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Abstract 

The open reading frame 2 (ORF2) of three laboratory strains, the live attenuated vaccine virus, and 18 field isolates 
of equine arteritis virus (EAV) from Europe and North America was sequenced. The ORF2 of EAV encodes the Gs 
protein that is abundantly expressed in infected cells but constitutes less than 2% of the virion protein mass. Variation 
of ORF2 among the i'solates facilitated phylogenetic analysis that largely confirmed results of an earlier study based 
on sequence divergence of ORF5 of the same isolates of EAV, despite exposure of the proteins encoded by ORF2 
(Gs) and ORF5 (GL) to potentially different selective pressures in vivo. The data indicate that the G s protein is highly 
conserved between isolates, considerably more so than the GL protein, consistent with an important role of the Gs 
protein in virus replication. 
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I. Introduction 

Equine arteritis virus (EAV) is a positive 
stranded RNA virus and is the cause of  equine 
viral arteritis (Doll et al., 1957). EAV infection 
can cause abortion, persistent infection of stal- 
lions, interstitial pneumonia in foals, as well as 
clinical disease of  variable severity in adult horses 
(Timoney and McCollum, 1993). The EAV virion 

* Corresponding author. 

is of similar size and icosahedral architecture as 
those of members of  the Togaviridae family 
(Westaway et al., 1985). The genome organiza- 
tion, gene expression and replicase function of 
EAV, however, resemble those of  coronaviruses 
and toroviruses, with formation of  multiple 3' 
coterminal subgenomic mRNAs (den Boon et al., 
1991; Snijder and Horzinek, 1993). Simian hemor- 
rhagic fever virus, lactate dehydrogenase-elevating 
virus (LDV), and porcine reproductive and res- 
piratory syndrome virus (PRRSV) are closely re- 
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lated to EAV (Conzelmann et al., 1993; Meulen- 
berg et al., 1993; Wensvoort et al., 1993). These 
viruses are currently defined as members of the 
arterivirus genus, however it has been proposed 
that they share sufficient characteristics to war- 
rant the formation of a new family, the Ar- 
teriviridae (Plagemann and Moennig, 1992; 
Meulenberg et al., 1994). 

The EAV genome includes eight open reading 
frames (ORFs: la, lb, 2-7),' and is polyadeny- 
lated at the 3'-end (den Boon et al., 1991). ORFs 
la and lb occupy 9.5 kb located at the 5'-end of 
the genome and encode the viral replicase (den 
Boon et al., 1991; de Vries et al., 1992). O R F s  
2-7 are nested within 2.9 kb at the 3'-end of the 
genome. ORF5 encodes the glycosylated 29 kDa 
GL protein that contains the neutralization epi- 
topes of the virus (Balasuriya et al., 1993, 1995b; 
Deregt et al., 1994; Chirnside et al., 1995; Glaser 
et al., 1995). ORFs 6 and 7 respectively encode 
an unglycosylated envelope protein, M, and a 
phosphorylated nucleocapsid protein, N (de Vries 
et al., 1992). ORF2 encodes a 25kDa Class I 
(NexoCcyto) membrane protein (Gs) with a single 
potential N-glycosylation site (de Vries et al.i 
1992). The Gs protein has three N-terminal cys- 
teines presumed to be important for homodimer- 
ization and protein function. The Gs protein is 
abundant in infected cells but occupies less than 
2% of the virion protein mass, suggesting an 
important pre-assembly function (de Vries et al., 
1992). 

Many RNA viruses are found as a heteroge- 
neous mixture of related genomes, or quasispecies 
(Domingo et al., 1985; Domingo and Holland, 
1988). Genetic analyses of ORFs 5-7 suggest 
that the same is true of EAV (Sugita et al., 1994; 
Chirnside et al., 1994; Balasuriya et al., 1995a); 
Genetic differences within a virus population can 
be responsib!e for differences in tissue tropism, 
antigenicity, and virulence (Wege et al., 1981; 
Faragher et al., 1988; Weaver et al., 1992). Simi- 
larly, differences in severity of disease associated 
with infection by different strains of EAV and 
LDV have been described (Bryans et al., 1957; 
Doll et al., 1957; Stroop and Brinton, 1983; Brin- 
ton et al., 1986). 

The goal of this study was to determine the 
genetic variation in ORF2 of three laboratory 
strains, the live attenuated virus vaccine (AR- 
VAC®), and 18 field isolates of EAV. Because of 
presumed differences in the selective pressures ex- 
erted on the G s and the GL proteins in vivo, it 
was of interest to compare our data with the 
results of a similar genetic analysis of ORF5 of 
the same isolates (Balasuriya et al., 1995a). Spe- 
cifically, ORF5 encodes the GL protein that ex- 
presses the neutralization determinants of EAV, 
thus it would be expected to be exposed to im- 
mune selection, whereas the Gs protein consti- 
tutes only a very minor part of the virion. The 
data show that the G s protein is highly conserved 
between isolates, considerably more so than the 
GL protein, indicating an important role for the 
G s protein in EAV replication. 

2. Materials and methods 

2.1. Cells and viruses 

Viruses were propagated in rabbit kidney (RK- 
13) ceUs, as previously described (Balasuriya et 
al., 1995b). The cells were maintained in Dulbec- 
co's modified Eagles medium supplemented with 
10% heat-inactivated calf serum and 100 IU of 
penicillin and streptomycin, 100/~g/ml. 

The nucleotide sequences of ORF2 of three 
different laboratory strains derived from the orig- 
inal prototype Bucyrus virus, the modified live 
vaccine (ARVAC ®, Fort Dodge Laboratories, 
IA), and 18 field isolates of EAV were compared 
(Table 1). The virulent Bucyrus strain (VBS53) 
had been passaged only in horses and was har- 
vested as pleural fluid, whereas all other isolates 
had previously been passaged in cell culture. The 
California Veterinary Diagnostic Laboratory Sys- 
tem (CVDLS) strain of EAV (EAVCVDLS, gen- 
erously provided by Dr. A. Castro, CVDLS, 
Davis, CA) was originally obtained from the Na- 
tional Veterinary Services Laboratory, Ames, IA. 
Our prototype strain (EAVUCD) was derived 
from the EAVCVDLS strain, as previously 
described (Balasuriya et al., 1995a,b). 
Another laboratory strain of the Bucyrus 
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Table 1 
Origin and passage history of EAV isolates 

43 

Virus isolate Year of isolation Location/country of origin Breed Passage history 

VBS53 1953 Bucyrus, Ohio, USA STB Eql5 
KY63 1963 Kentucky, USA ASB HK 3, ED 1, RKI 
SWZ64 1964 Bibuna, Switzerland" Mixed HK 5, RK 3, ED 1, RK 1 
AUT68 1968 Vienna, Austria a Warmblood HK 5, RK 2 
PA76 1976 Pennsylvania, USA STB RK 2 
PLD76 1976/77 Wroclaw, Poland b TB RK 2 
KY77 1977 Kentucky, USA STB RK 2 
KY84 1984 Kentucky, USA TB RK 2 
CAN86 1986 Alberta, Canada TB RK 3 
AZ87 1987 Arizona, USA AB RK 2 
NE88 1988 Nebraska, USA AB RK 2 
MT89 1989 Montana, USA AB RK 2 
NE89 1989 Nebraska, USA AB RK 3 
ITA92 1992 Italy c Maremmano RK 2 
IL93TB 1993 Illinois, USA TB RK 2 
KY93 1993 Kentucky, USA TB RK 3 
MI93 1993 Michigan, USA STB RK 2 
IL93AB 1993 Illinois, USA AB RK 3 
ARVAC N/A Fort Dodge Laboratories STB HK 131, RK 111, ED 24 
EAVATCC N/A ATCC, USA STB Eq 15, LLC-MK 1, RK 1, BHK 1 
EAVCVDLS N/A California Vet. Diag. Lab. Sys., N/A RK high passage 

USA 
EAVUCD N/A University of California, Davis, N/A Vero 3, RK 2 

USA 

Cells: HK, primary horse kidney; ED, equine dermis; RK, rabbit kidney; LLC-MK, Rhesus monkey kidney cell line 2; BHK, baby 
hamster kidney and Vero-African green monkey kidney cells. 
Passage history: Each cell type is followed by the number of passages on that particular cell type (e.g. RK 3: passaged three times 
in rabbit kidney 13 cells; Eq 15:15 serial passages in horses). 
Horse breed: TB, thoroughbred; STB, standardbred; AB, Arabian; ASB, American saddlebred. 
a Dr. Franz Burki, Virology Institute, Veterinary Medical School, Vienna, Austria. 
b Dr. Berndt Klingeborn, The National Veterinary Institute, Uppsala, Sweden. 
c Dr. G.L. Autorino, lstituto Zooprofillattico Sperimentale delle Regioni Lazio eTuscana, Rome. 

virus (EAVATCC) was obtained from the Ameri- 
can Type Culture Collection (ATCC; Rockville, 
MD) and subsequently passaged once each in 
RK-13 and BHK-21 cells. In addition, ARVAC ®, 
a live attenuated vaccine strain of EAV, also 
derived from the Bucyrus strain of EAV, was 
included (Doll et al., 1968; McCollum, 1969; 
Harry and McCollum, 1981). The field isolates 
were collected over a 40-year period, and were 
isolated from horses of different breeds in the 
United States, western Canada, Poland, Italy, 
Switzerland and Austria (Table 1). The published 
sequence of another laboratory strain of the 

Bucyrus virus was used for comparison (EAVUtr; 
den Boon et al., 1991). 

2.2. Amplification and sequencing 

Total RNA was extracted from virus infected 
RK-13 cells using guanidinium thiocyanate and 
phenol (RNAzolTMB; Tel-Test, Inc., TX), accord- 
ing to the manufacturers' instructions and as pre- 
viously described (Balasuriya et al., 1995b). The 
ORF2 was amplified by reverse transcription- 
polymerase chain reaction (RT-PCR) using the 
same RNA preparations that were extracted from 
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each virus for genetic analysis of ORF5 (Bala- 
suriya et al., 1995a). The published sequence of a 
laboratory strain of EAV (EAVUtr) was used to 
design synthetic oligonucleotide 20-mer or 21-mer 
primers (National Biosciences, MN) for amplifica- 
tion and sequencing as previously described (Bala- 
suriya et al., 1995b) (Positive primers: 9728-9747, 
9746-9765, 9984-10004, 10125-10144, 10261- 
10281; Negative primers: 10111-10131, 10353- 
10 373, 10 571-10 590). The GeneAmp RNA PCR 
kit (Perkin Elmer, CA) was used for RT-PCR and 
reactions were carried out as previously described 
(Balasuriya et al., 1995a). The 10571-10590 
primer was used for reverse transcription of viral 
RNA into cDNA. PCR amplification was then 
carried out using the 9728-9747 and 10571 
10590 primers. The resulting product was the 
entire ORF2 with approximately 75 nucleotides 
flanking each end. Fourteen different PCR reac- 
tions (100/d/reaction) were carried out with each 
virus strain to control for variation in amplifica- 
tion. These reaction products were pooled, con- 
centrated (Centricon-30, Amicon, MA), and 
purified using a commercial kit (Gene-Clean, 
BIO101, CA). 

Purified cDNA from each amplicon was se- 
quenced using the PRISM T M  Ready Reaction 
DyeDeoxy T M  Terminator (Applied Biosystems, 
CA) cycle sequencing kit. Sense and nonsense 
strands were each sequenced with the respective 
PCR primers as well as one or two internal 
primers, as necessary and for additional confirma- 
tion of mutations. Approximately 100 ng cDNA 
and 10 pmol primer were used in each reaction. 
Fluorescently-labeled dideoxynucleotides were di- 
rectly incorporated into extension products during 
25 cycles consisting of 30 s denaturation at 96°C, 
15 s annealing at 50°C and 4 rain extension at 
60°C. Sequence data were collected and edited 
with an ABI 377 Automatic Sequencer (Applied 
Biosystems, CA) according to the manufacturers' 
instructions. 

acids, and predictions of hydrophobicity and sec- 
ondary structure were made using HIBIO MacD- 
NASIS pro version 3.5 software (Hitachi). The 
PileUp program of the Wisconsin package (GCG 
version 8.0 software; Genetics Computer Group, 
1994) was used for multiple sequence alignment. 
Phylogenetic analysis was done with the PHYLIP 
(Phylogeny Inference Package) version 3.5c for 
the Macintosh Power PC (Felsenstein, 1993). Dis- 
tance matrices for nucleotide sequence data were 
calculated for aligned sequences using the 
DNADist program based on the Kimura 2 
parameter model (Kimura, 1980) with a transi- 
tion/transversion ratio of 2.0. The distance ma- 
trices were then used in the FITCH program 
(least-square method; Fitch and Margoliash, 
1967) to generate phylogenetic trees. The FITCH 
program was carried out with global rearrange- 
ments and randomized input order. The resulting 
phylogenetic tree is unrooted as rooting the tree 
with ORF2 of LDV or PRRSV results in a 
branching pattern that is an unlikely representa- 
tion of the nucleotide changes observed. ORF2s 
of LDV and PRRSV have very low homology to 
ORF2 of EAV (Plagemann, 1996). 

Several treeing methods were applied to the 
data in an attempt to produce the dendrogram 
that best reflects the nucleotide changes observed. 
Among these were the distance matrix based on 
maximum likelihood (Felsenstein, 1981a; Felsen- 
stein, 1981b; Felsenstein, 1981c), Jin and Nei 
analysis, (Jin and Nei, 1990), as well as the 
Kimura two parameter model (Kimura, 1980). 
Distance matrices were then used in the FITCH 
program (Fitch and Margoliash, 1967) or the 
Neighbor-Joining/UPGMA (Saitou and Nei, 
1987) program of the PHYLIP package (Felsen- 
stein, 1993). Trees were also developed using the 
parsimony method. These methods gave similar 
groupings but not identical trees to that produced 
by the Kimura two parameter method. 

2.3. Sequence and phylogenetic analysis 3. Results 

Computer analyses were performed using a 
Power Macintosh 8100/100AV. Nucleotide se- 
quences from ORF2 were translated into amino 

3.1. Variation in O R F 2  and the Gs protein 

The ORF2 of 18 field isolates, three laboratory 
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strains and the modified live vaccine virus (AR- 
VAC ~) of EAV was sequenced (GenBank acces- 
sion numbers given below) ~. Each ORF2 is the 
same length, 684 nucleotides, and each is predicted 
to encode a protein of 227 amino acids. The 
sequences were compared to ORF2 of the pub- 
lished sequence, EAVUtr (den Boon et al., 1991). 
Most of the nucleotide changes are transitional, 
and many (63.5%) are silent. The field isolates 
differ from each other by between 1 and 66 nucle- 
otides (99.9-90.4% homology). ORF2 of the 
modified live vaccine (ARVAC ®) is very similar to 
the laboratory strains, VBS53 and PLD76 (Table 
2). ORF2 of the virulent Bucyrus strain (VBS53) 
and EAVCVDLS have the same nucleotide se- 
quence as laboratory strains derived from them by 
cell culture passage, respectively, EAVATCC and 
EAVUCD (Table 1). This suggests that virus 
strains that experience low passage in culture, 
without selection, can sustain a relatively constant 
quasispecies equilibrium, as has been previously 
demonstrated with other viruses (Holland et al., 
1982; Domingo and Holland, 1988; Steinhauer et 
al., 1989; Nichol et al., 1993). It is appreciated, 
however, that mutations may arise during adapta- 
tion of field strains to cell culture. 

Nucleotide substitutions are scattered through- 
out ORF2. A large number of silent nucleotide 
changes are clustered in the region of  nucleotides 
10166-10409. The regions from the start codon at 
9807 to 10 165 and from 10410 to the stop codon 
at 10 490 contain fewer changes although a greater 
proportion of  these are substitutions that result in 
amino acid changes. There are 67 unique nucle- 
otide changes, many of which occur in the isolate 
KY63 and the European isolates. Some nucleotide 
substitutions are present in early isolates from a 
certain geographical area but are not present in 

1 The nucleotide sequence data reported in this paper have 
been submitted to the GenBank nucleotide sequence data base 
and have been assigned the accession numbers: U42305 (EA- 
VATCC), U42306 (E~VCVDLS), U42307 (EAVUCD), 
U42308 (ARVAC), U42309 (VBS53), U42310 (PA76), U42311 
(KY63), U42312 (KY77), U42313 (KY84), U42314 (KY93), 
U42315 (AZ87), U42316 (NE88), U42317 (NE89), U42318 
(MT89), U42319 (MI93), U42320 (IL93TB), U42321 
(IL93AB), U42322 (CAN86), U42323 (SWZ64), U42324 
(AUT68), U42325 (PLD'76), U42326 (ITA92). 

later isolates (e.g. 9849, 10316, 10352 in KY77; 
10 034, 10 296, in NE88; and numerous changes in 
KY63). Similarly, nucleotide changes occur in 
later isolates that are not present in earlier isolates 
from the same geographical region (10 247, 10 277 
in KY84; 10334 and 10245 in all 1993 isolates; 
and numerous positions in ITA92). There are 
nucleotide changes that are restricted to one conti- 
nent (9823, 9890 and 10265 in North  American 
isolates; 9845 and 10 187 in the European isolates). 
Only one nucleotide residue (10 198) is unique to 
the published sequence. 

The alignment of the deduced amino acid se- 
quences of each Gs protein from the various 
isolates of  EAV is shown in Fig. 1. The isolates 
differ from the published sequence (EAVUtr; den 
Boon et al., 1991) by between 2 and 15 amino 
acids (99.1-93.4% homology; Table 2). The great- 
est difference between field isolates is 19 amino 
acids (91.6% homology) between ITA92 and 
NE88. The three laboratory strains (EAVATCC, 
EAVCVDLS, and EAVUCD) and VBS53 have 
identical amino acid sequences, each having two 
amino acid substitutions as compared to the pub- 
lished sequence. 

Four  variable regions in the Gs protein of the 
isolates are apparent: amino acids (aa) 1-33, aa 
91-92,  aa 123-131, and aa 161-227 (Fig. 1). The 
first 24 amino acids of the Gs protein are a 
proposed signal sequence (de Vries et al., 1992). 
The region from aa 123-131 includes the non-con- 
servative glutamine to leucine substitution (posi- 
tion 131) that is common to all isolates evaluated. 
Many unique changes occur in the region from aa 
161-227, which includes the transmembrane re- 
gion and C terminus of the G s protein (de Vries, 
1994). The changes from positions aa 223-227 
alter the proposed endoplasmic reticulum (ER) 
retention motif, RRKIL.  This motif  has been 
suggested to cause retention of the G s protein in 
the ER when the protein is incorrectly dimerized 
(de Vries, 1994). Interestingly, the nucleotide se- 
quences that encode aa 132-160 (nucleotide posi- 
tions 10200-10286) vary among the isolates, 
despite the conservation of  these amino acids. 

The proposed N-glycosylation site on the Gs 
protein is at amino acid position 156 (de Vries, 
1994). There are no amino acid changes that alter 
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this site nor are there any that create new poten- 
tial N-glycosylation sites on the Gs protein. In 
addition, there are no changes to any of  the three 
luminal cysteine residues. 

There are no apparent differences in the pre- 
dicted hydrophobicity of the Gs protein between 
isolates (Kyte and Doolittle, 1982). Very minor 
changes were noted in the predicted secondary 
structures of  the Gs protein of some isolates as 
determined by the Chou et al. (1978) method 
(data not shown). 

3.2. Phylogenet ic  analysis  

Nucleotide distance matrices of  the ORF2 se- 
quences were used to construct a phylogenetic tree 
(Fig. 2A). The viruses are grouped into three 
lineages, the first includes the North American 
viruses isolated after 1976, the second includes the 
European strains plus KY63, and the third is an 
irregular cluster that contains VBS53, the labora- 
tory strains, the vaccine virus and PLD76. This 
phylogenetic tree was then compared to that ob- 
tained after sequence analysis of  ORF5 of  the same 
viruses (Fig. 2B; Balasuriya et al., 1995a). 

The viruses in the North American lineage were 
isolated over a period of  17 years in Canada and 
the United States, but differ from each other at only 
1-48 nucleotides in ORF2 (93.0-99.9% homology; 
Fig. 2A). This lineage branches to separate AZ87 
from the other North American isolates. This was 
expected as the AZ87 strain was isolated during an 
outbreak of  viral arteritis that resulted from the 
importation of a Polish stallion in 1986. AZ87 is 
placed in the European clade in the phylogenetic 
analysis based on the sequence of  ORE5 of  the 
same isolates (Fig. 2B). Although ORF2 of AZ87 
is very similar to the published sequence, many of  
the nucleotide changes are distinctly European 
(nucleotide positions 9832, 9869, 9950, 10181, 
10 197, 10 295 and 10 393; and amino acid positions 
9, 196 and 226; Fig. 1). The location of  AZ87 in 
the tree is strongly dependent on the treeing method 
applied, for instance, it is a member of the labora- 

tory strain cluster in a rooted tree analysis, whereas 
a tree made with the parsimony method places it 
in the European clade (data not shown). 

Further branches of the North American lineage 
separate CAN86 and PA76 producing two groups 
of  closely related viruses (Fig. 2A). It was expected 
that all 1993 isolates would group together as these 
strains are all derived from an outbreak of  viral 
arteritis that originated in a Chicago clinic in the 
summer of  1993 and which subsequently spread to 
neighboring states. 

KY63 and all the European isolates, except 
PLD76, are closely related on the tree, but differ 
from each other by 37-59 nucleotides. The isolates 
KY63, ITA92 and AUT68 cluster together and 
KY63 forms a distinct lineage within the group. 
KY63 differs from all other isolates by 53-66 
nucleotides, thus it is distantly related to both 
North American and European isolates. 

Phylogenetic trees based on the sequences of  
ORF2 and ORF5 of  these viruses are very similar 
(Fig. 2A, B). The North American isolates, exclud- 
ing KY63, cluster together in both cases, and 
CAN86 and PA76 are external to that group, more 
so in the case of ORE5. Similarly, the placement 
of  the European isolates and KY63 is consistent. 
ORF5 (85.7-99.7% homology; Balasuriya et al., 
1995a) exhibits considerably more sequence diver- 
gence than does ORF2 (90.4-99.9% homology). 

4. Discussion 

The primary goals of  this study were to compare 
the ORF2 sequence of  18 field isolates, three 
laboratory strains, and the modified live vaccine 
virus strain of  EAV, and to compare the results of 
this phylogenetic study with that done using ORF5 
of  the same viruses. Since the Gs protein is a minor 
envelope protein of  EAV, whereas the GL protein 
contains the neutralization determinants of  the 
virus, it is likely that immune selective pressures on 
the two proteins differ. The Gs protein is abundant 
in infected cells, thus selective pressures on the Gs 

Fig. 2. Phylogenetic tree based on sequence analysis of ORF2 of three laboratory strains, the ARVAC ® vaccine virus, and 18 field 
isolates of EAV from North America and Europe. 2B. Phylogenetic tree based on sequence analysis of ORF5 of the same isolates 
as in 2A. Sequence data from Balasuriya et al. (1995a) were used to create this unrooted tree, using the same method as that in 2A. 
Vertical lengths are not significant. Horizontal lengths reflect genetic distances and are proportional to the scale bar. 
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protein may involve interactions with cellular or 
other viral proteins. 

Data from this study indicate that the Gs 
protein is under a more stringent evolutionary 
constraint than the GL protein. In contrast to 
our data with ORF2 of EAV, comparison of 
sequences of ORF2 from two isolates of LDV 
revealed only 75.3% amino acid homology 
(Palmer et al., 1995). Similarly, 65% amino acid 
homology was found between ORF2 of a US 
and a European isolate of PRRSV (Morozov et 
al., 1995). EAV is distantly related to LDV and 
PRRSV, whereas it has been suggested that 
LDV and PRRSV may have evolved recently 
from a common ancestor (Plagemann, 1996). 
The Gs protein of EAV has approximately 20% 
amino acid homology to the proteins encoded 
by ORFs2 of LDV and PRRSV (Plagemann, 
1996). We are uncertain as to why so little vari- 
ation is tolerated in the Gs protein of EAV 
when putative equivalent proteins from isolates 
of LDV and PRRSV are, apparently, highly 
variable. However, it is clear that significant 
variation also occurs among the other proteins 
of LDV and PRRSV (Palmer et al., 1995; Mo- 
rozov et al., 1995). The three luminal cysteines 
of proteins encoded by ORF2 of EAV, LDV 
and PRRSV are conserved, consistent with a 
critical role in dimerization that is necessary for 
release of the protein from the endoplasmic 
reticulum (de Vries, 1994). 

Despite the greater genetic variability of 
ORF5 of the field isolates of EAV, phylogenetic 
trees based on ORF2 and ORF5 are similar 
with only a few notable differences. It previously 
was suggested that the different trees that re- 
suited from phylogenetic analyses of two differ- 
ent ORFs of EAV might be the result of 
recombination (Chirnside et al., 1994). However, 
the differences between the ORF2 and ORF5 
phylogenetic analyses are most likely the result 
of differences in the extent of conservation of 
the two proteins and we found no evidence of 
recombination. Interestingly, both phylogenetic 
trees indicate a close relationship between the 
highly virulent strain VBS53 and the avirulent 
ARVAC ~ vaccine virus. With a few exceptions, 
such as KY63, viruses from North America and 

Europe segregate into distinct clades based on 
sequence analysis of either ORF2 or ORF5. 

Sequence analysis of ORF2 of field isolates of 
EAV indicates that although very closely related, 
the ORF2 of each isolate is unique. Nucleotide 
changes common to all isolates imply an ances- 
tor-dependent relationship between the isolates. 
However, changes that are present in earlier, but 
not later, isolates from a region, and unique 
changes that arise, but are not maintained, are 
not consistent with this hypothesis. These data 
suggest that nucleotide changes are not necessar- 
ily cumulative, there is a reversion of changes to 
the original nucleotide, and unique changes are 
constantly arising. Therefore, nucleotide substi- 
tutions in EAV do not necessarily follow a lin- 
ear pattern of accumulation over time and the 
virus does not evolve via an ancestor-dependent 
pathway but probably behaves as a quasispecies. 

In summary, we have shown the G s protein to 
be highly conserved among field isolates of 
EAV, more so than the GL protein of EAV and 
the equivalent proteins of other arteriviruses 
(LDV and PRRSV). Phylogenetic analyses of 
ORF2 and ORF5 of the same EAV isolates 
gave similar but not identical results, which is 
expected given the different selective pressures 
likely to be acting on the two proteins. The con- 
served nature of the Gs protein is consistent 
with a critical role in EAV replication. 
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