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SUMMARY

The nucleotide sequence determination of the genome of the Beaundette strain of the
coronavirus avian infectious bronchitis virus (IBV) has been completed. The complete
sequence has been obtained from 17 overlapping cDNA clones, the 5-most of which
contains the leader sequence (as determined by direct sequencing of the genome) and
the 3’-most of which contains the poly(A) tail. Approximately 8 kilobases at the 3" end
of this sequence have already been published. These contain the sequences of mRNAs
A to E within which are the genes for the spike, the membrane and the nucleocapsid
polypeptides: the main structural components of the virion. The remainder of the
sequence, equivalent to the ‘unique’ region of mRNA F, is some 20 kilobases in length
and is thought to code for a polymerase or polymerases which are involved in the
replication of the genome and the production of the subgenomic messenger RNAs.
This sequence contains two large open reading frames, potentially coding for
polypeptides of molecular weights 441000 and 300000. Unlike other large open
reading frames in the virus, the 300000 open reading frame appears to have no
subgenomic RNA associated with it which would allow it to be at the 5" end of an
mRNA species. Because of this, and because of the characteristics of the sequence in
the region immediately upstream of its start codon, other mechanisms of translation,
such as ribosome slippage, must be postulated.

INTRODUCTION

Avian infectious bronchitis virus (IBV) is the type species of the family Coronaviridae
(Siddell et al., 1983a). Coronaviruses are enveloped, pleomorphic particles with a distinctive
‘corona’ of club-shaped surface projections, and a large single-stranded RN A genome of positive
polarity (Siddell ef al., 1983b). In infected cells, in addition to genome-sized RNA, a number of
subgenomic RNAs can be detected which have a common 3’ terminus, but extend for different
lengths in the 5’ direction, forming a nested set (Stern & Kennedy, 19804, b; Leibowitz et al.,
1981). In the case of IBV these are designated mRNAs A to F, nRNA A being the smallest and
mRNA F being of genome length. In vitro translation studies have demonstrated that mRNAs
A, C and E code for the nucleocapsid polypeptide, the membrane polypeptide and the precursor
polypeptide to the spike or surface projection respectively (Stern & Sefton, 1984). These three
polypeptides form the three known structural proteins of coronavirus virions (Cavanagh, 1981).
Sequencing of cDNA clones derived from IBV genomic RNA has shown that, in the case of
mRNAs A, C and E, only the 5" region of each mRNA which is not present in the next smaliest
mRNA is translated (Boursnell et al., 19854, 1984; Binns et al., 1985b). This region is often
referred to, for convenience, as the ‘unique’ region of the particular nRNA. For mRNAs B and
D the situation is more complicated in that each mRNA has more than one open reading frame
(ORF) and also has ORFs overlapping the next smallest mRNA (Boursnell & Brown, 1984;
Boursnell et al., 19855).

The genome of IBV is infectious (Lomniczi, 1977) indicating that it has a messenger function.
There is also no evidence for a virion-associated RNA polymerase (Schochetman et al., 1977).
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On entry into the cell therefore the virion RNA probably codes for a polymerase, the gene for
which must lie in the large 5’ region of the genome, the ‘unique’ region of mRNA F, which does
not contain the genes for the structural polypeptides. This polymerase would then be used to
synthesize a negative-stranded template. The negative strand could then be used by another
polymerase, or a modified form of the same polymerase, to produce the subgenomic mRNAs
and virion RNA. Both the negative strand and two distinct polymerase activities have been
detected in cells infected with the coronavirus mouse hepatitis virus (MHV) (Lai et al., 1982;
Brayton et al., 1982). Translation of MHV virion RNA in reticulocyte lysates produced three
structurally related polypeptides of molecular weights greater than 200000 (200K) (Leibowitz et
al., 1982).

In this paper we present the nucleotide sequence, obtained from cDNA clones, of the ‘unique’
region of mRNA F, the genome-sized mRNA. The sequence of approximately 8 kilobases from
the 3" end of the genome, containing the genes for the major structural polypeptides, has already
been published (Boursnell & Brown, 1984 ; Boursnell et al., 1984, 19854, b; Binns et al., 1985b).
The 20500 bases of sequence reported here complete the sequence of the IBV genome, which is,
as far as we are aware, the first complete sequence of a coronavirus and the largest RNA virus
sequenced to date.

METHODS

¢DNA cloning. Seventeen cDNA clones covering the 3-most 27 569 kb of the genome have been obtained. These
are shown in Fig. 1. They have been derived from RNA isolated from gradient-purified virus of the Beaudette
strain (Beaudette & Hudson, 1937; Brown & Boursnell, 1984). cDNA has been obtained by three methods:
oligo(dT) priming (Brown & Boursnell, 1984), priming with specific oligonucleotides (Boursnell et al., 1984) and
random priming with calf thymus DNA oligonucleotides (Binns ef al., 19854). The Southern blotting technique
was used to identify overlapping clones {Southern, 1975). Specific cDNA clones were identified using ‘prime-cut’
probes. These are made by synthesizing labelled DNA from selected M13 clones using the normal sequencing
primer, cutting with a restriction enzyme, and eluting the labelled, single-stranded probe from denaturing
acrylamide gels (Biggin er al., 1984).

Subcloning for M3 sequencing. Random subclones of each cDNA clone were generated by sonication
(Deininger, 1983) and subcloning into Smal-cut, phosphatase-treated M13mp10 (Amersham). Bacterial colonies
containing M13 with inserts were grown, transferred to nitrocellulose filters, and probed with nick-translated
purified viral insert DNA from the cDNA clone. Single-stranded templates were prepared from M13 clones
identified as viral in this way.

DNA sequencing. Sequencing was carried out by the dideoxy method (Sanger et al., 1977; Bankier & Barrell,
1983). [x->SS]dATP was used in the sequencing reactions and the products were analysed on buffer gradient gels
(Biggin et al., 1983). Additional sequencing information was obtained by reverse sequencing (Hong, 1981). For
regions containing compressions due to DNA secondary structure, sequencing samples were run on hot (80 °C)
gels or gels containing 42%, formamide. For some regions cytosine residues were modified by the method of
Ambartsumyan & Mazo (1980) prior to separating on gels, to reduce GC base pairing. Deoxyinosine triphosphate
(Bankier & Barrell, 1983) and deoxy-7-deazaguanosine triphosphate (Mizusawa et al., 1986) were used in place of
deoxyguanosine triphosphate in some cases, again to reduce GC base pairing. For sequencing directly from the
viral RNA the method used was essentially as described by Caton et al. (1982).

Computer analysis of the sequence data. Sequence data were read directly into a BBC microcomputer using a
sonic digitizer (Graf/Bar, Science Accessories Corporation) and data were analysed on a VAX 11/750 using the
programs of Staden (19824, 5, 19844, b). Comparisons with the National Biomedical Research Foundation
(NBRF) protein identification resource was made using the programs SEARCH and FASTP (George et al., 1986,
Lipman & Pearson, 1985) and SEQHP (Kanehisa, 1982).

RESULTS
Selection of cDNA clones

The majority of the cDNA clones which have been used to obtain the sequence of the ‘unique’
region of mRNA F were produced by a random priming method (Binns ef al., 19854). Clone 182
was produced by priming with a specific oligonucleotide from existing sequence at the 5" end of
mRNA D. Clone 227 was identified as coming from the 5" end of the genome by probing a
random library with leader-specific probes. The randomly primed clones 217, 216, 204, 210, 205,
220 and 249 were mapped by identifying overlaps using Southern blotting. The nine clones were
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Fig. 1. Diagram showing the positions of all the cDNA clones used in obtaining the nucleotide
sequence. The squares at the end of some of the clones show the positions of oligonucleotide primers
used to prime synthesis of cDNA for adjacent clones. Above the clones are shown mRNAs A to F.

not contiguous but formed four blocks. cDNA clones in the region of the three remaining gaps
were obtained using specific oligonucleotide primers. Clones spanning the gaps were identified
using either ‘prime-cut’ probes (Biggin et al., 1984) made from M13 subclones of cDNA clones
on either side of the gap or by using Southern blotting. Five clones, 256, 263, BP3, BP5 and BP8
were identified in this way and the overlaps confirmed by sequencing. Fig. 1 shows the positions
of all the cDNA clones used in obtaining the complete sequence of the virus, and the positions of
the oligonucleotide primers.

DNA sequencing

Fourteen cDNA clones have been sequenced to obtain the complete sequence of the ‘unique’
region of mMRNA F, the genome-sized messenger RNA. The 20500 bases of sequence presented
here stretch from the 5" end of the genome to an arbitrary position 190 bases 3-wards of the end
of the body of mRNA E. The 39 nucleotides at the very 5 end of the genome have not been
obtained in cDNA clones from the Beaudette strain, and the sequence here is derived from
Maxam & Gilbert (1980) sequencing of primer-extended products from Beaudette virion RNA
(Brown et al., 1986). Fig. 2 shows the DNA sequence obained from the cDNA clones, with a
translation in single-letter amino acid code of the main ORFs.

Sequence analysis

Fig. 3 shows the positions of ORFs in this region. Most of the sequence encodes two very large
ORFs which could code for polypeptides of predicted molecular weights 441K and 300K. These
two large ORFs have been designated F1 and F2.

The first large ORF, F1, is not the first ORF to occur after the homology region. At position
131 there is an AUG codon followed by a small ORF which could code for a polypeptide of 11
amino acids. This AUG is the first initiation codon to occur on the genome. The second
initiation codon is at the start of F1. Both the large ORFs have a codon usage (Staden &
McLachlan, 1982) very similar to that of the genes for the structural polypeptides S, M and N.
The small ORF also appears to have the same codon usage, insofar as that is significant for such
a short sequence. After the end of the small ORF the reading frame is open, in the other two
possible frames, for a further 232 or 73 bases but the codon usage of the predicted amino acids
for these sections of ORF is not similar to that previously found for IBV. The sequence context
around the first AUG codon is not similar to that used by most eukaryotic nRNAs (Kozak,
1983) in that it has a pyrimidine at position — 3. The context around the second AUG on the
other hand has a purine at — 3, in addition to a C at positions — 1 and — 4, both of which mean
that it conforms well to the consensus for functional initiation codons.
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ACTTAAGATAGATATTAATATATATCTATTACACTAGCCTTGCGCTAGATTTTTAACTTAACAAAACGGACTTARATACCTACAGCTGGTCCTCATAGGT

m AP GHLSGFCY *
GTTCCATTGCAGTGCACTTTAGTGCCCTGGATGGCACCTGGLCACCTGTCAGGTTTTTGTTATTARARTCTTATTGTTGCTGGTATCACTGCTTGTTTTG

CCGTGTCTCACTTTATACATCTGTTGCTTGGGCTACCTAGTGTCCAGCGTCCTACGGGCGTCGTGGCTGGTTCGAGTOCOAGCARCCTCTCGTTCATCTA
GCGGTAGGLGGGTGTGTGGAAGTAGCACT TCAGACGTACCGGT TCTGTTGTGTGAAATACGGGGTCACCTCCCCCCACATACCTCTAAGGGLTTTTGAGE
CTAGCGTTGGGCTACGTTCTCGCATAAGGTCGGLTATACGACGT TTGTAGGGGG TAGTGCCAAACAACCCC TGAGGTGACAGGTTCTGGTGGTGTTTAGT

mMASSULKQGYVY SPKPRDUYILVSKDTIH®P
GAGCAGACATACARTAGACAGTGACAACATGGCTTCARGCCTAAARCAGGGAG TATCTCCCARACCACGGGATGTCATTCTTGTGTCCARAGACATCCCT

EQLCDALFFYTSHNPSIKTDYADAF AVYVRQKEFDRSLOQQT
GARCAACTTTGTGACGCTTTGTTTTICTATACGTCACATARCCCTAAGGAT TACGCTGATGCT T TTGCAGT TAGGCAGAAGT TTGACCGTAGTCTCCAGA

G KQF XFETVCGLFLLKGY¥YDKTITPGLGYPAKVYLKAT
CTGGGAAACAGTTCAARATT TGARACTGTGTGTGGTCTCT TECTCTTGAAGGGAGT TGACARRATARCACT TGGCGTCCCAGCARARGT TTTARAAGCCAC

S K LADLEDTIFGVYVSPLARIKYREZLLIKTACOQWSL TV
TTCTAAGTTGGCAGATTTAGAAGACATCTTTGGTGTCTCTCCTTTAGCGCGGAARGTACCGTGARTTGT TGARARCAGCGTGTCAGTGGTCTCTTACTGTA

E ALDVRAQGTLDETITFDPTETIULMWLQVYVAAKTIHUWVSSMA
GARGCACTGGATGTTCGTGCACAAACTCTCGATGAARTTTTIGACCCCACTGARATACTTTGGCTTCAGGTGGC TGCAAARATTCATGTTTCATCTATGE

mRRLVGEVTAKUVVMDALGSNLSALFIGIUVKQIQIAR
CARTGCGCAGGCTTGTTGGAGAAGTAACTGCARAAGTCATGGATGCTCTGGGC TCARRCTTGAGTGCTCTTTTTCARATTGTTAAACAARCAARTAGCCAG

I F O KALAIFENVNELPIDIRTIAALK®®MAFAKT CA ARSI
ARTCTTTCAARAGGCACTGGCTATTTTTGAGAATGTGAARTGAATTACCACAGCGTAT TGCAGCACT TAAGATGGCTTTTGCCAAGTGTGCTAGGTCAATT

TVVVVYERTLVYVYKETFAGTTCLASINGAUVAKTFTFETETLHP
ACTGTTGTGGTTGTTGAAAGAACTCTAGTTGTTAAAGAGT TCGCAGGAACTTGTCTTGCAAGCATTAATGGTGC TGTCGCAARATTCTTTGAAGAGTTGE

NGFMGSKTIFTTLATFTFIKEA AAVYVRVYVYENTIPNAPRTEGT
CARRCGGCTTCATGEGTTCTAAGATTTTCACAACACTTGCCTTCT TTAAAGAGGCAGE TGTGAGAGT TG TGGAGARCATACCARATGCACCGAGAGGTAC

K GFEVVGENAKXGTQVYVYVYVRGMRNDLTLLDAQKA ADTITP
TARGGGAT TTGAAGT TGTTGGCAATGCCAAAGGCACACAGGTAGT TGTGCGCGGCATGCGAARTGACT TARCAT TGCTTGACCAARRAAGCTGATATTCCT

VEPEGYSAIULDGHLTCYVYVFRSGDORTFYA AABAPLSGNTFA
GTTGAACCAGAAGGT TGGTCTGCAATTTTGGATGGACATCTTTGLTATGTCTTTAGGAGTGGTGATCGCTTTTATGCTGCACCTCTTTCAGGAARTTTTG

L SDVHCCERVYVYCLSDGVYTPETINDTGSGLTILAATIYSS
CTTTGAGTGATGTTCATTGCTGTGAGCGTGTAGTCTGTC TATCTGATGG TG TARCACCGGAGATAAATGATGGACTCATTCTAGCTGCARTCTACTCTTC

FSVSELVTALEKTEKTEGETPFI KTFULGHE KT FUVYAKTDAA AVYVSTF
TITTAGTGTCTCTGAGCTTGTARCAGCTCTTARARAGGGTGAACCATTCAAGT TCT TGGGCCATAAATTCGTGTATGCGARGGATGCAGCAGTGTCTTTT

TLAKAATIADVYVLRLFQSARVYIAEDVUWUSSFTETKSTSTF
ACTTTAGCGAAGGCTGCCACTATTGCAGATGTCTTGAGGCTGTTTCAATCAGC TCGTGTGATAGCAGAAGATGTTTGGTCTTCATTTACTGARRAGTCTT

EFWEKLAYGHKVYVRNLETETFUVYKTYVYVCKAQMSTIUVILAA
TTGAATTCTGGAAGCTTGCATATGGARAAGTGCGCAACCT TGAAGAAT TTGTGAAGACCTATGTTTGTAAGGCTCARATGTCGATTGTGATTCTAGCAGC

ViIGEDTIUWHLVYSQA@VIYKLTGEGVUY¥LULFTEKUYUVYVOFCDEKH HLUHK
AGTGETTGGAGAGGACATTTGGLATCTTGTCTCACAAGTCATCTATAAAT TAGGTGTTCTTTTTACTAAAGTCGTTGACTTTTGTGACARRCACTGERAR

G FCVYVQLKRAKLTIVTITETTFT CVLKSGVAQHCTFQALLLDA
GGTTTTTIGTGTACAGTTGARAAGAGCTAAGCTCATTGTCACCGAAACCTTCTGTGTTTTARRAGGAGT TGCACAGCATTGTTTTCARCTGCTGCTAGATG

I HSLYKSF K KTCALG GRTIMHGDODLLTFWEKTGSGVHKTIUVOQED
CAATACACTCTTTGTACAAGAGTTTTAAGAAGTGTGCACTTGGTAGARTCCATGGAGATTTRCTCT TCTGGAAAGGAGGTGTGCATAARATTGTTCAAGA

GDETIUWFDAIDSUVYDVVEDTLTSGVYVVYQEKTSTIDFEUWVCDDUV
TGGCGATGAAATATGGTTTGACGCCATTGATAGTGT TGATGTTGAAGATCTGGGTGTTGT TCAGGARARATCCAT TGATTTTGAGGTTTGCGATGACGTG

TLPENOQPGHMY @ IEDDGIKNYMFFRFI KIKDENTIYYT
ACACTTCCAGAAAACCAACCTGGTCATATGGTTCARATAGAGGATGATGGTAAGAACTACATGTTCTTCCGTTTTAAARAGGATGAGAACATTTATTATA
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PMSQLGAINVYCKAGGEKTVYTFGETTUVYQETLIPPPD
CACCARTGTCTCARCTTGGTGETATTARTGTGGT T TGCARAGCAGGCGGTAAGACTGTCACE TT TGGAGARAC TACAG TACARGAGATACCACCACC TEA

¥ VP IKVSIECCGEPYNTTIFIEKI KA AYZKTEH®PIEUVYVDTODL
TGTCGTGCCTATTAAGGTTAGCATAGARTGT TGTGGTGAACCATGGAATACGATCTTCAAGAAGGCTTATAAAGAGCC TATAGAAGTAGATACAGACCTC

TVvEQLLSVIYEKMNCDDLIKLFPEARPEPPPFENVAL
ACAGTAGAACAATTGCTCTCTGTGATCTATGAGARAATGTGTGACGACCTTAAATTGT T TCCAGAGGCACCAGAGCCTCCACCATTTGAGAATGTCGCAC

VOKNGXDLDE ECTIKSCHLTIY®RDYESDDDTITETETETDATE
TTGTTGATAAGAACGGTAARGATTTGGATTGTATARAATCTTGCCATTTGATCTATCGTGACTATGAGAGCGATGATGACATCGAGGAGGAAGATGCTGA

€ECDTDSGEAREECDTNSETCETEEDEDTX VYL ALIOQD
GGAGTGTGACACAGACTCAGGTGAAGCTGAGGAGTGTGACACTAATTCAGAATGTGAAGAAGAGGATGAGGATACTAARGTGTTGGCTCTTATACAAGAC

PASIKY®PLPLDEDYS SVYNGCTIUVHKDALUDVYVVYNLTPS
CCGGCAAGTATTARATACCCTCTGCCTCTTGATGAAGATTATAGCGTCTATAATGGATGTATTGTACACAAGGACGCTCTTGATGTTGTGAATTTACCAT

G EETFVVYVNNTCFEGAYVYKUPLPGKUVYVDVLCGCDUYWE GE AV
CTGGTGAAGAAACTTTTGTTGTCAATAACTGTTTTGAGGGAGCTGTTARACCACTTCCACAGAAGGTAGT TGATGTTCTTGGTGAC TGGGGAGAGGCTGT

DAQEQLCQQEPLQHTFEEPVENSTGSSKTITM®MTEDRDQ
TGATGCGCAAGAACAACTGTGTCAACAAGAGCCTCTGCAACATACCTTTGAARGAACCAGTCGAAAATTCTACTGGTAGTTCTAAGACAARTGACTGAACAA

VVVEOSQELPVVEQRDQQDVY VY YTPTODLEVYVAKETA AESTE
GTCGTTGTAGAAGATCAAGAACTACCTGTTGTTGAACAAGATCAGGATGTAGTTGTTTATACACCTACAGATCTTGAAGT TGCAARAGAARCAGCAGAAG

VDEFTILIFAVYVPKEEVVYSQKDGAQRQIKI QEPTIQVUVK
AGGTTGATGAGTTTATTCTCATTTTTGCTGTTCCTAAAGAAGAAGTTGTGTCCCAGARRGATGGGGCACAGAT TAAACAAGAGCCTATTCAAGTTGTTAA

PQREKKAKEKTFIKVYVKPATT CEKPKTFLEYKTCVGDLT
ACCACAACGTGAGARGAAGGCTARARAGT TCARAGTTAAACCAGCCACATGTGAGAARCCTAAATTTTTGGAGTATAAARRCATGTGTGGGTGATTTGACT

VVIAKALDETFZ KETFT CTIVNAANEHKMDMTHTGSG GV AKATIA
GTTGTAATTGCCARAGCATTGGATGAGTTTAARGAGTTCTGCATTGTAAATGC TGCARATGAGCATATGACTCATGGTAGTGGCGTTGCAARGGCARTTG

DFCGLDFVYVEYCEDYUVYVYKKHGPQQA@RLVYTPSFVKTSGTI
CAGACTTTTGTGGACTGGATTTTGTTGAATATTGTGAGGACTATGT TAAGAARCATGGGCCACARCAGAGACTTGTTACACCTTCGTTTGTCAAAGGCAT

Q CVNNVVGPRHGDNNLIHETZKTLUVYVAAYZ KNVLVYVDGVY
TCAATGTGTGAATAATGTTGTAGGACCCCGCCATEGAGARCAACAACT TGCATGAGARGCTTGT TGL TGCCTACARGARTGTGCTTGTAGATGGEGTAGTC

NYVVPVLSLGIFGVDFKM®MSTIDAMAPAREARTFETGT CTTIRY
ARTTATGTTGTGCCAGTTCTTTCATTAGGAATTTTTGGTGTAGATTTTAAARTGTCAATAGACGCAATGLGTGAAGCTTTTGAAGGT TGCACCATACGCG

L LFSLSQEHTIDYFDVTCKIIZKTIYLTEDTSGUVYVKTYRS
TICTTTTGTTTTCTCTGAGCCAAGARCACATCGATTATT TCGATGTAACT TGCAARCAGARGACAATTTATCTTACGGAGGATGGTGTTARAATACCGLTC

I VvVLKPGDSLGQFGQAVYAKNEKTIWV FTADDVETDKETI
CATTGTTCTARRACCTGGTGACTCATTGGGTCAATTTGGACAGGT TTATGCTAARARCAAGATAGT TTTTACAGCCGATGATGTTGAGGACARAGARATT

LYVPTTODKSTILEYYGLDADQDKYUVIVYLGTLARE KLUYWNYVY
CTCTACGTCCCCACGACTGATAAAAGCATTCTTGARTACTATGGT TTAGATGCGCARARGTATGTAATATATTTGCARACGCTTGCGCAGARATGGAATG

Q YRDNTFLILEWRDGNT CUWISSATIUVLLGAAKTIRTFHK
TCCAATATAGGGACAATTTTCTTATACTAGAGTGGCGCGATGGAAATTGT TGGATTAGTTCAGCAATAGTTCTCCTTCAAGCTGCTAAARTTAGGTTTAA

G FLTEAUWAKLLULGGDPRPTODFUYAYWCLCYARSCTAKVYGEEDEF
AGGTTTTCTAACAGAAGCGTGGGCTAAACTGTTAGGTGGAGATCCTACAGACTTTGTTGCCTGGTGTTATGCAAGTTGTACTGCTARAGTAGGTGATTTC

SDANUWLLANLAEHTFDADYTNATFLIEKEKRVYSCNTE ECTEGTIHK
TCAGATGCTAATTGGCTTTTAGCGAAT TTAGCAGAACAT TTTGACGCAGA TTACACAAATGCGTTTCTTAAGAAGCGCGTTTCGTGTAACTGTGGTATTA

SYELRGLEACIGPVYVRATNLILHEFEKTGRGYSNTCPTCGEG
AGAGCTATGAGCTTAGAGGCCTTGAAGCTTGTATTCAGCCAGT TCGGGCAACTAATCTGCTACATTTTAAGACGCAATATTCAAATTGCCCARCCTGTGG

ANNTDEVIEASLPYLLLFATDGPATUVVDCDETDA AWV
CGCAARTAATACGGATGAAGTAATAGAAGCTTCGTTACCGTACTTATTGCTTTTTGCTACTGATGGTCCTGCTACAGTTGATTGTGATGAAGATGCTGTE

G TVVFVGSTNSGHTCYTQAAGQAFDNLAIKTDE RTIEKTFTE GK
GGGACTGTCGTGTTTGTTGGTTCTACTAATAGTGGCCAT TGTTATACACAAGCTGCAGGGCARGCTTTTGATAATCTTGLTAAAGATAGAAARTTTGGAA
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KsPYTITAM®MYTRFAFEKNETSLPVAKGEESZ KTGKSKT SV
AGARAGTCGCCTTACATTACTGCAATGTATACGCGATTCGL TTTTARGAATGAAACCTCTTTCCCTGTTGCTARACAGAGCARGGGTAAGTCTAAGTEGGT

K EDVSNLATSSKASFDNLTDFEDRWYDSNTIYES SHL
ARAGGAAGATGTTTCTAACCTTGCTACTAGTTCTAAGGCCAGTTTTGATAATCTTACTGACTTCGAACAGTGGTATGATAGTAACATCTATGAARGTCTT

KvQES®PDNFUDODKYVSFTTKEDSKTLPLTLIEKVRGTIEKS
ARRGTGCAGGAATCACCTGATAACTTTGATAARTATGTGTCATTCACAACAAAGGARGATTCTAAGTTGCCAT TGACACTTAAGGTTAGAGGTATTAAAT

VvVvDFRSKDGFTITYZKLTPDTDENSIKAPVYVYYPVLDA
CAGTTGTTGACTTTAGATCGAAGGATGGTTTTATTTATAAGT TRACACCTGATACTGATGAARAT TCARAAGCACCAGTCTACTACCCAGTCTTGRACGE

I SLKATIUWVYEGNANTFUVYVVYVGEHPNYYSKSLHTIPTTFUWE
TATTAGTCTTAAGGCARTATGGGTGGAAGGTAATGCTAACTTTGTTGTTGGTCATCCAARTTATTATAGTAAGTCTCTTCATATTCCTACTTTTTGGGAA

NARENFVKMEGDKTIOGOGVYTMGLWRAEHLNIEKPNLTETRTIEF
AATGCTGAGAATTTTGTTARAATGGGTGATAAAAT TGGTGGTGTAACTATGGGACTTTGGCG TGCAGAACACCT TAATAARCCTAATTTGGAGAGAATTT

NI AKKATIVYGSSVYYTTQECGKLIGKARARATTFTIADEI KUYTEG
TCARCATTGCTAAGRAAGCCATTGTTGGATCTAGTGTTGTTACTACACAATGCGGTAARTTAATAGCTAAAGCAGCTACATTCATTGC TGATARRGTAGE

GGVVYVRNITDSTIKS® GLCECGITRGHFERIKMSPGEFTLKT
TEGTEGTOTAGTTCGCAATATTACAGATAGCATTARGGGTCTTTGTGGAAT TACACGAGGLCATTTTGARAGARRARTGTCTCCACAATTCCTARAGACE

LmFFLFYFLKASVKSVVASYIKTUVLCEKVYVLATLLTI
CTTATGTTCTTTTTATTCTATTTCTTGAAGGCTAGTGTTAAGAGTGT TGTCGCTAGCTATAAGACCGTGTTATGTAAGGTGGTACTTGCTACTTTACTTA

VWFVYTSNPVMFTGIRUVYVLDFLFESGSLT ECGPYKT DY
TAGTTTGGTTTGTCTACACAAGTAACCCAGTARTGTTTACAGGAATACGTGTGTTAGATTTTCTATTCGAGGGTTCTTTGTGTGGTCCTTATARAGACTA

G KDSFDVLRYCADDTFTICRUVYVCLUMHDE KDSLHLYZKHA
TGGTARAGATTCTTTTGATGTGTTACGATATTGTGCAGATGATTTTATTTGTCGTGTGTGTTTACATGACAAAGRT TCACTTCATTTGTACARACACGCT

YSVEQVYKDAASGFTIFNWENUWLYLVFLILEFUYKTPUA
TATAGTGTAGAGCAGGTCTATARAGATGCAGCTTCTGGTTTTATTTTTAATTGGARTTGGCTTTATTTGGTCTTTCTAATATTATTTGTTARACCAGTGG

GFVIICYCVEKTYLVYVLNSTVLQTGVYVCFLDUWFUVQTYV
CAGGTTTTGTTATTATTTGCTATTGTGTTAAGTATTTGGTATTGAATTCAACTGTGCTGCARACTGGTGTTTGT TTTTTAGAT TGGTTTGTACAAACAGT

FSHFNFMGAGFYFUWLFYKTIYIQ@VHHTILYTCKDUVT
TTTTAGTCACTTTAATTTTATGGGAGCAGGGTTTTATTTCTGGCTCTTTTACAAGATATATATACAGGTGCATCATATACTGTATTGTAAGGATGTAACA

CEVCKRVYARSNRNODEVYVSVYVVYVGGRKOQQIVHYYTNSTGSGY
TGTGAAGTGTGCAAARGGGTTGCACGCAGCAACAGGCARGAGGT TAGCGTGGT TGT TGGTGGACGCARGCAGATAGTGCATGTTTACACTAACTETGGCT

NFCXRHNUWYCRNCDOYG GHO QNTFMS®PEVYVAGETLSE
ATAACTTTTGTAAGAGACATAATTGGTATTGTAGAAATTGTGATGAT TATGGTCACCAAAATACATTTATGTCTCCTGAAGTTGLTGGCGAGCTETCTGA

KLKRHVKPTAYAYHVYVVYVDEACLUVYVDDFUVNLTIEKYZKHA AA
ARAGCTTAAGCGCCATGT TARACCTACAGCATACGCTTACCACGT TGTGGATGAGGCATGCTTAGT TGATGATTTTGTCAATTTARAATATARAGCTGCA

TPGKDSASSAVKCFSVTDFLKEKAVFLEKEHRLEKTECEHQ
ACTCCTGGTAAGGATAGTGCATCTTCAGCTGTTAAGTGTTTCAGTGTTACAGAT TTCTTGAAGAAAGC TGTTTTTCTTAAGGAAGCACTGAAATGTGAAC

I SNDGFIVLECNTOQOOS AHALETEAKNAATIYYARYLTEK
ARATATCTAATGATGGTTTTATAGTGTGTAATACACAGAGTGCTCATGCATTAGAGGAAGCARAGARTGCAGCCATCTATTATGCGCAATATCTGTGTAA

PIT LI LDQALYEGLVYYEPYSKSVY¥IDKVYVCSILSSTI
GCCAARTACTTATACTTGACCAGGCACT TTATGAGCAATTAGTAGTAGAGCCTGTGTCTAAGAGTGTTATAGATAAAGTGTGTAGCATTTTGTCTAGTATA

I SVDTAALNYZ KAGTLRDALLSTITEKDEEAVOMATIF
ATRTCTGTAGATACTGCAGCTTTARAT TATAAGGCAGGECACACTTCGTGATGCTCTGETTTCTATTACTARAGACGRAGAGGCCETAGATATGGLTATAT

CHNHDUVDYTGDGFTNVIPSYGIDTGKLT®PRDRSE
TCTGTCATAATCATGATGTGGATTACACTGGTGATGGTTTTACTAATGTGATACCGTCATATGGTATAGACACTGGCAAGTTARCACCTCGTGATAGAGE

FLINADASTIANLRVYKNAPPVYVWIKTFZSELTIKLSDS
GTTTTTGATAAATGCAGATGCTTCTATTGCTAACTTAAGAGT TARAARTGCTCCGCCGGTAGTATGGAAGT TTTCTGAGCTTATTAAGTTGTCTGACAGT

CLXYLISATVYKSBVRFFITKSEGAKQIVVIACLCHTTGEKTL
TGTCTTARATATTTARTTTCGGCTACTGTTAAGTCAGGTGTTCGTTTCTTTATARCAAAGTCTGGTGCTAAACAAGT TATTGCTTGTCATACACAGAAGT
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LVEKKAGGTIUVSGTFKCFKXSYFKUWLLIFYTITLFTA
TGTTAGTAGAGAAARAGGCAGGTGGTATTGTTAGCGGCACCTTTAAGTGTTTTAAGAGT TATTTTARATGGCTCTTGATCTTTTACATACTTTTTACAGC

cCcCsSGYYYMEVYVSKSFVHPMYDVNSTLHVYVETSGTFIKUVTI
ATGTTGTTCGGGYTATTACTATATGGAGGTCAGTARAAGTTTTGT TCACCCCATGTATCATGTARACTCCACACTGCATGTTGAAGGTTTTAAAGTTATA

DK GVYLREIVPEDTTCEFSNKFUVNFDATFUWGR®PYDNSHR R
GATAAAGGTGTTCTTAGGGARATTGTACCAGAAGATACATGTTTCTCTAATAAATTTCTTAATTTTGATGCTTTTTGGGGCAGACEATATGATARTAGTA

NCPIVTITAYIDGDGTVYATGVYVPGF VY SYVYVMDGVYMFEI
GAAACTGTCCAATTGTCACAGCTGTTATAGATGGTGATGGGACAGTAGCTACAGGTGT TCCTGGTTTTGTGTCCTGGGTTATGGATGGTGTTATGTTTAT

HMTQTERK®PUWYIPTUWFNRETIUVGYTOODSTITITETGS
ACATATGACACAGAC TGAGAGAARACCGTGGTACATTCCTACTTGGTTTAATAGAGAAATTGTCGGTTACACTCAGGATTCAATTATTACTGAGGGTAGY

FYTSTIALFSARCLYLTASNTPQLYTZ CFNGRDONTDA ATPSEG
TTTTATACATCTATAGCGTTATTTTCCGCTAGGTGTTTATATTTARCAGCCAGCAATACACCTCAATTGTATTGCTTTAATGGTGATAATGATGCACCTG

ALPF G SIIPHRVYFQPNGVRLIVPQRQGILHWHT®PYUV
GGGLTTTGCCATTTGGTAGTATTATTCCTCATAGAGTTTATTTCCARCCCAARTGGTETTAGGCTTATAGT TCCACARCAARTACTGCACACACCCTALGY

VKFVSDSYCRGSVCEYTRPGYCVSULNPQUVLFN
AGTARAGTTTGTATCAGACAGCTATTGTAGGGGTAGTGTGTGTGAGTACACTAGACCAGGTTACTGTGTGTCATTAARCCCACAATGGGTTTTGTTTAAT

0D EYTSKPGVYVFLCGSTVRELMFSMY STFF TG VNPNTI
GACGAATACACAAGTAAACCCGGTGTTTTCTGTGGTTCTACTGTTAGAGAACTTATGTTTAGTATGGTTAGTACATTCTTTACTGGTGTTAACCCCAATA

YymauLATMmFLILVVYVVLIFAMYIKFIQGVFIKAYA AT
TCTATATGCARTTAGCARCTATGTTTTTAATACTAGTTGTTGTTGTATTAATCTTTGCAATGGTTATARAGTTTCAAGGTGTTTTTAAAGCTTATGCAAC

TVFITM®MLVYWYVINAFTILTLCUYHSYNSUVLAVILLVLY
CACTGTTTTTATAACAATGTTAGTTTGGGTARTTAACGCATTTATTTTGTGTGTACATAGTTACAACAGTGTTTTAGCTGTTATATTACTAGTACTCTAT

CYASLVTSRNTVIIMHCLCYLVYVFTFGLIVPTUWLATCLCTEC
TGCTATGCGTCATTGGTTACAAGTCGCAATACTGTTATAATAATGCAT TGTTGGCTTGT TYTTACCTTTGGTYTARTAGTACCCACATGGTTGGCTTETT

YLGFIITVYMYTPLFLWEYGTTIKNTREKTLYDGNEFV
GCTACCTGGGATTTATTATTTATATGTATACACCGTTGTTTTTATGGTGT TATGGTACTACAARAARCACTCGTAAGCTGTATGATGGCAATGAGTTTGT

GNYDULAARKSTFUV¥IROGSETFUVYKULTNETIGDI KTFTEAYL
TGGTAATTATGATCYTGCTGCGAAGAGCACTTTTGTTATTCGCGGC TCYGAATTTGTTAAGCTTACTAATGAGATAGGTGATAAATTTGAGGCCTACCTT

S AYARLKYYSGTOGSEOQDYLGACRAWLAYALDQYR
TCAGCGTATGCTAGATTAAAGTACTAT TCAGGCACTGGCAGTGAACARGAT TATTTGCARGCTTGTCGTGCATGGTTAGCTTATGLTTTGGACCAATATA

NS GVETIVYTPPRYSIGVSRLQSGCFKKLVYSPSSA
GARATAGTGGTGTGGARATTGTTTATACTCCGCCACGTTACTCTATTGGTGTTAGTAGATTACAATCTGGTTTTAAGAAACTGGT TTCTCCTAGTAGTGE

VEKT LCIUVSVYSYRBGNNLNGLWYWLGDODTIYCPRHYLGK
TGTTGAARAGTGCATTGTTAGTGTCTCTTATAGAGGTARTAATCT TAATGGACTGTGGCTAGGTGACACTATCTACTGTCCTCGTCATGTATTGGETAAG

F 56D QWNDVLNLANNHETFEVTTIZHSGVYVTITLNUYVYVYVSRR R
TTTTCAGGTGACCAATGGAATGATGTACTTARTCTTGCTAATAATCATGAGTTTGAAGTTACAACTCAACATGGTGTTACTTTGAATGT TGTCAGTAGGE

LKGAVLIULGTAVYANAETPIKTYZXKTFTIKANTCSGIDODSFTTI
GTTTAAARGGTGCAGTTTTAATTTTACARACTGCTGTTGCTAATGCTGAARACTCCAAAGTATAAGTTTATTAAAGCTAATTGTGGTGATAGTTTCACTAT

ACAYGGTVVGLYPVYTMWRSNGIGTTIRASTFLAGATLCTEGS
AGCTTGTGCTTATGGTGGTACAGTTGTAGGACTCTACCCTGTTACTATGCGTTCTAATGGTACTATTAGAGCATC T TTTCTTGEGGGAGCCTGTGGTTCA

VG6FNTIEKGVYVYVNFFYMHUHLELSPNALHTGTDODLMGETF
GTTGGTTTTAATATAGAAAAGGGTGTAGTTAATTTCTTTTATATGCACCATCTTGAGT TACCTAATGCATTACACACTGGAACTGACCTAATGGGTGART

YGG6YVDEEVAQRVPPDNLVYTINNTIVAWLYAATITIS
TCTATGGTGGTTATGTTGATGAAGAGGT TGCACAAAGAGTGCCACCAGATARTTTAGTTACTAACARTATTGTAGCATGGCTCTATGCGGCAATTATTAG

VKESSFSLPKUWLESTTUVSVDDYNKUWAGDNTGEFTP®P
TGTTAAGGAGAGTAGTTTCTCGCTGCCTARATGGTTGGAGAGTACTACTGTTAGTGT TGATGATTATAATARGTGGGCTGGTGACRATGGTTTTACACTA

FSTSTAITKLSAITGVYDODVVCKLLRTTIMNMYUYKNSGUWGG
TTTTCTACTAGTACCGCTATTACTAAATTAAGTGCTATAACTGGAGTTGATGTTTGTAAGCTCCT TCGCACTATTATGGTAARAARTAGCCAGTGGGGTE
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0PI LGQGQYNTFEDELTPESVFNIGIGGVRLQQSSTFUVR
GTGACCCCATTTTAGGGCAATATAATTTTGAAGATGAAT TGACACCGGAGTCTGTATTTAATCAGATTGGTGGTGTTAGATTACAATCTTCTTTTGTAAG

K AT S 4WYWFWSRCVLACFLULFUVYVLCAIVLFTAVY®PLKTEFY
ARARGCTACATCTTGGTTTIGGAGTAGATGTGTGTTAGCTTGETTCTTATTTGTGT TG TGTGCTATTGTCTTGT TTACGGCAGTCCCACTTARATTTTAT

VYAAVILLM®MAVLFISFTVKHVYMAYMDTTFTLLPTLI
GTATATGCAGCTGTTATTTTGTTAATGGCTGTACTTTTTATYTCTTTTACTGTTARACATGTTATGGCATATATGGATACTTTTCTATTGCCAACATTGA

TVvIIGVCAEVPFIYNTLISQVVIFLSQUWYD®PVYVY
TTACAGTTATTATTGGAGT TTGTGCTGAAGTGCCTTTCATCTACAATACTCTAATTAGTCARGTTGTTATTTTCTTAAGTCAATGGTATGACCCAGTAGT

FOTMVYPWMF LPLVLYTAFKTLCVEGGCYMNSTFNTSIL
CTTTGATACYATGGTACCATGGATGTTCTTGCCACTAGTGTTGTATACTGCTTTTAAGTGTGTACARGGTTGCTATATGAATTCTTTCAATACTTCTTTG

L mLYQFfFVKLGFVIYTSSNTLTAYTETGNUWETLTFTFEL
TYARTGCTGTATCAGTTTGTGAAGTTAGGTTTTGTTATTTACACCTCTTCTAATACTCTTACTGCATACACAGARGGTAATTGGGAGTTATTCTTCGAGT

VHTTVYVLANVYSSNSLTIGLEF VYFKCLCAKYRLYYCNAT
TGGTGCACACTACTGIGTTGGCTAARTGTTAGTAGTAATTCTTTARTTGET TTATTTGTTTTTARGTGTGCTARATCGATGTTGTATTATTGTARTGLARL

YLNNYVLMAVYMYNCTIGWLCTCYFGLYUWUWVNKLUVYTF
ATACTTARACAATTATGTACTARTGGCAGTTATGGTTAACTGCATTGGLYGGCYC TGCACTTGTTACTTTGGGTTGTATTGGTGGGTTRATAAGLTTTTT

G LTLGKYNTFIKVYVSVDQYRYMCLHKTINPPKTVUYEVF
GGTTTAACCTTAGGTARATACAATTTTAAAGTTTCAGTAGATCAATATAGGTATATGTGTTTGCACAAGATAAACCCACCTAARACTGTGTGGGAAGTCT

S TNTILTIQGIGGDODRYLPIATVQAQAKLSDVKTC CTTUVUV
TTTCGACAARTATACTTATACARGGAAT TGGTGGTGACCGTGTGTTGCCTATTGCTACAGT TCAAGCTARATTGAGTGATGTAARGTGTACAACTGTTGT

LmMQLLTKLNUVEANSI KMDMHUVYYLVELHNEKTILASEDTDOUVW
TTTAATGCAGCTTTTGACTAAGCT TAATGTTGAAGCARATTCARARATGCATGTTTATCTTGTTGAGT TACACAATAAAATTCTTGCTTCTGATGATGTT

GECMONLLGM®MLITULFCIDSTIOLSEYTCODTILEKTE RS
GGAGAGTGCATGGATARTTTGTTGGGTATGCTTATAACACTATTTTGTATAGATTCTACTATTGRTTTGAGTGAGTATTGTGATGACATACTTRAAGAGGT

TVL>eLIQSVYIQETFSHTI®PSYAEYERAKNLYTET«KVLVDS
CAACTGTATTACARTCGGTTACTCAAGAATTCTCACATATACCCTCTYATGCTGAATATGARAGGGCTAAGAATCTTTATGARAAGGTTTTAGTTGATTC

K NGGVITQQELAAYRIKAANTIAKSVFDRDLAVYVDQKEK
TARARATGGTGGTGTTACACAGCAAGAGCT TGCTGCATATCGTAAAGC TGCCARTATTGCARAGTCAGTTTTTGATAGAGACT TGGCTGTCCAAAAGAAG

LDSMAERAMTTITMYKEARVYVTDRRAKLUVYVSSLHALLTF
TTAGATAGCATGGCAGAGCGTGCTATGACAACAATGTATARAGAGGCGCG TGTARCAGATAGACGAGCAAAATTAGTCTCATCACTACATGCGTTACTTT

SMILKKTIODSERKTLNVLFDQASSGVVYVPLATVUYVPIUVCS
TCTCARTGCTTAAGARARTAGATTCTGAAARGCTTARTGTCTTGTTTGACCAGGC TAGTAGTGGTGT TGTGCCCCTAGCGACTGT TCCARTTGTTTGTAG

N KLTLY I PDODPETUWUY KCVYVEGVYHUVYTYSTVYVYUNTOT
TARTAAGCTTACACTTGTAATACCAGACCCAGAARCGTGGGTCAAGTGTGTGGAAGGTGTGCATGTTACATATTCAACAGT TGTTIGGARTATAGACACT

VIDADGTELHPTSTGEGSGELTITYCISGANTIAUWPLIKVYVN
GTTATTGATGCCGATGGCACAGAGTTACACCCAACTTCTACAGGTAGTGGAT TGACATACTGTATAAGTGGTGCTAATATAGCATGGCCTTTAAAGGTTA

LTRNGHNIKVUVYVDVVLQNNELMM®PHGY KTIKATCVAGVD
ACTTGACTAGGAATGGGCATAATAAGGTTGATGTTGTTTTGCAARATARTGAGC T TATGECACATGGTGTTAARACARAGGC T TGCGTAGCAGGTGTAGA

Q@ AHCSVESKTCYYTNTISGNSVYVAAITSSNPNLEIKVY
TCAAGCACATTGTAGCGTAGAGTCTARATGTTATTATACARATATTAGTGGCAATTCAGTTGTAGCTGCTATTACTTCTTCAAATCCARATCTGARARGTA

A°S FLNEAGNG GTIYUVDLDP®PCKTFT GMEKVYVGVKVYVEVVYL
GCTTCGTTTTTGARTGAGGCAGGCAATCAGATTTATGTAGACTTAGACCCACCATGTAAATTTGGCATGAAAGTGGGTGTCAAGGT TGAGGTTGTTTACT

YFIKNTRSIVARGMY LG AISNUVY VYL QSKTE GHETETE
TGTATTTTATARAGAATACAAGGTCGATTGTTAGGGGTATGGTACT TGGTGLTATATCTAATGTTGTTGTCTTACAGTCTARRGGGCATGAARCAGAGEA

VDAVGILSLCSFAVDPADTYZ ECKYVAAGNDPLGN
AGTGGATGCTGTTGGCATTCTTTCACTATGTTCATTTGCAGTAGATCCCGCGGACACATATTGTAAATATGTGGCAGCAGGTAATCAACCTTTAGGTAAC

CVKMLTVHNGSGFAITSKPSPTPDOQDSYGOGASUVTCL
TGTGTTAAAATGTTGACAGTGCATAATGGTAGTGGTTTTGCTATAACT TCARAGCCAAGTCCTACTCCTGACCAGGATTCTTATGGAGGAGCTTCTGTGT
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Coronavirus IBV sequence completed

LYCRAHTIAMHPGSVGNLDGRCOQFIKGSTFUVQIPTTE
GTCTCTATTGTAGRGCACACATAGCACARTCCAGGAAGTGTAGGAAATTTAGATGGACGTTGTCART TTARAGGT TCTTTTGTGCARRTACCTACTACGGA

K OPVGFCLRNKVYVYCTVCQCWIGYGCGCDSLRIOQPK
GAAAGACCCCGTTGGATTCTGTCTACGTAATAAGGTTTGCACTGTTTGCCAGTGTTGGAT TGGTTATGGATGTCAGTGTGAT TCACT TAGACAACCARAR

S SVQS5SVAGRSDFDKNYLNGYGVYAVRLTEG®*
TCTTCTGTTCAATCAGT TGCTGGAGCATCTGATTTTGATAAGART TATTTAAACGGGT ACGGGG TAGCAGTGAGGC TCGGCTGATACCCCTTGCTAGTGG

mMFQNLEKRNTECARTFIQE
ATGTGATCCTGATGTTGTAARGCGAGCCTTTGATGTTTGTAATAAGGAATCAGCTGGTATGTTTCAARATTTGAAGCGTAACTGCGCTAGATTCCAGGAA

LRDTEDGNLEYLDSYFVVYKQRTTPSNYEHETZKSTCYE
CTACGCGATACTGAAGATGGAAATCTTGAGTATCTTGATTCTTACTTTGTAGT TARACAAACCACTCCTAGTAATTATGAACATGAARRRATCTTGTTACG

DLKSEVTADHDTFFVFNKNTIYNTISRQGQGRLTKYTMNM
AAGACTTAAAGTCAGAAGTARCAGCTGACCATGACTTCTTTGTGTTCAATAAGARCATTTACAATATTAGTAGGCAACGGCTTACTAAATATACTATGAT

0OCFCYALRHTFOPKDE EEUVLULKEILVY¥TYGCTIEDYHEPK
GGACTTCTGCTATGCTTTGAGACATTTCGACCCAAAGGATTGTGARGT TCTTAAAGAARTACTTGTCACTTATGGT TGTATAGAAGACTATCACCCTAAG

WFEENKDUWYDPIENSKYYUVUVUMLAKMGPIVRRALLNHN
TGGTTTGAGGAGARTAAGGAT TGGTACGACCCAATAGAAAACTCAARATATTATGTCATGT TGGCTARAATGGGACCTATTGTACGACGTGCTTTATTGA

Al EFGNLMNMVYEKXKSGYVEGVITLDNQDLULNGEGE KTFYDTFGD
ATGCTATTGAGT TCGGAARCCTTATGGT TGARAAAGGTTATGTTGGTGTTATTACACTCGATAACCAAGACCTTARTGGCAAATTTTATGATTTTGGTGA

FQKTAPGAGVPVFDTYYSYMMPITIAMTDODALA AP PTHE
TTTTCAGAAGACGGCACCTGGTGCTEGTGTTCCTGTTTTTGATACGTATTATTCTTACATGATGCCCATCATAGCCATGACGGATGCTTTAGCACCTGAG

RYFEYODVHKGYKXKS5YODLLIKYDYTEES«KR QETLFIQKTYFK
AGGTACTTTGAATATGATGTGCACAAGGGTTATARATCTTATGATCTCCTCAAGTATGATTATACTGAGGAGAAACAAGAAT TGTTTCAGARGTACTTTA

YWDQEYHPNCRDCSODRTCLTIMHCANFNTILFSTLTI
AGTACTGGGATCAAGAGTATCATCCTAACTGCCGTGACTGTAGTGATGACAGGTGTTTGATACATTGTGCAARCTTCAATATCTTGTTTTCTACACTTAT

PQTSFGNLCRKVFUVDGVPFTIATTCGYHSKTETLTGVTI
ACCGCAGACTTCTTTCGGTAATTTGTGTAGAARAGTTTTTGTTGATGGTGTACCATTTATAGCTACTTGTGGCTATCATTCTAAGGAACTTGGTGTTATT

mMNQDNTMSF SKMGLSQLMQFVYVGDPALLVYEGETSNNL
ATGAATCAAGATARCACCATGTCTTTTTCAAARATGGGTTTAAGTCAACTCATGCAGT TTGTTGGAGATCCTGCTTTGT TAGTGGGAACATCCAATAATT

VDLRTSCFSVCALTSGEITHQTVYKPGHEFNEKDFYD
TAGTTGATCTTAGAACGTCTTGTTTTAGTGTTTGTGCGTTAACATCTGGTATTACTCATCAAACGGTARAGCCAGGTCACTTTARCAAGGATTTCTATGA

FAEKAG®MFKEGSSIPLEKHTFTFYPRQTGNAATINDYD
TTTTGCAGAGAAGGCTGGTATGTTTAAGGAGGGT TCGTCTATACCACTTARACATTTTTTCTATCCTCARACTGGTARTGCIGCTATARACGATTATGAT

YYRYNRPTMFODICQULLFTCLEUWVTSKYTFETCYET GGTCTI
TATTATCGTTATAACAGGCCTACCATGTTTGACATATGTCAACTTCTATTTTGTTTAGAAGTGACTTCTARATACTTTGAGTGT TATGAAGGCGGCTGTA

PASQVVYVYNNLUDSKSAGY®PFNEKTFTGKAaRLYYEMSLE
TACCAGCTAGCCAAGTTGTAGTTAACARCTTAGATAARGAGTGCAGGCTATCCATTTARTAAGTTTGGAARAGCCCGCCTCTATTATGAAATGAGTCTAGA

EQDQLFETITKIKNVYVLPTITOQMNLTEKSYA AISARKNINR RAR
GGAACAGGACCAACTCTTCGAGATTACGAAGAAGRATGTCCTACCCACTATAACTCAARTGAATTTAARATATGCCATATCCGCGARAAATAGAGCGCGT

TVAGY SILSTMTNRQFHQKTIULKSIVNTRNAASVYVYVI
ACAGTGGCAGGTGTGTCTATCCTTTCTACTATGACTARTAGGCAGTTTCATCAGAAGAT TCTTAAGTCTATAGTCAACACTAGARATGCTTCTGTAGTTA

G TTKFYGGWDNMLARNLTIOQGVEDPILMGUYWDOYPKTET
TTGGAACAACCAAGT TTTATGGCGGTTGGGACAACATGT TGAGAAACCTGATTCAGGGTGT TGAAGACCCAATTCTTATGGGT TGGGATTATCCTAAGTG

DRAMPNLLARIAASLVLARKHKTNCCSUY¥SERTITYRLL
TGATAGAGCAATGCCTARTTTGTTGCGTATAGCAGCATCCTTAGTACT TGCTCGCAARCACACTARCTGTTGTAGT TGGTCTGAACGCATTTATAGGTTG

YNECAQVLSETVLATGGEIYVKPGGTSSGDATTAY
TATAATGARTGCGCCCAGGTCTTATCTGAAACTGTACT TGCTACAGGTGGTATTTATGT TARACCTGGTGGCACTAGCAGTGGTGATGCTACTACTGLTT

ANSVFNTITIGATSANVARLLSVYVYITRDTIUVYDNTIEKS
ATGCARACAGTGTTTTTAACATARTACARGCCACATCTGCTAATGTTGCGCGTCTTTTGAGTGTTATAACGCGTGATATTGTCTATGATARTATTARGAG
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L Q@ YELYQQVYRRVYNFDPAFVEKTFYSYLCKNTFS SL
CTTGCAGTATGAATTGTATCAGCAGGTCTACAGGCGAGT TAATTTYGACCCAGCCTT TGTTGARAAGT TTTATTCTTACTTATGTAAGAATTTTTCGTTG

mILSDDGVYVVCYNNTLAKQGLUVADTISGFREUVLYYDA Q
ATGATCTTGTCTGACGACGGTGTTGTTTGTTACRACAACACAT TAGCCAAACAAGGTCTTGTAGCAGATATTTCTGGTTTTAGAGAGGTTCTCTACTATC

N NVFMADSI KT CUWWVEPDLEZKSGPHETFT CSQHTMLVEWV
AGARTAATGTTTTTATGGCTGATTCTAAATGTTGGGT TGAACCAGATTTAGAAARAGGCCCACATCAGTTTTGTTCACAACACACARTGCTAGTGGAGET

0DGEPXKYLPYPODPSRILGACVYFVYVDDUVYVDKTEPVAVY
TGATGGTGAGCCTAAGTATTTGCCATACCCAGACCCTTCACGCATTTTGGGTGCATGTGTTTT TGTAGATGACGTGGATAAGACAGAACCTGTGGCTGTT

mERYTITALAIDAY®PLVYVHHENETETYZKI KVFFVLLAYTIR
ATGGAGCGTTATATAGCTCTTGCCATAGATGCTTATCCACTAGTACATCATGAARATGAAGAGTACAAGAAGGTATTCTTTGTTCTCCTTGCATATATCA

KLY QELSQNML®MODYSF VYMRDIDKSGSKFWERDETFYE
GARAACTCTATCARGAGCTTTCTCAGAATATGCTTATGGACTACTCTTTTGTAATGGATATAGACAAGGGTAGTARATTTTGGGAACAGGAGTTCTATGA

NMmMYRAPTTLQSCGVYCYVYVCNSQTILRCGNT ECTIREKSP®P
GAATATGTATAGAGCTCCTACGACTTTACAATCTTGTGGCGTTTGTGTAGTTTGTAATAGTCARACTATACTACGL TGCGGTARTTGTATTCGTARACCG

FLCCKC CCYOHUVYMHTODHEKNVYVLSINPYTICSQLGCGE

TTTYTGTGTTGTAAGTGTTGCTATGACCACGTCATGCATACGGACCACARARATGTTTTATCTATARATCCTTATATTTGCTCACAGCTAGGTTGCGGTG

ADVY T KLYLGGMSYFCGNHEK®PEKLSTIPLUVYVSNGTUVEF
AAGCAGATGTTACTAAATTGTACCTCGGGGGTATGTCGTACTTCTGTGGTARTCATAARCCGAAART TGTCAATACCGTTAGTATCTAATGGTACTGTTTT

G IYRANTCAGSENVYDDFNQLATTNWSTIUVETPYTITLA
TGGAATTTACAGGGCTARTTGTGCTGGTAGTGARRATGTTGATGATTTTAATCAACTAGCTACTACTARTTGGTCCATTGTCGAACCTTATATTTTAGCA

NRCSDSULRRFAAETUVKATETELHKI EZGFASAEVREVY
ARTCGCTGTAGTGATTCATTGAGACGT TTTGCTGCAGAGACAGTARAAGCCACAGARGAAT TACATAAGCARCAATT TGCTAGTGCAGAAGTGCGAGAAG

FSODRELTILSUWE®PGKTRPPLNRNYVFTG6YHFTRT
TATTCTCAGATCGTGAATTGATTCTATCATGGGAACCAGGARARACCAGGCCGCCATTGARTAGAAATTATGTTTTCACAGGTTATCACT TTACAAGAAC

S KVQLG6DFTFEKS GEGSGEKTDVYVVYVYYYKATSTAKLSUVGEGD
TAGTAAGGTGCAGCTTGGTGATTTTACATTTGARAAAGGTGAAGGTAAGGATGT TGTCTAT TATARAGCAACGTCTACTGCTAAAT TGTCTGTAGGAGAC

I FVLTSHNVYVSLVYAPTYLCPQGQTFSRFVUNLRPNUYM
ATTTTTGTTTTAACCTCACACAATGTTGTTTCTCTCGTAGCGCCRACATTGTGTCCACAACAAACCTTTTCTAGGTTTGTARATTTAAGACCTAATGTAR

VPECFUVNNIPLYHLVYGEK QKRTTVYQGPPGSEKSH
TGGTACCTGAATGTTTTGTAAATAACATTCCACTTTACCATTTAGTAGGTARACAGAAGCGTACTACAGTACARGGTCCTCCTGGCAGTGGTAAATCCCA

FAIGLAVYFSSARVYVFTACSHAAYDALTECTETKH ATFHK
CTTTGCTATAGGCCTTGCAGTATACTTTAGTAGCGCTCGTGTTGTTTTTACTGCATGTTCTCATGCAGCTGTTGATGCTTTATGTGAARARGCTTTTARG

FLKVDDT CTRIUVPGRTTUVODCFSKTFH KA ANDTGIKTI KT YTIF
TTTCTTAARGTTGATGATTGCACTCGTATAGTACCCCAAAGGACTACTGTCGATTGCT TCTCAARATTTAARGC TARTGACACAGGCARARAGTACATTT

S TINALPEVYSCDTITLLVDEVYVSMLTNYELSTFTINTESGHK
TTAGTACTATTAATGCCTTGCCGGAAGTTAGTTGTGATATTCTTYTGGT TGACGAGGTTAGTATGTTGACCARTTACGAATTGTCCTTTATTARTGGTAA

I NYQYVVYVGEOPAQQLPAPRTLLNGSLSPEKDYHNHUV
GATAARTTACCARTATGTTGTGTATGTAGGTGATCCGGC TCARTTACCGGCACCCCGCACTTTACTTAATGGTTCACTTTCTCCAAAGGATTATAATGTT

VTNLMVCVKPDIFLAKTECYRCPKETIUVDTVYVSTLUVYD
GTCACAAACCTTATGGTTTGTGTTAAACCTGATATTTTCCTTGCAAAGTGTTATCGTTGTCCTAAGGARATTGTAGACACTGTGTCTACTCTTGTTTATG

G KFIANNPESRECFEKUVIVNNTGNSDVYVGHETSTE GSAY
ATGGAAAGTTTATTGCAAATAACCCAGARTCACGTGAGTGTTTCAAGGTTATAGTTARTAATGGCAATTCTGATGTAGGACATGAAAGTGGTTCAGCCTA

NTTOLEFUVKDFVCRNIKI IQUWREATIFTISPYNAMNDI GR
CAACACAACACAATTGGAATTTGTGARAGACTTTGTTTGTCGCAATAARCAATGGCGGGAAGCAATATTTATTTCACCT TACAATGCTATGAACCAGAGA

AYRMLGLNVOQTVYVDSSQGSEYDYVIFCVTADSTU TGHA
GCTTACCGTATGCTTGGACT TRATGTTCAAACAGTAGATTCTTCTCAAGGTTCAGAGTATGATTATGTCATCTTCTETGTTACTGCAGATTCGCAGCATG

LNINRFNVALTRAKRGILVYVVYMRGGRDETLYSALIKTF
CACTGAATATTAATAGATTTAATGTGGCGCTTACAAGAGC TARGCGTGGTATACTAGTTGTCATGCGCCAGCGTGATGAATTGTATTCTGCTCTTAAGTT
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TELDSETSLQ@GTGLFKTICNIKETFSGVYVHPAYAVTT
TACAGAGCTAGATAGTGAAACAAGTCTGCAAGGTACAGGTTTGTTTARAATTTGCAACAAAGAATTTAGTGGTGTCCATCCTGCT TATGCAGTCACAACT

K ALAATYIKVNDELAALVNUYVEAGSETITYIKHLISILIL
ARGGCTCTTGCTGCAACCTATAAAGTTAATGATGARCTTGCTGCACTYGTTARTGTGGARGC TGGTTCAGARATAACATATARACATCTTATTTCTCTGT

GFKMSVNVEGCHSNMDMFTITRDEA BABIRNVYVRGUWYVGEGFDYVY
TAGGATTCAAGATGAGTGTTARTGT TGAAGGC TGCCACAACATGT TTATARCACGTGATGAGGCAATCCGCAATETARGAGGTTGGGTAGGTTTTGATGT

EATHACGTNTIGTNL®PFQVGFSTGADFUVVTPRETEGHL
AGAAGCAARCACATGCTTGTGGCACTAACATTGGTACTAACCTGECTTTTCAAGTAGGT TTCTCTACTGGTGCAGACTTTGTAGTCACGCCTGAGGGACTT

VDTSIGNNTFEPVNSIKAPPGEQFNHLRVYVLFKSAKF®P
GTAGATACTTCAATAGGCAATAATTTTGAGCCTGTGAATTCTAAAGCACCTCCAGGTGARCAATT TRACCACTTGAGAGTGTTATTTARAAGTGC TAAAC

wHVYVIRPRIVAQMLADNLTCLCNUVYVSDCLCVVYVFVTWCHGLE
CTTGGCATGTTATARGACCAAGGATAGTGCAGATGTTAGCAGACAATCTATGCAACGTTTCAGATTGTGTAGTGT TTGTCACATGGTGTCATGGCCTAGA

LTTLRYFUVKTIGKE® GGVCSCGSRATTFNSHTQAAYA
ACTAACTACTTTGCGCTATTTTGTTAAARTAGGCARGGAACAAGTTTGTTCTTGTGGT TCTAGAGCTACAACTTTTAATTCTCATACTCAAGCTTATGCT

CWXHCLGFDFUVYNPLLUVYVDIQOQUWSOGYSGNLIQFNHTIDL
TGTTGGEAAGCATTGTTTGGGTTTTGATTTTGTTTATARCCCACTTCTAGTGGATATTCAACAGTGGGGTTACTCGGGTAACCTACAGTTTAATCATGATT

HCNVHGLGHAHVYVASVYDAIMTRCLAINNAFCIQQDUVYNDUWY
TGCACTGTAATGTGCATGRCCACGCTCATGTAGCTTCTGTTGACGCTATARTGACTCGTTGTCTTGCAATTAACAATGCATTTTGTCAAGATGTCAARCTG

DLTYPHIANEDEVNSSCRYLQRMNMYLNACVYVDALEK
GGATTTGACATACCCTCACATTGCAAATGAGGATGAAGTCAATTCTAGTTGTAGATATCTACAACGCATGTATCTTARTGCGTGTGTTGATGCTCTTAAA

VNVVYODIGNPIKTS GISKT ECVRRGOVNTFRTFYDEKNPTIUVRN
GTTAATGTTGTCTATGATATAGGCAACCCTAARGGTATTARATGTGTTAGGCG TGGGGATGTTAATTTTAGATTCTATGATAAGARTCCAATAGTACGCA

VKQFEYDYNQHKDSEKTFADGLTCMTFWNTCNUVDCY®PDN
ACGTCAAGCAGTTTGAGTATGACTATARTCAGCACAAAGATAAGTTTGCTGATGGTCTTTGTATGTTTTGGARTTGTAATGTGGATTGTTATCCTGATAA

SLVCRYDTRNLSVYFNLPGCNGS®GSLYUVNKHAFYT
TTCCTTGGTTTGTAGGTATGACACACGAAATTTGAGTGTGTTTARCCTACCAGGCTGTAATGGTGGTAGTCTGTACGTTAACAAACATGCATTCTACACA

PXFDRISFRNLIKAMPFFFYDSSPCETTIGVDGVARQMQ
CCTAARTTTGACCGCATTAGCTTCCGCAATTTGARAGCTATGCCATTCTTTTTTTATGACTCATCGCCT TGTGARACCATTCARGTGGATGGAGT TGCGC

DLVYVSLATKDT CTITI KT CNTIGOGAUYVUCKIKHAQMYAETFUVT
ARGACCTTGTGTCTCTAGCTACGAAAGACTGTATCACAAAGTGCARCAT TGGTEEEGLTETTTGTAAGAAACATGCCCAGATGTATGCAGRATTTGTGAC

S YNAAVTAGFTFUWUVYTNEKLNPYNLYKSEFSALOQQSTI
TTCTTACAATGCAGCTGTCACAGCTGGCTTTACTTTCTGGGTARCTAATARACT TAACCCTTATAACT TATGGAAARGT TTTTCAGCTCTCCAGTCTATC

DNIAYNMYKGGHYDATIAGEM®MPTVITGDEKYVYVFVIDRG
GACARTATTGCTTATAATATGTATAAGGGTGGTCATTATGATGCTATTGCTGGAGAAATGCCCACTGTCATARCTGGAGACAAAGTTTTTGTTATTGATC

GVEKAVFVNQTTLPTSVYAFELYAKRNIRTLPNN
AAGGTGTAGARAAGGCAGTTTTTGTTAATCARACAACTCTACCTACATCTGTGGCGTTTGAGC TATATGCARAGAGAAATATTCGCACACTGECARACAR

RILKGLGVYVDVYVTNGFUVYVIUWDYANQTPLYRNTUVYVKVUYC
CCGTATTTTGAARGGT TTAGGTGTAGACGTAACCARTGGATTTGTAATTTGGGAT TATGC TAACCARACACCATTGTATCGTAATACCGTCAAGGTATGT

AYTDIEPNGLUVYVVYLYDODRYGDYOQSFLAADNAVLYS
GCATATACAGATATTGAGCCARATGGCCTAGTAGTTCTGTATGATGATAGATATGGTGATTACCAGTCTTTTCTTGCTGCTGATAATGCTGTTCTAGTTT

TQCYKRYSYVETIPSNLLVQAINGMPLIEKTIDSGANLYUWVY
CTACACAGTGTTRTAAGCGATATTCATACGTAGARATACCATCTAATTTGCTCGTTCAGAATGGTATGCCAT TAARAGATGGAGEGAACCTGTATGTTTA

KR VNGAFUVYTLPNTTINTAGRSYETFEPRSIDTITERDED
TAAGCGTGTTAATGGTGCGTTTGTTACACTACCTAACACAATARACACCCAGGGTCGAAGTTATGARACTTTTGAACCTCGTAGTGACATTGAGCGTGAT

FLAMSEESFVERYGKDLGLQHTIULYGEUVYVDKPQLGGEG
TTTCTCGCTATGTCAGAGGAGAGT TTTGTAGAAAGGTATGGTAARGACTTAGGCCTACAACACATACTGTATGGTGARGTTGATAAGCCCCAATTAGGTG

LHTVIGMYRLLRANIKTLNAKSUVYVTITNSDSDVMQQNYF
GTTTACACACTGTTATAGGTATGTACAGACTCTTACGTGCGAATAAGT TGAACGCAAAGTCTGTAACTAATTCGGATTCTGATGTCATGCARAATTACTT
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VLSDODNGSYEKQUVECTVVDLLLDDEFLETULLRNTILKES/Y
19301 TGTATTGTCGGACAATGGTTCTTACAAGCAAGTGTGTACTGTTGTGGATTTACTGCTTGATGATTTCTTAGAACTTCTTAGARACATACTTAAGGAGTAT 18400

G TNKSKVVTITVSIDYHSTINFM®MTUWFEDSGSTIIKTCYPAQ
19401 GGTACTAATAAGTCAAAAGTTGTARCAGTGTCAATTGATTACCATAGCATARATTTTATGACTIGGTTTGAAGATGGCAGTATTAAAACATGTTATCCAC 19500

LRSS AUWUTCEGEGYNMPELYKVQNCVMEPCNTIPNYTGVGSG
19501 AGCTTCAATCAGCATGGACGTGTGGTTATAATATGCCTGAACTTTATAAAGTTCAGAATTGTGTTATGGAACCTTGCAACATTCCTAATTATGGTGTTGG 19600

I TLPSGILMNYVAKYTQLCGYLSKTTTICVPHNMR R
19601 AATAACGTTGCCTAGCGGTATTCTTATGRATGTGGCAAAGTATACACAACTTTGTCAATACCTTTCGARARCAACARTTTGTGTACCGCATARCATGCGA 19700

VMmMHFGAGSDOKG GVYAPGSTVYVLK GUWLPEGSGTLLVYVDNDI
19701  GTAATGCATTTCGGAGCAGGRAGCGACARAGGAGTGGCGCCAGGTAGTACTGT TCTTARACARTGGCTCCCAGARGGGACACTCCTTGTCGATAATGATA 19800

VDYVSDAHY SVLSDCNIKTYNTEHXTFDODULVYISODMNYT
19801 TTGTAGAC?}TGTGTCTGATGCACATGTTTCTGTGCTTTCAGATTGCAATAAATATAATACAGAGCACAAGTTTGATETTGTGATATCTGATATGTATAC 19900

DNDSKRKUHETGVYVIANNGNDODVFTIYLSSFLRNNTLA
19901 AGATAATGATTCARAARGAAAGCATGAAGGCGTGATAGCCAATAATGGCARTGATGACGTTTTCATATATCTCTCAAGTTTTCTTCGTAACAATTTGGCT 20000

LGEGSFAVKYTETSWHEUVYVLYDIARQRDCAUWUWTMFTCTA
20001 CTAGGTGGTAGTTTTGCTGTARARGTGACAGAGACARGT TGGCACGAAGT TTTATATGACATTGCACAGGATTGTGCATGGTGGACAATGTTTTGTACAG 20100

VNASSSEAFLTIGVYNYLGSGASER KUY KVYSGKTLHANY
20101 CAGTGAATGCCTCTTCTTCAGAAGCATTCTTGATTGGTGTTAATTATTTGGGTGCAAGTGAAAAGGTTAAGGT TAGTGGAARAACGCTGCACGCAAATTA 20200

I FWRNCNYLOQTSAYSIFDUVYVAKTFDLZRLEKATPVVYN
20201 TATATTTTGGAGGAATTGTAATTATTTACAAACCTCTGCTTATAGTATATTTGACGTTGCTAAGTTTGATTTGAGATTGAARGCAACGCCAGTTGTTAAT 20300

LK TEQKTDLVYFNLIKTCGIKLLVYRDUVYVGENTSFTSDSF
mtvTPLLLVTL
20301 TTGAAAACTGAACAAAAGACAGACTTAGTCTTTAATTTAATTAAGTGTGGTAAGT TACTGGTAAGAGATGT TGGTAACACCTCTTTTACTAGTGACTCTT 20400

vcCTmMm®=*
LCALCSAVLYDSSSYVYYYQSAFRPPSGUWHLQGE
20401 TTGTGTGCACTATGTAGTGCTGTTTYGTATGACAGTAGTTCTTACGTTTACTACTACCAAAGTGCCTTCAGACCACCTAGTGGTTGGCATTTACAAGGGE 20500

Fig. 2. The sequence of the ‘unique’ region of mRNA F from the Beaudette strain of IBV. Translations
of the ORFs are shown in single-letter amino acid code. The amino acid is shown above the first base of
the appropriate codon. The translation starting at position 20368 is the NH, terminus of the spike
precursor protein.

L1 1 1 1 | | | 1
4000 8000 12000 16000 20000

Nucleotide number

Fig. 3. Diagram showing the positions of the main ORFs in the ‘unique’ region of mMRNA F. The two
large ORFs, designated F1 and F2 are shown, as well as a small ORF at the 5" end of the genome, and
the start of the spike precursor gene, which overlaps with F2.

The second large ORF, F2, extends into the ‘unique’ region of mRNA E and in fact overlaps
the coding sequences for the spike protein gene by 16 amino acids.

Potential sources of error

All the sequence information has been confirmed by sequencing M13 clones obtained from
both strands of the DNA. In addition most of it has been sequenced several times from different
M13 clones. The 14 cDNA clones used to obtain the sequence of mRNA F contain, including
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overlaps, 24765 bases. During the shotgun sequencing of these clones 203113 bases have been
sequenced, so that each base has, on average, been sequenced 8-2 times. However there are two
regions we have checked more carefully. The first is at positions 12340 to 12390 where F1 ends
and F2 begins. An error here leading to a frameshift could make the difference between two
large ORFs and one very large ORF. The second is at position 167 where the very small 11 amino
acid ORF ends. A frameshifting error here could mean that this first ORF can continue for
another 77 amino acids until position 397. There are two possible sorts of error. The first is an
artefact in the sequencing gels leading to a misreading. The sequence on both strands appears
perfectly clear in both these regions. Both regions have been sequenced using formamide gels,
high temperature gels, in addition to the use of deoxyinosine triphosphate (Bankier & Barrell,
1983) or deoxy-7-deazaguanosine triphosphate (Mizusawa et al., 1986) to replace deoxyguano-
sine triphosphate and cytosine-modified sequence reaction products (Ambartsumyan & Mazo,
1980) to avoid gel compressions.

The second potential source of error is either a reverse transcriptase error during the synthesis
of the cDNA or the occurrence of a mutant RNA molecule from which the cDNA was copied,
both of which would lead to an incorrect cDNA clone. In the case of position 167 the sequence
has been obtained from an equivalent clone from the M41 strain of IBV and is identical. In the
case of the sequence between F1 and F2 the sequence has been confirmed from two additional
independent cDNA clones, by sequencing directly from the double-stranded DNA using an
oligonucleotide primer (Korneluk et al., 1985). Fig. 4(a) shows the relevant sequence in this
region and Fig. 4(b) shows a sequencing gel of bases 12333 to 12390 obtained directly from a
cDNA clone using an oligonucleotide primer. In addition the sequence has been obtained
directly from the virion RN A using specific oligonucleotide primers at both of these points and
has confirmed the original gel readings. At positions 12333 to 12390 the sequence has also been
obtained from virion RNA obtained from the M41 strain of IBV, and the sequence in this region
1s identical.

Gel compressions are thought to be caused by the presence of hairpin loops in the DNA
migrating down the gel. Examination of the sequence in these regions shows that there are
several possibilities for the formation of fairly large hairpins, including for example, at the
position between F1 and F2, the sequence GGGGTA with its exact complement TACCCC 24
bases further on. At this position (12380), in the region where the reading frame changes
between F1 and F2, the sequence has been determined from ten separate M13 clones. It is
interesting to note that one of these clones gave a different sequence reading in that a CT
dinucleotide, which appears in the other nine M13 readings, was not present. This is unusual as
normally all independent M13 clones agree. It is possible that the secondary structure in this
region has some effect on the fidelity of copying by polymerases.

Computer analysis

Extensive computer analysis has been carried out in an attempt to identify some salient
features on the bleak landscapes of these large ORFs. Searches for homologies with other viral
polymerases have been performed using the NBRF protein identification resource (George et
al., 1986). Short regions of fairly low homology with several viral polymerases can be identified
but in general they do not rise significantly above the background of matches with proteins that
are apparently unrelated. One region, between amino acids 1342 and 1350, has a fairly good
match (8/9 amino acids) with the nsP2 protein of Sindbis virus, a protein which is known to be
involved in RNA replication (Strauss & Strauss, 1983). This region also has a match with the 1a
protein of brome mosaic virus. These matches are shown in Fig. 5. One of the most interesting
matches is at the 5" end of the first large ORF. The first 300 amino acids have a low-level but
extensive homology with the replication initiation protein from Escherichia coli (Germino &
Bastia, 1982). The homology is statistically significant and it may indicate that this region of the
polymerase protein is involved in initiation of replication of either the positive or negative
strands.

The predicted amino acid sequences of the large ORFs have been compared against
themselves and against each other to see whether there are any repeats which might represent
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Fig.5. Comparison between amino acid sequences of brome mosaic virus (BMV), infectious bronchitis
virus (IBV) and Sindbis virus (SV). The BMV sequences are amino acids 748 to 838 of the la protein.
The SV sequences are amino acids 785 to 878 of the nsP2 protein, The IBV sequences are amino acids
1248 to 1356 of F2. A colon shows identical amino acids and a dot shows similar (Kanehisa, 1982)
amino acids. The dashes in the sequences are blank characters inserted to achieve optimal alignment.

two separate but similar polymerases. A dot matrix comparison, such as DIAGON (Staden,
1982a), reveals no repeats. However several low homology repeats can be detected using the
program FASTP (Lipman & Pearson, 1985). These are shown on Fig. 6(g) beneath a
hydrophilicity plot (Kyte & Doolittle, 1982) of the amino acid sequences of F1 and F2. Fig. 6(b
to e} shows the amino acid matches in these regions. The spacing between the repeats marked A
and B is very similar in both cases, 1157 amino acids in F1 and 1183 amino acids in F2. It is
possible that these represent residual domains of homology between two polymerases which
were at one time more closely related. The areas marked C and D also show regions of homology.
The diagram also shows several very hydrophobic regions in the first large ORF which represent
potential membrane-spanning domains.

Computer analysis has also detected a homology between the non-coding region at the 5 end
of the positive strand, and the 5" end of the negative strand (i.e. the reverse complement of the
non-coding region at the 3" end of the positive strand). This is shown in Fig. 7. These sequences,
on the positive and negative strands, are approximately the same distance from their 5" ends, 52
bases and 48 bases {excluding the poly(A) tail] respectively, and may play some role in the
replication of the positive and negative strands.

Homology regions

At position 599 the sequence CTGAACAA occurs. This is identical to the sequence which
occurs in the ‘homology regions’ at the 5’ ends of the bodies of mRNAs D and E (Boursnell et al.,
1985b; Binns et al., 1985b). These sequences are thought to be recognition sites for binding of
the polymerase/leader complex during the synthesis of the subgenomic RNAs (Baric et al.,
1983). The same sequence CTGAACAA occurs at position 3293. Neither of these positions are
known to be situated at the 5" end of an mRNA species as are all the other homology regions.
We have attempted to determine whether there is some feature of the sequence context
surrounding these homology regions which sets them apart from homology regions which are
known to occur at the 5" end of the bodies of mRNAs. Accordingly, 2 consensus sequence has
been calculated from the sequences surrounding the known homology regions at the ends of
mRNAs A to F. This consensus sequence includes six bases to the left of the core homology

Fig. 4. (a) The nucleotide sequence in the region between F1 and F2, with a translation in single-letter
amino acid code of three reading frames. The amino acid is shown above the second base of the
appropriate codon. Stop codons are marked as asterisks. The frames which are open in F1 and F2 are
underlined and the methionine at the start of F2 is boxed in. (). A DNA sequencing gel obtained by
sequencing a double-stranded cDNA clone using an oligonucleotide primer. The sequence shown is
from 12333 to 12390, and is the reverse complement of the sequence shown in (a). (¢) The same three
reading frames as shown in (), with a graph for each showing the extent to which that reading frame
conforms to the codon usage found for the amino acid sequence of F1 and F2. The frame which
conforms best to the F1/F2 codon usage is marked with a series of dots and marked F1 or F2. Stop
codons are marked as short vertical lines along the centre of each frame, and start codons as bars with
filled-in circles on top. The two stop codons at 12339 (TAA) and 12382 (TGA) are marked as is the start
codon at 12459. The program used is the ‘codon usage’ option from ANALYSEQ (Staden, 19845,
1983 ¢) and uses the method of Staden & McLachlan (1982). The parameters used were a window length
of 25 and an output length of 1. (Codon usage analysis from the spike, membrane and nucleocapsid gene
data gives a very similar result.)
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(b) Repeat A

F1 484 EFVKTYVCKAQMSIVILAAYL GEOTWHLYSQVIYKLGULF TKYYDFC-—~DKHUKGF CYQLKRAKLIVTE

. esse
3332003300 sles o o0 o3 Zen 2 eeell . e oo 3T sere v owe

F2 1387 EFVKDFVCRNKQW---REAIF-ISPYNAMNQRAYRMLGLNVQTYDSSAGSEYDYVIFCVTADSQHALNIN

F1 TFCVLKGVAQHCFQLLLDATHSL YKSFKKCALGR--~THGDLLF

F2 RFNVAL TRAKRGILVVMRQRDEL YSALKF TELDSE TSLQGTGLF

(¢) Repeat B

F1 1630 VKMGDKIGGYTMGLWRAEHLNKPNLERIFNIAKKAIVGSSVVTTQCGKLIGKAATFIADKYGGGYYRNITD

s 2 I3
$3s0ele we o335 o see 433003 s ses see o ee ot 2 allesee

F2 2570 VKVSGKTLHANYIFWRNCNYLQTSAYSIFDVAKFDLRLKATPYUNLKTEQKTDLVFNL IKCGKLLYRDVGN

(d) Repeat C

F1 3696 VKTKACVAGVDGQAHCSVESKCYYTNISGNSVVARITSSNPN---——- L KVASFLNEAGN---QL

s 2 se.2 2 2 . ev s sz e e
$3evsve 3.3 1 2. * eser  se ele $ 3 3.3 . 00

F2 1996 VKPTAYAYVVDEA-CLVDDFUNLKYKAATPGKDSASSAVKCFSYTOFLKKAVFLKEALKCEQT

(e) Repeat D

F1 3438 LFCIDSTIDLSE-YCDDILKRSTVLQSVTQEFSHIPSYAEYERAKNL YEKVLDSKNG--GVT

. . es,
: L] S eenesrels 334 Zovne

F2 430 LFCLEVTSKYFECYEGGCIPASQYYVNNLDKSAGYP-FNKFGKARLYYEMSLEEQOQLFELT

Fig. 6. (a) Hydropathicity plots (Kyte & Doolittle, 1982) of the predicted amino acid sequences of
ORFs F1 and F2. Values above the line are hydrophobic and values below the line are hydrophilic. The
hydropathicity is calculated using a moving window of 41 amino acids, with a value plotted every 21
residues. The pairs of bars marked A, B, C and D show regions of partial homology [see Results and (b)
to (¢)]. (b to ) Amino acid sequences of the matches depicted by the bars in (@). A colon shows identical
amino acids and a dot shows similar (Kanehisa, 1982) amino acids. The dashes in the sequences are
padding characters inserted to achieve optimal alignment.

region CT(T/G)AACAA present in all the regions, the eight bases of the core homology itself,
and four bases to the right. The consensus has been compared to the complete sequence using
the computer program FITCONSENSUS (Devereux et al., 1984). The program successfully
identifies the known homology regions with scores ranging from 74-6 to 64-1. The 14 next best
fitting regions identified have a-range of scores well separated from those of the known
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52 TTTAACTTAACAAAACGGACTTAAATACCTACAGCTGGTCCTCATAGGTGTTCCATTGCAGTGCACT 118

.......... . sss ssse s3 Y3 IR
---------- : $33 s H $ 3 2 2

48 TTAAACTTAACTTAA———ACTAAAATT——TAGCTCTTCCCCTAATBBGCGTCCTAGTGCTGTACCCT 109

Fig. 7. Comparison between (top) the nucleotide sequence of the 5’ end of the genome and (bottom) the
reverse complement of the 3’ end of the genome (i.e. the 5’ end of the negative strand). Colons show
identical bases. The dashes in the sequences are padding characters inserted to achieve optimal
alignment.

G ASDFDIKNYLNGYGVAVRLTEG*
GGAGCATCTGATTTTBATAAGAATTATTTAAAEGGGTACGGGGTABCAGTGAGGDTCGGCTGATAECCCTTGCTAGTG

se s 3 3t 3 3333 3as
........

GTAGCTATGGTTAGAGGGAGTATCETAGGAAGAGATTGTCTGCAGGGECTAGGGCTCCGCTTGACAAATTTATAGGGA
VAMVYVRGSILGRDCLOQGLGBELRLTNL®*

Fig. 8. Nucleotide and predicted amino acid sequences where ribosomal frameshifting may occur. The
top sequence is at the F1/F2 junction of IBV, and the bottom sequence is at the gag/pol junction of Rous
sarcoma virus. Colons show identical bases.

homology regions, with a tight cluster of scores (536 to 58-8). The CTGAACAA sequence at
position 599 scores even lower. It seems probable, therefore, that the two CTGAACAA
sequences at 599 and 3293 are chance matches with the core sequence, but when surrounding
sequences are taken into account the differences are enough to ensure that they are not major
sites for the binding of the leader/polymerase complex.

DISCUSSION

The 20500 bases of sequence presented in this paper complete the sequence of the Beaudette
strain of avian infectious bronchitis virus, the type species of the Coronaviridae. The complete
sequence, excluding the poly(A) tail at the 3’ end, is 27 608 residues. This is somewhat larger than
the previously estimated size of the viral RNA which had been put at 20 to 24 kilobases
(Lomniczi & Kennedy, 1977). The sequence of the ‘unique’ regions of mRNAs A, B, C,D and E
have already been published, covering some 8 kilobases at the 3’ end of the genome and
including the genes for the major structural proteins of the virus. The 20 kilobases at the 5" end of
the viral RNA constitutes the ‘unique’ region of mRNA F, the genome-sized RNA. This is
thought to code for a polymerase or polymerases which carry out all the necessary replication
and transcription functions of the virus.

Sequence analysis shows that the main part of the ‘unique’ region of mRNA F appears to
contain two large ORFs. Because of the importance of determining whether there are one or two
ORFs, we have considered the possibility that mRNA F in fact contained one very large ORF,
and that a sequencing error or a mutant cDNA clone had led to a frameshift. Because of this the
sequence in the region between the two ORFs has been checked exceedingly carefully. The
relevant sequence is shown, with translations in the three reading frames, in Fig. 4(a). Any
frameshift error must occur within 43 bases between positions 12341 and 12383. Two
independent cDNA clones and direct RNA sequences from virion RNA give the same result.
There are no obvious signs of sequence artefacts such as compressions, and indeed several gel
systems and sequencing methods which could resolve compressions (see Methods and Results)
do not show any change in the sequence. Fig. 4(b) shows a sequencing gel representing this
region, obtained by sequencing a cDNA clone directly using an oligonucleotide primer. It can be
seen that the sequence appears clear and unambiguous. Unless, therefore, there is some singular
form of unresolvable and undetectable sequencing artefact, we must accept that the sequence
here is correct.

The problem now arises as to how translation of the second ORF, F2, is achieved. NomRNA
has been detected at this point, and no homology region which might suggest the presence of one
can be seen in the RNA sequence (see Results). It is possible that the ribosomes, having
completed translation of the first ORF, F1, reinitiate translation at the first AUG of F2, or that
internal initiation occurs, as appears to be the case with the phosphoprotein mRNA of vesicular
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stomatitis virus (Herman, 1986). There is however one piece of evidence that suggests that
neither of these alternatives is the case. If the second ORF is genuinely a separate gene, then the
70 or so bases preceding its initiation codon should be non-coding sequences, comparable to the
5 non-coding sequences preceding other IBV genes. In fact, if translated, they exhibit a heavy
codon bias (Staden & McLachlan, 1982; Staden, 1984¢) similar to the bias found in other IBV
genes. This is shown graphically in Fig. 4(c) where it can be seen that the frame with typical IBV
codon bias switches from that of F1 to that of F2 exactly at the point where the ORF changes.
This strongly suggests that the sequences before the AUG of F2 have a coding function. One
way to resolve this problem is to postulate that on some occasions, during translation of mRNA
F, a ribosome slippage occurs, which introduces a frameshift and allows translation to continue
unhindered from F1 into F2. Ribosomal frameshifting has been described in bacteriophage
(Kastelein et al., 1982), prokaryotic (Atkins et al., 1972) and eukaryotic (Fox & Weiss-Brummer,
1980; Jacks & Varmus, 1985) systems. Such a mechanism could be conceived in the case of IBV
as a form of translational control designed to provide coordinated expression of two
polymerases, with the protein from the first gene being produced at a higher level than that from
the second gene. In the case of Rous sarcoma virus (Jacks & Varmus, 1985) expression of the pol
gene requires a frameshift by the ribosome. Some well-controlled work by these authors, using
cell-free translation systems, has demonstrated that the frameshifting is sequence-specific.
Moreover it occurs ten times more efficiently in a eukaryotic system than in a prokaryotic
system, indicating that there are specific eukaryotic signals to which the prokaryotic system
responds poorly. The region of sequence responsible for the frameshifting has been narrowed
down to 24 nucleotides. Both IBV and Rous sarcoma virus require a shift into the —1 frame to
occur, and it may be that similar frameshifting signals are present in both sequences.
Accordingly the 24 nucleotides of Rous sarcoma virus sequence have been compared to the 43
nucleotides of IBV sequence within which any frameshift must occur (see Fig. 4a). Interestingly
a match of 8/9 nucleotides can be found, both sequences occurring in the same frame and both
within 20 bases of the termination codon (see Fig. 8). Further work will be needed to determine
whether this sequence forms part of any signals which may promote ribosomal frameshifting.

For each of the other IBV mRNAs, the first AUG to occur after the homology region either is
used to initiate synthesis of a protein, as is the case for the spike and membrane proteins (Binns
et al., 1985h; Boursnell et al., 1984), or is present at the start of a reasonable sized ORF which
could code for a polypeptide of 7K or more. Thus it is surprising to find the first AUG, at
position 131, at the start of a small, 11 amino acid, ORF. The sequence context around this first
AUG does not conform to Kozak’s consensus for functional initiation codons whereas the
context round the second AUG does. A similar small ORF of 12 amino acids occurs at the 5" end
of RNA 1 of alfalfa mosaic virus (Cornelissen et al., 1983), an RNA species encoding a 115K
product thought to be involved in RNA replication. In this case also only the second AUG
conforms to the Kozak consensus. Both these cases suggest the possibility that the ribosomes can
bypass the first, non-functional, AUG and initiate translation at the second. It is likely that this
also occurs in mRNA D of IBV to allow translation of the second and third ORFs (Boursnell ez
al., 19855).

It is not known for coronaviruses whether the sequences at the 5" end of the genome produce a
polyprotein which is subsequently cleaved into separate proteins, as is the case for alphaviruses
(Strauss et al., 1984), or whether the viral polymerase acts as an extremely large multifunctional
enzyme. Whether or not it is cleaved post-translationally into separate proteins, such an enzyme
would need to perform several functions. First it must synthesize the negative-stranded
template. From this template it must synthesize the leader sequence and then the subgenomic
mRNAs, for which it needs the ability to recognize highly conserved signal sequences (Baric et
al., 1983, 1985; Spaan er al., 1983; Brown & Boursnell, 1984), a capping ability (Lai e al., 1982)
and probably the ability to reinitiate transcription at these points (Lai et al., 1985; Makino ez al.,
1986). If it is cleaved into separate proteins it may encode a protease function to do this. Two
polymerase activities, early and late, have been identified in MH V-infected cells (Brayton ez al.,
1982). These have different ionic requirements and different pH optima. Both polymerase
activities are associated with two different membrane fractions, a light fraction which appears
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to synthesize positive-stranded genome-size RNA and a heavy fraction which also synthesizes
subgenomic RNAs (Brayton et al., 1984). Some evidence for two polymerase-coding genes can
be found in the nucleotide sequence of mRNA F, in that there are small regions of residual
homology between the predicted amino acid sequences of F1 and F2 (see Results and Fig. 6).

The question of whether the cDNA clones sequenced in this study might derive from mutant,
non-viable RNA molecules is an interesting one. The error rate of RNA polymerases is fairly
high (Steinhauer & Holland, 1986) and many of the RNA molecules in an infected cell may be
different from that in the original infecting virus. If the mutation rate is 1 in 10000 then over the
20 kilobases of sequence presented here, there may be one or two changes each time one strand
was copied into another. While the viral RNA is replicating within the cell, it is likely that
mutant, and possibly defective, virion RNA molecules will accumulate with little selection
against them, and, unless they have gross structural defects, most of them will be packaged into
virions. It is these virions, without any further selection for viability, which are used to extract
the RNA which is used to synthesize cDNA. In addition the infecting virus will be a mixture of
different RN A molecules, even though it has been plaque-purified. However, be that as it may,
there is no evidence for very high mutation rates in the cDNA clones which we have sequenced
here. For the clones covering the 20 kilobases there are 4659 bases of overlap between separate,
independent clones (all made from the same RNA preparation). In the overlap regions there was
not one difference, there being 1009, agreement between the sequences from adjacent clones.

This is in contrast to results found by Schubert ez al. (1984) while sequencing the polymerase
gene of vesicular stomatitis virus. The gene spans 6380 nucleotides and each region was
sequenced from approximately three cDNA clones, giving 19140 nucleotides of overlap. In
these 19140 nucleotides they found 20 nucleotide changes, including four insertions or deletions,
giving an overall mutation rate of approximately 10-3. In the 9318 (4659 x 2) nucleotides of
IBV ¢cDNA clones which can be checked on another clone, there were no changes. Over 9318
nucleotides a mutation rate of 3-2 x 10~* would give a 95 % probability of at least one
nucleotide change; thus, since there were no changes, the overall mutation rate is probably lower
than this. Given the number of rounds of replication which will have occurred between the
original plaque isolation and the production of the cDNA clones, the mutation rate per base
incorporated is likely to be considerably lower than this. It is interesting to speculate on the
disparity between the vesicular stomatitis virus and the IBV results in this case, and on whether
the (presumably) very large IBV polymerase, or polymerases, has a lower intrinsic error rate
than the VSV polymerase.

Sequencing of cDNA clones from the ‘unique’ region of mRNA F has revealed the rather
unexpected presence of two large ORFs. Although the sequence in the region between these has
been obtained from three independent cDNA clones and from the virion RNA, the possibility
of some bizarre form of sequence artefact cannot be totally discounted. It will be interesting to
see if a similar frameshift occurs in an equivalent position in the coronavirus MHV genome.
Experiments can now be designed to confirm the reading frame switch by other means. For
example in vitro translation of SP6 polymerase transcripts from this region can be performed and
the sizes of the products determined. Although no mRNA has been detected with a 5’ end near
the beginning of the second ORF, a search for a low abundance mRNA species can now be
carried out by primer extension from mRNA preparations. In addition, the availability of
sequence data from the IBV polymerase(s) allows antisera to be raised against products
expressed from selected parts of the sequence. These will prove useful in determining the fate of
the large polypeptides predicted from the nucleotide sequence, showing whether post-
translational cleavage occurs, and attempting to unravel the relationship between the various
polymerase activities which have been detected in coronavirus-infected cells.
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