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Abstract

The 266 kbp genome sequence of plaque-purified, tissue culture-adapted, attenuated
European Fowlpox virus FP9 has been determined and compared with the 288 kbp
sequence of a pathogenic US strain (FPVUS). FP9 carries 244 of the 260 reported
FPVUS OREFs (both viruses also have an unreported orthologue of conserved poxvirus
gene A14.5L). Relative to FPVUS, FP9 differed by 118 mutations (26 deletions, 15
insertions and 77 base substitutions), affecting FP9 equivalents of 71 FPVUS ORFs. To
help identify mutations involved in adaptation and attenuation, the virulent parent of FP9,
HP1, was sequenced at positions where FP9 differed from FPVUS. At 68 positions, FP9
and HP1 sequences were identical, reflecting differences between American and
European lineages. Mutations at the remaining 50 positions, in FP9 relative to FPVUS
and HP1, involving 46 ORFs, therefore accounted for adaptation and attenuation. ORFs
deleted during passage included those encoding members of multigene families: 12
ankyrin repeat proteins, 3 C-type lectin-like proteins, 2 C4L/C10L-like proteins, one G-
protein coupled receptor protein, one V-type Ig domain protein, 2 N1R/p28 proteins and
one EFc family protein. Tandem ORFs encoding Variola virus B22R proteins were fused
by a 5.8 kbp deletion. Single copy genes disrupted or deleted during passage included
those encoding a homologue of murine T10, a conserved DNA/pantothenate metabolism
flavoprotein, photolyase, the A-type inclusion protein and an orthologue of vaccinia
A47L. Gene assignments have been updated for DNAse II/DLAD, binding proteins for
IL-18 and interferon y, phospholipid hydroperoxide glutathione peroxidase

(PHGPX/GPX-4) and for a highly conserved homologue of ELOVLA.
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Introduction

Live, attenuated viruses constitute the majority of virus vaccines used in clinical or
veterinary medicine. Apart from the use of naturally-occurring, antigenically-related
viruses (such as Vaccinia virus, used for smallpox vaccination), there are two main
approaches to their derivation: the isolation of naturally-attenuated viruses from
homologous or heterologous hosts and extensive, serial tissue culture passage of virulent

isolates until they become stably attenuated (as for Sabin's poliovirus vaccines).

Determinants of attenuation have been mapped for some of the smaller, mainly RNA,
viruses. For viruses with larger DNA genomes (i.e. poxviruses and herpesviruses) this is
not the case. In fact, there are few examples where the sequence of an attenuated vaccine
can be compared to that of its virulent target. With the exception of the recent sequence
comparison of the Varicella zoster virus Oka vaccine with its virulent parental virus
(Gomi et al., 2002), even those examples do not represent true parent-progeny
relationships but normally involve independent isolates of different virulence. Thus,
amongst the herpesviruses, virulent chicken strains (serotype 1) of Marek's disease virus
(MDV) have been sequenced (Lee et al., 2000; Tulman et al., 2000), as has a non-
oncogenic serotype 2 strain (Izumiya et al., 2001) and the related Herpes virus of turkeys
(Afonso et al., 2001), both used as MDV vaccines. In all such situations involving
naturally-attenuated, large DNA viruses, the degree of sequence divergence between the

virulent and vaccine viruses has been high (20 to 30 % for the avian herpesviruses). The
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number of differences, and their dispersion, makes it difficult to identify those that

contribute to attenuation of the vaccine.

Some potential attenuating determinants for Vaccinia virus have, nevertheless, been
identified, such as the truncation in Vaccinia virus B28R/C22L, the orthologue of Variola
virus G2R encoding a tumour necrosis factor (TNF) receptor-like protein (Massung et al.,
1994), and the presence in Vaccinia virus (but not Variola virus) of B16R (strain
Copenhagen sequence) encoding an interleukin 1B-binding protein (Aguado et al., 1992;
Alcami & Smith, 1992; Massung et al., 1994). However, there has been understandably
little experimental work on the comparative virulence of Variola virus (the causative

agent of smallpox) and Vaccinia virus.

There have been attempts to attenuate Vaccinia virus rationally by direct manipulation to
reduce its already low virulence (Tartaglia et al., 1992). Moreover, the virulence of
Vaccinia virus strain Ankara (which remains unsequenced) has been reduced by tissue
culture passage, resulting in modified virus Ankara or MVA (Mayr et al., 1978), which
has been sequenced (Antoine et al., 1998). Similarly, amongst the herpesviruses,
Pseudorabies virus has been manipulated by deletion to make attenuated vaccines (Kit,
1990; Mettenleiter et al., 1994) and vaccines based on disabled, single-cycle derivatives
of Herpes simplex virus (DISC-HSV) are being evaluated especially for cancer

prophylaxis and immunotherapy (Ali et al., 2000).
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A recent study of sheeppox and goatpox viruses provides the best comparison so far for
complete genome sequences of virulent and attenuated poxviruses (Tulman ez al., 2002).
The viruses sequenced were from distinct isolates, rather than being from recorded
lineages, but the level of divergence between virulent and attenuated viruses was,
nevertheless, surprisingly low. Thus virulent (SA) and low passage-attenuated (NK)
sheeppox viruses were distinguished by just 71 differences (36 of them single nucleotide
substitutions, a divergence of 0.024%). Similarly, virulent (PL) and attenuated (GV)
goatpox viruses were distinguished by just 7 differences (4 of them single nucleotide

substitutions).

We undertook to complete the genome sequence determination for FP9, a plaque-
purified, high passage-attenuated, European strain of Fowlpox virus (Mockett et al.,
1992). FP9 has been used as a recombinant vector for the expression of antigens from
several avian pathogens (Boursnell et al., 1990b; Boursnell et al., 1990a; Bayliss et al.,
1991) as well as bacteriophage T7 RNA polymerase (Britton ef al., 1996). We had
previously mapped the genome of FP9 (Mockett et al., 1992) and had undertaken
analysis of several non-essential genes (Laidlaw et al., 1998), of several structural
antigens (Boulanger et al., 1998; Boulanger ef al., 2002) and of viral morphogenesis
(Boulanger et al., 2000). As the FP9 sequencing project neared completion, the sequence
of a virulent US strain, ‘FPVUS’, was published (Afonso et al., 2000), presenting an
opportunity to compare virulent and passage-attenuated viruses. Comparison of the two
sequences revealed just 118 differences (77 of them single nucleotide substitutions, a

divergence of only 0.03 %) but some of these might represent differences between US
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118  and European lineages rather than mutations that occurred during tissue culture passage
119  and concomitant attenuation. Although we could not justify determination of the

120  complete sequence of HP1 (the virulent progenitor of FP9), we did determine the HP1
121 sequence at every position where FP9 differed from FPVUS. The results provide a

122 fascinating insight into the attenuation of Fowlpox virus that occurred during, or as

123 consequence of, extensive tissue culture passage in chick embryo fibroblasts (CEFs).
124 Thus the combination of adaptation to CEFs and attenuation was the result of relatively
125  few mutations (just 50, of which 26 were single nucleotide substitutions), affecting

126  mainly genes that would probably have been considered unlikely targets for rational
127  attenuation.

128
129
130 Methods

131

132 FP9 DNA purification, cloning and sequencing.

133  FP9 DNA was extracted, sonicated and repaired as described (Binns et al., 1992). DNA
134 fragments (1300 to 2500 bp) were size selected (Skinner & Laidlaw, 1999), cloned into
135  Smal-cut, dephosphorylated pUC18 (Amersham Pharmacia) and transformed into

136 Escherichia coli DH5a cells. Plasmids, purified using Qiaprep columns (Qiagen), were
137  sequenced with forward and reverse primers using the dideoxy chain termination method
138  (Sanger et al., 1977) with sequencing kits (Amersham Pharmacia and PE Biosystems), on
139  Applied Biosystems (ABI) 373A or PRISM 377 automated DNA sequencers (Perkin

140  Elmer). Trace analysis and base extraction was performed using Sequence Analysis v3.3

Attenuated fowlpox virus FP9 genome sequence Laidlaw & Skinner 6 of 48



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158
159
160

161

162

163

164

(ABI). Gaps were closed by primer walking along existing clones and by sequencing of
polymerase chain reaction (PCR) products, generated using the Expand High Fidelity

PCR system (Roche) and purified using Qiaquick columns (Qiagen).

PREGAP4 and GAP4 (Bonfield ef al., 1995) were used for sequence entry, assembly and
editing (Skinner & Laidlaw, 1999). Coding sequences were identified and analysed by

BLAST using ARTEMIS (Rutherford et al., 2000).

Amplification and sequencing of HP1 loci.

HP1 virus (at 9 chick embryo passages) was amplified thrice in CEFs prior to DNA
extraction, as described previously (Binns et al., 1992). PCR was carried out, using
primers designed to amplify FP9 mutation sites, then products were purified and
sequenced, as described above. For analysis of HP1 loci where deletions had been
observed in FP9, primers were used that flanked the deletion as well as primers, based on
the FPVUS sequence, that were internal to the FP9 deletions. Where flanking primer
PCR resulted in two bands, each band was extracted from an agarose gel, purified and

sequenced.

Results and discussion

Genome organisation. The FP9 genome sequence (determined on both strands at an
average 6 fold redundancy) is 266145 bp long, 22 kbp shorter than that of FPVUS

(Afonso et al., 2000). FP9 has inverted terminal repeats (ITRs) of 10158 bp, in

Attenuated fowlpox virus FP9 genome sequence Laidlaw & Skinner 7 of 48



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

accordance with earlier estimates (Campbell ef al., 1989), longer than those (9520 bp)
reported for FPVUS (Afonso et al., 2000). Compared to the FPVUS sequence, the FP9
sequence has an extra 94 bp at each terminus (Campbell ef al., 1989), including the

sequence ATTTATATAGTAAAAAAAATGTATAA (nucleotides 21 to 46), which

closely resembles the telomere resolution sequence (underlined) of mammalian
poxviruses (Merchlinsky & Moss, 1989). Within the ITRs, a repeat region of 3753 bp
(nucleotides 230 to 3982), consisting of 32 and 56 bp repeats, has been sequenced. The
repeats were first described by Campbell et al. (1989) who, by partial restriction enzyme
analysis, estimated the repeat region to be 3.87 kbp. Their reported distribution of
HinDIII and Sst restriction sites was used to assist in semi-manual assembly across the
repeat region. The equivalent repeat region in FPVUS was only 1675 bp (thus 2078 bp
shorter), ending at nucleotide 1812, though individual clones were reported to have repeat
regions of up to 5.8 kbp (Afonso et al., 2000). The next 18 bp of sequence in FPVUS
appear to represent 6 bp from the end of a repeat followed by a partial, degenerate repeat
that is not present in FP9. Instead, the sequence immediately following the end of the
repeats in FP9 (from nucleotide 3983) is identical to sequence from nucleotide 3346 in
FPVUS. It appears, therefore, that a 1534 bp deletion (deletion 2), in FP9 relative to
FPVUS, removed ORF 001 from FP9 as well as 18 bp from the degenerate internal end
of the repeat region (see supplementary material). Approaching, as it does in FP9, to
within 22 bp of the start of ORF 002, it is possible that deletion 2 has detrimental affects

on promoter activity, as compared to the uncharacterised ‘wild-type’ promoter of fpv002.
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REYV proviral sequences. FP9 contains a copy of the partial reticuloendotheliosis virus
(REV) retroviral long terminal repeat (LTR; nucleotides 221738 to 221985), identical in
sequence and context to the single REV LTRs found in Fowlpox virus M (from Australia)
and FPVUS (Hertig et al., 1997; Afonso et al., 2000). PCR of this region with flanking
primers produced a fragment of the same size and sequence from FP9 and HP-1. It
therefore appears that the event that gave rise to the presence of this vestigial REV
sequence predates the divergence of the Australian, American and European fowlpox
viruses, as well as the divergence of Fowlpox virus and Pigeonpox virus (Moore et al.,
2000; Kim & Tripathy, 2001; Garcia et al., 2003; Tadese & Reed, 2003). The REV
fragment is the smaller (248 bp) fragment described by Singh et al. (2003). We were
unable to detect REV proviral sequences, other than the partial LTR, in FP9 or HP-1.
Singh et al. reported that only one field outbreak strain of Fowlpox virus had been
isolated with the small L'TR fragment but HP-1 and FPVUS are both virulent viruses and
both have the identical small LTR fragment. We cannot rule out the possibility, however,
that additional REV proviral sequences might have been lost during the preliminary short

passage histories of HP-1 and FPVUS.

Update on fowlpox virus genomic assignments. Though three years have passed since
the publication of the FPVUS sequence, during which time a large amount of sequence
data has been acquired, a BLAST search of the current databases revealed the need to
update relatively few of the assignments originally made by Afonso et al. (2000).
Throughout the paper, we maintain the FPVUS numbering for ORFs, distinguishing

variant FP9 ORFs by the prefix 'fp9.' instead of 'fpv' (see Table 1). To distinguish genes
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or ORFs from their encoded protein products, italicised lower case is used for genes and
ORFs (e.g. fp9.030 or fpv030) and plain text (with capitalised first letter) for the products

they encode (e.g. Fp9.030 or Fpv030).

Fpv048, reported to show 44 % amino acid identity with GNS1/SUR4, now shows a
strikingly high similarity (69 % amino acid identity) with human ELOVLA4, the gene
involved in Stargardt-like macular dystrophy (STGD3, OMIM 600110) and implicated in

elongation of long chain fatty acids (Zhang et al., 2001).

Another important update is the identification by Puehler ez al. (2003) that fpv016
(previously unassigned) encodes a binding protein for interferon y. As such, it represents
a new type of IFN y-binding protein, with an immunoglobulin fold instead of a
fibronectin fold. This is directly analogous to the discovery that the IFNo/f-binding
protein encoded by Vaccinia virus B18R is a member of the immunoglobulin
superfamily, rather than of the cellular class II cytokine receptor family with their
fibronectin folds (Symons et al., 1995). Both illustrate that not all viral
immunomodulators can be identified by sequence similarity with host proteins of known

function.

Three proteins, encoded by Molluscum contagiosum virus (MCV) genes MCOS51L,
MCO53L and MCO54L, were found (Xiang & Moss, 1999b) to show similarity to what
was subsequently identified (Novick et al., 1999) as human interleukin 18 (IL18)-binding

protein, though only that encoded by MCO054L appears to have IL18-binding activity
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(Xiang & Moss, 1999q; 2001a). Afonso et al. (2000) assigned Fpv073 as an IL18-
binding protein, on the basis of low similarity (26 % amino acid identity). We believe
Fpv214 is a more likely candidate. As reported by Afonso et al. (2000), it shows higher
similarity (29 % amino acid identity) to the Vaccinia virus strain MVA 13.7 kDa IL18-
binding protein (Smith et al., 2000). Moreover, the region of similarity spans the motif
(tyrosine 97 and phenylalanine 104 of the human IL18-binding protein), identified as the
active site of the IL18-binding proteins (Xiang & Moss, 2001a; b) and conserved in
MCO054L and the 13.7 kDA protein. In contrast, we were unable to align Fpv073 with this
region. Fpv073 is most similar to small parts of a tyrosine-protein kinase (P53356; 33 %
identity over 63 amino acids) and a transposase (Q9SH80; 35 % identity over 51 amino
acids). The former includes a glycine-rich phosphate-binding motif (GxGxxG) involved

in nucleotide binding.

Afonso et al. (2000) assigned Fpv064 as a glutathione peroxidase (GPX), with similarity
to the product of Molluscum contagiosum virus MCO66L. However, they also showed
that fpv064 and MCO66L were not collinear in their respective genomes. We believe this
is because the acquisition of fpv064 was independent from that of MCO66L and that a
different cellular gene was acquired. We believe this to be the case because Fpv064 is
most closely related not to glutathione peroxidase (GPX-1, EC 1.11.1.9), to which it
shows 29% identity (and to which MCO66L shows 84 % identity), but to phospholipid
hydroperoxide glutathione peroxidase (PHGPX, GPX-4; EC 1.11.1.12), to which
it shows 44 % amino acid identity (and to which MCO66L shows 35 % identity).

PHGPX and GPX share only 36 % amino acid identity (Brigelius-Flohe et al., 1994). It is
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interesting to note that overexpression of PHGPX has been reported to block both IL-1
induction of NF-kB in a human endothelial cell line (Brigelius-Flohe et al., 1997) and the
induction of apoptosis by the release of cytochrome C, following peroxidation of
cardiolipin (Nomura et al., 2000), so the role of Fpv064 might not be just that of a lipid

antioxidant.

We also noted the presence, in FP9 and FPVUS (between ORFs 179 and 180), of an
orthologue (ORF 179.1, which was not reported by Afonso et al., 2000) of vaccinia
A14.5L. This small, hydrophobic, intracellular mature virus (IMV) membrane protein is

well conserved but non-essential and is implicated in virulence (Betakova et al., 2000).

Overall comparison of genome sequences of attenuated FP9 and virulent FPVUS.
Comparison of the genome of FP9 (266145 bp) with that of FPVUS (288539 bp) revealed
just 118 differences. The products of 71 genes were affected (by deletion, insertion,
substitution, termination or frame-shift), some by up to four independent mutations.
Throughout the paper, differences are described, arbitrarily, as mutations having occurred
in FPO relative to FPVUS, although we recognise that individual mutations might have
occurred in lineages leading to either virus since their divergence. The 118 differences
thus include 26 deletions (of 1 to 9334 bp) and 15 insertions (of 1 to 108 bp) in FP9
relative to FPVUS. The larger terminal repeat regions in FP9 are not included in these
calculations (as Afonso et al. (2000) reported FPVUS genomic clones with repeat regions
up to 5.8 kbp) nor are the 94 bp terminal extensions (which probably represent the

different limits of genomic sequencing). There were a surprisingly low number of single
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base pair substitutions, just 77, giving a divergence of less than 0.03 %. Of these 77, 10
were in non-coding regions, 4 caused nonsense mutations, 18 were silent and 45 caused

amino acid substitutions (giving a non-synonomous to synonomous ratio, NS:S, of 2.5).

Of the 260 ORFs (of greater than 59 aa) reported for FPVUS, 244 could be observed in
FP9 (though ORFs 54, 66, 70, 71, 115, 158, 190, 219 and 222 were severely disrupted)
and 189 were identical (Table 1). Nineteen ORFs were shorter in FP9 (17 by more than 5
aa) as a result of frame-shift or nonsense mutations and 6 of these ORFs also suffered
mis-sense mutations (i.e. aa substitutions). Thirty ORFs in FP9 were affected only by
mis-sense mutations (some by multiple such mutations). Five ORFs were longer in FP9
than in FPVUS, as a consequence of deletion (and consequential frame-shift) or insertion
mutations. FP9 has an additional ORF, in each ITR, starting 155 bp in from the terminus

and translating right up to the end of the determined sequence (i.e. without a stop codon).

The only evidence that homologous recombination was involved in the generation of
deletions was that deletion 9 (of 5831 bp between fp9.097 and fp9.098) occurred between
47 bp direct repeats. Deletion 21 (of 27 bp between fp9.215 and fp9.216), occurring
between 7 bp direct repeats, might also have involved homologous recombination. Five

large deletions, visible by DOTTER analysis (Fig. 1), affected multiple genes (Table 2).

Eight of the 15 insertions in FP9 relative to FPVUS (insertions 1, 2,4, 7, 8,9, 12 and 14)
occurred in intergenic regions. Insertion 1, immediately upstream of the AUG codon of

fp9.013 (Table 3), affected the crucial -3 position of the Kozak consensus, potentially up-
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regulating translation of the ORF (Kozak, 2002). A frame-shift caused by insertion 3 (1
bp) extended Fp9.032 by 143 aa. Based on comparison of Fp9.032 and Fpv032 with
similar host proteins, we, and others (MacLea et al., 2003), believe this to be a clear
example where the mutagenic event was not an insertion in FP9 but a deletion in FPVUS
(or in one of its precursors following divergence from the European lineage). Similarly,
an apparent 1 bp deletion (deletion 3) in FP9 resulted in a 15 aa N-terminal extension to
Fp9.011. The extension aligns better with the N-terminus of cellular a.-SNAP (soluble
NSF-attachment protein) than does the N-terminus of FpvO11 (Fig. 2), indicating that an
insertion might have occurred in fpv011, disrupting the encoded N-terminus. Frame-
shifts caused by 3 more insertions (insertions 6, 13 and 15) led to truncation of ORFs in
FP9 relative to FPVUS (products of ORFs 104, 207 and 229 being shortened by 70, 16

and 39 aa, respectively).

We reasoned that some of the differences observed between virulent FPVUS and
attenuated FP9 might represent differences that had arisen between US and European
lineages during evolution from a presumed common ancestor, rather than mutations that
occurred during tissue culture passage, and concomitant attenuation, to generate FP9. The
virulent progenitor of FP9, HP1, had been propagated in embryonated eggs, then
passaged on CEFs (Mayr, 1960), progressively improving its ability to replicate on CEFs
(the recovered titre increasing from 10* to more than 10" ml") but losing virulence for
chickens. Passage 438 virus (HP1-438), avirulent even for day old chicks following
intravenous inoculation (Mayr & Malicki, 1966), was thrice plaque purified at the former

Houghton Poultry Research Station (now the Institute for Animal Health) to produce
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attenuated strain FP9 (HP1-441 Munich FP9). The sequence of HP1 was determined at
the equivalent of every position where FP9 differed from the US strain. This allowed us
to distinguish differences between US and European lineages from mutations that

accumulated during tissue culture passage.

Overall comparison of virulent American and European FPVs. The sequence of HP1
was determined at all the loci where differences between FPVUS and FP9 were observed
(Tables 1, 2 and 3, Fig. 3 and supplemental material). At 68 of those 118 loci (58 %), the
HP1 sequence differed from that of FPVUS and was identical to that of FP9. Therefore
more than half of the differences observed between FPVUS and FP9 represent
differences between virulent viruses (FPVUS and HP1) in the two geographic lineages
(Tables 1, 2 and 3, Fig. 3 and supplemental material). These geographic lineage-specific
differences accounted for 66 % of the single base substitutions (51 out of 77) and of the

insertions (10 out of 15) but only a minority of the deletions (7 out of 26; 27 %).

Of the differences causing amino acid substitutions in FP9 relative to FPVUS, 28 out of
45 (62 %) were also found in HP1 and so were geographic lineage-specific. Of the silent,
single base mutations, 14 out of 18 (78 %) were geographic lineage-specific. The NS:S
ratio for geographic lineage specific differences was therefore 2 (28/14). Of the 10 single

base pair mutations in intergenic regions of FP9, nine were geographic lineage-specific.
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346  Overall comparison of FP9 with FPVUS had indicated that 71 ORFs were mutated in
347  some way. Of those, 25 ORFs had only mutations that differentiated the geographic
348  lineages.

349

350  Overall comparison of virulent and attenuated European FPV. At 50 of the 118 loci
351  sequenced in HP1, the HP1 sequence was different from that of FP9 and was identical to
352  that of FPVUS (although in three cases we observed a mixture of FPVUS-like and FP9-
353  like sequences). These differences between HP1 and FP9 represent passage-specific
354  mutations (Tables 1, 2 and 3, Fig. 3 and supplemental material), which could contribute
355  to tissue culture adaptation and attenuation.

356

357  Of the 26 deletions seen to distinguish FP9 from FPVUS, 19 (73 %) also distinguished
358  FP9 from HP1 and thus were passage-specific (with both wild-type and deleted alleles
359  found in HP1 at the sites of deletions 11 and 22). In contrast, only 5 of the 15 insertions
360 (33 %) were passage-specific.

361

362 Of the amino acid substitutions found in FP9, relative to FPVUS, 17 out of 45 (38 %)
363  were not found in HP1 and so were passage-specific (whilst cycle sequencing of a PCR
364  product from HP1 revealed the presence of both FPVUS and FP9 alleles at a position
365 equivalent to FP9 nucleotide 159127). Of the silent, single base mutations, 4 out of 18
366 (22 %) were passage-specific so the NS:S ratio for passage specific substitutions was

367  4.25(17/4). Although all four nonsense mutations had occurred during tissue culture
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passage, only one out of the 10 single base pair mutations found in intergenic regions of

FP9 had been generated during that process.

Overall, this analysis indicated that tissue culture adaptation (and concomitant
attenuation) resulted from passage-specific mutations to no more than 46 ORFs (18 % of
the 260 ORFs found in FPVUS). This result is based on the assumption that all the
geographic lineage-specific differences have been accounted for by comparison of HP1
and FPVUS at all the FPVUS-FP9 divergent loci. For single base substitutions, we feel
this is a reasonable assumption. We are aware that it is difficult, from our results, to
exclude the possibility that HP1 carries sequences additional to those found in FPVUS
but those same sequences would have had to have been deleted faithfully during passage
and attenuation of FP9 to create identical loci in FP9 and FPVUS. Although we believe
any such event would have been unlikely, it is possible that such additional sequences
might have rendered HP1 more virulent than FPVUS. Unfortunately comparisons of
virulence have not been performed. FPVUS DNA is not available to us to enable
screening for additional sequences in HP1 and it is difficult to justify sequencing the
complete genome of HP1. However, even if additional sequences were present in HP1,
even if they were faithfully removed in the passage to FP9 and even if they contributed to
additional virulence, we can assume the passage/attenuation changes we observed would
account for attenuation of a European virus with virulence characteristics essentially

equivalent to those of FPVUS.
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Comparison of the severity of lineage-specific and passage-specific mutations. The
geographic lineage-specific mutations, which distinguished FPVUS from both European
viruses (HP1 and FP9), were generally less disruptive and, therefore, likely to be less
dramatic in their phenotypic effect than the passage-specific mutations, which
distinguished attenuated FP9 from both virulent viruses (FPVUS and HP1). Thus, the
geographic lineage-specific deletions (which comprised only 27 % of the deletions)
probably had relatively minor consequences: two were intergenic, one resulted in the N-
terminal extension of a-SNAP-like protein Fp9.011, two resulted in new ORFs at the
genomic termini and two had minor effects on the A-type inclusion (ATI) protein-like
genes. In contrast, the passage-specific deletions had severe consequences, including
complete deletion of 13 genes (Table 2). The geographic lineage-specific insertions,
which comprised 67% of the insertions, were also less disruptive (only one out of 10
caused a truncating frame-shift) than the passage-specific insertions (where 2 out of five
caused truncating frame-shifts; Table 3). All four nonsense (terminating) mutations were
passage-specific. Amongst the single base mutations, the NS: S ratio, which was 2.5
when FPVUS was compared to FP9, broke down to 2 for geographic lineage-specific
mutations but 4.25 for passage-specific mutations (Fig. 3). This indicates that there has

been selection for these coding changes during tissue-culture passage.

Targets of the passage-specific mutations. Of the 46 ORFs affected by passage-specific
mutations (18 % of the total genome complement), 12 encoded members of the ankyrin
repeat family. As this family consists of 31 members in FPVUS, it appears

disproportionately affected (39 %) by passage specific mutations. However, distribution
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of the ankyrin repeat genes is non-random (6 of them were removed by a single deletion).
Of the 8 C-type lectin-like family genes in FPVUS, 3 were disrupted by passage-specific
mutations in FP9, although 2 were duplicate copies in the inverted terminal repeats. Other
gene family members affected by passage-specific mutations were: the 2 duplicate
members (out of 3) of the Vaccinia virus C4L/C10L-like family (Afonso et al., 2000),
one out of 3 members of the G-protein coupled receptor family, one out of 5 V-type Ig
domain genes and one of the 3 Fowlpox virus EFc family genes (Afonso et al., 2000).
Two tandem members of the Variola virus strain Bangladesh B22R (B22R) family (with
6 copies in FPVUS) were affected by the 5.8 kbp deletion between the 47 bp direct
repeats but this resulted in formation of a novel chimaeric B22R-like ORF. The 3
mutations in FP9 that disrupted one of the two ORFs (Binns et al., 1990) with mutT
(nudix hydroxylase) motifs were all passage-specific. Two of the 10 members of the
Rabbit fibroma virus N1R/Ectromelia virus p28 (N1R/p28) gene family (Afonso et al.,
2000), implicated in virulence in other poxviruses, were deleted by passage-specific

mutations.

Not all of the mutations, however, were to members of gene families. Those single copy
genes disrupted or deleted by passage-specific mutations included: ORFs 066, 070
(mouse T10-like), 071 (resembling a conserved DNA/pantothenate metabolism
flavoprotein), 104, 158 (photolyase), 160, 190 (A-type inclusion protein), 220 and 221
(Vaccinia virus A47L-like and fpv.229-like). The disruption of ORF 070 is interesting as
the murine T10 gene product is specifically expressed at high levels in epithelial cells of

the respiratory tract early in embryogenesis (Halford et al., 1993). Afonso et al. (2000)
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speculated that the viral homologue might be involved in the tropism of Fowlpox virus to

such tissues in the chicken.

Comparison with attenuation in sheep & goat poxviruses. Our observation that gene
families, especially members of the ankyrin repeat protein family, were
disproportionately affected by passage-specific mutations is in accord with the
observations of Tulman et al. (2002) for a Sheeppox virus vaccine strain, attenuated by 30
cell culture passages. Seventeen (out of 156) sheeppox virus proteins are affected but the
only disrupted genes encode two out of the 5 members of the ankyrin repeat protein
family. In the Goatpox virus vaccine (attenuated by 20 cell culture passages), only 6
proteins were affected but these included all three members of the kelch-like protein
family, one encoded by the only gene disrupted in the vaccine virus (no kelch-like

proteins are encoded by Fowlpox virus).

Conclusions. Our data reinforce the initial indication, obtained from analysis of
sheeppox virus and goatpox virus vaccines (Tulman ez al., 2002), that attenuation of
poxviruses by tissue culture passage could be driven by the loss of members of multigene
families, especially of those encoding ankyrin repeat proteins. This was somewhat
surprising as it might have been predicted that loss of immunomodulators, which are
generally non-essential in tissue culture, would be the mechanism of attenuation. A
similar situation has, however, been observed in the related African swine fever virus
(Neilan et al., 2002). This observation provides a rationale for strategies to attenuate

poxviruses by targeting members of the gene families for disruption. However, it says

Attenuated fowlpox virus FP9 genome sequence Laidlaw & Skinner 20 of 48



459

460

461

462

463

464

465

466

467

468

469

470

471
472

473

474

475

476

477

478

479
480

481
482

nothing yet about the mechanisms involved. Ankyrin repeat proteins have been
implicated in host-range in poxviruses (Perkus ef al., 1990) and in immunomodulation in
the related African swine fever virus (Powell et al., 1996; Miskin et al., 1998). There is,
however, a vast range of host proteins containing ankyrin repeats, which are frequently
involved in protein-protein interactions (Mosavi et al., 2002). Thus, if the deleted ankyrin
repeat proteins are involved in attenuation, elucidation of the mechanism(s) of attenuation
will require identification of the relevant cellular (or viral) ligands. The possible role of
more subtle mutations to essential poxvirus proteins should not be ignored, as such
mutations have been found in the attenuated Sheeppox virus, Goatpox virus (Tulman et
al., 2002) and now Fowlpox virus. It would clearly be helpful to see if independently
passaged and attenuated strains of Fowlpox virus acquire mutations in any of the genes

found to be mutated in FP9.
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Tables

Table 1. FP9 open reading frames. *To avoid confusion, the numbering system of Afonso
et al. (2000) has been adopted for FP9 ORFs (rather than sequential numbering based on
the FP9 sequence). To differentiate ORFs from the two viruses, the FP9 ORFs carry the
prefix ‘fp9.”. Where ORFs are not accommodated by the numbering system described
above, they are represented by a suffix. It has become common to use the suffix .5’ for
such genes but this lacks the flexibility to cope with multiple, intergenic ORFs so a
sequential system has been used. Thus fp9.179.1 represents the first small ORF between
fp9.179 and fp9.180. Abbreviations: “Del” - deleted, “Ext” — extended (N- or C-
terminal), “Trunc” — truncated (N- or C-terminal), “Int Ins” — internal insertion, “Int Del”
— internal deletion, “Kozak™ — change to context of Kozak initiator codon sequence, “f/s”
— frameshift. ¥ At some loci in HP1, both FPVUS and FP9 alleles could be observed.
This was taken as indicating that the change observed in FP9 had already occurred during
the very few early passages of HP1 (or that HP1 was a mixed population) but that they
had not yet been selected out. Passage-specific changes are represented by changes
relative to FPVUS and HP1. Geographic lineage-specific changes appear as changes
relative to FPVUS only. & The prediction of product structure or function is according to
that used previously (Afonso et al., 2000), updated by BLAST analysis against the
current NCBI databases or as described in the text. Updated entries (including BLAST

best hits, where appropriate) are indicated by bold, red text.
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Table 1

ORF From  To Orient Length v. FPVUS v. HP1 Product structure and/or function predicted by similarity Similar

No. (aa) ORFs

(fp9.)* Alength Overall Changes Changest VACV MCV

(aa)

001 /] Missing Deleted Deleted Identical to Fpv260. C-type lectin-like A40R
family (NK13_RAT P27471)

002 4004 4672 222 Identical to Fp9.259

003 5137 5508 (c) 123 Identical to Fp9.258. C-type lectin-like A40R
family (Q8r4k5s CD69)

004 5762 6067 101 Identical to Fp9.257

005 5858 6226 (c) 122 Identical to Fp9.256. EFc family

006 6568 7824 418 4S-G 48-G Identical to Fp9.255. C4L/C10L-like family C10L

007 8236 8454 72 Identical to Fp9.254

008 8318 8821 167 Identical to Fp9.253. C-type lectin-like A40R
family

009 8685 8885 66 Identical to Fp9.252

010 9760 10827 (c) 355 317S-L Serpin family

011 10913 11794 (c) 293 +15  Ext-N f/s before aa 25 a-SNAP

012 12674 13669 (c) 331 Ankyrin repeat family

013 14344 14526 (c) 60 Kozak (-3T/A);

58W-C 58W-C

014 14552 15865 (c) 437 225D-E 225D-E Ankyrin repeat family

015 16286 16819 (c) 177 ™

016 16995 17711 (c) 238 IFNy-binding protein

017 17819 18556 (c) 245 V-type Ig domain

018 18632 20734 (c) 700 215A-E; 215A-E; Ankyrin repeat family

564V-A 564V-A

019 20816 21130 (c) 104

020 21665 22945 (c) 426 191T-A C4L/C10L-like family C10L

021 23036 23998 320 G-protein-coupled receptor family
(GPR1_HUMAN P46091)

022 24018 25754 (c) 578 Ankyrin repeat family

023 25835 27139 (c) 434 Ankyrin repeat family

024 27205 28995 (c) 596 96K-Q Ankyrin repeat family

025 29098 29709 (c) 203

026 30087 31397 (c) 436 186N-K 186N-K Ankyrin repeat family

027 31439 32434 331 -5 Trunc-C Del EISDI Del EISDI G-protein-coupled receptor family

028 32485 33027 180

Attenuated fowlpox virus FP9 genome sequence
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029
030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046
047
048
049
050
051
052
053

054

055
056
057
058
059
060
061
062
063
064

Attenuated fowlpox virus FP9 genome sequence

33674
34125
36703
37788
39310
40214
41645
42090
42556
43041
43529
44101
45196
45860
45901
47629
49811
48754
49918
52206
53067
53552
55242
56186
58103

59371

59704
60695
61167
63049
66365
67069
68009
68494
69198
70572

34024
36578
37728
38915
40173
41461
42052
42551
43044
43478
44056
45114
45816
46117
47595
48705
50032
49866
51756
52991
53531
55210
56111
58099
58780

59454

60531
61180
63068
65424
67024
67635
68398
69150
70400
71174

©

©
©

(©
©

©
©

©
©

©
©

©
©

©

©

©

©

©

©
©

116
817
341
375
287
415
135
153
162
145
175
337
206

85
564
358

73
370
612
261
154
552
289
637
225

27

275
161
633
791
219
188
129
218
400
200

-8  Trunc-C
+143  Ext-N
-204  Trunc-C

f/s after aa 105 f/s after aa 105

101F-L 101F-L

f/s before aa 7

251IN-K

11IM-T; 11IM-T;

f/s after aa 25; f/s after aa 25;

f/s after aa 101 f/s after aa 101

524L-1

100Y-H 100Y-H
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Conserved hypothetical protein CGI-147
Alkaline phosphodiesterase PC1

Ankyrin repeat family

DNase I, DLAD

a-SNAP

Ankyrin repeat family

™

dUTP pyrophosphatase
Mcl-1, Bel-2

Serpin family

™

DNA ligase IIT
Serpin family

Hydroxysteroid dehydrogenase
Semaphorin

ELOVLA4, GNS1/SUR4

VLTF-2

Rifampicin resistance protein

mRNA capping enzyme, Small subunit
NPH-I, transcription termination factor

MutT motif (nudix hydrolase); gene
expression regulator

MutT motif (nudix hydrolase);

V-type Ig domain

RPO18

VETFg

NTPase; DNA replication
Deoxycytidine kinase

CC chemokine family
CC chemokine family
Uracil DNA glycosylase

PHGPX/GPX-4

F2L

A50R

A44L
A39R

AlL

D13L
D12L
DI1IL
DI10R

D9R

D7R
D6R
D5R

D4R

MC152R

MCI103L
MCI102L
MCI101L
MCI100R
MCO099R

MCO098R

MCO097R
MCO095R
MC094R

MCO093R

MCO066L



065
066
067
068
069
070
071

072
073

074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098

099

Attenuated fowlpox virus FP9 genome sequence

71178
71722
71972
72614
73089
74027
75909

76308
76890

77669
77987
78655
79201
79551
80222
80560
81723
83587
85668
86936
88109
88364
88992
89300
90173
90377
91477
93389
93781
94092
97050
97861

/
99702

105327

71513
71856
72244
73015
73901
74203
76121

76868
77414

77983
78586
79089
79578
80228
80533
81651
83603
85635
86933
88108
88354
88915
89267
90172
90370
91312
93447
93784
94065
97058
97868
99576
/
105086

111176

©

©

©

©
©

(©

(©

©
©

©

©
©

©

©

111
44
90

133

270
58
70

186
174

104
199
144
125
103
225
363
626
682
421
390

81
183

91
290

65
311
656
131

94
988
272
571

1794

1949

-78  Trunc-C E45 to STOP E45 to STOP
-215  Trunc-C f/s after aa 55 f/s after aa 55
-219  Trunc-C Y71 to STOP; Y71 to STOP;

253E to STOP 253E to STOP
L238-R
S94-T S94-T
S8-R S8-R
840E-Q
Missing fused with 098 fused with 098
-8 +G after aa 771;
fused with 097 fused with 097
(after aa 1234) (after aa 1234)

Laidlaw & Skinner

31 of 48

HT motif family

Virion protein

T10 gene product

Conserved DNA/pantothenate
metabolism flavoprotein

b-NGF

Contains GxGxxG nucleotide binding

motif

™

N1R/p28 family

B-NGF

Glutaredoxin

™

Putative elongation factor
TGF-B

Metalloprotease

RNA helicase/NPH-II
Virion core cysteine proteinase

Thymidine kinase
HT motif family
DNA-binding phosphoprotein

DNA-binding virion core protein
Virion core protein

Potential redox protein ERV1
DNA polymerase

VAR B22R family
VAR B22R family

VAR B22R family MCO35R

D3R

G4L
G3L
G2R

GI1L
I8R
I7L
I6L
I5L
J2R

I3L
2L
I1L
Ol1L
ElIL
EIO0R
EOL
E8R
E6R

MCO092R

MCO059L
MCO57L
MCO058R

MCO056L
MCO50R
MC049L
MC048L
MC047L

MCO046L
MCO045L
MC044L
MCO042L
MCO041L
MCO040R
MCO039L
MCO038R
MCO037R
MCO035R
MCO035R



100
101
102
103
104
105
106
107

108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

126
127
128
129
130
131
132
133
134
135
136
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111243
111844
113984
115396
115817
116576
117314
117577

123092
124263
126195
127628
128937
129669
130239
131957
133590
134498
135822
136013
136544
137979
139246
144889

/

/

150968
151763
152774
153540
153820
154751
155513
155853
156332
157255
157805

111791
113997
115402
115740
116239
117022
117529
122910

124225
126155
127550
128962
129578
129869
130790
132682
133952
135820
136013
136579
137575
138344
144858
150189
/

/

151750
152773
153505
153830
154725
155512
155902
156299
157258
157815
158218

182
717

472

(© 114
140

148

71

(© 1777

377
630

451

444

213

66

183

241

120

440

63

188

(© 343
121

() 1870
() 1766

260

336

243

9%

(© 301
253

129

148

308

186

(© 137

406F-C

-70  Trunc-C f/s after aa 131 f/s after aa 131
S54-F
297V-A;
525G-S
-301  Trunc-C f/s after aa 233 f/s after aa 233
Missing Deleted *Deleted
Missing Deleted *Deleted
230D-Y 230D-Y
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RNA polymerase subunit RPO30

Poly(A) polymerase
DNA-binding virion core phosphoprotein

VAR B22R family

Virion envelope protein; membrane
Virion release

Ser/Thr protein kinase; virus assembly
Putative membrane protein

HAL3 domain
Ankyrin repeat family
CC chemokine family

RNA polymerase subunit unit RP07

Virion core protein

CC chemokine family

VAR B22R family

VAR B22R family

N1R/p28 family

V-type Ig domain, similarity to repeat
element found in titin

VLTF-1

Mpyristylated protein

Myristylated membrane protein

DNA-binding virion core protein VP8
Putative membrane protein

Poly(A) polymerase PAPS
RNA polymerase subunit RPO22
Membrane protein

E4L
E2L
EIL
F17R

F15L

F13L
F12L
F11L
F10L
FOL

MIL

G5R
G5.5R
G6R
G7L

G8R
G9R
LIR

L3L

L5R
JIR
J3R
J4R
J5L

MCO034L
MCO032L
MCO031L
MCO30R

MCO025L

MCO035R

MCO021L
MCO019L
MCO018L
MCO17L
MCO16L

MCO060R
MCO061R
MCO062R
MCO065L

MCO035R
MCO035R

MCO067R
MCO068R
MCO069R
MCO70R
MCO072L
MCO073R

MCO75R
MCO076R
MCO77R
MCO078L



137

138
139
140
141

142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

158259

162131
162647
163377
164361

166901
167426
168381
168802
169121
171735
172046
172733
173360
174230
174947
175429
176280
176761
178243
178687
179712

/

/
180382
182233
184277
185560
187796
188470
188703
190739
191752
192250
193378

162122

162631
163219
164360
166757

167425
168376
168839
169113
171676
172049
172465
173293
174190
174937
175330
176055
176732
177987
178641
179622
180314
/

/

180855
184044
185068
186729
188473
188688
190676
191713
192255
193374
195504

©

©

©

©

©

©
©
©
©

©
©

1287

166
190
327
798

174
316
152
103
851
104
139
186
276
235
127
208
150
408
132
311
200

157
603
263
389
225

72
657
324
167
374
708

-264

+6

+36

Attenuated fowlpox virus FP9 genome sequence

Trunc-C
Missing
Missing

Int Ins

Int Ins

Int Del

29D-N;
290P-L
146Y-S

*290P-L

34E-A;
249N-D;
330A-D

99R-Q

66S-P
86Q-K
f/s after aa 182

Deleted
Deleted

f/s after aa 182
Deleted
Deleted

+DADDVD

+(TSSSVSGLAPQG);

115K-E;
348F-C;
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RNA polymerase subunit RPO147

Protein-tyrosine phosphatase

Virion envelope protein p35
RNA polymerase-associated protein RAP94

virus VLTF-4
DNA topoisomerase
Putative 17-kDa protein

mRNA capping enzyme, large subunit
HT motif family
Virion protein

N1R/p28 family, makorin
dCK
HT motif family

N1R/p28 family
HT motif family
N1R/p28 family
Photolyase

N1R/p28 family

N1R/p28 family
Ankyrin repeat family
N1R/p28 family

Late transcription factor VLTF-3
Virion redox protein

Virion core protein p4b
Immunodominant virion protein
RNA polymerase subunit RPO19

Early transcription factor VETF,

J6R

HI1L
H2R
H3L
H4L

H5R
H6R
H7R

DIR

D2L

A2L
A2.5L
A3L
A4L
A5R
A6L
ATL

MCO79R

MCO082L
MCO083R
MCO084L
MCO085L

MCO86R
MCO087R
MCO088R
MCO089L
MCO090R

MCO091L

MC104L
MCI105L
MC106L
MCI107L
MCI108R
MC109L
MCI110L



172
173
174
175
176
177
178
179
179.1

180
181
182
183
184
185
186
187
188
189

190

191

192
193
194
195
196
197
198
199
200
201

195570
196437
196668
199361
200186
200716
200912
201194
201487

201662
201939
203064
203675
205031
205645
205305
206946
207427
208605

212634

213920

215342
215782
216665
217069
217411
217762
218854
219430
220064
220882

196475
196667
199343
200185
200701
200922
201127
201469
201647

201955
203048
203660
205063
205297
206946
205646
207416
208578
212078

213884

215341

215767
216690
216889
217410
217773
218667
219375
220089
220861
221733

©
©
©

©

(©

©

©

©
©
©

©

301
76
891
274
171
68
71
91
53

97
369
198
462

88
433
113
156
383

1157

416

473

141
302

74
113
120
301
173
219
265
283

-4 Trunc-C
-204  Trunc-C
-1 Int Del

Attenuated fowlpox virus FP9 genome sequence

526RY-H_ 526RY-H_

213Y-S;

f/s after aa 1156

f/s after aa 409; f/s after aa 409;
f/s after aa 510; /s after aa 510
f/s after aa 606

73S-Y; 73S-Y;
220R-I; 220R-I;
369D13-12;

437V-L 437V-L
259K-N
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Intermediate transcription factor VITF-3
IMV membrane protein
Virion core protein p4a

Virion protein

Virion protein
Virion envelope protein

Non-essential IMV membrane protein;
not annotated in FPVUS

Putative myristylated membrane protein

Phosphorylated virion membrane protein
DNA helicase; transcriptional elongation
Processivity factor

DNA processing protein

Intermediate transcription factor VITF-3

RNA polymerase subunit RPO132

A-type inclusion protein

Virion occlusion protein, p4c

RNA polymerase subunit RPO35

Virion assembly protein
C-type lectin like

V-type Ig domain, (Q8jfm9)
V-type Ig domain

A8R
A9L
A10L
AlIR
Al12L

A13L
Al4L
Al4.5L

Al15L
Al6L
Al7L
A18R
A19L
A20R
A2IL
A22R
A23R
A24R

A28L
A20L
A30L
A3IR

A32L
A34R

MCI111R
MCI112L
MCI113L
MCI114R
MCI115L

MCI117L
MC118L
MCI119L

MCI120L
MCI121L
MCI122L
MCI123R
MC124L
MCI126R
MCI125L
MCI127R
MCI128R
MCI129R

MC130L

MC133L

MC134L
MCI135L
MC136L
MC138R

MC140L
MC143R

MC144R



202
203
204
205
206

207

208
209
210
211
212
213
214
215
216
217
218
219

220
221
222
223
224
225
226
227
228
229

230
231
232
233
234
235

221617
222056
222949
223980
224751

225687

226876
227345
228241
228380
228760
229722
230548
231035
231627
232946
233972
235387

/

/
236361
236845
237275
238092
238409
239340
240516
243385

243942
244472
245509
247000
248569
249874

221919
222913
223977
224636
225677

225941

227079
227737
228441
228757
229671
230228
230922
231259
232517
233932
235357
236340

/

/

236633
237270
237715
238406
239287
240425
242093
243810

244508
245242
246957
248538
249855
250305

©

©

(©

©

100
285
342
218
308

84

67
130

66
125
303
168
124

74
296
328
461
317

90
141
146
104
292
361
525
141

188
256
482
512
428
143

-16

+6

-117

-657

Attenuated fowlpox virus FP9 genome sequence

16L-F

Trunc-C 78T-1; 78T-I;
f/s after aa 83 f/s after aa 83

Ext-C f/s after aa 157 f/s after aa 157

Trunc-C Deletion & f/s *Deletion & f/s
(after aa 314) (after aa 314)

Missing Deleted *Deleted

Missing Deleted *Deleted

Trunc-N Pseudo from aa Met658 *Pseudo from aa Met658
446H-R

Trunc-C 107Q-K;
f/s after aa 140
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Tyrosine protein kinase
Serpin family

G-protein-coupled receptor family
(EBI2_HUMAN P32249)

HT motif family

EGF-like protein (AAH09138)
Ser/Thr protein kinase

Putative 13.7-kDa protein, IL-18bp motif

Ankyrin repeat family
Nucleopolyhedrovirus protein (Q8h9e8)
Ankyrin repeat family
Ankyrin repeat family

Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family

Ser/Thr PK

Ankyrin repeat family
Ankyrin repeat family
Similar to ORF 221 & A47L

Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
C-type lectin-like family
(Q8HY10)

CI1R
BIR

A47L

B20R
BIR

A40R



692
693

236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

254
255
256
257
258

259
260

250308
251159
251915
251619
252088

~ ~ ~ ~ ~ — ~

254020
254856
255402
255940
257261
257325

257692
258322
259920
260079
260638

261474
/

251150
251362
252100
251969
253320

~ ~ ~ ~ ~ — ~

254475
255173
255824
256386
257461
257828

257910
259578
260288
260384
261009

262142
/

©

©

©

©
©

©

©

280
67
61

116

410

151
105
140
148

66
167

72
418
122
101
123

222

Trunc-C

Missing
Missing
Missing
Missing
Missing
Missing
Missing

Missing

W117 to STOP

Deleted
Deleted
Deleted
Deleted
Deleted
Deleted
Deleted

110S-L

45-G

Deleted

W117 to STOP

Deleted
Deleted
Deleted
Deleted
Deleted
Deleted
Deleted

45-G

Deleted

N1R/p28 gene family

C-type lectin-like family
Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
Ankyrin repeat family
EFc family

N1R/p28 family

Mareks disease virus MDV1 S2

Serpin family

Identical to Fp9.009

Identical to Fp9.008. C-type lectin-like
family

Identical to Fp9.007

Identical to Fp9.006. C4L/C10L-like family
Identical to Fp9.005. EFc family

Identical to Fp9.004

Identical to Fp9.003. C-type lectin-like
family (Q8r4ks CD69)

Identical to Fp9.002

Identical to Fpv.001. C-type lectin-like
family (NK13_RAT P27471)

A40R

C10L

A40R

A40R

Attenuated fowlpox virus FP9 genome sequence
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694

695

696

697

698

Table 2. Summary of deletions observed in FP9 relative to FPVUS. Deletions are indicated as the preceding base positions in FP9.

Abbreviations: “Del” - deleted, “term” - terminal, “f/s” — frameshift. Underscore indicates deleted amino acids. *At some loci in HP1, indicated

by *, both FPVUS and FP9 alleles could be observed. This was taken as indicating that the change observed in FP9 had already occurred during

the very few early passages of HP1 (or that HP1 was a mixed population) but that they had not yet been selected out.

Deletion  Position Size ORF OREF size OREF change *Deleted Nature of deletion or product of
No. (bp) affected difference from HP1? affected ORF
(aa)
1/26 144/265992 -1 Yes Create terminal ORFs
2/25 3982/262163 -1534 001 No A40R
3 11719 -1 011 +15 N-term ext Yes a-SNAP
4 32425 -15 027 -5 Del C-term EISDI No G-protein-coupled receptor
5 33708 -1 029 -8 C-term f/s No Conserved hypothetical protein
6 59153 -1 054 -204  f/s after aa 101 No DO9R, MutT, nudix hydrolase
7 59378 -4 « “ {/s after aa 25 No D9R, MutT, nudix hydrolase
8 74189 -1 070 -215  f/s after aa 55 No T10
9 101431 -5831 097 fuse with 098 No Deletion makes fusion protein
9 098 -8  fuse with 097 Deletion makes fusion protein
10 132656 -17 115 -301  f/s after aa 233 No Ankyrin repeat family
11 150465 -3426 124 Yes/No* N1R/p28
125 V-type Ig
12 163376 -23  Intergenic No Intergenic
13 180256 -2187 158 -264 No Photolyase
159 N1R/p28
160 ?
14 193928 -3 171 -1 526RY-H_ No VETF,, A7L
15 212069 -2 190 -204  f/s after aa 606 Yes A-type inclusion protein (ATI)
16 212354 -2 “ “ f/s after aa 510 No “
Attenuated fowlpox virus FP9 genome sequence Laidlaw & Skinner 37 of 48



17 212658 -1 « “ /s after aa 409 No «

18 214219 -3 191 -1 369D,;to Dy, Yes Virion occlusion protein (ATI-like)

19 218749 -2 Intergenic Yes Small, intergenic

20 230193 -1 213 +6 f/s after aa 157 No ?

21 231411 -27  Intergenic Yes Intergenic

22 236329 -2942 219 -117 Yes/No* Ankyrin repeat family
220 Yes/No* ?
221 Yes/No* A47L
222 -657 Yes/No* Ankyrin repeat family

23 240466 -1 Intergenic No Small, intergenic

24 253774 -9334 241 No Ankyrin repeat family
242 No Ankyrin repeat family
243 No Ankyrin repeat family
244 No Ankyrin repeat family
245 No Ankyrin repeat family
246 No Ankyrin repeat family
247 No EFc family

699
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700

701

702

703

Table 3. Summary of insertions observed in FP9 relative to FPVUS. Insertions are indicated as the preceding base positions in FP9.

Abbreviations: “term” - terminal, “f/s” — frameshift.

Insertion Position Size ORF OREF size OREF change Inserted Nature of insertion or
No. (bp) affected difference sequence affected ORF
(aa) present in
HP1?
1 14520 7 Intergenic 0 Kozak initiator (-3T/A)  Yes ?
2 33652 1 Intergenic No Small, intergenic
3 38897 1 032 +143  N-term f/s Yes DNasell/DLAD
4 38926 9 Intergenic Yes Small, intergenic
5 102783 3 098/097 +G Yes Chimaeric B22R
6 116201 2 104 =70 f/s No Nuclease?
7 117281 1 Intergenic Yes Small, intergenic
8 117304 1 Intergenic Yes Small, intergenic
9 130215 1 Intergenic Yes Small, intergenic
10 186529 18 164 +6  + internal DADDVD Yes ?
11 191282 108 168 +36 + internal Yes A4L 39k
(TSSSVSGLAPQG), immunodominant core
protein
12 216920 1 Intergenic No Small, intergenic
13 225929 1 207 -16  f/s No ?
14 240489 2 Intergenic No Small, intergenic
15 243390 1 229 -39 f{/s Yes ?
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