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Two genetically closely related pigeon paramyxovirus type 1 (PPMV-1) variants with identical velogenic fusion protein cleavage sites but with strongly contrasting virulence

A c c e p t e d M a n u s c r i p t

Introduction

Newcastle disease (ND) is one of the most severe infectious diseases of birds and the cause of serious economic problems in the poultry industry worldwide. Its causative agent is Newcastle disease virus (NDV) or avian paramyxovirus type 1 (APMV-1) which is taxonomically classified in the genus Avulavirus of the subfamily Paramyxovirinae (family Paramyxoviridae, order Mononegavirales) [START_REF] Mayo | A summary of taxonomic changes recently approved by ICTV[END_REF].

Isolates of NDV are categorized into one of four pathotypes namely apathogenic (avirulent), lentogenic (low virulent), mesogenic (intermediate virulent) or velogenic (highly virulent), based on the results of pathogenicity tests such as the intracerebral pathogenicity index (ICPI) [START_REF] Alexander | Newcastle Disease, Other Avian Paramyxoviruses and Pneumovirus Infections[END_REF].

The pathogenicity of NDV is mainly determined by the amino acid sequence of the precursor F protein protease cleavage site and the cleavability at this site by cellular proteases [START_REF] Millar | Molecular cloning and nucleotide sequencing of Newcastle disease virus[END_REF][START_REF] Nagai | Proteolytic cleavage of the viral glycoproteins and its significance for the virulence of Newcastle disease virus[END_REF][START_REF] Ogasawara | Expression of factor X and its significance for the determination of paramyxovirus tropism in the chick embryo[END_REF].

Low virulent viruses have a monobasic cleavage motif and are processed by trypsinlike proteases found in the respiratory and intestinal tract. Virulent strains have a dibasic motif in their F protein and can be cleaved by ubiquitous furin-like proteases resulting in a systemic infection [START_REF] Nagai | Proteolytic cleavage of the viral glycoproteins and its significance for the virulence of Newcastle disease virus[END_REF][START_REF] Ogasawara | Expression of factor X and its significance for the determination of paramyxovirus tropism in the chick embryo[END_REF].

During the 1980s, a disease caused by an APMV-1 spread worldwide among racing and show pigeons. Viruses isolated from affected birds were shown to be antigenically and genetically similar to each other but distinct from the more classical NDV strains. These APMV-1 variants became known as pigeon paramyxovirus type 1 (PPMV-1) and can be discriminated by monoclonal antibodies (Alexander et al., 1984b;[START_REF] Alexander | Newcastle disease outbreaks in fowl in Great Britain during 1984[END_REF][START_REF] Collins | Evaluation of mouse monoclonal antibodies raised against an isolate of the variant avian paramyxovirus type 1 responsible for the current panzootic in pigeons[END_REF][START_REF] Russell | Antigenic variation of Newcastle disease virus strains detected by monoclonal antibodies[END_REF] and by phylogenetic analysis of the F gene nucleotide sequence [START_REF] Aldous | A molecular epidemiological study of avian paramyxovirus type 1 (Newcastle disease virus) isolates by phylogenetic analysis of a partial nucleotide sequence of the fusion protein gene[END_REF].

Interestingly, PPMV-1 provides some examples of unusual viruses that have a cleavage site motif that is generally associated with virulent viruses and a contrasting ICPI result indicating an avirulent virus. Fuller and collaborators [START_REF] Fuller | Partial characterisation of five cloned viruses differing in pathogenicity, obtained from a single isolate of pigeon paramyxovirus type 1 (PPMV-1) following passage in fowls' eggs[END_REF] cloned several viruses originating from a PPMV-1 isolate with an ICPI of 0.32

A c c e p t e d M a n u s c r i p t 4 (avirulent classification) and a velogenic F protein cleavage site by limiting dilution in embryonated specific-pathogen-free (SPF) eggs. They identified two genetically similar PPMV-1 clones that differed significantly in their pathogenicity for one-day-old chickens, despite the fact that they were comparable in in vitro infection characteristics such as syncytium formation, plaque size and morphology, and cellto-cell spread. One virus had an ICPI of 0.025 and the other of 1.3 [START_REF] Fuller | Partial characterisation of five cloned viruses differing in pathogenicity, obtained from a single isolate of pigeon paramyxovirus type 1 (PPMV-1) following passage in fowls' eggs[END_REF].

In the present study we report the molecular analysis of these related isolates using reverse genetics techniques. Sequencing the complete genomes identified four nucleotide differences between the two viruses which were analyzed by introducing them into an infectious cDNA clone of the virulent NDV strain Herts (de [START_REF] De Leeuw | Virulence of Newcastle disease virus is determined by the cleavage site of the fusion protein and by both the stem region and globular head of the haemagglutinin-neuraminidase protein[END_REF]. Our observations illustrate that pathogenicity is a complex trait determined by multiple genetic factors in addition to the cleavability of the F protein.
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Materials and Methods

Cells and viruses

QM5 cells [START_REF] Antin | Isolation and characterization of an avian myogenic cell line[END_REF] were grown in QT35 medium (Gibco-BRL/LifeTechnologies) supplemented with 5% fetal bovine serum and 1% of an antibiotic stock: penicillin (100 units/ml), streptomycin (100 g/ml) and fungizone (2.5 g/ml). The fowlpox recombinant virus fpE-FLT7pol [START_REF] Britton | Expression of bacteriophage T7 RNA polymerase in[END_REF] (hereafter called FPV-T7), which expresses the bacteriophage T7 RNA polymerase, was grown in primary chicken embryo liver cells. The virus FL-Herts was derived from the NDV strain Herts/33 as previously described [START_REF] De Leeuw | Virulence of Newcastle disease virus is determined by the cleavage site of the fusion protein and by both the stem region and globular head of the haemagglutinin-neuraminidase protein[END_REF]. Virus 0.025 and virus 1.3 were parented by PPMV-1 isolate 248VB, which was isolated from dead racing pigeons in 1998 in Belgium [START_REF] Meulemans | Evolution of pigeon Newcastle disease virus strains[END_REF]. As described by Fuller and coauthors [START_REF] Fuller | Partial characterisation of five cloned viruses differing in pathogenicity, obtained from a single isolate of pigeon paramyxovirus type 1 (PPMV-1) following passage in fowls' eggs[END_REF], virus 0.025 was obtained by passaging the working stock (248VB) in embryonated eggs three times at limiting dilution. Virus 1.3 was obtained by passaging the working stock six times at low dilution (1/10 and 1/100 dilutions) and subsequently three times at limiting dilution.

Construction of pFL-Herts F

PCR mutagenesis was used to introduce the unique restriction site FseI (at nucleotide position 6347) into the FL-Herts cDNA. Two PCR reactions were performed, one with primers p5380 and pFseIR(H), and one with primers pFseIF(H) and p8106 (Table 1) using pFL-Herts as template. The two overlapping PCR fragments were joined in a second PCR using primers p5380 and p8106. The resulting PCR fragment was digested with BstZ17I and SpeI and cloned into pFL-Herts, resulting in a plasmid designated pFL-Herts F . M1378V) . Subsequently, pCI-L H(M1378V) was digested with SexAI and AvrII and the purified fragment was cloned into a SexAI and partially AvrII digested pFL-Herts F or pFL-HertsF S453P , resulting in pFL-HertsL M1378V and pFL-HertsF S453P L M1378V , respectively.

Construction of pFL-HertsF

2.4. Construction of FL-Herts AF , FL-Herts(FHN) 0.025 and FL-Herts(FHN) 1.3 PCR mutagenesis was used to introduce the unique restriction site AscI in pFL-Herts F (at nucleotide position 4527). PCR reactions were performed either with primers p2599 and pAscIR) or with primers pAscIF and HF010 (Table 1) using pFL-Herts F as template. The two overlapping PCR fragments were joined in a second PCR using primers p2599 and HF010. The resulting PCR fragment was digested with BstZ17I and PacI and cloned into a BstZ17I and PacI digested pFL-Herts F , resulting in a plasmid designated pFL-Herts AF .

The F and HN genes of PPMV-1 strains 0.025 and 1.3 were PCR amplified using primers p4518 and p8103 (Table 1). The resulting PCR fragment was digested with 

Virus rescue

To rescue viable virus from the cDNA clones, QM5 cells were infected with FPV-T7 and co-transfected with full length genome constructs and plasmids expressing NP, P and L as previously described (de [START_REF] De Leeuw | Virulence of Newcastle disease virus is determined by the cleavage site of the fusion protein and by both the stem region and globular head of the haemagglutinin-neuraminidase protein[END_REF][START_REF] Peeters | Rescue of Newcastle disease virus from cloned cDNA: evidence that cleavability of the fusion protein is a major determinant for virulence[END_REF].

After three days, the culture supernatant was harvested and inoculated into 9-11day-old embryonated specific-pathogen-free (SPF) eggs.

Haemagglutination (HA) assay, pathogenicity test and re-isolation of virus

The HA assay and determination of the intracerebral pathogenicity index (ICPI) in 1-day-old chickens was performed as described in the European Community Council

Directive 92/66/EEC [START_REF] Communities | Council directive 92/66/EEC of 14 July 1992 introducing community measures for the control of Newcastle disease[END_REF]. In order to check the sequences of the different recombinant viruses after the ICPI assay, brains, livers and lungs of the birds used in the ICPI were collected and virus was re-isolated using embryonated SPF eggs as previously described (de [START_REF] De Leeuw | Effect of fusion protein cleavage site mutations on virulence of Newcastle disease virus: non-virulent cleavage site mutants revert to virulence after one passage in chicken brain[END_REF]. The ICPI tests comply with the Dutch law on animal experiments and were reviewed and approved by an ethical committee.

RNA isolation, RT-PCR and sequencing

Isolation of genomic RNA of viruses 0.025 and 1.3 and first-strand cDNA synthesis was performed as previously described [START_REF] Fuller | Partial characterisation of five cloned viruses differing in pathogenicity, obtained from a single isolate of pigeon paramyxovirus type 1 (PPMV-1) following passage in fowls' eggs[END_REF]. The complete genomes were sequenced using primers distributed over the whole genome. Primer sequences are available upon request. The sequences of the 3'-and 5'-terminal ends of the viral RNA were determined by rapid amplification of cDNA ends as described previously (de Leeuw and Peeters, 1999). The complete sequences of viruses 0.025 and 1.3 have been submitted to GenBank (accession number: XXX A c c e p t e d M a n u s c r i p t 8 and XXX respectively). Genomic RNA of the recombinant viruses was isolated using a High Pure Viral RNA kit (Roche Diagnostics). First-strand cDNA synthesis was carried out using a Superscript TM II Reverse Transcriptase kit (Invitrogen) with primer p3-UIT (Table 1). PCR fragments were purified using a High Pure PCR purification kit (Roche Diagnostics). Nucleotide sequencing was carried out using a 'Big-Dye' DNA sequencing kit and a PE Applied Biosystems 310 genetic analyzer.
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Results

The genomes of the PPMV-1 isolates 0.025 and 1. ), which is typical for velogenic viruses, and therefore a surprising feature of the low pathogenic virus 0.025. Only four nucleotide differences between these viruses were detected, each resulting in an amino acid substitution, including a Pro to Ser substitution at position 453 of the F protein, which has been described

previously [START_REF] Fuller | Partial characterisation of five cloned viruses differing in pathogenicity, obtained from a single isolate of pigeon paramyxovirus type 1 (PPMV-1) following passage in fowls' eggs[END_REF]. Virus 0.025 had an Asp at position 100 of the M protein, where virus 1.3 had an Asn. The L protein of virus 0.025 contained a Val and an Asn at positions 1378 and 1945, respectively, whereas virus 1.3 contained Met and Ser at these positions. A schematic representation of the amino acid differences and their positions in both genomes is depicted in Fig. 1a.

Because both viruses have an identical velogenic cleavage motif in the F protein, the difference in their pathogenicity must be explained by one or more of the observed genomic differences. An alignment of 105 M protein sequences revealed that the residue at position 100 is not conserved. Furthermore, an Asp at this position is not typical for low pathogenic strains as it also occurs in the velogenic Herts strain (Fig. 1a). Hence, this residue was not considered a potential virulence determinant.

Alignment of 199 F protein sequences showed that the majority of them ( 197 To date there is no infectious clone available for either strain 0.025 or strain 1.3 that could be used to examine the genetic differences found between the two viruses.

Therefore we used the infectious cDNA clone pFL-Herts, which was constructed from the velogenic NDV strain Herts/33 by de Leeuw and collaborators (de [START_REF] De Leeuw | Virulence of Newcastle disease virus is determined by the cleavage site of the fusion protein and by both the stem region and globular head of the haemagglutinin-neuraminidase protein[END_REF], to investigate the S453P substitution in the F protein and the M1378V substitution in the L protein. The two mutations were engineered into pFL-Herts either separately or in combination and viruses were rescued as described in the Materials and Methods section. Subsequently, the pathogenicity (ICPI) of these strains was determined and compared with that of the parent strain FL-Herts F . Of the newly generated strains, FL-HertsL M1378V was found to have an ICPI of 1.6, that of FL-HertsF S453P was 1.3 and that of FL-HertsF S453P L M1378V was 1.4 (Table 2).

Sequence analysis of the recombinant viruses re-isolated after the ICPI confirmed the specific amino acid substitutions. The S453P substitution in the F protein did cause some decrease in virulence, but not to an extent comparable to the decrease in ICPI from 1.3 to 0.025 observed with the PPMV-1 strains. Also the combination of the S453P and M1378V substitutions resulted only in a slight decrease in pathogenicity compared to the parent strain. These results indicate that the M1378V substitution in the L protein does not determine the difference in pathogenicity between viruses 0.025 and 1.3, but that the S453P substitution in the F protein may have an influence.

Previous work indicated that the HN protein may also be an important virulence factor [START_REF] Huang | The hemagglutinin-neuraminidase protein of Newcastle disease virus determines tropism and virulence[END_REF][START_REF] De Leeuw | Virulence of Newcastle disease virus is determined by the cleavage site of the fusion protein and by both the stem region and globular head of the haemagglutinin-neuraminidase protein[END_REF][START_REF] Romer-Oberdorfer | Enhancement of pathogenicity of Newcastle disease virus by alteration of specific amino acid residues in the surface glycoproteins F and HN[END_REF].

Because the F protein interacts with the HN protein during entry it is conceivable that test this possibility, we replaced both the F and HN genes of FL-Herts by those of viruses 0.025 and 1.3 (Fig. 1b). Of the resulting viruses, FL-Herts(FHN) 0.025 showed an ICPI of 0.9 whereas FL-Herts(FHN) 1.3 showed an ICPI of 1.0 (Table 2) and sequence analysis of the recombinant viruses re-isolated after the ICPI confirmed the specific gene exchange. Although both recombinants have a velogenic cleavage site originating from 0.025 or 1.3, virulence is significantly decreased compared to FL-Herts. The F + HN gene cluster is known to play an important role in determining the virulence and differs significantly among APMV-1 strains. However, no significant difference in ICPI value was found between the viruses carrying either the F+HN proteins of the 0.025 or those of the 1.3 virus. This observation leads us to conclude that the S453P substitution in the F protein apparently does not change its interaction with HN in such a way that it significantly affects pathogenicity, leaving the difference in pathogenicity between viruses 0.025 and 1.3 unexplained. between virulent isolates (notifiable disease), and avirulent isolates (not notifiable).

An isolate with an ICPI equal to or greater than 0.7 or having a multiple basic amino acid motif at the F protein cleavage site is classified as virulent and its presence should be reported to the OIE [START_REF] Alexander | Manual of Diagnostic Tests and Vaccines for Terrestrial Animals[END_REF]. However, a number of recent reports start to cast serious doubts on the reliability of the OIE virulence criteria by revealing biological (i.e. ICPI) phenotypes not consistent with nucleotide sequence data. Some field strains have been described exhibiting a low pathogenicity index but a velogenic F protein cleavage site. So far this has only been reported for PPMV-1 isolates [START_REF] Collins | Evaluation of the molecular basis of pathogenicity of the variant Newcastle disease viruses termed "pigeon PMV-1 viruses[END_REF][START_REF] Meulemans | Evolution of pigeon Newcastle disease virus strains[END_REF]. In one of these studies Meulemans and collaborators [START_REF] Meulemans | Evolution of pigeon Newcastle disease virus strains[END_REF] investigated the characteristics of 27 PPMV-1 isolates. While all of them appeared to have the velogenic cleavage site motif 112 RR(Q/K/R)KRF 117 , 14 isolates had an ICPI value of below 0.7, including also the 248VB isolate (ICPI 0.32), which parented viruses 0.025 and 1.3 [START_REF] Fuller | Partial characterisation of five cloned viruses differing in pathogenicity, obtained from a single isolate of pigeon paramyxovirus type 1 (PPMV-1) following passage in fowls' eggs[END_REF][START_REF] Meulemans | Evolution of pigeon Newcastle disease virus strains[END_REF].

In order to shed light on these observations we wanted to take advantage of the availability of the latter viruses to try and identify additional determinants apparently contributing to their virulence. Thus, the viral genomes were sequenced and found to differ at only 4 nucleotide positions. Of these 4 differences two were present in both virus 0.025 and FL-Herts and therefore deduced to be irrelevant for changing the pathotype from 1.3 to 0.025. To study the significance of the remaining two, we used an infectious cDNA clone of the velogenic NDV strain Herts to introduce, both individually and together, the S453P and M1378V mutations as they occur in the F and L protein of the lentogenic 0.025 virus, respectively. Furthermore, for reasons A c c e p t e d M a n u s c r i p t 13 explained, we additionally substituted the entire F + HN gene cluster of the Herts strain by that of the 0.025 and of the 1.3 virus. Although these changes in all cases except for the M1378V mutation reduced the ICPI value of the Herts virus, the effects were small to moderate and did not allow us to identify the mutation(s) responsible for the pathogenicity difference of the two PPMV-1's. That the combined F+HN replacement resulted in a virulence reduction of the Herts virus was not completely surprising as these two proteins are known to act cooperatively [START_REF] Huang | The hemagglutinin-neuraminidase protein of Newcastle disease virus determines tropism and virulence[END_REF][START_REF] De Leeuw | Virulence of Newcastle disease virus is determined by the cleavage site of the fusion protein and by both the stem region and globular head of the haemagglutinin-neuraminidase protein[END_REF][START_REF] Romer-Oberdorfer | Enhancement of pathogenicity of Newcastle disease virus by alteration of specific amino acid residues in the surface glycoproteins F and HN[END_REF]. If the F gene is only changed by a single point mutation the effect on virulence will probably be much milder, especially when this mutation is not critical, as apparently is the case in this study.

There are several possible reasons for our inability to elucidate the molecular basis of the pathogenicity difference of the two PPMV-1's. One relates to the quasispecies nature of our virus stocks. Viruses 0.025 and 1.3 were obtained from the original low pathogenic (ICPI 0.32) PPMV-1 isolate by limiting dilution in embryonated chicken eggs, not by plaque purification. It is thus possible that the 1.3 virus stock might contain a spurious genotype not picked up by consensus sequencing that is responsible for the observed phenotype. This phenomenon has been observed in foot-and-mouth disease viruses [START_REF] Sanz-Ramos | Hidden virulence determinants in a viral quasispecies in vivo[END_REF]. In that study it was shown that populations with different pathogenicity could not be distinguished either by the consensus sequence or by the average complexity of the mutant spectrum.

Furthermore, it has been shown for poliovirus that pathogenicity is not determined by a single genotype but by multiple different genotypes (i.e. quasispecies) that act cooperatively [START_REF] Vignuzzi | Quasispecies diversity determines pathogenesis through cooperative interactions in a viral population[END_REF]. A potential new method for the detection of minor sequence variants in complex genetic populations -not available to us yet -is ultra-deep pyrosequencing, a technique expected to greatly facilitate the characterization of RNA virus populations [START_REF] Wang | Characterization of mutation spectra with ultra-deep pyrosequencing: application to HIV-1 drug resistance[END_REF]. Another possible explanation for our results is that the mutations were not studied in an appropriate genetic background. We tested the differences observed among pigeon-derived We would like to stress that the cleavability of the F protein is not a reliable predictor of virulence for PPMV-1 as it is for classical NDV. Compelling examples are the 14 isolates described by Meulemans and collaborators which carried a velogenic cleavage motif but exhibited ICPI values below 0.7 [START_REF] Meulemans | Evolution of pigeon Newcastle disease virus strains[END_REF]. If not used for meat production, pigeons are not considered as poultry and notification to the OIE is thus not required. However, chickens are easily infected by PPMV-1 and previous work has shown that the virulence of PPMV-1 isolates can increase by serial passage in chickens and that the differences in virulence were not related to the primary structure of the F protein [START_REF] Alexander | Pathogenicity for chickens of avian paramyxovirus type 1 isolates obtained from pigeons in Great Britain during 1983-85[END_REF][START_REF] Collins | Pathogenicity and phylogenetic evaluation of the variant Newcastle disease viruses termed "pigeon PMV-1 viruses" based on the nucleotide sequence of the fusion protein gene[END_REF][START_REF] King | Avian paramyxovirus type 1 from pigeons: isolate characterization and pathogenicity after chicken or embryo passage of selected isolates[END_REF]. Such isolates may infect poultry, circulate sub-clinically and evolve into more virulent derivatives capable of causing serious outbreaks [START_REF] Kommers | Virulence of pigeon-origin Newcastle disease virus isolates for domestic chickens[END_REF]. An example of this were the more than 20 outbreaks during an epizootic in poultry in the UK, most of them caused by feed that was contaminated with PPMV-1 infected pigeon faeces (Alexander et al., 1984a). Because the atypical PPMV-1 isolates have the potential of becoming more virulent, the F protein cleavage site of field isolates should always be determined in addition to the ICPI. M a n u s c r i p t b Embryo infectious dose per ml expressed as log 10.

c Intracerebral pathogenicity index.
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  AscI and SpeI and cloned into a AscI and SpeI digested pFL-Herts AF resulting in plasmids designated pFL-Herts(FHN) 0.025 and pFL-Herts(FHN) 1.3 (Fig.1b).

  ) contained a Ser at position 453. Strain Sterna/Astr/2755/2001 (AAW62249), which is velogenic, contains a Thr and isolate 01-1108 (AY935489), a lentogenic virus, contains a Phe at this position. The observation that virus 0.025 contained a Pro at this position, which is unique among all strains analyzed, combined with the physicochemical characteristics of this residue, prompted us to study this substitution A c c e p t e d M a n u s c r i p t 10 in more detail. Alignment of 47 L protein sequences revealed that all strains have a conserved Met residue at position 1378 and a conserved Asn at position 1945. Since the Asn at position 1945 did not correlate with pathogenicity (it occurs both in virus 0.025 and in FL-Herts) we focused on residue 1378 since a Val at this position appeared to be unique among all strains analyzed.

  in the F protein of virus 0.025 affects the interaction with its cognate HN protein in a different way than with a 'foreign' (e.g. Herts) HN protein. To

  Newcastle disease (ND) is a serious and hence notifiable disease of poultry. The current definition of ND of the World Organization for Animal Health (OIE) relies on the ICPI value determined in day-old chickens or on the amino acid sequence at the F protein's cleavage site. These are the two parameters the OIE uses to differentiate

  background of a chicken-derived virus, simply because no infectious PPMV-1 cDNA clones have been established yet while the APMV-1 Herts clone was available. It is hence quite conceivable that the mutations were not phenotypically expressed in the context of the Herts virus genome but will require the use of a PPMV-1 genotype.

Fig. 1 .
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  3 are 15,192 nucleotides long and can be classified as genotype VIb or sublineage 4b, class II isolates. Like other

	strains with 15,192 nucleotides in their genomes, viruses 0.025 and 1.3 have a six-
	nucleotide insertion (relative to the 15,186 nucleotides long genomes) located
	between nucleotides 1647 and 1648 in the intergenic region between NP and P. Both
	viruses have F proteins with a multibasic amino acid sequence at the cleavage site
	( 112 RRQKRF 117

Table 1 1

 1 Primers used for PCR mutagenesis

	2			
	primer	sequence	Direction	position genome
	p3-UIT	ACCAAACAGAGAATCCGTGAGTTA	forward	1
	p2599	TAAGTAAAGTTGACTATCAG	forward	
	pAscIF	CCCGGTTGGCGCGCCCAAGGTGCAA	forward	
	p4518	CCCGGCTGGCGCGCCCAAAGTGCAAT	forward	
	pAscIR	TTGCACCTTGGGCGCGCCAACCGGG	reverse	
	p5380	GACTCAGATCTTGGGTATACAG	forward	
	HF010	CAGCTTCTCCATAATTTTGC	reverse	
	p5900F(P)	AATACTAGATCCTCAAGTTAT	forward	
	p5900R(P)	ATAACTTGAGGATCTAGTATT	reverse	
	pFseIF(H)	TAGAACGGTCGGGGAGGCCGGCCCTCAATCGGGAAT	forward	
	pFseIR(H)	ATTCCCGATTGAGGGCCGGCCTCCCCGACCGTTCTA	reverse	
	HH011	GCGGGAGAGAAATATGAAG	reverse	
	p8106	AATCTCAACTAGTAAAGGAACGATC	reverse	
	p8103	CTCAACTAGTAAAGGAACGATTCTGAATTC	reverse	
	LH030	GTCCGACAGATCCAACCACC	forward	11674
	p12512F(V) CAAATAAGTTTGTGTATGATCC	forward	12501
	p12512R(V) GGATCATACACAAACTTATTTG	reverse	12522
	LH045	AGCACCGTGTACAGACAGC	reverse	13149
	3			
	4			

Table 2

 2 Virus titres and virulence.

	Virus	HA a	EID 50 /ml b	ICPI c
	FL-Herts F	7	9.20	1.6
	FL-HertsL M1378V	7	nd d	1.6
	FL-HertsF S453P	6	nd	1.3
	FL-HertsF S453P L M1378V	8	nd	1.4
	FL-Herts(FHN) 0.025	7	10.07	0.9
	FL-Herts(FHN) 1.3	8	9.20	1.0
	a Haemagglutination titre expressed as log 2.	

b Embryo infectious dose per ml expressed as log 10.

c Intracerebral pathogenicity index. d Not determined.

Table 1

 1 Primers used for PCR mutagenesis

	primer	sequence	Direction	position genome
	p3-UIT	ACCAAACAGAGAATCCGTGAGTTA	forward	1
	p2599	TAAGTAAAGTTGACTATCAG	forward	
	pAscIF	CCCGGTTGGCGCGCCCAAGGTGCAA	forward	
	p4518	CCCGGCTGGCGCGCCCAAAGTGCAAT	forward	
	pAscIR	TTGCACCTTGGGCGCGCCAACCGGG	reverse	
	p5380	GACTCAGATCTTGGGTATACAG	forward	
	HF010	CAGCTTCTCCATAATTTTGC	reverse	
	p5900F(P)	AATACTAGATCCTCAAGTTAT	forward	
	p5900R(P)	ATAACTTGAGGATCTAGTATT	reverse	
	pFseIF(H)	TAGAACGGTCGGGGAGGCCGGCCCTCAATCGGGAAT	forward	
	pFseIR(H)	ATTCCCGATTGAGGGCCGGCCTCCCCGACCGTTCTA	reverse	
	HH011	GCGGGAGAGAAATATGAAG	reverse	
	p8106	AATCTCAACTAGTAAAGGAACGATC	reverse	
	p8103	CTCAACTAGTAAAGGAACGATTCTGAATTC	reverse	
	LH030	GTCCGACAGATCCAACCACC	forward	11674
	p12512F(V) CAAATAAGTTTGTGTATGATCC	forward	12501
	p12512R(V) GGATCATACACAAACTTATTTG	reverse	12522
	LH045	AGCACCGTGTACAGACAGC	reverse	13149

Table 2

 2 Virus titres and virulence.

	Virus FL-Herts F FL-HertsL M1378V FL-HertsF S453P FL-HertsF S453P L M1378V	HA a 7 7 6 8	EID 50 /ml b 9.20 nd d nd nd	ICPI c 1.6 1.6 1.3 1.4
	FL-Herts(FHN) 0.025 FL-Herts(FHN) 1.3	7 8	10.07 9.20	0.9 1.0

a Haemagglutination titre expressed as log 2.

Table 2
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