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Summary.  - Following the demonstration that the tick-borne encephalitis (TBE) subgroup viruses are 
distributed as a cline across the Northern Hemisphere (Zanotto et al., 1995), we have analysed the dispersal 
pattern of louping ill (LI) virus, the most westerly located member in the cline. A total number of 21 LI or 
Ll-related virus E gene sequences have been used for a detailed molecular analysis of the evolution, phylogeny 
and geographical distribution of LI virus in the British Isles and Ireland. The results show that LI virus is 
genetically stable in general but minor differences enable its separation into four genetically distinct subtypes 
(genotypes) with clear geographical correlation, designated Type 1 in Scotland and England, Type 2 in Scot­
land, Type 3 in Wales and Type 4 in Ireland. These data demonstrate that geographically independent evolution 
of LI viruses has occurred. The molecular systematics and substitutional parameters analyses combined with 
the clinal distribution of the TBE virus complex allow the assignment of the origin for both Negishi (NEG) 

virus and a Norwegian isolate to the British Isles. Moreover, proposals for the classification of LI and Ll-like 
viruses which cause encephalomyelitis in sheep, goat or cattle are presented. 
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Introduction 

LI virus ,  a t ick-transmitted m e m b e r  o f  the  T B E  virus  

group,  genusFlav iv i rus ,  f ami ly  Flaviviridae(Franckiet al., 

1991), is t h e  only ar thropod-transmit ted v i rus  in  t he  Brit ish 

Isles a n d  Ireland wi th  a recognised disease in vertebrates.  It 

causes  encephali t is  o r  encephalomyeli t is  in sheep  and red 

grouse  ( L a g o p u s  scoticus), and  occasionally affects  other 

'Present address: Molecular Immunology Group, Institute of Mo­
lecular Medicine, University of Oxford, Headington, Oxford 
0 X 3  9DS, UK 
Abbreviations: aa = amino acid; HA = haemagglutination; HAI = 
HA-inhibition; HIV = human immunodeficiency virus; LI = loup­
ing ill; NEG = Negishi; nt = nucleotide; N T  = neutralization; 
RT-PCR = reverse transcription/polymerase chain reaction; 
S M B  = suckl ing  m o u s e  bra in ;  SSE = Spanish sheep 
encephalomyelitis; TBE = t ick-borne encephalitis;  ts:tv = 
transitions:transversions; TSE = Turkish sheep encephalomyelitis 

domest ic  animals  and  humans .  Other  wi ldl i fe  species  c a n  

also b e c o m e  infected wi th  L I  v i rus  i f  they  serve  a s  hosts  f o r  

t he  feed ing  o f  t ick  vector  Ixodes ricinus, b u t  these  verte­

brates  m a y  b e  dead-end hos ts  f o r  t he  v i rus  because  they  d o  

not  develop high-ti ter  v i raemia  ( fo r  review, s ee  Reid,  1988). 

L I  vi rus  is  prevalent in  t he  up land  sheep  graz ing  areas  o f  

Scotland, northern England,  Wales,  southwest  England and 

Ireland, a n d  o n  the  basis  o f  p laque  morphology,  v i rus  neu ­

tralization (NT)  and  haemagglut inat ion- inhibi t ion (HAI)  

tests, these  viruses  have been  described as  indist inguisha­

ble (Reid, 1984). 

LI  is conventionally considered t o  b e  restricted t o  t he  

British Isles (Reid, 1988) a l though a sheep  o r  goa t  disease 

caused by  Ll-like viruses was  reported also in  Bulgaria  (Pav­

lov, 1968), Turkey (Hartley  etal., 1969), Greece  (Papadopou-

los  etal., 1971), Spain (Gonzalez  et al., 1987) and  Norway  

(Reid, 1988). O u r  previous studies (Venugopal  et a!., 1992; 

G a o  et al., 1993a, 1993b; Mar in  et al., 1995a) and those o f  

others (Whitby  et al., 1993) us ing  nucleot ide  (nt)  sequenc­
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ing and immunological comparisons have shown that vi­
ruses which are antigenically very similar to LI virus and 
were isolated from sheep or goats in Norway, Turkey, Greece 
and Spain are genetically different, though closely related, 
from LI virus, and two new virus names have been pro­
posed to recognise these differences, i.e., Turkish sheep en­
cephalomyelitis (TSE) virus in Turkey and Greece (Gao et 

al., 1993a; Marin et al., 1995a) and Spanish sheep enceph­
alomyelitis (SSE) virus in Spain (Marin et al., 1995a). It 
has also been proposed that the Norwegian isolate (Gao  et 

al., 1993b) and NEG virus (Venugopal et al., 1992), a 
tick-transmitted virus isolated from Japan, are LI viruses. 
These unexpected results have raised questions concerning 
the identity, geographical distribution and evolution of LI 
virus which have been addressed in this communication by 
carrying out an extensive molecular analysis of LI and close­
ly related viruses. 

In general, a clear understanding of the genetic related-
ness among different strains (isolates, varieties) of a virus 
and of their evolution can provide information on the ori­
gins, dispersal patterns and geographical distribution of 
particular genotypes (sometimes phenotypes as well), on 
their routes o f  transmission and for the development of vac­
cines. Therefore such an analysis o f  LI virus would enor­
mously help solve the LI and LI-like virus puzzle as suc­
cessfully used in influenza virus, human immunodeficien­
cy virus (HIV) and more recently in hepatitis C virus (for 
review, see Leigh Brown, 1994). 

In common with all other flaviviruses, LI virus con­
tains a single-stranded RNA genome of positive polarity 
which encodes three structural proteins viz. capsid (C), 
membrane (M)  and envelope (E) (Shiu et al., 1991) and 
seven non-structural (NS1,  NS2A,  NS2B, NS3, NS4A,  
NS4B and NS5) proteins (K. Venugopal, personal com­
munication). Among  the structural proteins, the E glyco­
protein is responsible for  the following biological func­
tions: haemagglutination (HA), NT, receptor binding, neu-
ropathogenicity, membrane fusion and induction of  pro­
tective antibody responses (for reviews, see Heinz, 1986; 
Gould et al., 1990). Since the flaviviruses have been 
grouped mainly on the basis of HA and N T  tests, their 
classification largely reflects properties o f  the E proteins 
(Calishcr et al., 1989). Moreover, the E gene of flavivi­
ruses was also shown to  be a reliable phylogenetic mark­
er for all flaviviruses since its phylogcny is congruent to 
that of the RNA-dcpendent RNA polymerase (NS5) which 
was successfully used for phylogenetic analysis (Koonin, 
1991; Marin  et al., 1995b). We have cloned and sequenced 
the E genes  o f  six addit ional  LI viruses including an 
isolate from Wales and one f rom Ireland that cause sheep 
or  cattle encephalomyelitis, respectively, and although the 
sequence  data  have been used in our  previous report  
(Zanotto et al., 1995), the detailed methods of sequenc­

ing and phylogenetic  analysis o f  LI v i ruses  were  no t  
addressed previously. Therefore, in this report, we describe 
the methods of sequencing for  the six known LI viruses 
and detai led phylogenet ic  ana lys is  b y  address ing  LI 
viruses (totally 12 LI virus E genes are included) in Britain 
and Ireland which  a re  t h e  known  LI  v i rus  ep idemic  
regions. Our  results show that genetic variation occurs in 
LI viruses and the strain of LI virus isolated f rom Ireland 
is genetically distinct f rom British mainland LI viruses. 
In evolutionary terms, the Irish virus is positioned between 
western (European) T B E  (WTBE)  and British LI viruses. 
We propose that there are four  genotypes o f  LI virus in 
the British Isles and Ireland, each of  which occupies a 
distinct ecological niche. 

Materials and Methods 

Viruses. The original isolates were identified as LI virus at the 
Moredun Research Institute, Edinburgh, using conventional viro-
logical and immunological methods. The details of the six LI vi­
ruses sequenced in this and Zanotto's (Zanotto et al., 1995) stud­
ies and another six sequenced LI viruses are listed in Table 1. All 
the virus isolates have received less than 3 serial passages in suck­
ling mouse brain (SMB) since their isolation from field samples. 
All other viruses and their sequence accession numbers used for 
comparison were described by Marin et al. (1995b). Other viruses 
compared in this study are as follows: SSE virus;, TSE virus; NEG 
virus; WTBE virus, strain Neudorfl; far-eastern subtype of TBE 
(FETBE) virus, strain Sofjin; Omsk haemorrhagic fever (OHF) 
virus; Langat (LGT) virus; Kyasanur forest disease (KFD) virus; 
Powassan (POW) virus. 

RT-PCR, cloning and nucleotide sequencing. Ten percent SMB 
suspensions of plaque-purified viruses were used directly for the 
extraction of viral RNA followed by reverse transcription and 
polymerase chain reaction (RT-PCR) as previously described (Gao 
et al., 1993b; Gao, 1995). Briefly, a SMB suspension was treated 
with proteinase K and extracted with phenol and ether. First-strand 
cDNA was synthesised using the conserved downstream primer 
5'-CGGGTAGTATGCATAGTT-3', complementary to LI virus ge­
nome nt 2447-2449 (Shiu et al., 1991) and the E gene was subse­
quently amplified by standard PCR (Taq polymerase and annealing 
temperature of 50"C for 30 cycles) using the upstream primer 5-CT-
GGAGAGTGTCGTGAC-3', (nt 805-821 of the LI virus genome) 
and the same downstream primer as was used in the synthesis of the 
first-strand cDNA. The PCR product was directly cloned into the 
pGEM-T vector by following the product specifications (Promega) 
and sequenced in both directions by double-stranded didcoxynucle-
otidc sequencing (Sanger et al., 1977) using USB Sequenase" Ver­
sion 2 Kit. Two batches of PCR product for each virus were cloned 
and at least three transformed subclones from each virus were se­
quenced to overcome any problems arising from PCR errors. All 
other molecular manipulations followed the standard methods (Sam-
brook et al., 1989). 

Sequence data analysis. Unless otherwise stated below, the nt 
and amino acid (aa) sequence analyses were performed using 
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T a b l e  1. L I  v i r u s e s  s e q u e n c e d  a n d  a n a l y s e d  i n  t h i s  s t u d y  

V i r u s  Geographica l  Year o f  Host o f  Sequence  A c c e s s i o n  No." 
des ignat ion  o r i g i n  isolat ion isolat ion s o u r c e  

LI/31 Scot land  1931  S h e e p  Gao  et a/., 1993  D 1 2 9 3 7  
LI/369  Ayrsh i re ,  Scot land 1 9 6 3  T i c k '  Shiu  et al., 1991 M 3 7 6 8 7  
L I / S B 5 2 6  O b a n ,  Scot land 1 9 6 8  S h e e p  Vcnugopal  et a!., 1 9 9 2  M 9 4 9 5 7  
L I / M A 5 4  Ireland 1 9 6 8  Catt le  T h i s  paper  X 8 6 7 8 4  
LI/G Mull ,  Scot land 1 9 7 9  P i g  T h i s  p a p e r  X 8 6 7 8 8  
LI/M Scot land  ND h  ND" T h i s  paper  X 7 1 8 7 2  
LI/K Grampian,  Scotland 1 9 8 0  G r o u s e  Gao  et al. , 1 9 9 3  D 1 2 9 3  5 
LI/I W a l e s  1 9 8 0  S h e e p  T h i s  paper  X 8 6 7 8 5  
LI/A Devon,  E n g l a n d  1 9 8 0  S h e e p  Gao  et al.,\ 9 9 4  X 6 9 9 7 5  
LI/NOR N o r w a y  1 9 8 4  S h e e p  Gao  et al., 1993  D 1 2 9 3 6  
LI/917 Penrith, E n g l a n d  1 9 8 5  S h e e p  T h i s  p a p e r  X 8 6 7 8 6  
LI/261 N e w c a s t l e ,  E n g l a n d  1 9 8 7  S h e e p  T h i s  paper  X 8 6 7 8 7  

•Ixodes ricinus. b N o  d a t a  avai lable .  " G c n B a n k  d a t a b a s e  a c c e s s i o n  N o .  

CLUSTAL programme, Staden programme and the University of 
Wisconsin Genetics Computer Group (GCG) package. 

Molecular systematics of the virus E genes. To determine optimal 
parameters for the molecular systematic analysis and the genetic 
structure o f  the viruses,  several pairwise comparisons for  
substitutional parameters, e.g. synonymous, non-synonymous, 
transitions and transversions (Li and Graur, 1990; Nei, 1987) were 
plotted using DIPLOMO programme (Weiller and Gibbs, 1993). To 
determine an adequate transitions:transversions (ts:tv) ratio for the 
E gene dataset, estimations of the highest value for the natural 
logarithm of the maximum likelihood were determined using different 
values of ts:tv (1, 2, 4, 5, 7 and 10) (Felsenstein, 1993). With the 
optimal ts:tv, the likelihood values obtained for the best trees under 
equal and unequal assumption rates were used to determine 
evolutionary rate variation via a X2test (Felsenstein, 1993). 

In addition to maximum likelihood, the phylogeny of the E genes 
was determined using distance- and character-based methods with 
nucleic acids and protein primary sequence data using PAUP (Swof-
ford, 1990), MacClade (Maddison and Maddison, 1992), PHYLIP 
(Felsenstein, 1993) and MEGA programmes (Kumar et al., 1993). 
The level of support from the data to the phylogenetic estimations 
was determined using the bootstrap methods. 

Results  

Genetic variation ofLI viruses isolated from the British 

Isles and Ireland 

The  E genes o f  six serologically recognised LI viruses (Ta­

ble 1) were sequenced and  the  sequences were deposited in the 

GenBank.  T h e  viruses were selected to  represent different ge­

ographical regions in the British Isles and Ireland. The sequence 

analysis showed that all LI virus E glycoproteins contained 

496  a a  (1488 nt). N o  insertion o r  deletion was detected, even 

among  t h e T B E  subgroup viruses except for  P O W  virus which 

had an  additional codon initiating at  position 1006 generat-

Ire land 

Scotland 

G 4 

D G G P R  

G N P H  DGNP] 

G 3 

England 

Fig .  1 

S c h e m a t i c  representa t ion  o f  L I  v i r u s  g e n o t y p e s ,  G 1 - G 4 ,  t o g e t h e r  

w i t h  t h e  a p p r o p r i a t e  g e n e t i c  m a r k e r  m o t i f s  

ing a 1491 nt  long data set. The  positions o f  the twelve conserved 

flavivirus cysteine residues were identical and the  three poten­

tial N-linked glycosylation sites (one N-X-T, two N-P-Ts) were 

also conserved among  LI viruses. These  results demonstrate 
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LI/MA54 , 
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Phylogcnetlc  tree  i l lustrat ing  t h e  evo lut ionary  re lat ionships  o f  LI  
v i r u s e s  a n d  o t h e r  v i ruses  in  t h e  T B E  v i r u s  complex 

The tree w a s  obtained by maximum likelihood, parsimony analysis (PAUP, 
MEGA, PHYLIP) and distance methods (neighbouring-joining and 
Fitch-Margaliash). Branch lengths arc the number o f  most parsimonious 
rcconstructcd changcs along (he branches and arc shown above the branch­

es. Bootstrap pcrccnt  values arc shown below the branches. T h e  position 

where  N E G  virus w a s  located in the tree for  topology tests is shown by 

triangle. 

the structural stability of LI viruses, at least in terms of the E 

gene. 
A specific analysis of the aa sequences showed that both 

the recognised hexapeptide and pentapeptide genetic marker 
motifs, EHLPTA (aa 207-212 in the LI virus E gene) and 
DSGHD (aa 320-324 in the LI virus E gene) which identify 
TBE subgroup viruses (Shiu et al., 1991; Gao et al., 1993a), 
and the LI-specific tripeptide genetic marker motif, NPI1 (aa 
232-234 in LI virus E gene) (Shiu et al., 1992), were totally 
conserved in all the sequenced LI viruses except the Irish 
isolate (LI/MA54) which had a unique tripeptide genetic 
marker (GPR) at this position, implying the possibility of a 
distinct identity for this virus as compared with other LI vi­
ruses. T his is also supported by the evidence that the percent­
age identity in aa of LI virus E genes with the tripeptide marker 
motif NPI I was at least 96.7% while for LI/MA54 virus the 
percentage identity with the other LI viruses ranged from 
95.4% to 96.4%, implying a direct correlation between the 
genetic marker motif and the genetic difference of this virus 

Fig. 3 
Unrooted tree (using  J - C  distance) for  L I  viruses shows the 

genotype clusters o f  the  isolates 

from other LI viruses. Interestingly, the highest variation among 
the British mainland LI viruses was observed between LI/I, 
the Welsh isolate, and the English and Scottish isolates, ranging 
from 96.7 to 98.2% aa identity. All English and Scottish isolates 
showed 98.0 - 99.8% identity. Moreover, when the tripeptide 
genetic marker motif was extended to a pentapeptide (aa 
230-234) as originally proposed by Shiu et al. (1992), the 
mainland LI viruses could then be divided into three types, 
each with a unique aa in the first position of the pentapeptide 
motif (Fig. 1), producing the genetic marker motifs ZXJNPH 
for Scottish and English isolates, £GNPH for other Scottish 
isolates or KGNPH for the Welsh isolate. When the viruses 
were subdivided on the basis of these pentapeptide motifs, the 
percentage identity within each type was over 98.0%.Therefore, 
using the 98.0% aa identity and the unique genetic marker motif 
described above as the cut-off point, four LI virus genotypes 
were identified in the British Isles and Ireland. Genotype 1 
included isolates from Scotland and England (LI/369, LI/K, 
LI/A, LI/G, LI/261, LI/917) with the genetic marker motif 
DGNPH. Genotype 2 with the genetic marker motif EGNPH 
included only Scottish isolates, LI/31, LI/M and LI/SB526. 
The Welsh isolate LI/I was designated as genotype 3 with the 
genetic marker motif VGNPH. The genetically most distinct 
isolate LI/MA54 from Ireland was designated as genotype 4. 
The validity of the pentapeptide motifs for the classification of 
genotypes was confirmed by phylogenetic tree reconstructed 
with parsimony and maximum likelihood methods (Fig. 2) and 
by distance-based unrooted tree (Fig. 3). 

Molecular systematics of LI virus and its relationships 
to other members of the TBE subgroup viruses 

Pairwise comparisons of the substitutional parameters of 
the E genes of LI viruses were done. In addition, other mem­
bers in the TBE subgroup for which the E gene sequences 
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Pairwise comparisons of  value differences o f  the transitions versus transversions 

They indicate that both types o f  substitutions accumulate gradually and  show that N E G  virus ( ' )  and the Norwegian LI isolate (+)  cluster within the  

English and  Scottish LI  virus  isolates. 
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Fig. 5 
Determination of  the transition to transversion ratios for LI viruses 

Maximum likelihood curvc  determined by analysis o f  sequences o f  LI viruses and  other T B E  subgroup viruses with  the  D N A M L  programme (Felscn-

stein, 1993), indicating that the  max imum values o f  ts:tv arc  between 4 and 5. 

were available, SSE,TSE, WTBE, FETBE, OHF, KFD, LGT 
and POW viruses, were included. For these viruses the se­
quence data were obtained from GenBank. The POW virus 
E gene was chosen as the outgroup for the phylogenetic 
analysis based on previous determinations of the TBE virus 
complex root in relation to its sister group including the 
TYU and SRE tick-borne viruses (Marine?al., 1995b).The 
ts:tv values (G or A to C or T, and C o r T  to G or A) (Fig. 4) 
indicated the lack of significant nt saturation when only LI 

viruses or when LI, SSE,TSE and WTBE viruses were com­
pared as was also shown by the linear relationship between 
the percentage of transition over transversion (Fig. 5). The 
values for synonymous (without aa changes) to non-synon-
ymous (with aa changes) differences between the viruses 
showed a linearly increasing number of synonymous differ­
ences (Fig. 6). This indicates the absence of the saturation 
in the TBE virus population in Europe. Nevertheless, the 
saturation was detectable when comparing LI virus with 
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They s h o w  a similar pattern to the ts:tv dif ference plot but reveal that the Welsh isolate, though with similar values  for  synonymous  differences,  has 
accumulated f e w e r  aa changes in relation to the English and Scottish isolates than to the Irish isolate; moreover, NEG v i r u s  s h o w s  more aa changes 
than all LI v i rus  isolates (Scottish, English, Welsh, Irish and Norwegian) with f e w e r  nt changes. The higher values  o f  transitions over transversions and 
synonymous  over non-synonymous substitutions and gradual accumulation o f  changcs arc  indicative o f  a gcnctic continuum in the T B E  v i rus  com-

FETBE virus (Fig. 4). In Fig. 6, it can also be seen that the 
ratio of synonymous to non-synonymous substitutions is 
higher with the Welsh isolate than with the other viruses. 
This may reflect the separate origin and evolutionary pat­
tern of LI/I virus. Therefore, the Welsh isolate appears to be  

1 
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S loo -

Ti:Tv 

Kig. 7 

Determinat ion o f  the  ts:tv rate 

Linear  regression ( r J =  0 .98)  o f  percentage transition and percentage trans-

version d i f fe rences  indicates a s lope  o f  4.61.  Th i s  value  approaches  the  

m a x i m u m  determined  by  the  above  m a x i m u m  likelihood analysis.  

confirmed as a separate genotype which evolved in a distinct 
ecological niche. The maximum likelihood curve (Fig. 7) 
pointed to a maximum between 4 and 5 and the regression 
of ts on tv had a slope of 4.61 which was also shown by 
maximum likelihood analysis to b e  close to the maximum 
value. Based on the determination of  substitutional param­
eters, the optimal ratio was therefore assumed to be  4.61 for  
LI virus. For the parsimony analysis, this value was round­
ed to 5 in a nucleotide inter-conversion stepmatrix (Swof-
ford, 1993). Distance-based maximum parsimony and max­
imum likelihood analyses all produced data confirming that 
the viruses converge on a single highly asymmetrical phyl-
ogenetic tree (Fig. 2). 

Norwegian LI-like virus and NEG virus are LI virus 

The evidence presented above has also enabled conclu­
sions to be drawn concerning the phylogenetic status of 
LI/NOR and NEG viruses. The percentage identity/genetic 
marker motif and the systematic molecular analysis dem­
onstrated that the Norwegian isolate and the Japanese NEG 
v i rus  a r e  s t ra ins  o f  LI v i ru s  a s  p rev ious ly  repor ted  
(Venugopal et al., 1992; Gao  et at., 1993b). The phyloge­
netic trees (Figs. 2 and 3) show that NEG, LI/K and LI/A 
viruses cluster as a trichotomy in the consensus tree (boot­
strap value 100%), implying that NEG virus originated from 
Great Britain. The evolutionary invariant results show no 
significant statistical support for pairs formed by either NEG 



\ 

I GAO, G.F. et al.: MOLECULAR EPIDEMIOLOGY OF LI VIRUS 2 6 5  

virus or the Norwegian isolate with continental TBE other 
than SSE or LI virus and the results confirm the pairwise 
substitution comparisons and global phylogenetic analyses. 
The origin of the Norwegian isolate from LI virus in the 
British Isles is supported by the clinal distribution of the 
TBE virus complex (Zanotto et al., 1995) and could be ex­
plained by  conventional dispersal mechanisms. However, 
the origin of N E G  virus is more controversial since in the 
presence of  a geographically structured genetic continuum, 
N E G virus should b e  more closely related to FETBE iso­
lates.-Therefore the N E G  virus origin was further investi­
gated by global phylogenetic statistical analysis on rival trees 
implying different possible origins o f  the isolate. The statis­
tical results f rom the maximum likelihood analysis for  tree 
topology comparisons with N E G  virus branching f rom the 
points indicated by  triangles in Fig. 2 show that placing N E G  
virus outside the (LI/K, LI/A) group diminishes the likeli­
hood drastically causing trees to  differ by at least 18.4 S.D. 
f rom the best tree (Fig. 2), by  30  S.D. when it is placed in 
WTBE group, and the f igure increases to 45.7 S.D. when 
placed in FETBE group. These results unequivocally reject 
the hypothesis that N E G  virus originated outside the Brit­
ish Isles. Both N E G  and LI/NOR viruses were included in 
genotype 1 and therefore have the genetic marker motif 
DGNPH and 98% identity compared with other members 
of the genotype. 

Discussion 

All LI viruses have been  considered an identical patho­

genetic entity fo r  almost a century, at least in the British 

Isles and Ireland, and the  disease louping ill has generally 

been considered to have been caused by  one virus species. 

The work described here together with our previous ob­

servations (Venugopal et al., 1992; Gao  et al., 1993a; 

1993b; Marin  et al., 1995a) has shown that a complex of 
closely related but  distinct viruses may cause louping ill 
and the disease is not confined to the British Isles. In this 
extended analysis, n t  and aa  sequence alignments of the 
LI virus E protein have revealed characteristic sequence 
similarities for  LI  viruses isolated f rom distinct geogra­
phical localities. By comparing genetic marker motifs that 
have been shown to b e  a reliable phylogenetic indicator 
for  other flaviviruses (Shiu  et al., 1992), the viruses could 
b e  subdivided into 4 distinct genotypes, viz. genotype 1, 
isolates f rom England and Scotland with the genetic marker 
motif DGNPH;  genotype 2,  isolates f rom Scotland with 
the genetic marker motif  EGNPH;  genotype 3, isolates 
f rom Wales  wi th  the  gene t ic  marke r  mot i f  VGNPH;  
genotype 4 ,  isolates f rom Ireland with the genetic marker 
motif DGGPR. The  subdivision of  these viruses in this 
way is in agreement with the results obtained by systematic 

phylogenetic analysis. The viruses were grouped into four  
genotypes with bootstrap values near  (96%) or  equal to  

100%. This does not conflict  with our  previous obser­
vations in which the T B E  subgroup viruses were shown to 
fo rm a cline (Zanotto et al., 1995). Indeed, the results 
demonstrate that individual species have diverged along 
corridors and then evolved in distinct niches. 

It is interesting to note the significant difference in the 
pentapeptide genetic marker motifs between LI virus f rom 
Ireland and the British LI virus isolates. The precise func­
tion of the domain that encodes the pentapeptide has not 
yet been identified. As  the crystal structure o f  TBE virus E 
protein showed that these amino acids are likely to lie on 
the virus surface (Rey et al., 1995), it is tempting to  specu­
late that this domain may have an important role in the path­
ogenicity especially with regard to the findings that the Irish 
LI virus was more virulent for  mice and produced larger 
plaques (4-5 m m  versus 2-4 mm)  than the British LI virus­
es (Gao et al., 1994, and unpublished data). It may be  im­
portant to note that Irish LI virus is the only one of those 
sequenced to have been isolated f rom cattle. Whether or 
not this is significant in the selection of  variant virus strains 
remains to be  determined. These data support the conclu­
sion that the Irish isolate is distinct f rom the other mainland 
British LI viruses. Therefore, genotype 4 should be  consid­
ered an Irish topotype. Partial E gene sequences covering 
the genetic maker motif regions of some more Irish isolates 
have confirmed the distinct characteristic of Irish LI virus 
isolates (McGuire, personal communication). These data 
lead one to ask: what is a suitable cut-off point for  the dif­
ferentiation of  LI virus and other members o f  the T B E  sub­
group? We previously proposed the inclusion of two new 
members (TSE virus and SSE virus) in the T B E  subgroup 
(Gao  et al., 1993b; Marin et al., 1995a) but the genetic dis­
tance of British LI virus f rom SSE virus is comparable with 
that between British LI and the Irish topotype. In addition 
to the suggestion of  a topotype or genotype for  the Irish LI 
virus, there are at least two other optional ways in which LI 
and so-called LI-like viruses could be  differentiated. First­
ly, the Irish topotype could b e  defined as a new member of 
the TBE virus subgroup in the same way as SSE and TSE 
viruses were defined. This would lead to the classification 
of three genotypes o f  LI virus in Great Britain and three 
new members o f  theTBE subgroup, viz. SSE virus in Spain, 
TSE virus in Turkey and Greece, and Irish virus. Secondly, 
TSE and SSE viruses could also be  considered as topotypes 
o f  LI/TBE virus. This would mean that there are four to­
potypes of LI virus, viz. the British LI virus topotype (in 
which three genotypes were recognised), Irish LI virus 
topotype, Spanish LI virus topotype and Turkish/Greek LI 
virus topotype. This second alternative is probably less 
satisfactory since the aa similarity/identity data would appear 
"blurred" because in this second system there would be  an 
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overlap betweenTSE virus andTBE viruses, i.e.,TSE virus 
is not justified as a topotype of LI virus because it is closer 
to WTBE and FETBE viruses than to LI virus (Gao et al., 
1993a; Whitby et al., 1993). Moreover, the Greek strain of 
TSE virus (GGE virus or Vergina strain, see Marin et al., 
1995a) was once defined as type IIITBE virus (WTBE and 
FETBE as type I and II) by using the traditional serologi­
cal/pathogenetic methods (Rubin et al., 1975; Papodoup-
oulos, 1980) and confirmed later by DNA hybridisation by 
Pogodinaer  al. (1993), which indicates the distinct identity 
of TSE virus but has not yet been formally accepted by all 
flavivirologists. The data at this stage seem to support the 
first of the two options, i.e. LI virus primarily causes LI in 
Great Britain, and other viruses (Irish, SSE and TSE virus­
es) cause animal encephalomyelitis in Ireland, Spain, Tur­
key and Greece. More sequence data will be required be­
fore a final decision can be taken, especially the Bulgarian 
sheep Ll-like isolate (Pavlov, 1968) which is the only unse-
quenced virus o f  known Ll-like viruses in this time. 

The principles of comparison by aa alignment and also by 

molecular systematic analysis have also been applied to dem­

onstrate the origins of two LI-related viruses, which were re­

ported to have been isolated outside the British Isles and Ire­

land. Firstly, the Norwegian strain of LI virus almost certainly 

represents a British strain of LI virus (Gao et al., 1993b) that 

was transported presumably via sheep, birds or ticks from Scot­

land to Norway since it is clearly very closely related to viruses 

of genotype 1 and Norway is geographically close to Scotland 

for such an exchange to occur. On the other hand, it would be 

extraordinary if NEG virus really did represent a strain of LI 

virus that occurs in Japan as transport of infection from Britain 

to Japan by natural means would appear to be improbable. It is 

also important to note that there has never been another report 

of NEG virus in any region of the world. A plausible explana­

tion for this apparent anomaly is that NEG virus represents a 

laboratory contaminant which arose during the identification 

procedure that took place when NEG virus was first isolated 

and characterised (Ando et al., 1952). 
From the data presented in this study LI virus appears to 

have evolved in distinct localities within the British Isles. 
There is very little evidence of  significant interaction/inter­
change between strains of LI virus from different areas of 
the British Isles and Ireland despite very significant inter­
nal trade o f  livestock in the country. This is perhaps not 
surprising since ticks are relatively immobile arthropods, 
i.e., they do  not move horizontally and when they attach to 
an animal such as a sheep, deer or hare, their movement is 
restricted to the area in which the animal moved.Therefore, 
the tick ecology and physiology explain the correlation be­
tween the genotypes of LI viruses and their geographical 
distribution. As  a general rule, the rates of evolution (muta­
tion fixation) for all the arboviruses are relatively lower by 
an order  o f  magni tude o r  more  than are the rates for  

non-arthropod-borne viruses (Strauss and Strauss, 1994; 
Weaver  et al., 1994). T h e  e v o l u t i o n a r y  r a t e s  o f  
mosquito-borne flaviviruses are higher than those of their 
tick-borne counterparts (Zanotto et al., 1995, 1996). The 
asymmetrical phylogenetic tree for the wholeTBE subgroup 
suggests a geographically consistent dispersal pattern and 
no radiation dispersal. The tick factor alone cannot be  com­
pletely responsible for that; other factors, e.g., the patho­
genesis of these viruses in humans/animals might be  an 
important factor too. 

We have had a cut-off point of aa identity in the E protein 
for LI virus genotypes of 98.0% in this study. Heinz (1990) 
observed a similar percentage for WTBE virus isolates from 
central Europe. We propose that such a cut-off point could be  
appropriate for other tick-borne flavivirus genotypes. 

The molecular genetic structure of LI virus has been in­
vestigated using viruses from most regions in which LI vi­
rus is considered to be present in the British Isles and Ire­
land. Our results indicate the extent to which these viruses 
and their closest relatives have diversified in the recent past. 
These types of analysis should contribute to our understand­
ing of the dispersal of such viruses and may enable predic­
tion to be  made of  their future behaviour in the environ­
ment. Further study in the future for  the dispersal pattern of 
other viruses in the TBE subgroup, e.g., WTBE or  FETBE 
viruses, are needed to unravel further determinants of the 
stasis of theTBE cline. It is clear that it would not be  appro­
priate to use other methods (e.g. monoclonal antibodies as 
did Stephenson et al. (1984) and Hubálek et al. (1995)) than 
nt and/or aa sequencing to draw any picture on the relation­
ships among the viruses in such a genetic continuum or cline 
as TBE serocomplex. 
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