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Abstract  

Wildlife animals may be susceptible for multiple infectious agents of public 

health or veterinary relevance, thereby potentially forming a reservoir that bears 

the constant risk of re-introduction into the human or livestock population. Here, 

we serologically investigated 493 wild ruminant samples collected in the 2021/22 

hunting season in Germany for the presence of antibodies against the severe acute 

respiratory coronavirus 2 (SARS-CoV-2) and four viruses pathogenic for 

domestic ruminants, namely the orthobunyavirus Schmallenberg virus (SBV), the 

reovirus bluetongue virus (BTV) and ruminant pestiviruses like bovine viral 

diarrhoea virus or border disease virus. The animal species comprised fallow 

deer, red deer, roe deer, mouflon and wisent. For coronavirus serology, additional 

307 fallow, roe and red deer samples collected between 2017 and 2020 at three 

military training areas were included. While antibodies against SBV could be 

detected in about 13.6% of the samples collected in 2021/22, only one fallow 

deer of unknown age tested positive for anti-BTV antibodies and all samples 

reacted negative for antibodies against ruminant pestiviruses. In an ELISA based 

on the receptor-binding domain (RBD) of SARS-CoV-2, 25 out of 493 (5.1%) 

samples collected in autumn and winter 2021/22 scored positive. This sero-

reactivity could not be confirmed by the highly specific virus neutralization test, 

occurred also in 2017, 2018 and 2019, i.e. prior to the human SARS-CoV-2 

pandemic, and was likewise observed against the RBD of the related 

SARS-CoV-1. Therefore, the SARS-CoV-2-seroreactivity was most likely 

induced by another, hitherto unknown deer virus belonging to the subgenus 

Sarbecovirus of betacoronaviruses.  
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Introduction  

Wild ruminants, either free-ranging or raised in enclosures, can be infected by a wide 

range of infectious agents that are pathogenic for livestock animals or humans [1]. In 

case of livestock diseases, spillover from domestic ruminants to wildlife is commonly 

assumed to be the initial source of infection and, conversely, wild animals may 

subsequently develop into a reservoir bearing the risk for re-introduction of the disease 

into the livestock population.  

In central Europe, the most common wild cervid species include the European 

roe deer (Capreolus capreolus), fallow deer (Dama dama) and red deer (Cervus 

elaphus), with roe deer being most closely related to the North American white-tailed 

deer (both subfamily Capreolinae) [2]. Besides, European bison (Bison bonasus) and 

the ovine species mouflon (Ovis gmelini) are abundant. All those species were shown to 

be susceptible for the reovirus bluetongue virus (BTV) and the orthobunyavirus 

Schmallenberg virus (SBV) [3-8], two arboviruses of major veterinary relevance that 

have in common the insect vector species responsible for virus transmission and the 

affected host animals. Both, BTV and SBV, are transmitted by Culicoides biting midges 

and predominantly infect ruminants [9,10]. In domestic ruminants, SBV may induce 

fever, diarrhoea or decreased milk yield in non-pregnant animals and abortion, stillbirth 

or the delivery of severely malformed offspring when naïve dams are infected during 

gestation [10]. BTV-infections are often inapparent or subclinical, but can also lead to a 

systemic haemorrhagic fever that results from vascular injuries affecting multiple 

tissues and organs and that is inducing a high mortality rate [11]. SBV was detected for 

the first time in late 2011 in the German-Dutch border region [12], and thereafter spread 

very rapidly through the European ruminant population [13]. By now, it is established in 

an enzootic status in Central Europe including Germany with patterns of wave-like 
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virus re-circulation to a larger extent every two to three years [14,15]. In contrast, 

Germany was officially recognized free from BTV between 2012 and 2018. Prior to 

2012, more precisely between 2006 and 2009, a large outbreak of BTV serotype 8 

occurred in the domestic ruminant population, which was eventually controlled by 

mandatory vaccination [16,17]. New BTV cases have been recorded since December 

2018 up to February 2021 [18]. In France, BTV-8 re-emerged already in 2015 and is 

circulating since then [19,20], representing a constant risk for virus spread into 

neighbouring regions or countries. In affected regions, besides major domestic ruminant 

species also wildlife could contribute to virus maintenance through their susceptibility 

to BTV infection, their high population density and through vector maintenance. 

Furthermore, in recent studies wild ruminants were shown to be excellent indicators for 

BTV circulation in a given area [21].  

Apart from vector-borne viruses, wild and domestic ruminants also share 

susceptibility to a number of infectious diseases transmitted by direct contact. 

Depending on the dynamics of interaction and the particular pathogen, wild ruminants 

may maintain a pathogen independent of domestic animal populations through a 

sylvatic cycle, from which the pathogen in question might be transferred back to farmed 

animals. In case of the ruminant pestiviruses bovine viral diarrhoea virus (BVDV, syn. 

Pestivirus A and B) and border disease virus (BDV, syn. Pestivirus D), virus 

maintenance and transmission in domestic ruminants are predominantly driven by in 

utero infected, immunotolerant, persistently infected (PI) offspring. These PI animals 

shed high amounts of infectious virus throughout their life, as they are unable to mount 

a specific immune response against the virus strain they are infected with [22-24]. For 

BVDV, an eradication program is in place in Germany since 2011, which led to a 

considerable decrease in the prevalence of PI animals in the cattle population [25]. 
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However, BVDV PI animals have been identified in a wide range of other mammals 

including cervid species [26,27] and, in Germany, anti-BVDV antibodies were detected 

in about 7.7 % of free-ranging deer in the 1990s [28], i.e. before the start of the 

mandatory nationwide control program. Therefore, there are concerns of potential 

pestivirus circulation in wild ruminants, that could lead to re-introduction into the 

domestic ruminant population. 

From a public health perspective, wild ruminants are considered to be reservoir 

or maintenance hosts of multiple viral, bacterial, fungal or parasitic diseases [1]. Only 

recently, when different variants of concern of the betacoronavirus severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) or specific antibodies were detected 

in white-tailed deer [29-32], fears arose that cervid species could form an animal 

reservoir also for this virus. SARS-CoV-2, which belongs to the subgenus Sarbecovirus 

of the betacoronaviruses together with SARS-CoV-1 [33], is the causative agent of the 

COVID-19 pandemic that unfolded since the beginning of 2020 and led to millions of 

human deaths globally. Clinical signs in infected individuals range from asymptomatic 

infection to severe pneumonia-like, fatal disease. Since the beginning of the pandemic, 

the role of livestock and wildlife species as potential reservoir hosts was discussed. 

Natural SARS-CoV-2 infections linked to human exposure have been reported in 

American mink, ferrets, felines, canines and primates [34]. For domestic ruminants such 

as cattle, goat and sheep a very low susceptibly was demonstrated during experimental 

infection studies [35-37], and natural infections of cattle also seem to be a rare event 

[38]. However, SARS-CoV-2 or specific antibodies were detected frequently in free-

ranging white-tailed deer (Odocoileus virginianus) in North America [29-31], but it 

remains unclear how these deer acquired the virus from humans. Under experimental 

conditions, white-tailed deer can be readily infected with SARS-CoV-2 and transmit the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


virus to conspecifics and, in case of pregnant dams, to the foetus [39,40]. Furthermore, 

the high seroprevalence observed in multiple US states and counties [30] suggests 

efficient natural intra-species transmission as well. In silico modelling suggested that 

additional deer species may be likewise susceptible to SARS-CoV-2 infections [41].  

To investigate whether SARS-CoV-2 had been introduced into the European 

wild ruminant population, as occurred in North American white-tailed deer, we 

serologically tested samples collected in Germany in autumn and winter 2021/22 from 

various species. In addition, we included the livestock pathogens BTV, SBV and 

ruminant pestiviruses in the serosurvey.  

 

Materials and methods 

Wildlife samples 

Between September 2021 and January 2022, blood samples of fallow deer (n=26), red 

deer (n=188), roe deer (n=254), mouflons (n=7) and European bison (Wisent) (n=1) 

were collected post-mortem in five German federal states by local hunters (Table 1). 

Further 17 wild ruminant samples were analysed, but the species was not indicated in 

the letter accompanying the samples. The federal states comprised Bavaria, Hesse (3 

hunting districts), Mecklenburg-Western Pomerania, North Rhine-Westphalia (7 

hunting districts) and Rhineland-Palatinate (6 hunting districts). The wisent, two of the 

mouflons, two red deer and 12 fallow deer were kept in wildlife parks, the other 

ruminants were free-ranging. Control samples collected in the same regions prior to the 

human SARS-CoV-2 pandemic, i.e. before 2020, were not available. 

In addition, 307 wild ruminant samples collected between 2017 and 2020 at 

three military training areas of the German Federal Armed Forces were included. In 
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training area A, red deer and roe deer samples were taken in 2017 and in 2019. In 

training area B, samples were continuously collected from 2017 to 2020 and from 

training area C, samples from 2017, 2018 and 2019 were available (Table 2).  

 

Serological test systems 

All samples collected in the 2021/22 hunting season were tested for the presence of 

anti-SBV antibodies by a glycoprotein Gc-based ELISA performed as described 

previously [42]. For the detection of antibodies against BTV and ruminant pestiviruses 

the VP7-based ID Screen Bluetongue Competition ELISA and the ID Screen BVDV 

p80 Ab competition test, respectively, were applied (both Innovative Diagnostics, 

Grabels, France). The latter allows for the detection of anti-BVDV antibodies as well as 

for antibodies against the ovine BDV. Both tests were performed as prescribed by the 

manufacturer. 

 The complete sample panel was analysed by a previously described multispecies 

ELISA based on the receptor-binding domain (RBD) of SARS-CoV-2 [43]. A corrected 

optical density (OD) of ≥0.3 was evaluated as being positive as determined by prior 

validation [43]. Samples that reacted positive in the RBD-ELISA were subsequently 

tested by a virus neutralization test (VNT) against the SARS-CoV-2 strain 2019_nCoV 

Muc-IMB-1 performed as described previously [44], and by a surrogate VNT (cPass 

SARS-CoV-2 Surrogate Virus Neutralization Test (sVNT) Kit, GenScript, the 

Netherlands).   

For the detection of antibodies directed against SARS-CoV-1, an ELISA system 

was established in line with the SARS-CoV-2 test. For expression of the recombinant 

protein, the RBD-SD1 domain (aa 306 – 577) of the SARS coronavirus strain Tor2 

(NC_004718.3) was ordered as a synthetic DNA string fragment (GeneArt synthesis; 
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Thermo Fisher Scientific, Darmstadt, Germany) and cloned into the pEXPR103 

expression vector (IBA Lifesciences, Göttingen, Germany) in-frame with a C-terminal 

Strep-tag. Expi293 cells were grown in suspension in Expi293 expression medium 

(Thermo Fisher Scientific) at 37 °C, 8 % CO2 and 125 rpm. For transfection the 

ExpiFectamine293 transfection kit (Thermo Fisher Scientific) was used according to the 

manufacturer's instructions. Cell culture supernatant was harvested 6 days after 

transfection and purified using Strep-Tactin XT Superflow high capacity resin (IBA 

Lifesciences) following the manufacturer's instructions. The ELISA procedure was 

exactly as described for the SARS-CoV-2 RBD-ELISA [43]. The adsorbance value was 

calculated by subtracting the OD value measured at a wavelength of 450 nm on the 

uncoated well from the value obtained from the protein-coated well for the respective 

sample.  

 

Results  

Serology of vector-borne and transboundary livestock diseases 

Antibodies against the Culicoides-transmitted SBV were detected in 67 of the 493 

wildlife samples collected in 2021/22 (13.6 %, 95% confidence interval (CI): 10.6 % - 

16.6 %). With exception of the European bison (Wisent), individual animals of every 

species sampled in the western part of Germany were affected (Figure 1). In contrast, all 

but one of the analysed samples tested negative for antibodies against the likewise 

Culicoides-transmitted BTV (1/484 positive; 0.2 %, 95% CI: 0 % - 0.6 %). The 

remaining 9 samples (1 fallow deer, 2 red deer, 6 roe deer) could not be tested due to a 

lack of sample material. The ELISA-positive sample originated from a fallow deer of 

unknown age that was hunted in the federal state Hesse (Figure 1).  
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All but two samples of the panel collected in 2021/22 (1 fallow deer and 1 roe deer), 

which could not be tested because of insufficient sample volume, were additionally 

analysed for antibodies against ruminant pestiviruses and all of them gave negative 

results (0/491 positive; 0 %).  

  

Evidence for the presence of a coronavirus of the Sarbecovirus subgenus 

The 493 samples collected in the 2021/22 hunting season were tested by a SARS-CoV-2 

RBD-based ELISA and 25 reacted positive (25/493; 5.1 %, 95% CI: 3.1 % - 7.0 %). 

Two of the sero-reactive samples originated from red deer (2/188), 22 from roe deer 

(22/254) and for one sample the species was not indicated (1/17) (Figure 2). However, 

in the surrogate VNT, which was used as confirmatory test, only one red deer serum 

collected in North Rhine-Westphalia tested positive (31 % inhibition, cut-off for 

positivity at ≥ 30 % inhibition). In the second confirmatory test, i.e. the VNT, using 

replicating SARS-CoV-2, none of the sera tested positive.   

 The observed RBD-reactivity was further examined by using wildlife samples 

collected at the military training areas before and during the SARS-CoV-2 pandemic 

and reactive sample were found at every sampling time point (Table 2). A total of 20 

out of 307 sera tested positive in the RBD-based ELISA (6.5 %, 95% CI: 3.8 % - 9.3 %) 

and again, only one of these results could be confirmed by the surrogate VNT (44 % 

inhibition) and none by the cell-culture based VNT (Table 2). To further investigate 

whether the reactivity against the SARS-CoV-2-RBD could be induced by antibodies 

against a hitherto unknown deer coronavirus of the Sarbecovirus subgenus, the reactive 

samples of the panel collected between 2017 and 2020 at the military training areas 

were additionally tested by an indirect ELISA against the RBD of SARS-CoV-1. 18 of 

20 sera scored positive (corrected OD ≥0.3) (Figure 3). As SARS-CoV-2-specific 
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controls, a serum sample obtained from a cattle after experimental SARS-CoV-2 

infection [35] and a bovine serum taken after natural infection [38] were analysed and 

both samples tested positive in the SARS-CoV-2 RBD ELISA but, in contrast to the 

wildlife samples, negative against SARS-CoV-1 (Figure 3).  

 

Discussion  

The human SARS-CoV-2 pandemic with hundreds of millions of infected individuals 

worldwide is presently driven by direct human-to-human virus transmission via 

aerosolized particles. However, when the virus was introduced into mink farms 

resulting in local epidemics in these highly susceptible animal species, evidence for 

mink-to-human spillback infections have been reported [45], resulting in concerns about 

viral maintenance in animals. Aside from these mink-to-human and the likely initial 

animal-to-human transmissions, there are currently no further reports of 

zooanthroponotic SARS-CoV-2 transmissions. Nevertheless, the frequent virus 

detections in the white-tailed deer population and the presumed intra-species 

transmission [29-32,40] could pose a risk for infections of humans with close contact to 

these animals, like e.g. hunters, and also for the establishment of a novel SARS-CoV-2 

animal reservoir allowing the virus to continuously mutate with the potential of 

development of novel variants of concern also for humans. Here, we investigated by 

serological methods whether SARS-CoV-2 has been introduced into European wild 

ruminants as has been into the North American white-tailed deer population. 

Serological investigations of wildlife animals represent a cornerstone of disease 

surveillance [46], especially when virus shedding is only transient and the timeframe 

unknown, since antibodies remain detectable for longer periods. However, when 

conducting sero-epidemiological studies, potential cross-reactivity between closely 
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related viruses needs to be considered, in the present study in particular between SARS-

CoV-2 and other coronaviruses. Here, we found an anti-RBD-reactivity in pre- and 

post-pandemic wild ruminant sera that could not be confirmed by the highly specific 

VNT and only in two cases by a surrogate VNT, which is likewise based on the RBD, 

more precisely on the interaction between SARS-CoV-2’s RBD and the human host cell 

receptor protein ACE2. In roe deer, which most frequently showed an anti-RBD 

reactivity in this study, the coronavirus prevalence is largely unknown, but in some 

other cervid species, bovine-like coronaviruses were found [47-50]. During the initial 

validation of the RBD-based ELISA used in this study and during an experimental 

SARS-CoV-2 infection study in cattle, it could be shown that the ELISA does not 

exhibit cross-reactivity with bovine coronavirus (BCoV) [35,43]. Hence, there is most 

likely at least one hitherto unknown coronavirus present in the deer population that is 

more closely related to viruses of the Sarbecovirus subgenus than BCoV, leading to the 

generation of antibodies cross-reactive with both, SARS-CoV-1 and SARS-CoV-2. 

Interestingly, such an RBD-reactivity that could not be explained by circulation of 

known coronaviruses was also observed in sera of domestic and peridomestic animals 

collected in the United States prior to the current SARS-CoV-2 pandemic [51]. In 

addition, SARS-CoV-2 reactive antibodies have been rarely found in pre-pandemic 

human sera, but these antibodies target the S2 subunit of the spike protein [52]. The S1 

subunit, which represents the second subunit of which the spike protein is composed, 

contains the RBD that is responsible for virus interaction with the host cell receptor 

protein ACE2 reflecting virus entry and host specificity [53]. S1 including the RBD is 

much more divergent than S2 between SARS-CoV-2 and other circulating 

coronaviruses of humans and animals, making it a highly specific target for serological 

test systems [54]. The RBDs of SARS-CoV-1 and SARS-CoV-2, however, exhibit 
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major similarities in protein structure as well as sequence and cross-reactions occur 

[55]. Hence, the cross-reacting agent found in German wild ruminants is most likely a 

coronavirus of the Sarbecovirus subgenus closely related to both, SARS-CoV-1 and 

SARS-CoV-2. Nevertheless, for final classification of the cross-reacting coronavirus, 

the identification of the virus in question by PCR methods and/or sequence analysis of 

tissue samples is required.  

In contrast to SARS-CoV-2, which was discovered only about two years ago, 

the host range of the livestock diseases that were included in this study is largely known 

and wild ruminants are part of it. Regarding pestiviruses, PI animals have been 

previously identified in wild ruminant species [26,27], but in this study we did not 

detect any seropositive animal, making BVDV or BDV infections and in particular the 

presence of PI animals highly unlikely in the population surveyed. Therefore, it is very 

improbable that wildlife species form a significant virus reservoir and could be a source 

of infection for domestic cattle, which is nearly free from the infection as a result of the 

mandatory control program (0.005 % PI prevalence among all newborn calves in 2020 

[56]).  

For the arbovirus SBV a different situation was observed, since about 13.6 % of 

the sampled animals tested seropositive, which mirrors the situation in domestic 

ruminants. In the absence of control measures, SBV established an enzootic status after 

its emergence in Central Europe a decade ago [12,14,15]. In domestic animals, a wave-

like pattern of circulation with increased case numbers every two to three years has 

been observed [14,15]. Unfortunately, the age of the wild ruminants sampled for the 

present study is known for only a subset of animals, which hampers a more detailed 

analysis of the year of infection. Nevertheless, the dataset allows a comparison between 

the infection rates with the enzootic SBV and BTV, for which sporadic cases have been 
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reported in domestic ruminants since December 2018 with the last case reported in 

February 2021 [18]. Both viruses have their mammalian hosts and the insect vector 

species responsible for virus transmission in common [9,10], and, hence, they share 

major factors for virus circulation in a given area. Whereas anti-SBV antibodies were 

detected rather frequently in samples collected in the 2021/22 hunting season, only one 

animal tested positive in the BTV ELISA. The age of this animal is not known, but 

given the epidemiological situation in domestic ruminants [18] and the lack of further 

positive results, the seropositive fallow deer was most likely older than one year and 

was infected in one of the previous vector seasons. The differences in the 

seroprevalences of antibodies against SBV and BTV in the wild ruminant population 

and the agreement with the respective situation in domestic animals confirm previous 

observations that both, wildlife and farmed animals, are part of the transmission cycle, 

but that wild ruminants do not play a significant role in the maintenance of BTV in a 

given area [57,58]. For SBV, similar spatio-temporal distribution patterns were 

previously found in wild ruminants following outbreaks in domestic animals [6,8,59]. 

BTV or BTV-specific antibodies were detected in wild ruminants only in regions where 

the virus is also present in domestic animals [57]. Despite the presence of competent 

insect vectors, BTV serotypes 1 and 8 never spread in red deer beyond the domestic 

outbreak range in France [58]. Here, the single seropositive animal was hunted in a 

federal state within the restricted zone, while anti-SBV antibodies are widespread, 

highlighting the suitability of serological surveys in wildlife animals to demonstrate 

presence or absence of multi-host diseases in a given area [46].  

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


Acknowledgements: We thank Bianka Hillmann, Mareen Lange and Antje Gromtzik for 

excellent technical assistance and the hunters for providing the wildlife samples.   

Funding: The study was supported by intramural funding of the German Federal 

Ministry of Food and Agriculture (BMEL) provided to the Friedrich-Loeffler-Institut. 

The SBV and BTV serology was funded by the BMEL through the Federal Office for 

Agriculture and Food (BLE), grant number 281B101816. The BVDV serology was 

financially supported by the Animal Disease Funds (Tierseuchenkassen) of the German 

federal states Lower Saxony, Thuringia, Hesse, Rhineland-Palatinate, North Rhine-

Westphalia and by the Ministry of Energy, Agriculture, the Environment, Nature and 

Digitalization of the German federal state Schleswig-Holstein. 

Ethical Statement: Blood samples were collected by local hunters according to the 

appropriate German legislation. No ethical/welfare authority approval was required as 

all samples were collected post-mortem by the hunters. 

Disclosure statement: The authors report there are no competing interests to declare.  

Data availability statement: The data that support the findings of this study are available 

from the corresponding authors, KW and MB, upon reasonable request. 

 

References  

1. Trimmel NE, Walzer C. Infectious wildlife diseases in Austria-A literature 

review from 1980 until 2017. Front Vet Sci. 2020;7:3. 

2. Heckeberg NS. The systematics of the Cervidae: a total evidence approach. 

PeerJ. 2020;8:e8114. 

3. Krzysiak MK, Iwaniak W, Kęsik-Maliszewska J, et al. Serological study of 

exposure to selected arthropod-borne pathogens in European Bison (Bison 

bonasus) in Poland. Transbound Emerg Dis. 2017 Oct;64(5):1411-1423. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


4. Lorca-Oró C, López-Olvera JR, Ruiz-Fons F, et al. Long-term dynamics of 

bluetongue virus in wild ruminants: relationship with outbreaks in livestock in 

Spain, 2006-2011. PLoS One. 2014;9(6):e100027. 

5. Arenas-Montes A, Paniagua J, Arenas A, et al. Spatial-temporal trends and 

factors associated with the bluetongue virus seropositivity in large game hunting 

areas from Southern Spain. Transbound Emerg Dis. 2016 Oct;63(5):e339-46. 

6. Mouchantat S, Wernike K, Lutz W, et al. A broad spectrum screening of 

Schmallenberg virus antibodies in wildlife animals in Germany. Vet Res. 2015 

Sep 23;46(1):99. 

7. Linden A, Desmecht D, Volpe R, et al. Epizootic spread of Schmallenberg virus 

among wild cervids, Belgium, Fall 2011. Emerg Infect Dis. 2012 

Dec;18(12):2006-8. 

8. Diaz JM, Prieto A, Lopez C, et al. High spread of Schmallenberg virus among 

roe deer (Capreolus capreolus) in Spain. Res Vet Sci. 2015 Oct;102:231-3. 

9. Maclachlan NJ. Bluetongue: history, global epidemiology, and pathogenesis. 

Prev Vet Med. 2011 Nov 1;102(2):107-11. 

10. Beer M, Wernike K. Akabane virus and Schmallenberg virus 

(Peribunyaviridae). In: Bamford, DH and Zuckerman, M (eds) Encyclopedia of 

Virology, 4th Edition, Oxford: Academic Press. 2021;2:34–39. 

11. Maclachlan NJ, Mayo CE, Daniels PW, et al. Bluetongue. Rev Sci Tech. 2015 

Aug;34(2):329-40. 

12. Hoffmann B, Scheuch M, Höper D, et al. Novel orthobunyavirus in cattle, 

Europe, 2011. Emerg Infect Dis. 2012 Mar;18(3):469-72. 

13. EFSA. "Schmallenberg" virus: analysis of the epidemiological data (May 2013). 

EFSA Supporting Publications 2013 EN-3429 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


http://wwwefsaeuropaeu/de/supporting/doc/429epdf; accessed 15/07/2013. 

2013. 

14. Larska M. Schmallenberg virus: a cyclical problem. Vet Rec. 2018 Dec 

8;183(22):688-689. 

15. Wernike K, Beer M. Re-circulation of Schmallenberg virus, Germany, 2019. 

Transbound Emerg Dis. 2020 Nov;67(6):2290-2295. 

16. Gethmann J, Probst C, Conraths FJ. Economic impact of a bluetongue serotype 

8 epidemic in Germany. Front Vet Sci. 2020;7:65. 

17. Conraths FJ, Gethmann JM, Staubach C, et al. Epidemiology of bluetongue 

virus serotype 8, Germany. Emerg Infect Dis. 2009 Mar;15(3):433-5. 

18. Friedrich-Loeffler-Institut. FLI: Blauzungenkrankheit (BT). Available online: 

https://wwwflide/de/aktuelles/tierseuchengeschehen/blauzungenkrankheit/; last 

accessed: February 2022. 2022. 

19. Sailleau C, Bréard E, Viarouge C, et al. Re-emergence of bluetongue virus 

serotype 8 in France, 2015. Transbound Emerg Dis. 2017 Jun;64(3):998-1000. 

20. Vinomack C, Rivière J, Breard E, et al. Clinical cases of Bluetongue serotype 8 

in calves in France in the 2018-2019 winter. Transbound Emerg Dis. 2019 Dec 

28. 

21. Ruiz-Fons F, Sánchez-Matamoros A, Gortázar C, et al. The role of wildlife in 

bluetongue virus maintenance in Europe: lessons learned after the natural 

infection in Spain. Virus Res. 2014 Mar;182:50-8. 

22. Ezanno P, Fourichon C, Seegers H. Influence of herd structure and type of virus 

introduction on the spread of bovine viral diarrhoea virus (BVDV) within a 

dairy herd. Vet Res. 2008 Sep-Oct;39(5):39. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


23. Bitsch V, Hansen KE, Ronsholt L. Experiences from the Danish programme for 

eradication of bovine virus diarrhoea (BVD) 1994-1998 with special reference 

to legislation and causes of infection. Vet Microbiol. 2000 Nov 15;77(1-2):137-

43. 

24. Nettleton PF, Gilray JA, Russo P, et al. Border disease of sheep and goats. Vet 

Res. 1998 May-Aug;29(3-4):327-40. 

25. Wernike K, Gethmann J, Schirrmeier H, et al. Six years (2011-2016) of 

mandatory nationwide bovine viral diarrhea control in Germany - A success 

story. Pathogens. 2017 Oct 18;6(4). 

26. Passler T, Ditchkoff SS, Givens MD, et al. Transmission of bovine viral diarrhea 

virus among white-tailed deer (Odocoileus virginianus). Vet Res. 2010 Mar-

Apr;41(2):20. 

27. Nelson DD, Duprau JL, Wolff PL, et al. Persistent bovine viral diarrhea virus 

infection in domestic and wild small ruminants and camelids including the 

mountain goat (Oreamnos americanus). Front Microbiol. 2015;6:1415. 

28. Frölich K. Bovine virus diarrhea and mucosal disease in free-ranging and 

captive deer (Cervidae) in Germany. J Wildl Dis. 1995 Apr;31(2):247-50. 

29. Hale VL, Dennis PM, McBride DS, et al. SARS-CoV-2 infection in free-ranging 

white-tailed deer (Odocoileus virginianus). bioRxiv. 2021 Nov 5. 

30. Chandler JC, Bevins SN, Ellis JW, et al. SARS-CoV-2 exposure in wild white-

tailed deer (Odocoileus virginianus). Proc Natl Acad Sci U S A. 2021 Nov 

23;118(47). 

31. Kuchipudi SV, Surendran-Nair M, Ruden RM, et al. Multiple spillovers from 

humans and onward transmission of SARS-CoV-2 in white-tailed deer. Proc 

Natl Acad Sci U S A. 2022 Feb 8;119(6). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


32. Vandegrift KJ, Yon M, Surendran-Nair M, et al. Detection of SARS-CoV-2 

Omicron variant (B.1.1.529) infection of white-tailed deer. bioRxiv. 2022 Feb 7. 

33. Coronaviridae Study Group of the International Committee on Taxonomy of 

Viruses. The species Severe acute respiratory syndrome-related coronavirus: 

classifying 2019-nCoV and naming it SARS-CoV-2. Nat Microbiol. 2020 

Apr;5(4):536-544. 

34. OIE. SARS-COV-2 in animals – Situation report 6. Online available: 

https://wwwoieint/app/uploads/2021/11/sars-cov-2-situation-report-6pdf. 2021. 

35. Ulrich L, Wernike K, Hoffmann D, et al. Experimental infection of cattle with 

SARS-CoV-2. Emerg Infect Dis. 2020 Dec;26(12):2979-2981. 

36. Bosco-Lauth AM, Walker A, Guilbert L, et al. Susceptibility of livestock to 

SARS-CoV-2 infection. Emerg Microbes Infect. 2021 Dec;10(1):2199-2201. 

37. Gaudreault NN, Cool K, Trujillo JD, et al. Susceptibility of sheep to 

experimental co-infection with the ancestral lineage of SARS-CoV-2 and its 

alpha variant. Emerg Microbes Infect. 2022 Feb 1:1-27. 

38. Wernike K, Böttcher J, Amelung S, et al. Serological screening suggests single 

SARS-CoV-2 spillover events to cattle. bioRxiv. 2022. 

39. Cool K, Gaudreault NN, Morozov I, et al. Infection and transmission of 

ancestral SARS-CoV-2 and its alpha variant in pregnant white-tailed deer. 

Emerg Microbes Infect. 2021 Nov 29:1-39. 

40. Palmer MV, Martins M, Falkenberg S, et al. Susceptibility of white-tailed deer 

(Odocoileus virginianus) to SARS-CoV-2. J Virol. 2021 Mar 10. 

41. Damas J, Hughes GM, Keough KC, et al. Broad host range of SARS-CoV-2 

predicted by comparative and structural analysis of ACE2 in vertebrates. Proc 

Natl Acad Sci U S A. 2020 Sep 8;117(36):22311-22322. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


42. Wernike K, Aebischer A, Sick F, et al. Differentiation of antibodies against 

selected Simbu serogroup viruses by a glycoprotein Gc-Based triplex ELISA. 

Vet Sci. 2021 Jan 18;8(1). 

43. Wernike K, Aebischer A, Michelitsch A, et al. Multi-species ELISA for the 

detection of antibodies against SARS-CoV-2 in animals. Transbound Emerg 

Dis. 2021 Jul;68(4):1779-1785. 

44. Schlottau K, Rissmann M, Graaf A, et al. SARS-CoV-2 in fruit bats, ferrets, 

pigs, and chickens: an experimental transmission study. Lancet Microbe. 2020 

Sep;1(5):e218-e225. 

45. Oude Munnink BB, Sikkema RS, Nieuwenhuijse DF, et al. Transmission of 

SARS-CoV-2 on mink farms between humans and mink and back to humans. 

Science. 2020 Nov 10. 

46. Michel AL, Van Heerden H, Crossley BM, et al. Pathogen detection and disease 

diagnosis in wildlife: challenges and opportunities. Rev Sci Tech. 2021 

Jun;40(1):105-118. 

47. Amer HM. Bovine-like coronaviruses in domestic and wild ruminants. Anim 

Health Res Rev. 2018 Dec;19(2):113-124. 

48. Tsunemitsu H, el-Kanawati ZR, Smith DR, et al. Isolation of coronaviruses 

antigenically indistinguishable from bovine coronavirus from wild ruminants 

with diarrhea. J Clin Microbiol. 1995 Dec;33(12):3264-9. 

49. Haigh JC, Mackintosh C, Griffin F. Viral, parasitic and prion diseases of farmed 

deer and bison. Rev Sci Tech. 2002 Aug;21(2):219-48. 

50. Alekseev KP, Vlasova AN, Jung K, et al. Bovine-like coronaviruses isolated 

from four species of captive wild ruminants are homologous to bovine 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


coronaviruses, based on complete genomic sequences. J Virol. 2008 

Dec;82(24):12422-31. 

51. Hancock TJ, Hickman P, Kazerooni N, et al. Evidence for a potential pre-

pandemic SARS-like coronavirus among animals in North America. bioRxiv. 

2021. 

52. Ng KW, Faulkner N, Cornish GH, et al. Preexisting and de novo humoral 

immunity to SARS-CoV-2 in humans. Science. 2020 Dec 11;370(6522):1339-

1343. 

53. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 cell entry 

depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease 

inhibitor. Cell. 2020 Apr 16;181(2):271-280.e8. 

54. Premkumar L, Segovia-Chumbez B, Jadi R, et al. The receptor binding domain 

of the viral spike protein is an immunodominant and highly specific target of 

antibodies in SARS-CoV-2 patients. Sci Immunol. 2020 Jun 11;5(48). 

55. Lan J, Ge J, Yu J, et al. Structure of the SARS-CoV-2 spike receptor-binding 

domain bound to the ACE2 receptor. Nature. 2020 May;581(7807):215-220. 

56. Friedrich-Loeffler-Institut. Statistik zur BVD-Bekämpfung in Deutschland: PI-

Tiere (Zeitraum 2011-2020). https://wwwflide/de/institute/institut-fuer-

virusdiagnostik-ivd/referenzlabore/nrl-fuer-bvdmd/. 2021. 

57. Yon L, Duff JP, Agren EO, et al. Recent changes in infectious diseases in 

European wildlife. J Wildl Dis. 2018 Oct 4. 

58. Rossi S, Balenghien T, Viarouge C, et al. Red deer (Cervus elaphus) did not 

play the role of maintenance host for bluetongue virus in France: The burden of 

proof by long-term wildlife monitoring and culicoides snapshots. Viruses. 2019 

Sep 27;11(10). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


59. Tavernier P, Sys SU, De Clercq K, et al. Serologic screening for 13 infectious 

agents in roe deer (Capreolus capreolus) in Flanders. Infect Ecol Epidemiol. 

2015;5:29862. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 23, 2022. ; https://doi.org/10.1101/2022.02.21.481262doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1: Origin and number of ruminant samples collected in the 2021/22 hunting season in Germany. 

 

   tested for antibodies against 

federal state wildlife species number of samples coronavirus SBV BTV ruminant pestiviruses 

Bavaria red deer 23 23 23 23 23 
Hesse fallow deer 8 8 8 8 8 

roe deer 28 28 28 28 28 
unknown 16 16 16 16 16 

Mecklenburg-Western Pomerania fallow deer 6 6 6 5 5 
roe deer 12 12 12 11 12 

North Rhine-Westphalia mouflon 1 1 1 1 1 
 red deer 124 124 124 123 124 

roe deer 60 60 60 60 60 
Rhineland-Palatinate fallow deer 12 12 12 12 12 

mouflon 6 6 6 6 6 
 red deer 41 41 41 40 41 

roe deer 154 154 154 149 153 
wisent 1 1 1 1 1 

unknown 1 1 1 1 1 .
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Table 2. Results of the SARS-CoV-2 serological assays for wild ruminant samples collected at military training areas of the German Federal 

Armed Forces before and during the COVID-19 pandemic. Sera that reacted positive in the RBD-based ELISA were subsequently analysed by a 

virus neutralisation test (VNT) and by a surrogate virus neutralisation test (sVNT). CI – confidence interval 

 

military training area sampling year species total sample number 
sero-reactive in SARS-CoV-2 

RBD-based ELISA 
sero-reactive in 

SARS-CoV-2 sVNT 
sero-reactive in 

SARS-CoV-2 VNT 

A 2017 red deer 12 0 (0.0%) 
  roe deer 3 1 (33.3%, 95% CI 0.0-86.7%) 0/1 0/1 

2019 red deer 15 0 (0.0%)  
roe deer 11 1 (9.1%, 95% CI 0.0-26.1%) 0/1 0/1 

B 2017 fallow deer  12 0 (0.0%)  
  red deer 55 2 (3.6%, 95% CI 0.0-8.6%) 0/2 0/2 

roe deer 29 4 (13.8%, 95% CI 1.2-26.3%) 0/4 0/4 
2018 fallow deer  1 0 (0.0%)  

 red deer 22 1 (4.5%, 95% CI 0.0-13.2%) 0/1 0/1 
roe deer 22 3 (13.6%, 95% CI 0.0-28.0%) 0/3 0/3 

2019 fallow deer  5 0 (0.0%)  
 red deer 9 0 (0.0%)  

roe deer 7 0 (0.0%) 
2020 fallow deer  9 0 (0.0%)  

 red deer 39 2 (5.1%, 95% CI 0.0-12.1%) 1/2 0/2 
roe deer 30 4 (13.3%, 95% CI 1.2-25.5%) 0/4 0/4 

C 2017 red deer 2 1 (50.0%, 95% CI 0.0-100.0%) 0/1 0/1 
  roe deer 4 0 (0.0%) 

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

available under a
(w

hich w
as not certified by peer review

) is the author/funder, w
ho has granted bioR

xiv a license to display the preprint in perpetuity. It is m
ade 

T
he copyright holder for this preprint

this version posted F
ebruary 23, 2022. 

; 
https://doi.org/10.1101/2022.02.21.481262

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/2022.02.21.481262
http://creativecommons.org/licenses/by-nc-nd/4.0/


2018 red deer 1 0 (0.0%)  
roe deer 11 1 (9.1%, 95% CI 0.0-26.1%) 0/1 0/1 

2019 red deer 1 0 (0.0%) 0 0 
roe deer 7 0 (0.0%) 0 0 
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Figure legends  

Figure 1. Proportion of wild ruminant samples that tested positive (red) for antibodies 

against the Culicoides-transmitted viruses Schmallenberg virus (left) and bluetongue 

virus (right). BY – Bavaria, HE – Hesse, MV – Mecklenburg-Western Pomerania, NW 

– North Rhine-Westphalia, RP – Rhineland-Palatinate 

 

Figure 2. Proportion of samples per German federal state (left) and per wild ruminant 

species (right) that reacted positive (red) in an RBD-based SARS-CoV-2 antibody 

ELISA. In the lower left panel, the number of sero-reactive results/number of analysed 

samples is given separately for each federal state and, if known, the hunting district 

from which the samples originated. The serum that additionally tested positive in a 

surrogate virus neutralisation test is framed in red. BY – Bavaria, HE – Hesse, MV – 

Mecklenburg-Western Pomerania, NW – North Rhine-Westphalia, RP – Rhineland-

Palatinate 

 

Figure 3. Reactivity of wild ruminant samples collected between 2017 and 2020 

towards the receptor-binding domains of the coronaviruses SARS-CoV-2 and SARS-

CoV-1 as measured by indirect multispecies ELISAs. The cut-off for positivity (≥0.3) is 

marked by a dashed horizontal line and the mean values are shown in blue. A cattle 

sample taken 20 days after experimental SARS-Cov-2 infection (dark red) and a cattle 

sample taken subsequent to natural SARS-CoV-2 infection (orange) were used as virus-

specific controls.  
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Figure 1 
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Figure 3 
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