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SUMMARY

Ljungan virus is a recently-identified member of the Picornaviridae that was isolated from
bank voles in Sweden. It has been shown to cause type 1 diabetes—like symptoms and
myocarditis in bank voles (Myodes glareolus) and it has been suggested that it has zoonotic
potential. Here we showed for the first time that Ljungan virus was prevalent (20 — 27%
positive by PCR) in four species of UK rodent (Myodes glareolus [bank vole], Apodemus
sylvaticus [wood mice], Microtus agrestis [field vole] and Mus musculus [house mice]).
Sequence analysis showed that Ljungan virus of genotypes 1 and 2 were found, although
genotype 1 was more prevalent and more frequently associated with brain tissue. This study
highlights the prevalence of Ljungan virus in the UK and the need for confirmation of its

zoonotic potential.
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Main Text

Ljungan virus (LjV) is a member of the Parechovirus genus within the Picornaviridae [22].
Human parechovirus (HPeV), the other species in the genus, is commonly found in children
with diarrhoea and gastroenteritis [8]. The initial isolation of LjV was from bank voles
(Myodes glareolus) in Sweden [15, 16]. It was found that the incidence of human
myocarditis, diabetes and Guillain-Barré syndrome in Sweden varied with the 3-4 year
abundance cycles of the bank vole and it was hypothesized that bank voles were the
reservoir and/or vector of an infectious agent causing these diseases [15]. Subsequently,
LjV was isolated from Swedish diabetic bank voles with viral antigen and picornavirus-like
particles being detected in the destroyed pancreatic beta cells [16, 17]. LjV has been
isolated in other species of wild voles and lemmings in northern Sweden [18], and detected
in wild voles or mice in Denmark, the USA and Italy [9, 12]. In addition to the study of wild
rodents, it has been shown that type 2 diabetes-like disease can be LjV-induced in a mouse
model [19]. The detection of LjV antigens by immunochistochemistry in foetal tissue samples
in cases of human intrauterine foetal death [20] indicates that other disease-associations
may be found. However, the association with fetal and infant morbidity and mortality in
humans is controversial and is still to be proven [14]. More information is needed to assess
the potential zoonotic role of LjV.

To date, five LjV strains have been isolated, representing 4 genotypes. Three LjV
strains (87-012, 174F and 145SL) were originally isolated from Swedish bank voles.
Sequence analyses showed that the 87-012 and 174F strains form genotype 1 (gtl), while
the 145SL strain represents a second genotype (gt2) [13]. Two novel strains of L}V (M1146
and 64-7855) representing genotypes 3 and 4 respectively have subsequently been isolated
in the USA. Strain M1146 was isolated from a montane vole (Microtus montanus) in Oregon,
USA [12] and strain 64-7855 from a southern red-backed vole (Myodes gapperi) in the north-
eastern USA [23, 24].

The aims of this study were to assess the prelavence, host specificity and genome

types of LjV present in rodents in the UK
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In total 209 small rodents of four species (Apodemus sylvaticus [wood mouse],
Myodes glareolus [bank vole], Microtus agrestis [field vole] and Mus musculus [house
mouse]) were trapped at several locations within and close to Kielder Forest in northern
England (55° 13’ N, 2° 33’ W). To analyse the frequency and types of LjV present in the
rodent populations, animals were sacrificed using isofluorane anaesthesia. Brain and blood
samples were immediately removed and stored at -80°C. RNA was extracted from the brain
samples using RNeasy mini kit (Qiagen) and from the blood samples using QlAamp viral
RNA mini kit (Qiagen) according to the manufacturer’s instructions. Analysis of the RNAs by
RT-PCR assay was performed according to the protocol described previously [10, 11] using
primers specific for the 5’UTR of the virus genome [5]. PCR products were analyzed using
agarose gel electrophoresis and potential LjV-specific products (187bp) were confirmed and
analyzed further by direct sequencing. PCR products were excised from agarose gels and
purified using QIlAquick gel extraction kit (Qiagen, Germany) before being sequenced by the
dideoxynucleotide termination method (Cogenics Inc.) using the same primers as for PCR.
Sequence data were analysed using the GCG suite of programs [4]. Control PCR reactions
were performed using RNA extracted from tissue-cultured LjV strains 87-012 (gtl) and
145SL (gt2). The sensitivity of the assay was such that one copy of viral RNA could be
detected in a background of 1 ug of negative cellular RNA as determined by limiting dilution.

The results (Table 1) showed that 51 out of 209 (24.4 %) rodents were positive for
LjV. Significantly more were positive for LjV in the brain (20.1 %) than in the blood (6.7 %)
(P < 0.05, Fisher’s exact test). Only five of the animals were positive in both the brain and
the blood. The frequency of LjV in different species varied from 19.7 % to 27.0 % but there
was no statistical significance in this variation (Fisher’'s exact test).

To analyse the viruses present in more detail, sequences generated from the all the
LjV-positive samples above were aligned and analysed for phylogenetic relatedness. The

phylogenetic tool available at www.phylogeny.fr was used to perform this analysis [3].

Sequences of 147 bp in length generated from PCR products and corresponding to nt 303 —

449 of LjV strain 87-012 (Genbank EF202833) were aligned using MUSCLE [6], alignments
S
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were curated using Gblocks [2] and then analysed for phylogenetic relatedness using
maximum likelihood [PhyML [1, 7]]. The final consensus tree generated after bootstrap
analysis was drawn using mswordtree [21] and is shown in Fig. 1. Variability between strains
was seen in 28 out of 147 nucleotide positions. The sequences reliably and consistently
grouped into strain 87-012 (gtl)-like and strain 145SL (gt2)-like (Fig. 1 and Table 2). The
proportion of animals positive for LjV gtl (71.1 %) was significantly greater than those
positive for LjV gt2 (28.8 %) (P < 0.05; Fisher's exact test). The proportion of animals
positive for gtl was >70 % in all species apart from M. Musculus where gt2 was more
prevalent (Table 2). However, due to the sample size, this was not statistically significant.
Only one animal, a field vole, was positive for both strains, gtl in the brain and gt2 in the
blood. Interestingly, analysis of the distribution of genotypes between brain and blood (Fig.
2) showed that gtl was far more prevalent in the brain than gt2 (P < 0.05; Fisher's exact
test), whereas the two genotypes were of approximately equal prevalence in the blood.

This study significantly extends the known geographic distribution of LjV to England.
LjV has previously been found in voles in Scandanavia, Italy and the United States. Our
results show that LjV is present in a lower proportion of bank voles in England (27.0 %) than
that found in Italy and northern Sweden [9] (B. Niklasson, unpublished data). The reasons
for the difference in frequency are likely not related to the assay, as all the studies use the
same PCR primers. However, the level of PCR-positive bank voles indicates that LjV is still
endemic in this species in the UK. In addition, we demonstrated that LjV is present at a
similar frequency in another three free-living rodent species, A. sylvaticus, M. agrestis and
M. musculus. Analysis showed that there was variation in the sequences analysed with the
majority (71.1 %) of the viruses being gtl (87-012)-like and the rest gt2 (145SL)-like. This
indicates that, as in Sweden, these two genotypes are the predominant ones circulating in
the UK. Of the two organs analysed, viral RNA was found principally in the brain and this
was overwhelmingly gtl. This indicates the ability of the virus to persist in neurological tissue
in wild rodents and also that LjV gtl may have a tendency to be more neurotropic than gt2

during a natural infection.
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This work supports the hypothesis that LjV has a worldwide distribution, and that it

has a broad species range.

ACKNOWLEDGEMENTS
This work was funded by a National Environment Research Council grant (NE/E008038/1) to

MB and JPS.



Arch. Virol. May 12, 2013. DOI: 10.1007/s00705-013-1731-6

REFERENCES

1.

Anisimova M, Gascuel O (2006) Approximate likelihood-ratio test for
branches: A fast, accurate, and powerful alternative. Syst Biol 55:539-552
Castresana J (2000) Selection of conserved blocks from multiple alignments
for their use in phylogenetic analysis. Mol Biol Evol 17:540-552

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, Dufayard
JF, Guindon S, Lefort V, Lescot M, Claverie JM, Gascuel O (2008)
Phylogeny.fr: robust phylogenetic analysis for the non-specialist. Nucleic
Acids Res 36:W465-469

Devereux J, Haeberli P, Smithies O (1984) A comprehensive set of sequence
analysis programs for the VAX. Nuleic Acids Research 12:387-395.

Donoso Mantke O, Kallies R, Niklasson B, Nitsche A, Niedrig M (2007) A new
guantitative real-time reverse transcriptase PCR assay and melting curve
analysis for detection and genotyping of Ljungan virus strains. J Virol Methods
141:71-77

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res 32:1792-1797

Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Syst Biol 52:696-704
Harvala H, Simmonds P (2009) Human parechoviruses: biology, epidemiology
and clinical significance. J Clin Virol 45:1-9

Hauffe HC, Niklasson B, Olsson T, Bianchi A, Rizzoli A, Klitz W (2010)
Ljungan virus detected in bank voles (Myodes glareolus) and yellow-necked

mice (Apodemus flavicollis) from Northern Italy. J Wildl Dis 46:262-266



10.

11.

12.

13.

14.

15.

16.

17.

Arch. Virol. May 12, 2013. DOI: 10.1007/s00705-013-1731-6

Hughes DJ, Kipar A, Sample JT, Stewart JP (2010) Pathogenesis of a model
gammaherpesvirus in a natural host. J Virol 84:3949-3961

Hughes DJ, Kipar A, Leeming GH, Bennett E, Howarth D, Cummerson JA,
Papoula-Pereira R, Flanagan BF, Sample JT, Stewart JP (2011) Chemokine
binding protein M3 of murine gammaherpesvirus 68 modulates the host
response to infection in a natural host. PLoS Pathog 7:€1001321

Johansson ES, Niklasson B, Tesh RB, Shafren DR, Travassos da Rosa AP,
Lindberg AM (2003) Molecular characterization of M1146, an American isolate
of Ljungan virus (LV) reveals the presence of a new LV genotype. J Gen Virol
84:837-844

Johansson S, Niklasson B, Maizel J, Gorbalenya AE, Lindberg AM (2002)
Molecular analysis of three Ljungan virus isolates reveals a new, close-to-root
lineage of the Picornaviridae with a cluster of two unrelated 2A proteins. J
Virol 76:8920-8930

Krous HF, Langlois NE (2010) Ljungan virus: a commentary on its association
with fetal and infant morbidity and mortality in animals and humans. Birth
defects research Part A, Clinical and molecular teratology 88:947-952
Niklasson B, Hornfeldt B, Lundman B (1998) Could myocarditis, insulin-
dependent diabetes mellitus, and Guillain-Barre syndrome be caused by one
or more infectious agents carried by rodents? Emerg Infect Dis 4:187-193
Niklasson B, Kinnunen L, Hornfeldt B, Horling J, Benemar C, Hedlund KO,
Matskova L, Hyypia T, Winberg G (1999) A new picornavirus isolated from
bank voles (Clethrionomys glareolus). Virology 255:86-93

Niklasson B, Heller KE, Schonecker B, Bildsoe M, Daniels T, Hampe CS,

Widlund P, Simonson WT, Schaefer JB, Rutledge E, Bekris L, Lindberg AM,



18.

19.

20.

21.

22.

23.

Arch. Virol. May 12, 2013. DOI: 10.1007/s00705-013-1731-6

Johansson S, Ortqvist E, Persson B, Lernmark A (2003) Development of type
1 diabetes in wild bank voles associated with islet autoantibodies and the
novel ljungan virus. Int J Exp Diabesity Res 4:35-44

Niklasson B, Nyholm E, Feinstein RE, Samsioe A, Hornfeldt B (2006)
Diabetes and myocarditis in voles and lemmings at cyclic peak densities--
induced by Ljungan virus? Oecologia 150:1-7

Niklasson B, Samsioe A, Blixt M, Sandler S, Sjoholm A, Lagerquist E,
Lernmark A, Klitz W (2006) Prenatal viral exposure followed by adult stress
produces glucose intolerance in a mouse model. Diabetologia 49:2192-2199
Niklasson B, Samsioe A, Papadogiannakis N, Kawecki A, Hornfeldt B, Saade
GR, Kilitz W (2007) Association of zoonotic Ljungan virus with intrauterine fetal
deaths. Birth defects research Part A, Clinical and molecular teratology
79:488-493

Savva G, Conn J, Dicks J (2004) Drawing phylogenetic trees in LATEX and
Microsoft Word. Bioinformatics 20:2322-2323

Stanway G, Brown F, Christian P, Hovi T, Hyypia T, King AMQ, Knowles NJ,
Lemon SM, Minor PD, Pallansch MA, Palmenberg AC, Skern T (2005) Family
Picornaviridae. In: Fauquet CM, Mayo MA, Maniloff J, Desselberger U, Ball
LA (eds) Virus Taxonomy Eighth Report of the International Committee on
Taxonomy of Viruses. Elsevier/Academic Press, London, pp 757-778

Tolf C, Gullberg M, Johansson ES, Tesh RB, Andersson B, Lindberg AM
(2009) Molecular characterization of a novel Ljungan virus (Parechovirus;
Picornaviridae) reveals a fourth genotype and indicates ancestral

recombination. J Gen Virol 90:843-853

10



Arch. Virol. May 12, 2013. DOI: 10.1007/s00705-013-1731-6

24. Whitney E, Roz AP, Rayner GA (1970) Two viruses isolated from rodents
(Clethrionomys gapperi and Microtus pennsvlvanicus) trapped in St.

Lawrence County, New York. J Wildl Dis 6:48-55

11



Arch. Virol. May 12, 2013. DOI: 10.1007/s00705-013-1731-6

Table 1. Number of each species positive for Ljungan virus

Species Number of Number of animals Number of positives
animals Positive (%)
Brain (%) Blood (%) Brain +
Blood (%)

A. sylvaticus 66 13 (19.7) 10 (15.2) 5 (7.6) 2 (3.0)
M. glareolus 37 10 (27.0) 8 (21.6) 2(5.4) 0 (0.0)
M. agrestis 83 22 (26.5) 20 (24.1) 5(6.0) 2(3.6)
M. musculus 23 6 (26.1) 4 (17.4) 2(8.7) 0(0.0)
Total 209 51(24.4) 42(20.1) 14(6.7) 5(2.4)

Table 2. Number of each species positive for Ljungan virus genotype 1 or genotype 2

Species Number of LjV-positive Number of animals Number of animals

animals gtl-Positive (%) gt2-positive (%)
A. sylvaticus 13 10 (76.9) 3(23.1)
M. glareolus 10 8 (80.0) 2 (20.0)
M. agrestis 22 17 (73.9) 6 (26.1)
M. musculus 6 2 (33.3) 4 (66.7)
Total 51 37 (71.2) 15 (28.8)

12
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FIGURE LEGENDS

Fig. 1. Phylogenetic analysis of LjV sequences. PCR products corresponding to a portion
of the 5’-UTR of Ljungan virus were amplified from RNA extracted from either the blood or
brains of free-living rodents. The DNA sequences of these products were then determined.
Sequences of 147 bp in length corresponding to nt 303 — 449 of L}V strain 87-012 (Genbank
EF202833) were aligned using MUSCLE [6], alignments were curated using Gblocks [2] and
then analysed for phylogenetic relatedness using maximum likelihood [PhyML [1, 7]]. The
final consensus tree generated after bootstrap analysis was drawn using mswordtree [21].
The branch length is proportional to the number of substitutions per site and the branch
support values resulting from 100 bootstrapped data sets are shown in red. Values <50 are
omitted for simplicity. Sequences from free-living rodents are numbered with the prefix F and
sequences derived from blood were given the suffix BL. The corresponding sequence from
five known isolates of LjV were also included in the analysis (highlighted yellow) and
annotated with their relevant genotype. Sequences were assigned as either genotype 1
(gtl) (shaded light blue) or genotype 2 (gt2) (shaded pink) based on phylogenetic

relatedness to the reference strains 87-012 (gtl) and 145SL (gt2).

Fig. 2. Ljungan virus genotype distribution in brain and blood. PCR products
corresponding to a portion of the 5-UTR of Ljungan virus were amplified from either the
blood or brains of free-living rodents as indicated. The DNA sequences of these products
were then determined, assigned as either genotype 1 (gtl) or genotype 2 (gt2) based on
similarity to the reference strains 87-012 (gtl) and 145SL (gt2) as shown in Fig.1. Statistical

analysis was performed using Fisher’'s exact test.
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