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ABSTRACT
The nucleotide sequence of the genomic RNA (5641 nt) of beet western yellows virus

(BWYV) isolated from lettuce has been detennined and its genetic organization deduced. The
sequence of the 3'terminal 2208 nt of RNA of a second BWYV isolate, obtained from
sugarbeet, was also determined and was found to be very similar but not identical to that of the
lettuce isolate. The complete sequence ofBWYV RNA contains six long open reading frames
(ORFs). A cluster of three of these ORFs, including the coat protein cistron, display extensive
amino acid sequence homology with corresponding ORFs of a second luteovirus, the PAV
isolate of barley yellow dwarf virus (BYDV) (1,2). The ORF corresponding to the putative
viral RNA-dependant RNA polymerase, on the other hand, resembles that of southern bean
mosaic virus. There is circumstantial evidence that expression of the BWYV RNA polymerase
ORF may involve a translational frameshift mechanism. The ORF immediately following the
coat protein cistron may be translated by in-frame readthrough of the coat protein cistron amber
termination codon. Similar mechanisms have been proposed for expression of the
corresponding ORFs of BYDV(PAV) (1).

INTRODUCTION
The luteoviruses are a large group of plant viruses which cause economically

significant yellowing diseases in a wide range of hosts (3). Three important members of the

group are barley yellow dwarf virus (BYDV), potato leafroll virus (PLRV) and beet western

yellows virus (for reviews see 4,5). Luteoviruses are phloem-limited and are consequently
present in only very low concentrations in plant tissue extracts. Furthermore, they are not

transmissible by mechanical inoculation but require use of an aphid vector. Because of these

properties the luteoviruses, in spite of their economic importance, have been subject to little

investigation at the molecular level.
The luteoviruses for which information is available have isometric virions consisting

of multiple copies of a major coat protein of ca. 24,000 Mr. The genome consists of a

single-stranded plus-sense RNA of about 1.8-2X106 Mr with a genome linked protein (VPg)
(6,7) and no polyA tail (6). Beet western yellows virus (BWYV) is probably the most

commonly encountered luteovirus, infecting a wide range of dicotyledons (4). Furthermore,
several luteoviruses originally classified as distinct entities such as beet mild yellowing virus

and the RPV and RMV isolates ofBYDV are serologically very close to BWYV and should
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probably be classified as BWYV strains (5). In this paper we present the sequence of cloned
overlapping DNA copies of RNA from a lettuce isolate of BWYV which, taken together,
define the complete BWYV genome. Partial sequence data is also presented for an isolate of
BWYV obtained from sugarbeet. The resulting information about open reading frames and
encoded proteins provides a framework for further studies of luteovirus genome expression.
Comparison of the BWYV sequence with data for other members of the group, notably the
recently completed sequence of the PAV isolate of BYDV (1), should help to unravel
luteovirus taxonomy. Finally, the sequence has revealed a hitherto unexpected relation between
BWYV and southern bean mosaic virus.

MATERIALS AND METHODS
Virus. BWYV (isolate FLI) was originally collected from lettuce in the vicinity of

Avignon, France and was maintained by serial transfer in Physalisfloridiana using Myzus
persicae as vector. The virus was propagated in Montia perfoliata for four weeks prior to

purification as described (8) except that 1.5% Rohament P (9) or 1.5% Extractase P20X
(Finnsugar Biochemicals) was used during extraction. After fractionation through a sucrose
gradient, virus from the peak fractions was concentrated by centrifugation and taken up in 10

mM sodium borate, pH 7.2, 1 mM EDTA. RNA was extracted from the purified virions with
phenol and the nucleic acid in the aqueous phase was concentrated by ethanol precipitation
before being dissolved in sterile water. The sugarbeet isolate of BWYV, BWYV(GB1), was
collected from sugarbeet in the German Democratic Republic (10) and maintained on Montia
perfoliata using Myzus persicae as vector. Virus was purified as described (11). Purified
virions were resuspended in 0.1 M Tris-Cl, pH 7.4, 50 mM NaCl, 10 mM EDTA and .2%
SDS. Proteinase K was added at 200 jtg/ml and the suspension was incubated for 1 hr at 370
after which the mixture was emulsified with an equal volume of phenol/chloroform (v/v) at 600
for 10 minutes. After centrifugation the aqueous phase was reextracted twice with chloroform,
once at 60° and once at room temperature. RNA was concentrated by ethanol precipitation and
dissolved in sterile water.

cDNA synthesis and cloning. BWYV RNA (5gg) was 3'polyadenylated in 50 p1
reaction mixture containing 50 mM Tris-Cl, pH 8, 250 mM NaCl, 10 mM MgCl2, 2.5 mM
MnC12, 100 jCM ATP, 40 gg/ml bovine serum albumin (BRL) and 2 units polyA polymerase
(BRL). Polyadenylation was allowed to proceed for 6 min. at 37°. The reaction was stopped
by phenol extraction and RNA was precipitated from the aqueous phase by addition of 2
volumes of ethanol. The RNA precipitate was dissolved in 10 pl sterile water. Recombinant
cDNA clones were obtained as described (12) with minor modifications (13). In some
experiments plasmids were tested for the presence of viral cDNA inserts by colony
hybridization using nicked BWYV RNA which had been 5'-32P-labelled with poly-
nucleotide kinase as probe (14). In other cases DNA minipreparations from recombinant
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plasmids were screened for >1kB inserts by restriction endonuclease digestion followed by
agarose gel electrophoresis. The nature of each long cDNA insert was then examined by
dot-blot hybridization of immobilized total RNA from BWYV-infected or healthy Physalis
floridiana using nick-translated plasmid DNA as probe. This test was deemed essential because
the viral RNA preparations contained small amounts of cellular DNA. However, all the
plasmids examined proved to harbour cDNA inserts of viral origin as judged by their ability to
hybridize with the RNA extracted from virus-infected but not from healthy plant tissue.

Recombinant cDNA plasmids extending further toward the 5' terminus were obtained
by primer extension using the synthetic oligodeoxynucleotide 5'-CTTCAACCCACCCACGG
(nt 2254-2270) as primer. After reverse transcription the RNA-cDNA hybrids were treated
with RNase H (BRL) and DNA polymerase I (Boehringer), dC-tailed and cloned into Pst I-cut
dG-tailed pUC 9 (15,16). Plasmids were screened for viral cDNA inserts as described above.

Seguence analysis. cDNA inserts were sequenced by partial chemical degradation
(17) after digestion with appropriate restriction enzymes and 5'end-labelling with
polynucleotide kinase, or by the dideoxynucleotide triphosphate chain termination method (18)
after subcloning of appropriate restriction fragments into pUC 9. Miniprep plasmid DNA for
sequencing experiments was prepared as described (19). The double-stranded DNA (about 8
±g in 40 g1 H20) was denatured by addition of 10 1l 1 M NaOH followed by incubation at 0°
for 10 min. An equal volume of 4M NH4 acetate and 4 volumes of ethanol were then added
and the precipitated DNA was collected by centrifugation, washed once with 67% ethanol and
resuspended in 15 gl H20. Sequence was detenmined on the denatured plasmid DNA by the
dideoxynucleotide triphosphate chain termination method from direct or reverse sense synthetic
oligodeoxynucleotide sequencing primers (Biolabs) and bacteriophage T7 DNA polymerase
(Sequenase, USB) (20).

The sequence of the first 127 nt of the viral RNA was obtained by reverse
transcription from the 5'-32P-labelled oligodeoxynucleotide primer 5'-TTGCGCTCTlTlGA-
TTGCTCGTAC, complementary to nt 149-171 of the final sequence, and analysis of the
resulting 5'-labelled cDNA runoff transcript by partial chemical degradation. In some
experiments the 5-labelled cDNA was tailed with dC or dT residues using terminal
deoxynucleotidyl transferase (21) prior to sequence analysis. Sequence data were analyzed
with UWGCG programs (22) on a Microvax II computer.

Synthetic Transcript. The Dra I-EcoRI fragment (nt 33134321) of the pBW17 cDNA
insert was purified by electrophoresis through a low melting point agarose gel and fused
between the Hinc II and EcoR I sites of pBS(-) (Stratagene) to yield pBW(3313-4321)BS.
After linearization of the plasmid with EcoR I, a plus-strand RNA transcript corresponding to
the inserted DNA was synthesized using bacteriophage T3 polymerase (Stratagene) (23). The
transcript was translated in rabbit reticulocyte lysate (23) and the 35S-methionine-labelled
translation products were immunoprecipitatedwith BWYV(FL1) antiserum or nonimmune
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serum as described (24) except that 10% Pansorbin (Calbiochem) was substituted for protein
A-sepharose. Immunoprecipitated products were fractionated by SDS-polyacrylamide gel
electrophoresis and visualized by autoradiography of the dried gel.

RESULTS AND DISCUSSION
Sequence analysis. No information is available concerning the 3'extremity of BWYV

RNA. The genomic RNA of the luteoviruses PLRV and BYDV(PAV), however, have been

shown to contain no 3'polyA sequence (1,6) and it seems reasonable to assume that this is also
the case for BWYV. Consequently, the BWYV RNA for use in cDNA synthesis was first

3'polyadenylated by treatment with polyA polymerase in the presence of ATP. Recombinant

clones were then synthesized from this material using Pst I-cut oligodT-tailed pUC 9 to prime
first-strand cDNA synthesis (12). About 50 clones were obtained which contained viral cDNA
inserts of 1 kB or longer. All the cDNA inserts were found to be 3'coterminal as judged by
restriction enzyme mapping. Preliminary sequence analysis of three clones with long cDNA
inserts revealed that all three had a 3'polyA tail and that the sequence immediately upstream of

the tail was identical in all three cases over at least 300 nt, indicating that the polyadenylation
site corresponds to an abundant 3'OH extremity, presumably that of the viral genomic RNA.

The cDNA insert of pBW17, the longest recombinant plasmid obtained in the
foregoing experiment, was sequenced in its entirety. It corresponds to nt 2016-5641 of the
final sequence (Fig. 1). In another cloning experiment a synthetic oligodeoxynucleotide
complementary to a portion of the pBW17 sequence near its 5'extremity was used to prime a

second round of cDNA synthesis. Analysis of a series of overlapping recombinant cDNA
plasmids obtained in this experiment extended the sequence up to nt 127 (Fig 1).

The sequence of the 5'terminal portion of the viral RNA was established by primer
extension using a 5'-32P-labelled synthetic oligodeoxynucleotide complementary to nt
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Figu 1. Map ofcDNA inserts of clones used to determine the BWYV(FL1) sequence. Filled
squares indicate positions of synthetic oligodeoxynucleotides used to prime specific cDNA
synthesis. Arrow indicates 5'terminal region sequenced by primer extension directly from the
RNA.
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149-171. After hybridization of the primer to viral RNA and extension to the 5'terminus of the
RNA with reverse transcriptase, the resulting 5'-labelled full-length runoffcDNA migrated as
a single band upon polyacrylamide gel electrophoresis (data not shown). The band was eluted
from the gel and sequenced by partial chemical degradation. The resulting sequence could be
read with confidence up to nt 2 at which point the heavy radioactive band of nondegraded
cDNA extends across all four lanes of the sequencing gel and obscures the pattern (Fig. 2A).
Similar results were obtained whether or not the RNA was treated with proteinase K prior to
cDNA synthesis (data not shown). In order to characterize the terminal residues a second
aliquot of the 5'-labelled cDNA was tailed with dT or dC residues before being subjected to

sequence analysis. This treatment shifts the heavy band of nondegraded material to lower
mobility in the sequencing gel and so permits the last 2 residues of the cDNA sequence
proper,3'-TG..., to be determined (Fig. 2B,2C). It remains to be seen if cDNA synthesis in

these experiments has proceeded all the way to the RNA 5'extremity, as appears to be the case
for other RNAs possessing a VPg (25) or whether synthesis has terminated prematurely due to
steric hindrance by the VPg. It should be noted, however, that, if the established sequence,
5'-ACAAAAGAAA..., does indeed represent its 5extremity, then BWYV RNA resembles the
VPg-containing RNA of the potyvirus tobacco vein mottling virus in beginning with an A
residue (25). Other viral RNAs known to posess a VPg begin with a pyrimidine (e.g. 26-29).

As noted above, the three plasmids containing the 3'terminal region that were
analyzed proved to be 3'coterminal upstream of the polyA sequence, strongly suggesting that
this site corresponds to the 3'extremity of the viral RNA. The possibility remains open,

A B C
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F. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~"si. M,

Figre 2.. Partial chemical degradation of 5'-labelled runoff cDNA complementary to the
5'terminal sequence of BWYV(FL1) RNA (A). The annotated sequence corresponds to the
cDNA and is complementary to that of viral RNA. (B,C) The same as in panel A except that the
runoff cDNA was tailed with dT residues (B) or dC residues (C) prior to sequence analysis.
The chemical degradation reactions are specific for (from left to right) G, G+A, C+T and C.
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however, that the viral RNA in fact terminates with one or a few A residues, which would be
indistinguishable from the polyA sequence added in vitro for cloning purposes.

The complete sequence of BWYV(FL1) RNA is presented in Fig. 3 along with the

amino acid sequence of the long open reading frames discussed below. The length of 5641 nt

(excluding possible additional A residues at the 3'extremity) is in good agreement with the
value of 1.85X106 measured for BWYV RNA by gel electrophoresis (30). Where sequence
data were obtained from several overlapping clones the observed sequences were, with one

exception, identical indicating that there was little sequence heterogeneity within the population
of viral RNA molecules used for cDNA synthesis. The exception was clone pBW69, which
lacked two residues at positions 1152-1153 compared to plasmids pBW14, PBW47 and
pBW66 (Fig. 1). The deletion in pBW69 is presumably a cloning artifact or has arisen from
cDNA synthesis on a variant RNA molecule. In the latter case the putative variant RNA
molecule is likely to be defective because the deletion would lead to premature termination of a
long open reading frame. For this reason the variant sequence is not shown in Fig. 3.

Open reading frames. Fig. 4 presents the position of all AUG initiation and UAG,
UGA and UAA termination codons in the three possible reading frames of the BWYV RNA

sequence. The six longest open reading frames (ORFs) are identified by number. ORF 1

begins at AUG(32) and ends at UGA(779). It can encode a polypeptide of 29080 Mr (29 KD).
Overlapping extensively with ORF 1 but in a different reading frame, ORF 2 begins at

AUG(174) and ends at UGA(1995). It can encode a polypeptide of 66202 Mr (66 KD). The
5'terminal portion of ORF 3 overlaps the 3'terminus of ORF 2 for 474 nt. ORF 3 is unusual
in that the first in-phase initiation codon in its sequence, AUG(2168), occurs 216 codons after
the beginning of the open reading frame proper (that is, after the last in-phase stop codon
upstream). The possible significance of the absence of AUGs near the 5'terminus of ORF 3
will be discussed below.

Separated from ORF 3 by a noncoding region of 202 nt, ORF 4 extends from
AUG(3483) to UAG(4089) and can encode a polypeptide of 22468 Mr (22.5 KD). ORF 5,
encoding a Mr 19478 (19.5 KD) polypeptide, falls entirely within ORF 4 but in another open
reading frame. Finally, ORF 6 is separated from ORF 4 by a single amber termination
codon and is in the same reading frame. It extends to UGA(5493). The first AUG in ORF 6 is
at nt 4200. Translation initiation here would give rise to a polypeptide of 47484 Mr. If, on the
other hand, the entire 51.5 KD ORF 6 sequence is expressed by translational suppression of
the ORF 4 amber termination codon (see below) an ORF 4-ORF 6 fusion polypeptide of
74021 Mr would be produced.

Assuming that all the aforesaid ORFs are expressed as proteins, the noncoding
sequence of BWYV(FL1) RNA consists of 379 nt (6.7% of the total sequence), 31 nt at the
5'extremity, 146 nt at the 3'terminus and 202 nt in the intergenic region separating ORFs 3 and
4. The longest ORF in the BWYV minus-strand sequence is 158 codons in length (nt
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ACAAAAGAAACCAGG:GCU;rTCCTrAGTraGATGCATTGCTCGCT CACGATAACTT MCACArC CAAGTCAAGA=AGTCMCGATCCTCCACCCTCAA 100
ORF1 M Q F L A H D N F HT L Q V X X V R F L H P Q -

CAhGAAGlU7TTC=AGCAGGTITATrGCTCAATATAAAACAATTTGT^AMCAATrTCTACGiGAGCG 200
ORF1 Q E V F L L A G L L L N I K Q F V R A I K E R N N V F X I D V F L R -
ORF2 M Y S K L H F F F -

GClTYTGCT%TATCA0CC1TITACCTCGGAAGCTGCTTCCACGATGCTCCTCGAGAGCTATACCTGCCACTGAACCAGAGTATGCGCCTGGT? 300
ORF1 8 L L Y Q L P F H L G S C F H D A P R E L I P A T E P E L C AT F -
ORF2 A L C S I S F L F T 8 E A A S T N L L E S S Y L P L N Q 8 Y A P GF -

TCrrrACMAmCGTAIIrCCCCrccTccACTTACOGwCrTTAACTTCAcATGCCCGCCAGACCTCTCCAOGAAAATCATACAACCGACT 40O
ORF1 8 L Q T G Y A P A ST 8 G R V N L H V P G T K T S R R R I I Q R S -
ORF2 L Y K R D K L P P P L Q A V L T Y T C P E P R P L A E E S Y N D L -

TCm CAGCTTETCCAGCGACTICTATCAACATGGACTAAAGACG 500
ORF1 F A S D F S E K L K R P P E C L F V S L E L F Q R L L S TH T X D V -
ORF2 L R A I S Q X S 8 D F Q I A Y 8 L A L S F 8 8 D F Y Q H G L K T -

TTGAAA0AC0TATCTr1'?A0CT0A_AA817CCCT _00TC0ACAC0CTTAT0GAGC_C0CTAATCTT0GC0&_Tr1'CTCCGCGTTATGGTGGT 600
ORF1 E R R I F F 8 C R E I P L G 5 D T L M E L A N L G E F L R V H V V -
ORF2 L X D V S F L A V E K F L W C L T R L H S 8 L I L A 8 FS A L WN L -

TG0T0AGCMTfl-_ACAk _. ~ ~ sACACT0TEACAAAPM _TATGOTGAA0ACG0T?TCATI_CTIT10AGGASTEGCC 700
ORF1 G E Q F H N 8 R L L 8 R L A V H C Y K I Y G E D G F I 8 FH R I A -
ORF2 V 8 X F T T P V F C L A L L Y T V T K Y M V K T V 8 F L F G G L P -

AATCTOATcATTTCGATTIGCTCTCCTCCTG 1 800
ORF1 N L D H F D C F L T P E E I L F 8 S 8 V Y T E M F V A
ORF2 I H I I S I A F 8 L L K X 8 F S A L R8 T P K C L Y E X A I D G F -

AAOAO_I'Ec_CTAT_CCOCAOAOTcCCCCAAAATcTIOcOTCATTCcc&TVACCCLGCAAGcGGAAACCTA 900
ORF2 X 8 F T I P Q S P P X 8 C V I P I T H A 8 G N H A G Y A S C I K L Y -

ATAACG 1000
ORF2 N G E N A L M T A T H V L R D C P N A V A V S A K C L K T R I P L -

CGCAGAATrCAAACAATCGCGAAATCCGACAAAGITGATGTTACCCTCTTCGCGCCCCCCCAATTGGAAGGACT0TGGGCTTAAAGCGGCCAAC 1100
ORF2 A E F K T I A X 8 D K G D V T L L R G P P N WE G L L G C X A A N -

GTTATAACAGCTGCTAACCTAGCGA.TGCAAAGCATCCATAThCTCTTTTGACAGAG _T00CT0GTTAGCAGTTACCGAGACTCTAGGCTCAGAA 1200
ORF2 V I T A A N L A K C X A 8 I Y s r D R D GG V S 8 Y A E I V G B E G -

GTACAGACGGGAGGACAC CCCTACT TGGTAAAACCATCTGGGGTACAGTGCCAGTGC 1300
OR82 T D V H V L B H T-E G G H S G 8 P Y F N G X T I L G V H S G A S A -

TACTGGAAATTACAATTTAATGGCACCAATCCCATCCCTCCCCOGATACTAGCCGACTTATGTGTTCGAACCACCGCACCACAAGGAAGAGTITC 1400
ORF2 T G N Y N L H A P I P B L P G L T S P T Y V F E T T A P Q G R V F -

GCACAAGAGATATCGCTGAAATCGAAGGCCTCTATG0CAAAACIG0AAAGTATTG0G 1500
ORF2 A Q E D I A E I E G L Y A Q V X X R V Q Q A E D F X P X TG K YH G -

GTGATATGGAGGATGATGAAGACATTTTCTrCGAAAGCAAAGAAGATCTGTCGGGAAACGGAGTGCGCGGCACCGTCCGCGGAhCAACGGAGMOGCAG 1600
ORF3 R H F L R K Q R R S V G X R S A R H R P R N X R R R Q -
ORF2 D H E D D E D I F F E B K E D L B G N G V R G T V R G T N G E G 8 -

CTCCACCCCAAAGACAACAACTCGA AAAGAATAGAC TA C TCC AT C GA A A 1700
ORF3 L H P K D K Q R R H E R D D G E N N L I S S C X D K S R E H R E E S -
ORF2 S T P K T S N V D G K E H H E X I I B S L V G K I N L E N I E R K -

GT _G __0C CCGCCGCAGAAGAGCCCCAAAGAAACAGCCGGAGAGTTCGAAAGATACTTCTCCTC 1800
ORF3 D R G D L R E S D E N S E I P P Q K S P K E T A.G E F E R Y F S S -
ORF2 V I E E I S A X A K T P K S8R R R R A P K K Q P E S S K D T B P R -

GCtTACAACT000AA0TACCAACC?CCCCACGTGA0 CCC00CTCCGTCACTGCGGCAAACTGCCCCAATACTACCACCCCAAGCAAAAAGAAGAA 1900
ORF3 L Y N W E V P T S P R E V P G F R H C G X L P Q Y Y H P X Q X E E -
ORF2 8 T T G K Y Q P P H V R S P A 8 V T A A N C P N r T T P S X X K N -

TCTAGCT AAGACCCCGCCAG CCGAAGCAGAACTGAAGA 2000
ORF3 S S KG K T L V G N H P A L G E K T S G F G N P K F G P E A E LK S -
ORF2 L A G G R P S S G T I P R W V R K Q A A S A 0 P S S A P K Q N A

GCCTGCGACTGCAGOCTTCACGOIVOCTVGAACGCGCCCAGTCCGCAGAAATACCCTCTOACGCTGAGAGG.AGCGTGTACAAAAGACCGCAGATGT 2100
ORF3 L R L Q A 8R H L E R A Q 8 A E I P S D A E R E R V I Q K T A D V -

TTACCATCCI0CCAAACAAAT0CCTGCGGAACCCGA0GAGGACACTAACCTG0ACAACTTCATGATTGAT1TCAAAC&GGCAGTG7TCTCGCTG 2200
ORF3 Y H P C Q T N G P A A T R G G T L T W N N F M I D F K Q A V F S L -

GAGTCGCATCA A CCA CC CC TCAAGACCAAAACTCCrCCAATCCTAGCTCAAT 2300
ORF3 E F D A G I E L P Y I A Y G X P T H R G H V E D Q K L L P I L AQ L -

TGACCCTICTTCTGAACATOW A CCGAOCAGCTG ACGC TTCCCATCCGATTATT 2400
ORF3 T F F R L Q K M L E V N F E DH G P E E L V R N G L C D P I R L F -

CGTGAAGOGGt;AGCCGCACAACCMAGCCCAGCTCG CAATGGCCGCTACCG_OCCT UTAA7GGCGITrCCCATCMGTrTCACTGGTAGCCCGGGTTCTC 2500
ORF3 V X G E P H K Q A K L D E G R Y R L I H S V 8 L V D Q L V A R V L -

IRrCAAATCAGAACAAGCOGOAAATOCMCC_CTOOAOOOCCASCCCCAOCAAGCCCOOTI'YGGCTYOTCT121ACOOAGCAAGTGCTGGACTI'IOTGG 2600
ORF3 F Q N Q N K R E I A L N R A I P 8 X P G F G L 8 T D E Q V L D F V E -

AAAGITCGCCCGTCAAGT CACCC ___TACCG0A0ICCCGClT1iACTGGAGTGT 2700
ORF3 S L A R Q V G T T T T E V V A N N X N Y L T P T D C S G F D H 8 V -

CCTCAACCCCGCTACAGAAACATrAAATCTTGCTGGTTGAGGTGC 22800
ORF3 A D H H L H D D H I V R N R L T I D L N P A T E R L R S C H L R C -

ATITCAAAC1VAGITATI1n0CI~IA0TGAT00C&CCCl nA0CcCtAAATIVATCCA00cGX'IVA0AA0A0T000A0CTATAATACAITMCACTCCAACT 2900
ORF3 I S N S V L C L 8 D G T L L A Q I H P G V Q X S G S Y N T S S S NS -
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30'0001s3 A I R V N A A F H T A I N A N A N G D D A L E S N P A D L a A Y -

C_ CTA_ AC_I'XCA_CTMrICIUCTCZ TCInAOA CCCCTCCCm== TMAZ AG 3100
0573 K L G F X VE V SCQ L E F C H I r R A P D L A L P V E N X -

ATGATCTACAAACCATCTAIOOCTATAATCCAGGGAGCTO7I 3200ORF3 K I Y 9 L I T C T N P C 8 G N A E V V 8 N Y L A A C F 3 V L 2 t L R -

3300ORF3 H D P A S V E L L Y S L V D P V L P Q X I P G E

Cth==_ ~~3400~~~~~~~~~~~~~~~~~~~~~~~~~~3S0005F4 T V V G -

3600

CA CT

0575 N E E D D H A G K H D A L S A L 8 Q L S I P L Q HN -
C

ORF4 R A I I N G R R R P A R Q T R R A Q R P Q P V V V V Q T 3 R A T Q R -
T S

_CcCACCTACACGAQACCAAGACCTAACAACcOCACAOG&AC_ACTGTTCCTAcCAGACGACCAGGITcCACCCACACXflTCIITLVTCAAMOACAA 3700
A C A GORFS A D L D D D E E V T T G Q E E L r L P E E 9 V R A R H L r s Q X T I -

ORtF4 R P R R R A R G N N R T G R T V P T R G A G 8Q S E T F V F S K D N -
R C

= A T 3800CC A AORFS S R E V P A E Q S
N 0A R V Y Q T A R H S L N E C 8 R P T M S I1

-

ORF4 L A G 3
S a G A I T F G P S L 3 D C P QA F S N G M L X A Y H E Y X -

R

= M _ _ _ J _ _390~~~~~~~~~~~~~~~~~~~~300G C
ORFS s u s r N 9s s P X P L P X I P V P 8 L T 3 N T H T V N 8 T P F -

TO
R 4 I S M V I L E F V S E A 3 a Q P 3 G S I A T E L D P H C X L N S L S -

ACGAATGGCACGAC1TOCcGAGACCA 4000
GC T AO55 P Q L 3 T

8 C S Q P G X CG L Q R L TS T E R C T T L P R T N-
R H

A

CCC4100
T C C TOIRF5 8 G 8 8 T X A n V L H R *

ORF4/6 E R I L Y K G N G 3 S I A C F R I T I K C Q F H N P X V D -

_ _ _ _ _ M _ _ - _ _ _ .4200
AORF6 E P G P S P C P S P a P Q P T P QK X R F I V Y T G V P V T R I -

CTC C 4300
C CC A T C

O0F6 A
S D D A I S L TD X P SQ R F R T I ZD N T I L D S -

_T U U ~~~~4400
A T T G0wF6 R W Y Q x 3 L X A I P M I I V P V P Q C Z N T V Z I 8 X E G Y

4500
T T C C T TORFYi P T S

3 T T D P N X D X Q D C L I A Y N D D L 3 Z C N N V G I T N " -
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R*
AGTOTITTACOCTOGGAGAAATCCCTACGGCACrTcGOTGT 5641

T C -

Figure 3. Sequence of BWYV(FL1) RNA. Sequence differences observed in the 3' terminal
2208 nt of BWYV(GB1) RNA are written below the FL1 nucleotide sequence. Deduced amino
acid sequences of long open reading frames referred to in the text are indicated below the
nucleotide sequence. Amino acid substitutions in isolate GB1 are also shown.

1460-1933). In view of the lack of evidence for expression of information encoded by the
minus-strand of other plus-strand RNA plant viruses the biological significance of this ORF is
doubtful.

Sequence analysis of BWYV from sugarbeet. In order to gain information about the
sequence variability among different BWYV isolates several cDNA clones were prepared from
RNA of BWYV(GB1), an isolate collected from sugarbeet in the German Democratic
Republic. Sequence analysis of two cDNA inserts defined a sequence of 2208 residues
extending from nt 3484 (numbering refers to the BWYV(FL1) sequence) to the 3'extremity
(Fig. 3). The sequence includes ORFs 5 and 6 and all ofORF 4 but the A residue of the AUG
initiation codon. Comparing BWYV(FL1) and GB1 reveals 145 point mutations in the coding
regions. The base changes are not evenly distributed along the sequence. Thus the 525 nt
region where ORFs 4 and 5 overlap contains only 17 base changes (3.2% of the positions)
whereas 122 of 1413 positions (8.6%) in ORF 6 have changed (Fig. 5). Apparently the
overlap of the ORF 4-ORF S sequences imposes constraints on the mutation rate. All 17 of the
base changes in the region of open reading fiame overlap result in amino acid changes in one
or the other (or both) of the corresponding amino acid sequences with ORF 4 being more
conserved. Thus the base changes result in 11 amino acid substitutions in the ORF 5
polypeptide but only S in the overlapping ORF 4 sequence. Even more striking is the uneven
pattern of amino acid substitution in ORE 6 (Fig. 5). Thirty base changes occur in the
5'terminal 571 nt of this ORE but all are silent. The 115 base changes in the 3'terminal 60%
of this ORF, on the other hand, result in frequent amino acid substitutions. Hence the BWYV
ORE 6 polypeptide appears to consist of two domains, a highly conserved N-terminal domain
and a more variable C-terminal region.
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Figur=A. Open reading frames in the plus-strand of BWYV(FL1) RNA. Position of initiation
codons (verticle lines pointing upward) and termination codons (verticle lines pointing
downward) are shown for the three frames. Horizontal bars numbered 1-6 indicate the six long
ORFs referred to in the text. The circle indicates the position of the first AUG in ORF 3. For
reasons given in the text ORFs 3 and 6 are shown extending from one in-phase termination
codon to the next. The other ORFs are shown beginning at the first in-frame initiation codon.

A notable difference between the lettuce and sugarbeet isolates occurs near the
beginning of the 3'noncoding region. Here, the 47 nt sequence at positions 5502-5548 in

BWYV(FL1) is replaced in GB 1 by a completely unrelated sequence of 98 nt (Fig. 3). The
remainder of the 3'noncoding regions of the two isolates is rather similar. We do not yet know

to what extent the various sequence differences detected here reflect "normal" variation
between geographically distinct BWYV isolates or whether some may represent adaptations to

different hosts.
Homologies with other plant viruses. The sequence of a second luteovirus, the PAV

isolate of BYDV, has recendy been established (1). Comparison of this sequence to that of

3484
NT '

4484 5484

.LI I Rill I 1I II III IiE 11 lll11 11 111111 III III i llUm III 8lill Xi .
II I III ~1 H!III li si ll II I fIll ll~

ORF 6

Figure 5. Map of nucleotide changes (lines pointing upward) and resulting amino acid
substitutions (lines pointing downward) observed in the 3'terminal portion of the GB and FLI
sequences. Short lines pointing downward are amino acid differences in ORFs 4 and 6; longer
lines pointing down are differences in ORF 5. Numbering refers to the BWYV(FL1) sequence.
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BYDV(PAV)
5 1 ~~~ ~~~~~~~22K50K

39K

60K 1 7K 6.7K

BWYV
19.5K

29K 67KL

1 1 3l

66K 22.5K 51.5K

pBW(331 3-4321 )BS

Figure 6. Position of long open reading frames in genomic RNAs of BYDV(PAV) (1) and
BWYV. The size in kilodaltons (K) of polypeptides encoded by each ORF is shown. Similar
shading indicates regions of amino acid sequence homology between the ORFs of the two
viruses. The extent of the cDNA insert transcribed in pBW(3313-4321)BS is shown below the
BWYV map.

BWYV reveals amino acid homology for some but not all of the open reading frames. Fig. 6
presents the genome organization of BYDV(PAV) and BWYV. Total genome length of the
two viruses is very similar, 5641 nt for BWYV and 5677 nt for BYDV, although there is one
less long ORF in BYDV. This difference is compensated by the longer 3'terminal sequence
following the 50KD ORF in BYDV. A 6.7 KD ORF is also present in this 3' region ofBYDV
for which there is no equivalent in BWYV (Fig. 6).

The BYDV 22 KD polypeptide has been shown to correspond to the viral coat protein
(2). Comparison of its amino acid sequence to that of the various BWYV ORFs reveals strong
homology with the 22.5 KD polypeptide encoded by the similarly situated cistron in BWYV
(Fig. 6). Computer-assisted comparison of the two sequences produced an optimal alignment
in which the two sequences match (either identical or chemically similar amino acids) at 52%
of the paired positions (Fig. 7A). This sequence similarity is undoubtedly responsible for the
reported serological cross-reactivity between BWYV and BYDV(PAV) virions (31).

The BYDV 22 KD cistron, like the 22.5 KD cistron of BWYV, contains a second,
shorter open reading frame in another phase (Fig. 6). The 17 KD polypeptide encoded by this
ORF in BYDV may correspond to the VPg (2). There is considerable sequence homology
(33%) between this species and its 19.5 KD analogue in BWYV (Fig. 7B). Finally, both
genomes possess long open reading frames in phase with and separated from the adjacent
22-22.5 KD ORFs only by an amber termination codon (Fig. 6). Marked sequence homology
exists between these two ORFs, primarily in their N-terminal regions which match in 43% of
the paired positions (Fig. 7C). It is perhaps noteworthy that the region of homology
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Fig=re 7. Amino acid sequence comparisons of BWYV(FL1) ORFs with ORFs of other plant
viruses using BESTFIT (22). Vertical lines indicate identical amino acids, asterisks chemically
similar amino acids (T and S, D and E, R and K, Y and F) and dots positions where gaps have
been used to optimize the fit. Numbering refers to amino acid position in each ORF. (A)
Alignment of the BWYV 22.5 KD polypeptide (ORF 4) with the BYDV(PAV) (1) 22 KD
polypeptide; (B) alignment of the BWYV 19.5 KD polypeptide (ORF 5) with the BYDV 17 KD
polypeptide; (C) alignment of the N-terminal region of BWYV ORF 6 with the BYDV 50 KD
polypeptide; (D) alignment of BWYV ORF 3 with the putative RNA polymerase (ORF 2) of
southern bean mosaic virus (26). Filled circles above the sequence indicate the conserved "core
polymerase" sequence motif (33).
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corresponds approximately to the portion of ORF 6 which is most highly conserved between
the lettuce and sugarbeet isolates ofBWYV.

In BYDV the sequence flanking the amber termination codon separating the 22 KD
and 50KD ORFs has homology with that surrounding stop codons of several other viruses
which are known to undergo supression during translation (1). The context of the analogous
amber codon in BWYV (CCAAAU.AQGUAGAC) is identical to that of BYDV and the
corresponding ca. 50 KD ORFs of both luteoviruses may be expressed by translational
readthrough (see below). Near the beginning of the BYDV 50 KD ORF there is an unusual 32
amino acid sequence in which every other residue is a proline (1). A similar but shorter
sequence, EPGPSPGPSPSPQPTP, occurs near the beginning of the BWYV 51.5 KD ORF.

The BWYV 67 KD ORF and the BYDV 60 KD ORF both contain the amino acid
sequence motif GXXXTXXXNX1g850GDD (X is any amino acid) which occurs in non-
structural proteins of virtually all plus-strand RNA viruses and is thought to represent a core
sequence of the viral RNA-dependent RNA polymerase (32,33). We suggest a similar role for
the BWYV ORF 3 sequence. When the 67 KD amino acid sequence of BWYV ORF 3 was
compared to putative RNA polymerases of other plant RNA viruses the closest resemblance
was found with that of southern bean mosaic virus. The region of greatest homology includes
the "GDD" motif and sequence extending about 170 amino acids upstream. The optimal
alignment matches the two sequences at 51% of the paired positions (Fig. 7D). In BYDV, on
the other hand, the 60 KD ORF displays homology not with the southern bean mosaic virus
polymerase but with that of camation mottle virus (1).

No amino acid sequence homology of note was detected between the BWYV 29 KD
and 66 KD ORFs and the various ORFs of BYDV or of any other published plant virus
sequence. However, the sequence of a third luteovirus, PLRV, has recently been completed. It
has closely similar genome organization to BWYV and significant amino acid sequence

A B C

31-

2- .....

Figu 8. Cell-freetranslation products of pBW(3313-4321)BS
19- runoff transcript fractionated by electrophoresis through a

12.5% polyacrylamide gel. (A) Translation poducts
immunoprecipitated by BWYV andserum; (B) translation
products before immunoprecipitation; (C) tanslation products
precipitated by nonimmune serum. Apparent Mr (KD) of major
translation products are indicated to the left
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homology exists between all the analogous open reading frames in the two viruses except for

BWYV ORF 1 and its counterpart in PLRV (M. A. Mayo, personal communication).
Possible mechanisms of genome expression. Based upon its size and the observed

sequence homology with the BYDV coat protein the 22.5 KD polypeptide encoded by ORF 4
is the obvious candidate to be the BWYV coat protein. In order to test this prediction a Dra

I-EcoR I restriction fragment containing ORF 4 was inserted into the transcription vector BS(-)
so that transcription of plus-strand RNA was under control of the bacteriophage T3 RNA

polymerase promoter. In addition to the ORF 4 sequence the cDNA insert contains 170 nt of
the intergenic region preceding ORF 4, the entire ORF S sequence and the first 229 nt of ORF
6 (Fig. 6). The recombinant plasmid, pBW(3313-4321)BS, was linearized with EcoR I and a

plus-strand runoff transcript was synthesized with T3 RNA polymerase. The transcript was in

turn used to direct synthesis of 35S-methionine-labelled polypeptides in rabbit reticulocyte
lysate. Four abundant translation products were detected by SDS-polyacrylamide gel
electrophoresis with apparent Mr of 31 KD, 24 KD, 22 KD and 19 KD (Fig. 8B). All but the

22 KD species were precipitated specifically by BWYV-antiserum (Fig. 8A). The 24 KD

polypeptide probably represents the primary ORF 4 translation product; it comigrated with
authentic BWYV coat protein obtained by dissociation of virions in polyacrylamide gel loading
buffer. The 31 KD species is about the size expected for a fusion polypeptide containing ORF
4 and the cloned portion of ORF 6. Its existence supports the hypothesis (1) that the coat

protein amber termination codon can undergo translational readthrough, at least in vitro. The
origin of the 19 KD polypeptide is not known but it most probably represents a product of
premature translation termination of the coat protein cistron. Finally, there is one species, with

apparent Mr 22 KD, which is not recognized by the BWYV antiserum (Fig. 8). We suggest
that this polypeptide is the ORF 5 translation product. As a rule internal cistrons of RNA
viruses are expressed by means of 3'terminally nested subgenomic RNAs and there is
evidence for such an RNA beginning near the coat protein cistron ofBYDV (34). The cell-free
translation experiment with synthetic transcript described above suggests that the existence of a

comparable RNA in BWYV-infected plants could account for the expression of not only ORE
4 but OREs 5 and 6 as well.

Just as ORFs 4 and 5 may both be translated from a single subgenomic RNA it is
conceivable that BWYV ORFs 1 and 2 are both expressed from full-length RNA. ORF 1
begins at the first AUG codon in the RNA sequence and ORF 2 at the second. Most viral
RNAs are expressed in a monocistronic fashion with ribosomes scanning the RNA from the
5'end until an AUG is encountered. Situations exist, however, in which ribosomes use two
initiation sites on the same RNA (reviewed in 35). In such circumstances the 5' AUG usually
has suboptimal codon context (as is the case for BWYV ORF 1) so that only a portion of the
scanning ribosomes initiate at that site while the rest continue to another AUG further
downstream.
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Expression of BWYV ORF 3 may involve a different sort of mechanism. As noted
above, AUG(2168), the first potential initiation codon in ORF 3, is separated from the
beginning of the open reading frame proper by 216 codons (Fig. 4). Much of the reading
frame preceding AUG(2168) overlaps the end of ORF 2 and we suggest that a -1 translational
frameshift (see 36 for review) somewhere in the region of overlap permits translation of the
ORF 3 sequence beyond this point as an ORF 2-3 frameshift fusion protein of approximately
115 KD. A similar mechanism has been proposed for expression of the analogous BYDV 60
KD ORF although in this case the overlap with the preceding cistron is only 13 residues in
length (1).

Luteovirus taxonomy. With respect to luteovirus classification the comparison
between the BWYV and BYDV(PAV) sequences is of considerable interest. We have seen that
the two sequences contain regions of sequence homology as well as elements of dissimilarity.
Thus BWYV ORFs 4, 5 and 6 display a clear evolutionary relationship with the corresponding
cluster of cistrons in BYDV(PAV) both at the amino acid sequence level and in overall
organization. The putative polymerase regions, on the other hand, are distinct from one
another and appear to share common ancestry with other viruses, southern bean mosaic virus
in the case of BWYV and carnation mottle virus for BYDV. It has been suggested (37) that
RNA viruses may evolve by exchanging functional sequence modules with one another, a
mechanism which could explain the juxtaposition of similar and dissimilar elements in BWYV
and BYDV.

If the frameshift hypothesis for expression of the BWYV and BYDV polymerase
ORFs is borne out by experiment this will represent a second parallel between the two viruses.
In contrast, however, each virus posesses a sixth ORF (at the 5'extremity in BWYV and at the
3'extremity of BYDV) for which no counterpart exists in the other virus. Based on this
difference and on the apparently different origin of the polymerase ORFs, we suggest that
BWYV and BYDV(PAV) may be considered as distinct subtypes of the luteovirus group. As
noted above, PLRV appears to have genetic organization similar to BWYV. Whether other
members of the group will conform to one or the other of these two subtypes is a question that
must await additional sequence analysis.
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