
Skedsmo 12 0.297 borderline <10 
Skedsmo 13 0.110 negative not tested 
Skedsmo 14 0.130 negative not tested 
Skedsmo 15 0.196 negative not tested 
Skedsmo 16 0.166 negative not tested 
Skedsmo 17 0.137 negative not tested 
Skedsmo 18 0.124 negative not tested 
Skedsmo 19 0.173 negative not tested 
Skedsmo 20 0.205 negative not tested 
Skedsmo 21 0.162 negative not tested 
Skedsmo 22 0.162 negative not tested 
Positive control P/P 0.683 positive not tested 
Negative control N/N 0.024 negative not tested 
Vaccinated control 2.169 positive not tested 
Unvaccinated control 0.167 negative not tested 
Arendal 1 0.421 positive 40 
Arendal 2 2.540 positive 480 
Arendal 3 0.841 positive 60 
Arendal 4 0.247 borderline 15 
Arendal 5 1.740 positive 160 
Arendal 6 1.180 positive 120 
Arendal 7 1.060 negative 60 
Arendal 8 0.170 negative not tested 
Arendal 9 2.360 positive 320 
Arendal 10 0.646 positive 80 
Arendal 11 0.638 positive 40 
Arendal 12 0.592 positive 30 
Arendal 13 0.190 negative not tested 



Arendal 14 0.811 positive 15 
Arendal 15 3.90 positive 1280 
Arendal 16 1.900 positive 120 
Arendal 17 0.621 positive 60 
Positive Control P/P 0.728 positive not tested 
Negative Control N/N 0.011 positive not tested 
Vaccinated control 1.560 positive not tested 
Unvaccinated control 0.134 negative not tested 
Mandal 1 0.090 negative not tested 
Mandal 2 0.076 negative not tested 
Mandal 3 0.072 negative not tested 
Mandal 4 0.094 negative not tested 
Mandal 5 0.181 negative not tested 
Mandal 6 0.124 negative not tested 
Mandal 7 0.097 negative not tested 
Positive control P/P 0.683 negative not tested 
Negative control N/N 0.024 negative not tested 
Vaccinated control 1.558 positive not tested 
Unvaccinated control 0.197 negative not tested 
Finnøy 1 0.543 positive <10 
Finnøy 2 0.131 negative not tested 
Finnøy 3 0.156 negative not tested 
Finnøy 4 0.128 negative not tested 
Finnøy 5 0.154 negative not tested 
Finnøy 6 0.123 negative not tested 
Finnøy 7 0.154 negative not tested 
Finnøy 8 0.114 negative not tested 
Finnøy 9 0.114 negative not tested 
Finnøy 10 0.052 negative not tested 
Finnøy 11 0.109 negative not tested 
Finnøy 12 0.138 negative not tested 
Finnøy 13 0.147 negative not tested 
Finnøy 14 0.180 negative not tested 
Finnøy 15 0.202 negative not tested 
Finnøy 16 0.112 negative not tested 
Finnøy 17 0.151 negative not tested 
Finnøy 18 0.121 negative not tested 
Finnøy 19 0.131 negative not tested 
Positive control P/P 0.544 positive not tested 
Negative control N/N 0.015 negative not tested 
Vaccinated control 1.227 positive not tested 
Unvaccinated control 0.166 negative not tested 
Brønnøy 1 0.130 negative not tested 
Brønnøy 2 0.090 negative not tested 
Brønnøy 3 0.124 negative not tested 



Brønnøy  4 0.139 negative not tested 
Brønnøy  5 0.010 negative not tested 
Brønnøy  6 0.093 negative not tested 
Brønnøy  7 0.098 negative not tested 
Brønnøy  8 0.086 negative not tested 
Brønnøy  9 0.123 negative not tested 
Brønnøy  10 0.094 negative not tested 
Brønnøy  11 0.100 negative not tested 
Brønnøy  12 0.114 negative not tested 
Brønnøy  13 0.107 negative not tested 
Brønnøy  14 0.111 negative not tested 
Brønnøy  15 0.009 negative not tested 
Brønnøy  16 0.009 negative not tested 
Brønnøy  17 0.155 negative not tested 
Brønnøy  18 0.102 negative not tested 
Brønnøy  19 0.107 negative not tested 
Brønnøy  20 0.102 negative not tested 
Brønnøy  21 0.085 negative not tested 
Brønnøy  22 0.084 negative not tested 
Brønnøy  23 0.125 negative not tested 
Brønnøy  24 0.103 negative not tested 
Brønnøy  25 0.109 negative not tested 
Brønnøy  26 0.118 negative not tested 
Brønnøy  27 0.089 negative not tested 
Brønnøy  28 0.111 negative not tested 
Brønnøy  29 0.107 negative not tested 
Brønnøy  30 0.107 negative not tested 
Brønnøy  31 0.081 negative not tested 
Brønnøy  32 0.092 negative not tested 
Brønnøy  33 0.087 negative not tested 
Brønnøy  34 0.117 negative not tested 
Brønnøy  35 0.108 negative not tested 
Brønnøy  36 0.105 negative not tested 
Brønnøy  37 0.116 negative not tested 
Brønnøy  38 0.086 negative not tested 
Brønnøy  39 0.090 negative not tested 
Brønnøy  40 0.096 negative not tested 
Brønnøy  41 0.086 negative not tested 
Brønnøy  42 0.051 negative not tested 
Brønnøy  43 0.093 negative not tested 
Brønnøy  44 0.116 negative not tested 
Brønnøy  45 0.128 negative not tested 
Brønnøy  46 0.113 negative not tested 
Brønnøy  47 0.117 negative not tested 
Positive control  P/P 0.764 positive not tested 



Negative control N/N 0.025 negative not tested 
Vaccinated control 1.150 positive not tested 
Unvaccinated control 0.159 negative not tested 

* Skedsmo: Positive > 0.309. Borderline 0.209-0.309. Negative < 0.209
Arendal: Positive > 0.311. Borderline 0.211-0.311. Negative < 0.211
Mandal: Positive > 0.324. Borderline 0.224-0.324. Negative < 0.224
Finnøy: Positive > 0.315. Borderline 0.215-0.315. Negative < 0.215
Brønnøy: Positive > 0.325. Borderline 0.225-0.325. Negative < 0.225

Measurement correction 

The absorbance values (read on an ELISA reader at 450 nm) are corrected by multiplying 

with a correction factor. The correction factor is found by dividing the nominal value (given 

by the kit) by the mean absorbance of the positive control samples.   

Qualitative evaluation 

To calculate the cut-off value for the IgG test, use the mean absorbance value of Anti-TBE 

Virus Reference N/N and add 0.200. Positive samples are samples with a corrected 

absorbance value greater than the cut-of value plus 0.100. All samples with a value between 

the cut-off value and the positive value are considered as borderline samples. 
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Abstract

Tick-borne encephalitis virus (TBEV) is a zoonotic pathogen which may cause tick-borne

encephalitis (TBE) in humans and animals. More than 10,000 cases of TBE are reported

annually in Europe and Asia. However, the knowledge on TBE in animals is limited. Co-

infection with Anaplasma phagocytophilum and louping ill virus (LIV), a close relative to

TBEV, in sheep has been found to cause more severe disease than single LIV or A. phago-

cytophilum infection. The aim of this study was to investigate TBEV infection and co-infec-

tion of TBEV and A. phagocytophilum in lambs. A total of 30 lambs, aged five to six months,

were used. The experiment was divided into two. In part one, pre- and post-infection of

TBEV and A. phagocytophilum was investigated (group 1 to 4), while in part two, co-infec-

tion of TBEV and A. phagocytophilum was investigated (group 5 and 6). Blood samples

were drawn, and rectal temperature was measured daily. Lambs inoculated with TBEV

displayed no clinical symptoms, but had a short or non-detectable viremia by reverse tran-

scription real-time PCR. All lambs inoculated with TBEV developed neutralizing TBEV anti-

bodies. Our study is in accordance with previous studies, and indicates that TBEV rarely

causes symptomatic disease in ruminants. All lambs inoculated with A. phagocytophilum

developed fever and clinical symptoms of tick-borne fever, and A. phagocytophilum was

present in the blood samples of all infected lambs, shown by qPCR. Significantly higher

mean TBEV titer was detected in the group co-infected with TBEV and A. phagocytophilum,

compared to the groups pre- or post-infected with A. phagocytophilum. These results indi-

cate that co-infection with TBEV and A. phagocytophilum in sheep stimulates an increased

TBEV antibody response.
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Introduction

The disease tick-borne encephalitis (TBE) in humans and animals is caused by tick-borne

encephalitis virus (TBEV). TBEV is a member of the genus flavivirus within the family flavivir-
idae, and it is mainly transmitted to humans and animals through bites by TBEV-infected

Ixodes ricinus or Ixodes persulcatus ticks [1]. In addition, TBEV has been detected in unpas-

teurized milk from domestic ruminants and there are reported human cases of alimentary

TBE from consumption of unpasteurized milk and other dairy products [2–9].

In humans, TBE may vary from asymptomatic to severe infection in the central nervous

system, and the number of annually reported human TBE cases is increasing in Europe and

Asia [10, 11]. Most animals do not develop symptomatic disease when infected with TBEV.

However, the knowledge on TBE in animals is limited. TBE has been described with neurolog-

ical symptoms in dogs, horses, and, in one case, monkey (Macaca sylvanus) [12–16]. TBE in

small ruminants is presumably rare, with only a few reported cases [17, 18]. Large and small

mammals along with migratory birds are known to be important for the distribution and

transmission of the virus [19–26].

Anaplasma phagocytophilum is the causative agent of tick-borne fever in ruminants and is

transmitted by the same tick species as TBEV in Europe, namely I. ricinus [27]. The intracellu-
lar bacterium is known to affect domestic ruminants, humans and wild animals [27, 28]. A.
phagocytophilum has a great negative impact on the sheep farming and it has been estimated

that more than 300,000 lambs are infected by A. phagocytophilum annually in Norway [29].

Infection with A. phagocytophilum results in immune suppression and the most typical symp-

toms in domestic ruminants include high fever, depression, reduced appetite, and sudden

drop in milk yield [30, 31]. Reduced weight gain in infected lambs has also been observed [32,

33].

Because several tick-borne pathogens often circulate in the same area, humans and animals

may be infected with multiple pathogens from tick-bites [34]. A recent study in Norway by

Kjelland et al. (2018), reported co-infected ticks with Borrelia afzelii andNeoehrlichia mikuren-
sis. The same study found several tick-borne pathogens, including TBEV and A. phagocytophi-
lum, in the same locations [35]. Co-infection with A. phagocytophilum and other pathogens in

sheep has been found to cause more severe disease compared to infection with a single patho-

gen [36, 37]. Previous studies have shown that co-infection with A. phagocytophilum and loup-

ing ill virus (LIV) in sheep may give fatal clinical outcomes [36, 38]. TBEV and LIV are closely

related, and it has been speculated whether similar clinical outcomes could occur from co-

infection with A. phagocytophilum and TBEV. A recently published experimental study on the

immune responses to TBEV and LIV in sheep, showed that the infected sheep developed neu-

tralizing antibodies for both viruses, which seemed to limit the infection caused by TBEV, but

not the infection caused by LIV [39]. Furthermore, prior inoculation with TBEV appeared to

reduce the disease severity and viremia caused by LIV, but it did not prevent LIV infection

[39]. The objective of this study was to study the effect of TBEV infection and co-infection of

TBEV and A. phagocytophilum in lambs.

Materials andmethods

Ethics statement

The study was authorized by the Norwegian Animal Research Authority (Norwegian Food

Safety Authority, FOTS ID 8632, FOTS ID 8135). Blood samples were collected by trained vet-

erinarians, and all lambs were observed daily.

Co-infection of tick-borne encephalitis virus and Anaplasma phagocytophilum in lambs
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Experimental design and blood sampling

This study was conducted at the Norwegian University of Life Sciences (NMBU) in Sandnes,

Norway. The study was divided in two parts. A total of 30 lambs, at the age of five to six

months of the breed “Norwegian white sheep”, were used. Part one included only rams, and

was performed in the autumn of 2017. Part two consisted entirely of ewes, and was carried out

in the autumn of 2018 (Table 1).

The main reason for the difference in gender between part one and part two was the limited

number of animals available. No differences between genders have been observed previously

in experimental infection with A. phagocytophilum in sheep [40]. The main reason to split

male and female lambs in two separate groups was to avoid disturbances due to rutting behav-

ior of young males. The lambs were used to handling before the start of the experiment. Seda-

tives were not used.

In part one, the animals were divided into four groups of five ram lambs (group 1–4,

Table 1). On day 0, lambs in group 1 were inoculated with 1 ml of the TBEV-strain Hochoster-

witz (European subtype, approximately 6.5x106 focus forming units per ml (FFU/ml)), and

lambs in group 2 and 3 were inoculated with 1 ml A. phagocytophilum (0.4 ml of heparinised

sheep blood stabilized with 10% demethyl sulphoxide (DMSO), approximately 106 infected

cells, GenBank accession number M73220). The lambs in group 4 were negative controls, and

were inoculated with uninfected cell medium from the virus cultivation. On day 21, lambs in

group 1 were inoculated with the same strain of A. phagocytophilum, and lambs in group 3

with the same strain of TBEV as described above. Lambs in group 2 served as A. phagocytophi-
lum controls.

TBEV and the negative control medium were inoculated subcutaneously and A. phagocyto-
philum intravenously. The experimental infection model with intravenous inoculation of A.
phagocytophilum has been used for several years at NMBU in Sandnes [40]. In addition, no dif-

ference in clinical manifestation has previously been observed after subcutaneous, intradermal

or intravenous inoculation, except for a delay in incubation period after subcutaneous/intra-

dermal inoculation. TBEV was inoculated subcutaneously to mimic tick bites, and because

TBEV has been inoculated subcutaneously in mouse models and in studies in sheep

Table 1. Overview of the study groups and the experimental design of part one and part two of the experimental study with infection of tick-borne encephalitis
virus (TBEV) and Anaplasma phagocytophilum in lambs.

Part one: Pre- and post- infection of TBEV and A. phagocytophilum Part two: Co-infection of TBEV and A.
phagocytophilum

Day Group 1a Group 2a Group 3a Group 4a Group 5a Group 6a

0 Inoculated with
TBEVb

Inoculated with A.
phagocytophilumc

Inoculated with A.
phagocytophilumc

Negative controls.
Inoculated with
uninfected cell mediumd

Inoculated with TBEV and
A. phagocytophilumb,c

Negative controls.
Inoculated with
physiological saline
solutiond

21 Inoculated with A.
phagocytophilumc

Inoculated with
uninfected cell
mediumc

Inoculated with
TBEVb

Negative controls.
Inoculated with
uninfected cell mediumd

End of experiment

42 End of experiment -

a Each group consisted of five lambs.
bTBEV was inoculated subcutaneously (1 ml of the strain Hohosterwitz, approximately 6.5x106 focus forming units per ml (FFU/ml).
cA. phagocytophilum was inoculated intravenously (0.4 ml of heparinised sheep blood stabilized with 10% demethyl sulphoxide (DMSO), approximately 1x106 infected

cells, GenBank accession number M73220).
d1 ml negative control medium and saline were inoculated subcutaneously.

https://doi.org/10.1371/journal.pone.0226836.t001

Co-infection of tick-borne encephalitis virus and Anaplasma phagocytophilum in lambs
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previously. For practical reasons and to avoid any mixture with the subcutaneous TBEV inocu-

lation, Anaplasma phagocytophilum was inoculated intravenously.

Blood samples were drawn from Vena jugularis using vacuette tubes from all lambs on day

0, 2, 4, 6, 8, 10, 14, 18, 21, 23, 25, 27, 29, 31, 35, 39 and 42 (two EDTA tubes of 2 ml and one

serum-tube with clot activator of 9 ml, Vacuette1Greiner Bio-One GmbH, Kremsmünster,

Austria). The experimental period in part one ended on day 42 (Table 1). All lambs from part

one of the study were euthanized, and brain samples were obtained for PCR analysis. The ani-

mals were euthanized by intravenous injection of pentobarbital sodium 400 mg/ml (Euthasol

vet, Le Vet B.V., Oudewater, The Netherlands) at 140 mg/kg).

Study part two was designed similarly with two groups of five ewe lambs each (group 5 and

6 Table 1). The experimental period in part two ended on day 21. The same strains and batches

of TBEV and A. phagocytophilum as above were inoculated to group 5 on day 0, while physio-

logical saline solution was used as negative control and inoculated to group 6 on the same day.

Blood samples were drawn from Vena jugularis using vacuette tubes all animals on day 0, 2, 4,

6, 8, 10, 14, 18 and 21 (two 2 ml EDTA-tubes, and one 4 ml serum-tube with clot activator,

Vacuette1 Greiner Bio-One GmbH, Kremsmünster, Austria).

All serum tubes were separated by centrifugation within two hours post sampling, and

stored at -80 oC until analysis. One EDTA tube was stored at -20 oC for A. phagocytophilum
PCR, while the second tube was used for hematology.

Hematology

Hematological analyses were performed on the ADVIA 120 instrument (Siemens healthcare,

Erlangen Germany) with veterinary software for sheep blood.

Detection of tick-borne encephalitis virus

RNA from the serum samples was extracted on QIAcube with QIAamp1 Viral RNAmini kit

(QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s recommendations.

RNA from the brain samples was extracted by RNeasy mini kit (QIAGEN GmbH, Hilden,

Germany) according to the manufacturer’s recommendations. Immediately after the extrac-

tion process, the RNA was reversely transcribed to cDNA with random primers (High-Capac-

ity cDNA Reverse Transcription Kit, Applied Biosystems, Foster city, CA, USA). To detect

TBEV RNA, an in-house reverse transcriptase (RT) real-time PCR was performed according

to Andreassen et al. (2012). The real-time PCR amplifies a 54 base pair (bp) fragment located

on the envelope gene of TBEV. A positive RNA control (“Soukup”) was used in the real-time

PCR [41]. Nuclease free water was used as negative control.

Detection of antibodies to tick-borne encephalitis virus

Serum samples from lambs were analyzed for TBEV IgG by a commercial enzyme linked

immunosorbent assay (ELISA, Enzygnost1 Anti-TBE virus IgG, Siemens Healthcare, GmbH,

Marburg, Germany) according to the manufacturer’s protocol, with one modification: the con-

jugate was changed to Peroxidase-Labeled Anti-Sheep IgG antibody (KPL, Gaithersburg,

USA). The IgG conjugate was diluted 1:50,000. Serum from sheep vaccinated against TBEV

with the TicoVac-vaccine (Pfizer Ltd, Ramsgate Road, Sandwich, Kent, CT13 9NJ, UK) was

used as positive control, and serum from sheep which had never been exposed to ticks was

used as negative control [8]. All positive and borderline samples from the ELISA were further

tested in a TBEV-specific serum neutralization test (SNT) at the Center for Virology of the

Medical University of Vienna, as described previously [42].

Co-infection of tick-borne encephalitis virus and Anaplasma phagocytophilum in lambs
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Detection of Anaplasma phagocytophilum
DNA from the EDTA blood samples were extracted on MagNA Pure 96 with MagNA Pure 96

DNA and viral NA large volume kit (Roche Molecular Systems, Inc. Basel, Switzerland)

according to the manufacturer’s recommendations. To detect A. phagocytophilumDNA, a

quantitative real-time PCR method was performed according to Henningsson et al. 2015. This

method amplifies a 64 bp fragment of the gltA gene of the bacterium [43]. A positive A. phago-
cytophilum control and a synthetic plasmid (pAP-GltA cloned in pUC57, GenScript Coopera-

tion, Scotch plains, NJ) were used in the qPCR. Nuclease free water was used as negative

control.

Statistics

All clinical and laboratory data were collected in Microsoft Excel (2016) spreadsheets and

transferred to Stata 14.2 for Windows (StataCorp, 4905 Lakeway Drive. College Station, Texas

77845) for statistical analysis. The quality of data and distributions were analyzed using tabula-

tions and histograms. Initial analyses included multilevel linear regression modelling of each

of the continuous outcome variables; rectal temperature, neutrophil counts, lymphocyte

counts, monocyte counts, quantitative PCR of A. phagocytophilum and TBEV titer. Predictors

were “Group” (exposure) and “Day” of infection and the random effects variable was “The

individual lambs”. The statistical analyses were performed on day 0 to day 21 post inoculation

with TBEV and A. phagocytophilum. Residuals were estimated and visualized in quantile plots.

p<0.05 was considered significant. Additional, descriptive statistical analyses were performed

in Excel and GraphPad Prism version 8.0.0 for Windows (GraphPad Software, San Diego, Cal-

ifornia USA).

Results

Part one: pre- and post-infection of TBEV and A. phagocytophilum
The lambs in group 1 and 3, which had been inoculated with TBEV, displayed no clinical TBE

symptoms or fever, and had a short or non-detectable viremia by RT real-time PCR on serum

samples. On day two post TBEV infection, four of five lambs in group 1 tested positive for

TBEV in the serum, while in group 3 two of five lambs were positive. One of five lambs in

group 3 tested positive for TBEV on day four post TBEV infection. All samples were negative

on day six and throughout the experiment (S1 Table). The brain samples collected from the

lambs at the end of the experiment (day 42) were all found to be TBEV negative by RT real-

time PCR (data not shown).

The results from serum neutralization test showed that the lambs inoculated with TBEV

(group 1 and 3) developed neutralizing antibodies to the virus (Fig 1, S1 Table). The lambs had

detectable neutralizing antibodies in the serum from day six post TBEV infection, and

throughout the experiment. No significant difference in the mean TBEV titer between group 1

and 3 was found (p>0.05).

All lambs inoculated with A. phagocytophilum (group 1, 2 and 3) developed fever and clini-

cal symptoms of A. phagocytophilum infection (Fig 2, S1 Table). One of the lambs was diag-

nosed with pneumonia and was euthanized before the end of the study according to animal

welfare standards. A. phagocytophilum was detected by qPCR in all blood samples from day 2

post infection and throughout the experiment (Fig 2, S1 Table). No significant difference in

the mean A. phagocytophilum concentration between group 1, 2 and 3 was found (p>0.05).

Furthermore, no significant difference in the mean rectal temperature related to the A. phago-
cytophilum infection between group 1, 2 and 3 was found (p>0.05).

Co-infection of tick-borne encephalitis virus and Anaplasma phagocytophilum in lambs
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For the hematological analysis, group 2 had a significantly higher mean monocyte count

compared to group 1 and 3 (p<0.05). No significant difference in the mean neutrophil and

lymphocyte counts was found between group 1, 2 and 3 (p>0.05, Fig 3, S1 Table).

Part two: Co-infection of TBEV and A. phagocytophilum
The lambs in group 5, which were co-infected with TBEV and A. phagocytophilum, displayed

no clinical TBE symptoms, and the viremia was either not detectable or short-lived. Two of

five lambs had detectable TBEV RNA in serum on day two, and one of five on day four and

six. All serum samples tested negative for TBEV RNA on day eight and throughout the experi-

ment. Similarly to part one in the present study, all lambs inoculated with TBEV developed

neutralizing TBEV antibodies from day 4 and 8 post inoculation (Fig 1, S1 Table).

The lambs in group 5 developed fever and clinical signs of tick-borne fever, and the bacte-

rium was detected by qPCR from day 2 post infection and throughout the experiment (Fig 2,

S1 Table).

Statistical comparison of study part one and two

A significantly higher mean TBEV titer was found in group 5 where the lambs were co-

infected with TBEV and A. phagocytophilum, compared to group 1 which received an infection

of TBEV on day 0 and A. phagocytophilum on day 21 (p<0.05). Similarly, group 5 had a signif-

icantly higher mean TBEV titer compared to group 3 which had been infected with A. phago-
cytophilum on day 0 and TBEV on day 21 (p<0.05). No differences in terms of viremia

between pre-, post- and co-infection of TBEV and A. phagocytophilum was found.

No significant difference was found in the mean rectal temperature related to the A. phago-
cytophilum infection or the mean concentration of A. phagocytophilum in the blood samples

between group 1, 2, 3 and 5 (p>0.05).

Fig 1. Mean reciprocal TBEV antibody titer in lambs post TBEV infection. TBEV titers (Y axis) were measured by serum
neutralization test in group 1, 3 and 5 on day 0 to day 21 post inoculation with TBEV (X axis). Group 5 had significantly higher
mean TBEV titer values than group 1 and 3, indicated with�. Standard deviations (SD) are illustrated with error bars. The groups
which were not inoculated with TBEV are not included in the figure, and did not develop neutralizing antibodies to the virus.

https://doi.org/10.1371/journal.pone.0226836.g001
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Fig 2. Mean rectal temperature and mean concentration of Anaplasma phagocytophilum in the lambs. The mean rectal
temperature (Y axis) and mean concentration of A. phagocytophilum in the blood measured by qPCR (copies per μL
(logarithmic), Y axis) of each group on day 0 to day 42 post inoculation (X axis). The dotted line at 40 degrees Celsius
indicates fever. The vertical dashed line in graph A to D indicates the second challenge day on day 21. Part two of the
experiment (graph E and F) concluded on day 21. Standard deviations (SD) are illustrated by the error bars.

https://doi.org/10.1371/journal.pone.0226836.g002
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Fig 3. Mean counts of neutrophils and monocytes in the lambs in the experimental study.Mean counts (Y axis) of
neutrophils (circular dots) and monocytes (squares) in the experiment. Normal counts in sheep are 0.8–5.0 (109 cells per liter)
for neutrophils and<0.75 (109 cells per liter) for monocytes. The vertical dashed line in graph A to D indicates the second
challenge on day 21. Standard deviations (SD) are illustrated by the error bars. The lack of endpoints in some error bars in graph
A are due to outliers.

https://doi.org/10.1371/journal.pone.0226836.g003
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For the hematological analysis, a significantly higher mean count of monocytes was found

after inoculation with A. phagocytophilum in group 1 (day 21–42) and group 3 (day 0–21)

compared to group 5 (day 0–21). Similarly, post TBEV inoculation, a significantly higher

mean number of monocytes was found in group 1 (day 0–21) than in group 5 (day 0–21). No

significant difference in the mean count of neutrophils and lymphocytes was found between

the A. phagocytophilum infected groups in part 1 and part 2, however, a significantly higher

mean neutrophil count was found in group 1 compared to group 5 on day 0 to 21 post TBEV-

inoculation (p<0.05, S1 Table).

Discussion

There is a lack of information on the veterinary aspects of TBEV. This study aimed to investi-

gate infection of TBEV and co-infection of TBEV and A. phagocytophilum in lambs. All TBEV

infected lambs developed neutralizing TBEV antibodies, without displaying any clinical symp-

toms of TBE, and had a very short viremia. A significantly higher mean TBEV titer was found

in the group co-infected with TBEV and A. phagocytophilum compared to the other groups.

These results indicate that co-infection of TBEV and A. phagocytophilum in lambs may stimu-

late a higher TBEV antibody response compared to a single infection of TBEV, or a prior infec-

tion with A. phagocytophilum. The reason for this is, however, unknown.

The significant difference in the TBEV antibody titer could have been affected by the differ-

ence of the gender of the lambs in part one (rams) and part two (ewes). A previous study on A.
phagocytophilum infection in laboratory mice found that infected male mice had increased A.
phagocytophilumDNA load and number of infected neutrophils [44]. In the present study, no

significant difference was found in the mean A. phagocytophilumDNA load, but a significantly

higher mean neutrophil count was found in group 1 compared to group 5 post TBEV infec-

tion. Although TBEV viremia was low or non-detectable, the differences in gender could have

affected the TBEV titers and the neutrophil counts. TBEV infection of lambs from different

genders and ages have, however, not shown any differences in the clinical symptoms (unpub-

lished data).

In our study, the mean number of monocytes was found to be significantly higher in group

2 than in all the other groups infected with A. phagocytophilum. Furthermore, groups 1 and 3

had a significantly higher mean monocyte count compared to group 5. Monocytes have been

found to be important in combating A. phagocytophilum infection [45], and also to contribute

to the cell-mediated immune response to TBEV [46, 47]. A significantly higher mean mono-

cyte count was found in group 1 (day 0 to 21) than in group 5 (day 0 to 21) post TBEV infec-

tion. These results may indicate that when a single infection of A. phagocytophilum or TBEV

occur (group 1 and 3), a higher cell-mediated immune response is developed, compared to co-

infection with TBEV and A. phagocytophilum (group 5). However, no significant differences

were found in the mean bacterial load of A. phagocytophilum, nor the clinical symptoms of the

lambs.

The results from our study are in accordance with previous studies and together they indi-

cate that TBEV rarely leads to symptomatic disease in sheep [17, 18, 39]. Co-infection with

LIV and A. phagocytophilum is known to cause severe disease in sheep [36]. In our study, co-

infection with A. phagocytophilum and TBEV did not seem to impact the clinical symptoms in

lambs, even though LIV is genetically closely related to TBEV [48]. The absence of clinical

TBE cases in sheep may be due to poor replication of the virus in sheep cells [39].

A recent experimental study on TBEV and LIV in sheep by Mansfield et al. (2016), found

no clinical symptoms following TBEV infection, although a neutralizing antibody response

was established [39]. Similar results were found in the current study. The study by Mansfield

Co-infection of tick-borne encephalitis virus and Anaplasma phagocytophilum in lambs
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et al. (2016), found that the low antibody titer post TBEV infection was likely a reflection of

the low viral load within the sheep infected with TBEV. Comparable results were found in this

study, where a low viremia was detected in some of the lambs a few days post TBEV inocula-

tion. Although a low and short-lived viremia was found, there is a known possibility of alimen-

tary transmitted TBEV, which shows that ruminants develop a viremia post TBEV infection

[2–5, 49–52]. Furthermore, an experimental study in goats detected TBEV viremia with a

duration of up to 19 days [53]. The reason for the prolonged viremic period detected in goats

compared to sheep is unknown, but it might indicate that goats are more susceptible to TBEV

infection than sheep, or that there are differences in the pathogenicity of the viral strains.

In summary, the present study shows that all TBEV-infected lambs developed neutralizing

TBEV antibodies without displaying any clinical symptoms of TBE. A significantly higher

mean TBEV titer was found in the group co-infected with TBEV and A. phagocytophilum com-

pared to the other groups. For future experimental studies in domestic ruminants other and

possibly more virulent TBEV-strains should be considered to confirm the effects of co-infec-

tion using animals of the same gender.

Supporting information

S1 Table. Data on the rectal temperature, hematological variables, PCR results of tick-

borne encephalitis virus and Anaplasma phagocytophilum, enzyme-linked immunosorbent

assay and TBE titers. Abbreviations in S1 Table:

TBEV PCR: Tick-borne encephalitis virus real-time polymerase chain reaction (0 = negative,

1 = positive)

TBEV ELISA: Tick-borne encephalitis enzyme-linked immunosorbent assay (0 = negative,

1 = positive)

TBEV titer: Tick-borne encephalitis titer by serum neutralization test

Wbc: White blood cells

Rbs: Red blood cells

Hgb: Hemoglobin

Hct: Hematocrit

MCV: Mean cell volume

MCH: Mean cellular hemoglobin

RDV: Red cell distribution width

HDW: Hemoglobin distribution width

Neut: Neutrophils

Lymp: Lymphocytes

Mono: Monocytes

Eos: Eosinophils

Baso: Basophils

LUC: Large unstained cells.

(XLSX)
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