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Analysis of ORFs 2b, 3, 4, and partial ORF5 of sequential isolates of equine arteritis virus shows genetic variation following experimental infection of horses
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Samples from horses experimentally infected with the "large plaque variant (LP3A+)" of equine arteritis virus were analysed. These included 182 nasal swabs collected from day 1 to 14 post-infection (p.i.), and 21 virus isolates obtained from white blood cells of animals that showed a prolonged viraemia between days 30 to 72 p.i. In order to determine the genetic stability of the virus and particularly to characterise the genetic variants found during the prolonged viraemia, partial sequences of open reading frame 5 (ORF5) encoding glycoprotein 5 (GP5) were generated. Viruses with amino acid substitutions in GP5 were used for further amplification and sequencing of a fragment encompassing ORFs 2b, 3, and 4. The ORF5 nucleotide sequences of the virus present in 65 out of 66 nasal swabs were identical to that of the inoculated virus, suggesting that the ORF5 gene of LP3A+ was genetically stable during the first two weeks p.i. Contrary to this, a number of mutations were found in the ORF5 of virus isolates obtained from day 30 p.i. The mutations mainly clustered in antigenic neutralization site C within variable region 1 of the GP5 ectodomain. Sequence variability was also identified in ORFs 2b, 3 and 4, with ORF 4 having the highest proportion of non-synonymous changes (4/6).
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Introduction

Equine arteritis virus (EAV) is an enveloped RNA virus belonging to the family Arteriviridae of the order Nidovirales. The EAV genome is a positive-stranded, polyadenylated RNA molecule of 12.7 kb (den Boon et al., 1991). The proximal two thirds of the genome contains two large open reading frames (ORF) ORFs 1a and 1b, which encode the "replicase" polyproteins. These polyproteins are post-translationally processed by three virus-encoded proteases into twelve mature products, the non-structural proteins (nsp), nsp1 to nsp12 (Snijder et al., 1994;van Dinten et al., 1996). The remainder of the genome contains seven overlapping ORFs (2a,2b,3,4,5,6,and 7), which are transcribed from a nested set of subgenomic mRNAs, and translated into the structural proteins of the virus (de Vries et al., 1992). These include the nucleocapsid protein (N) and a group of membrane proteins comprising minor (E, GP2b, GP3, and GP4) and major (GP5 and M) components of the viral envelope.

The major viral envelope protein GP5 has been shown to contain four distinct neutralization sites in its ectodomain, namely sites A (aa 49), B (aa 61), C (aa 67-90), and D (aa 99-106) (Balasuriya et al., 1997). Sites B, C, and D are all located in variable region 1 (V1), encompassing amino acids 61-121. Amino acid substitutions in these four sites can change the neutralization phenotype of the virus, and deletion of this region (aa 66 -122) demonstrated an altered specificity of the neutralising antibody responses, compared with those elicited by wild type virus (Castillo-Olivares et al., 2003). Furthermore, it has been demonstrated that a prototype subunit vaccine comprising bacterially expressed GP5 (ectodomain) is effective at stimulating virus neutralising antibody and protecting against EAV challenge infection in horses (Castillo-Olivares et al., 2001). The large plaque variant (LP3A) of EAV Bucyrus strain was derived by plaque purification of the original stock of the pleural fluid isolate virus (Wescott et al., 2001). A virus stock (LP3A+) was obtained by one additional cell culture passage of the LP3A virus in equine embryonic lung cells. During the course of vaccination and challenge experiments, it was observed that following intranasal infection with LP3A+, the virus could be re-isolated from the blood of a proportion of ponies even after three weeks postinfection (p.i.; up to day 72 p.i.). The present studies aimed to investigate the genetic stability of viruses obtained from the horses throughout the long experimental period (72 days), and particularly to characterise the genetic variants found during the prolonged viraemia.

Materials and Methods

Animal infection experiment

Fourteen Welsh Mountain ponies (castrated male and mares) used in this study were part of a larger vaccination and challenge study which will be reported more fully elsewhere.

Six ponies were vaccinated with a GL subunit vaccine (Castillo-Olivares et al., 2001) and eight remained as naïve controls (see Table 2 for allocation of each group). The vaccinated animals received 2 doses 4 weeks apart and the challenge occurred 5 months later when the antibody levels had dropped to undetectable levels by the VN test. All ponies were kept in an isolated barn, and were challenged with 10 6 TCID 50 of LP3A+ by intranasopharyngeal nebulisation of virus suspension. The ponies were initially swabbed every day for 14 days, and bled every other day until day 21. In view of the observation of persistent viraemia in some ponies, blood sampling was continued from day 30 until three A c c e p t e d M a n u s c r i p t 5 consecutive samples were negative by virus isolation, whereupon the specific animal was released from the study. All samples were stored at 80C until analysis.

RNA extraction and reverse transcription (RT)

The samples analysed in this study included 182 nasal swabs collected from day 1 to 14 post-infection (p.i.) and 21 virus isolates, derived by recovery of infectious virus by passage on RK13 cells, from white blood cells of animals that showed a prolonged viraemia between days 30 to 72 p.i. Total RNA was extracted, from either the primary clinical samples (nasal swabs) or tissue culture (virus isolates), using the TRIzol LS Reagent (Invitrogen, USA), following the manufacturer's instructions. Synthesis of cDNA was done by random priming and using M-MLV reverse transcriptase, as described previously (Liu et al., 2006).

PCR amplification of partial ORF5 gene

Two sets of primers (Table 1) were used to amplify ORF5 gene by a nested PCR using Taq DNA polymerase (Ampli Taq, Perkin-Elmer). The first PCR mix contained 32 µl of sterile distilled water, 5 µl of 10x PCR buffer, 1 µl of 10 mM dNTP mix, 1 µl of each external primer, 3 µl of 25 mM MgCl 2 , 1U of Taq polymerase and 5 µl of cDNA. The thermal profile included initial denaturation at 94°C for 2 min, followed by 30 cycles of denaturation at 94°C for 45 sec, annealing at 60°C for 55 sec, and extension at 72°C for 90 sec, and a final extension at 72°C for 7 min. Two microliter of the first PCR product was used for the second PCR in a volume of 50 µl. The same thermal profile was used for the second PCR except that the primers were annealed to the templates at 58°C for 60 sec. 

PCR amplification of ORFs 2b, 3, and ORF4

The Elongase amplification system (Invitrogen, USA) was used to amplify a fragment of 1712 bp encompassing ORFs 2b, 3, and 4. The reaction mix contained 1 µl of 10 mM dNTP mix, 2 µl of each primer, 5 µl of cDNA, 5 µl of 5x buffer A and B to adjust a final MgCl 2 concentration to 1.5 mM, 29 µl of sterile distilled water, and 1 U Elongase enzyme mix (a mixture of Taq and Pyrococcus species GB-D thermostable DNA polymerases).

The cycling profile included initial denaturation at 95°C for 2 min, followed by 35 cycles of denaturation at 94°C for 45 sec, annealing at 58°C for 45 sec, and extension at 68°C for 3 min, and a final extension at 68°C for 10 min.

Sequencing and sequence analysis

Sequencing reactions were performed with an ABI PRISM BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Following precipitation of extension products, capillary electrophoresis of the sequencing products was carried out in a 3100 genetic analyzer, as described previously (Liu et al., 2006). The nucleotide sequences were analysed with multiple programs of the DNASTAR package (DNASTAR, Inc., v5.0.3, Madison, WI, USA). The nucleotide sequences have been deposited in the GenBank under the accession numbers: EU289380-EU289388.

Results

PCR amplification and sequence analysis of EAV ORF5

The ORF5 gene was amplified by nested RT-PCR from 182 nasal samples. The viral ORF5 gene was detected from nasal discharges for a period of 8-13 days (Table 2). At day 14 p.i, viral RNA could not be detected in nasal swabs from any of the infected horses. day 2, 4, 6, 8, 10, and12 p.i.) and 18 from virus isolates recovered from blood samples (from day 30 to day 72 p.i.). Sequence alignments showed little nucleotide variation of sequences from nasal swab samples: 65 out of the 66 sequences were identical to the input virus (LP3A+). Only one sequence (0071-10) had a nucleotide change (A to G), which led to a predicted amino acid change from Asparagine (N) to Aspartic acid (D) at position 81 of GP5. This change would abolish the second glycosylation site, which is present in the majority of EAV field isolates (Stadejek et al., 1999). The alignment of the remaining 18 sequences (obtained from virus isolates of blood samples collected from 30 days p.i.) revealed 8 variants, with a total of 22 nucleotide substitutions.

The deduced amino acid sequences of those virus isolates with non-synonymous changes were aligned with the sequence of LP3A+. As shown in Fig. 1, 12 out of 14 amino acid mutations occurred in the first two variable regions: V1 (aa 61-121), and V2 (aa 141-178).

One mutation occurred between V1 and V2, another (V to I at aa 217 of sequence 5407-50) occurred in V3 (aa 202-222; not shown in the Figure 1). These substitutions mainly grouped in the V1 region, especially at site C, previously identified as a crucial antigenic neutralization site.

PCR amplification and sequence analysis of EAV ORFs 2b, 3, and 4

A c c e p t e d M a n u s c r i p t 8 A fragment of around 1.8 kb was amplified with the Elongase enzyme mix from nine selected viruses whose GP5 had amino acid changes in regard to the original virus LP3A+.

The final sequence was assembled from 4 overlapping sequence readings. The alignment of the nucleotide sequences with the original LP3A+ revealed sequence variation of each ORF less than 0.3%, 0.6%, and 0.7% for ORFs 2b, 3 and 4, respectively. As shown in Table 3 (the virus is indicated as "horse number-day p.i"), of the three ORFs, ORF4 had the highest proportion of coding changes (4/6), followed by ORF3 (3/7) and ORF2b (3/9).

In order to investigate the heterogeneity of sequences within the input virus and selected clinical samples, a PCR-XL-TOPO vector (Invitrogen, USA) was used for cloning ORF5 PCR products (generated using Elongase) from the LP3A+ virus stock and from samples obtained at different time points from ponies 665f and 0071. Some sequence variation was detected between individual clones (5-16 clones per sample) for a given sample, i.e. 12 out of 16 clones of 665f-10, and 5 out 5 clones of 665f-44 had single nucleotide changes from the consensus. For pony 0071, all 0071-10 clones had the same nucleotide change (corresponding to amino acid substitution N81D) identified from the uncloned PCR product, confirming this was the predominant sequence for this sample. Moreover, the identical nucleotide change was identified in 5 out of 15 clones of the LP3A+ input virus.

This suggests that a proportion of the original input virus population included the N81D variant.

To exam whether virus isolation could have been responsible for introduction of changes due to replication in tissue culture, the LP3A virus stock was propagated for three passages. Viral RNA was extracted and subjected for same RT-PCR amplification. 

Discussion

The normal course of EAV infection is generally characterized by a viraemia which does not last longer than 14 days p.i. However, in certain cases viraemia can be more prolonged (McCollum et al., 1994;Neu et al., 1988). In this study, a proportion of ponies experimentally infected were found to have viraemia lasting up to 72 days post-infection.

This could correspond to a low level, persistent viraemia at a level around the thresholds for detection by virus isolation and PCR amplification, or alternatively periodic waves of viraemia. Since the levels of viraemia were not quantitated, it is therefore not known whether there was significant fluctuation in the level of viraemia between days 3 and 72 p.i. For several other viruses, periodic waves of viraemia have been found to be associated with sequence variation that often corresponds to changed antigenic determinants. Hedges et al. (1999) reported genetic divergence with emergence of novel phenotypic variants of EAV during persistent infection of stallions. In this study, we investigated genetic variation during the prolonged viraemia observed for EAV, concentrating on determination of the sequence of a known neutralising antibody target (GP5).

Based on the sequence analysis of ORF5, it is clear that the virus is genetically stable during the first two weeks p.i. Nucleotide variation of ORF5 was only detected in a single sample out of 66 PCR products from nasal swabs of 14 ponies within the first two weeks.

Sequencing multiple ORF5 clones PCR amplified from the input virus stock identified an equivalent sequence to 0071-10 (corresponding to amino acid substitution N81D) as a A c c e p t e d M a n u s c r i p t 10 minor component of the original input virus population. This suggests that the sequence of 0071-10 (and of 072c-30, a blood isolate recovered 30 days p.i.) may have been selected from the original input virus pool, rather than arising during in vivo diversification. Our result is consistent with the findings of Balasuriya et al. (1999), who showed a 99.9% to 100% sequences identity of ORF5 of EAV from 11 foetal tissues of 9 foals collected during an EAV outbreak. In contrast, during the prolonged period of viraemia, several mutations were observed in ORF5. Since these mutations were clustered in two variable regions of GP5 with most amino acid substitutions in the neutralization site C, it is plausible that there is a link between the mutations and immune selection of variants during the prolonged viraemic phase. Genetic variation has been demonstrated among field isolates and laboratory strains of EAV and by selection of neutralization resistant variant in vitro (Balasuriya et al., 1995a(Balasuriya et al., , 1995b;;Chirnside et al., 1995;Hedges et al., 1996).

It should be noted that the sequences determined during the prolonged viraemic phase (day 30 onwards) were from virus isolates rather than primary clinical samples (whereas the sequences determined during the first two weeks of infection were direct from nasal swab material). It is possible, therefore, that the process of virus isolation resulted in a 'bottleneck', such that a limited subset of virus variants present in the original population grew out of the virus isolation cultures. However it is unlikely that the process of virus isolation per se imposed a selective pressure resulting in the selection of variants, since a round of three passages of EAV in RK-13 cells was not found to result in selection of sequence variants. Furthermore, the positions of the mutations seen in GP5 are consistent However, immune selection, if present, does not explain the fact that none of the mutations became fixed i.e. present in sequential samples. In particular, 0071 displayed 4 different sequences on day 31, 50, 57, and 72 p.i. It seems that sequences changed from one sequence type to another in a very short time period. This may be a consequence of sampling a subset of the entire virus population at any given time. Alternatively, over the time-span of the experiment there may have been relatively rapid fluctuations in the predominance of particular sequence variants in the virus population and a longer time period may be required for particular mutations to become fixed in the population.

In conclusion, the ORF5 gene of LP3A+ was genetically stable during the first two weeks p.i. The genetic variation of LP3A+ virus observed from day 30 p.i. mainly clustered in the ectodomain part of GP5, particularly in the neutralization site C of the variable region one. These mutations in the V1 region could be responsible for differences in the neutralization phenotype of virus. Castillo-Olivares, J., de Vries, A.A., Raamsman, M.J., Rottier, P.J., Lakhani, K., Westcott, D., Tearle, J.P., Wood, J.L., Mumford, J. A., Hannant, D., Davis-Poynter, N.J., 2001. Evaluation of a prototype sub-unit vaccine against equine arteritis virus comprising the entire ectodomain of the virus large envelope glycoprotein (G (L)): induction of virusneutralizing antibody and assessment of protection in ponies. J. Gen. Virol. 82, 2425Virol. 82, -2435. . Castillo-Olivares, J., Wieringa, R., Bakonyi, T., de Vries, A.A., Davis-Poynter, N.J., Rottier, P.J., 2003. Generation of a candidate live marker vaccine for equine arteritis virus by deletion of the major virus neutralization domain. J. Virol. 77,[8470][8471][8472][8473][8474][8475][8476][8477][8478][8479][8480] A c c e p t e d M a n u s c r i p t 13 Chirnside, E.D., de Vries, A.A., Mumford, J.A., Rottier, P.J., 1995. Equine arteritis virusneutralizing antibody in the horse is induced by a determinant on the large envelope glycoprotein GL. J. Gen. Virol. 76, 1989-1998. de Vries, A.A., Chirnside, E.D., Horzinek, M.C., Rottier, P.J., 1992. Structural proteins of equine arteritis virus. J. Virol. 66,[6291][6292][6293][6294][6295][6296][6297][6298][6299][6300][6301][6302][6303] den Boon, J.A., Snijder, E.J., Chirnside, E.D., de Vries, A.A., Horzinek, M.C., Spaan, W.J., 1991. Equine arteritis virus is not a togavirus but belongs to the coronaviruslike superfamily. J. Virol. 65, 2910Virol. 65, -2920. . Hedges, J.F., Balasuriya, U.B., Timoney, P. J., McCollum, W.H., MacLachlan, N.J., 1996. Genetic variation in open reading frame 2 of field isolates and laboratory strains of equine arteritis virus. Virus Res. 42, 41-52. Hedges, J.F., Balasuriya, U.B., Timoney, P.J., McCollum, W.H., MacLachlan, N.J., 1999.

Genetic divergence with emergence of novel phenotypic variants of equine arteritis virus during persistent infection of stallions. J. Virol. 73, 3672-3681. Liu, L., Hägglund, S., Hakhverdyan, M., Alenius, S., Larsen, L.E., Belák, S., 2006. Molecular epidemiology of bovine coronavirus on the basis of comparative analyses of the S gene. J. Clin. Microbiol. 44,[957][958][959][960] McCollum, W.H., Little, T.V., Timoney, P.J., Swerczek, T.W., 1994. Resistance of castrated male horses to attempted establishment of the carrier state with equine arteritis virus. J. Comp. Pathol. 111, 383-388. Neu, S.M., Timoney, P.J., McCollum, W.H., 1988. Persistent S. 1999. Genetic diversity of equine arteritis virus. J. Gen. Virol. 80,[691][692][693][694][695][696][697][698][699] van Dinten, L.C., Wassenaar, A.L., Gorbalenya, A.E., Spaan, W.J., Snijder, E. J., 1996. Processing of the equine arteritis virus replicase ORF1b protein: identification of cleavage products containing the putative viral polymerase and helicase domains. J. Virol. 70, 6625-6633. Wescott, D., Hannant, D., Tearle, J., Mittelholzer, C., Baule, C., Drew, T., Belák, S., Paton, D.J., 2001. Differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-31 . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-57 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-72 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 072c-30 . . . . . . . . . . . . . . . . . . P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1769-30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5407-50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S . V . . . . . . . . . . . . . . . . . . . . . H . . . . . . . . . . . . . . 665f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 072c-30 . . . . . . . . S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1769-30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5407-50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 665f-44 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9509-43 Variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-31 . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0071-50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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 1 Figure 1. The amino acid sequence alignment of partial EAV GP5 ectodomain along with
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  Table1. Nucleotide sequence and position of primers used for PCR amplification and sequencing of EAV ORFs 2b, 3, 4, and partial ORF5. Based on strain Bucyrus (GenBank accession no. NC_002532).
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Table 1 . List of primers
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Table 3 .

 3 Summary of nucleotide and amino acid substitutions in ORFS 2b, 3, and 4 1

	Viruses	ORF2b		ORF3		ORF4
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	1769-30	TC (516)		TC (34)		
				TC (259)		CT (355)	PS (119)
				CT (293)	SF (98)	
	5407-50			CT (362)	TI (121)	
	665F-44			AG (489)		
		AT (313)	HY (105)			AG (95)	HR (32)
	9509-43	CT (396)				TC (183)
	2					

Table 3 . Summary of aa and nt substitutions
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Figure 1. Genetic vairations in GP5
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