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ABSTRACT
The complete nucleotide sequence (5845 nucleotides) of the genomic RNA

of the potexvirus white clover mosaic virus (WCIMV) has been determined from
a set of overlapping cDNA clones. Forty of the most 5'-terminal nucleotides
of WClMV showed homology to the 5' sequences of other potexviruses. The
genome contained five open reading frames which coded for proteins of Mr
147,417, Mr 26,356, Mr 12,989, Mr 7,219 and Mr 20,684 (the coat protein).
The Mr 147,417 protein had domains of amino acid sequence homology with
putative polymerases of other RNA viruses. The Mr 26,356 and Mr 12,989
proteins had homology with proteins of the hordeivirus barley stripe mosaic
virus RNA and the furovirus beet necrotic yellow vein virus (BNYVV) RNA-2.
A portion of the Mr 26,356 protein was also conserved in the cylindrical
inclusion proteins of two potyviruses. The Mr 7,219 protein had homology
with the 25K putative fungal transmission factor of BNYVV RNA-3.

INTRODUCTION

White clover mosaic virus (WClMV) is a member of the potexvirus group,

an agronomically very important group of viruses with flexuous filamentous

particles. Potexviruses have one positive-sense genomic RNA that is 6-7 kb

long, capped, and polyadenylated (1-4). The genomic RNA directs synthesis in

vitro of a non-structural protein of Mr 150,000 (150K) to 180K (5-10). The

coat protein is translated from a polyadenylated subgenomic RNA of 0.8-1 kb

that is co-linear with the 3' terminus of the genomic RNA (8-11). This

subgenomic RNA is efficiently encapsidated by some, but not all, potexviruses

(5-12). Other putative subgenomic RNAs, less abundant than the coat protein

subgenomic RNA, have been reported in tissues infected with potexviruses

(8,10,12).
The nucleotide sequences of the 3' regions of the genomic RNAs of the

potexviruses potato virus X (PVX), potato aucuba mosaic virus (PAMV) and

WClMV have been reported recently (13-15). Each virus has an open reading
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frame (ORF) coding for a protein of Mr 7,219 to Mr 7,667 located 5' to a coat

protein gene (13-15). To further elucidate the genetic organisation of

potexviruses, we have determined the complete nucleotide sequence of the

genomic RNA of WCIMV.

MATERIALS AND METHODS

cDNA cloning

Double-stranded cDNA corresponding to the 5'-terminal region of the

WClMV genomic RNA was synthesized using oligo (dT)12.18 as a primer for first

strand synthesis, and a synthetic 16-mer corresponding to the 5'-terminal 16

nucleotides for second strand synthesis (16). cDNA clones to other regions

of the genome were synthesized using oligo (dT)12-18 or oligo (dG)12-18 as

primers for first strand synthesis (16) and DNA polymerase I and ribonuclease

H (BRL) for second strand synthesis (17). The double-stranded cDNA was

dC-tailed, annealed to dG-tailed, PstI-cut pBR322, and transformed to E. coli

strain RR1 (9). cDNA inserts were excised from recombinant plasmids using

PstI, ligated to PstI-cut pUC19, and transformed to E. coli strain MC1022.

RNA sequencing

The 5'-terminal sequence was obtained by enzymatic digestion (18) of

WClMV RNA that had been terminally labelled (19) with guanylyltransferase

(BRL) following treatment with aniline to remove a putative cap structure

(20).

DNA sequencing

cDNA clones p8A, pI90, pI43, pI106, pl4B and pMl were sequenced in pUC19

(21) using an overlapping set of deletions produced by sequential digestions

with exonuclease III and S1 nuclease (22). Sequence was obtained from one

direction for all clones, leading to at least two independent cDNAs being

sequenced for every region except for the 5' most 600 bp. This area, and

approximately 90% of the remainder of the virus, was sequenced in both

directions.

Nucleic acid and amino acid sequences were analysed using the University

of Wisconsin Genetics Computing Group programs mounted on a VAX 11/750

computer. Nucleic acid secondary structures were analysed using the program

FOLD. Amino acid homologies were determined with the programs COMPARE and

DOTPLOT (using a 30 amino acid window and a stringency of 8). Sequences were

aligned manually or with the program BESTFIT (gap weight 1-5, length weight

0.3).
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RESULTS

Sequence analysis of WClMV RNA

Eight clones containing cDNA inserts which collectively spanned the

genomic RNA of WCIMV were selected for sequence analysis (Fig. 1). The

nucleotide sequence of clones p5-12 and pl4D which correspond to the

3'-terminal region has been presented elsewhere (15). In addition, 38

nucleotides from the 5' terminus of the viral genome were determined by

direct RNA sequencing using terminally-labelled RNA. The same 38 nucleotides

were found at one end of pA8, the 5'-most cDNA clone.

The nucleotide sequence of the genomic RNA, including the 3'-terminal

region, is presented in Fig. 2. The sequence contained 5845 nucleotides in

addition to a 3' tract of poly (A) of up to 300 nucleotides (9). This value

was close to the length of 6.2 kb estimated previously using RNA denatured

with glyoxal and dimethylsulphoxide (9). The base composition estimated from

the nucleotide sequence was 55.92% A+U and 44.08% G+C. These were close to

the values of 57.5% and 42.5% determined chromatographically (23).

5I I I AAA 3'
1 2 3 4 5 kb

(a)
lpA8

'Pl43
'P190

'--pl4 B
pM1
P1106

(p14D)
(p5_12)

147K ; AA

Fig. 1. The genome of white clover mosaic virus (WClMV). (a) The location
of the cDNA clones used for sequencing the genome. The 3'-terminal clones in
parentheses have been described elsewhere (15). (b) The location of five
major open reading frames on the WClMV genomic RNA.

293



Nucleic Acids Research

M A K V R
GAAAACAAGACGAGACGAACCITAAACAGACACCATCCGC AGAAAAACTAAACCACTTCCGGTTTTCTTTGAACATAACCAACACGTAGTTTGACAAAGGCTGCCATGGCTAAAGTTC

10 20 30 40 50 60 70 80 90 100 110 120

A A L D R I T D P S V K A V L N E E A Y S H I R P V L R E S L T N N P Y A I A P
GTGCCGCTCTrTGATAGAATCACTGATCCATCGGTTAAAGCTGTACTCAACGAAGAGGCCTACAGCCACATCCGACCGGTT = CGTGAATCCCTGACTAATAATCCATACGCCATCGCAC

130 140 150 160 170 180 190 200 210 220 230 240

D A A D T L E K Y G I A T N P F A V K V H S H G A V K S I E N T L L E R V G F N
CCGATGCCGCCGACACGCTGAAAUATGATGCTAC'TAATCCATTCGCAGTGAAAGTACACTCCCATGGGGCGGTTAAAAGTATCGAAAACACCTTACTCGAAAGAGTTGGGTTTA

250 260 270 280 290 300 310 320 330 340 350 360

L P K E P C I F LP L K R S K L R Y L R R G P S N K D I F I N L A I E P R D L Q
ACTTGBCCGAAAGAACCATGCATTTTCCTCTTCCTCAAAAGAAGTAAACTGCGTTACCTCAGACGTGGACCAAGTAACAAAGACATTTCATTAACCTAGCGATAGAGCCCCGGGACCTCC

370 380 390 400 410 420 430 440 450 460 470 480

R Y E E D T L V E S W T R I T T R Y A Y I S D T L H F F T R K M L A D L F F H N
AAAGGTATGADAGAAGACACTCTAGTTGrAGAGTTGGiACTCGTATCACCACTAGGTATGCATATATTAGTGACAcTTAcAcTCTT=CACTAGGAAGATGCTGGCTGACCTATTCTTTrCACA

490 500 510 520 530 540 550 560 570 580 590 600

P A L D V L Y A T L V L P P E A L H K H P S I E P D L Y T I N Y N F N G F Q Y I
ACCCAGCTCTAGATGTATTATACGCCACCCTAGTTCTTCCCCCAGAAGCCCTTCACAAACACCCTAGCATAGAACCTGA= TATATACCATTATACAATCAATGGTT'TCCAATACA

610 620 630 640 650 660 670 680 690 700 710 720

P G N H G G G S Y S H E F K Q L E W L K V G H L K S P E L S L T F Q M I E S I G
TCCCAGGTAATCATrGGTGGCGGTTCTTACTCCCAGAAAAATGAGCTCAAAGTTGGACATCTCAAATCCCCAGAGCTGAGTCTCACCTCCAGATGATTGAATCTATTG

730 740 750 760 770 780 790 800 810 820 830 840

A N H L F M I T R G I K I T P R V R T F T K D S Y V L F P Q I F li P R N L N P S
GTGCTAACCACCTCTTCATIGATCACCCGTG,GCATTAAAATAACCCCCAGAGTTCGAACATTCACTAAAGACTCCrATGTGCTCTTCCCTCAAATCTTTCACCCTCGAAACCTCAATCCTT

850 860 870 880 890 900 910 920 930 940 950 960

K P F P K V K A M Q L F T Y V K S V K N P T E R D I Y A K I R Q L I K T S E L S
CAAAACCCTTTCCAAAAGTTAAAGCAATGCAACTCTTCACTT1ACGTGAAATCTGTCAAGAATCCAACTGAGAGAGACATTATGCTAAGATCCGACAGCTGATCAAGACTTCTGAGCTGT

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

D Y H P D E I V O I V N Y F V F I S K L D S I N S Y S D I L S L P I W S K A L L
CTGATTATCATCCAGATGAAATCGTACACATAGTG,AATTACTTTGTTTTCATCTCCAATGGATAGCATTAATTCTTATTCTGACATACTCTCTCTTCCTATCTGGTCCAAAGCATTGC

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

P I K I T Q L W E K L T G A R A F N Q L L D A L Q W K T F T Y S L E V V D F
TGCCCATCAAAACCAAAATCACACAACIwTTGGGAGCTrCACCGGAGCAAGAGCTTTCAACCAACTTCTAGATGCACTTCAATGGAAAACTTTCACGTATTCCTTAGAAGTAGTTGATT

1210

S T A
TYTCCACGGCTO

1330

E E A
CGAAGAGGCCt

1450

I Q E
CCATACAGGAG)

1570

R A Y
CTCGCGCCTAT-

1690

S V I
TGTCTGTCATCI

1810

D W T
ATGATTGGACT)

1930

Y I E
GCTACATTGAAK

2050

S I N
CCAGTATFAAC)

2170

M S S
CTATGTCATCA4

2290

K A V
CTAAGGCAGTC4

2410

D F W
CAGACTTCTGGC

2530

T T H
CTACCACCCACt

2650

T D N
AAACTGACAACC

2770

H L K
TTC ATCTCAAAC

2890

N T Y
AGAACACGTATC

3010

K I G
AGAAGATTGGCT

3130

R K I
CAAGGAAAATC1

3250

D G S
AAGACGGTTCCA

3370

I M R
GCATTATGAGAC

3490

M S I
ATATGTCCATCG

3610

GTGGCTGGACAA
3730

1220 1230 1240

P S Q R D C F M E D E
CCTCTCAGAGAGACTGTTTCATGGAGATGAG

1340 1350 1360

V K N N P D L P W A P
GTCAAGAACAATCCAGACCTCCCCTGGGCCCCG'

1460 1470 1480

I N T L P K H QO H P D
ATCAACACTCTCCCCAAACACCAACACCCTGAC

1580 1590 1600

G S D V K N L R I G A
GGATCTGATGTAAAAAATCTACGAATAGGCGCA(

1700 1710 1720

H G A G G S G K S H A
CATGGCGCTGGCGGGTCTGGCAAATCTCATGCTJ

1820 1830 1840

T K V P N L E Q A N F
ACCAAAGTACCCAACCG;GAACAANGCCAATTTC

1940 1950 1960

A F L A I N Q N V I L
GCATTCCTTGCCATAAACCAGAACGTCATTTTAA

2060 2070 2080

T Y Q P F C R Y Y L N
ACCTACCAACCCTrTTTGCCGCTATTATTTGAAC

2180 2190 2200

QA L K G M P I L S P,C?AGCCCTC~AAAGGiCATGCCCATTCTTCTCCCJ
2300 2310 2320

QI L L D T N T P L C
CAATTCTTTGGACACTAACACACCTTTGTGC.

2420 2430 2440

E K L D S T P Y L K T
GAGAAACTTGATTCCACACCTTACCTCAAAACC

2540 2550 2560

F P K V N P T T V I E
TTCCCAAAAGTCAACCCTACCACAGTGATrGAAI

2660 2670 2680

P V V Q L F P H Q Q A
CCTGTGGTCCAACTCTTTCCTCATCAGCAGGCT.

2780 2790 2800

H D I G D I L F L N Y
CATGACATITGGTGATATTCTCTTCCTCAACTAC

2900 2910 2920

L K K S A A A L V N A
CTCAAGAAAAGTGCTCCGCCCtIGTTAATGCCO

3020 3030 3040

C L K I K A G Q T I A
rGCCTTAAAATTAAAGCTGGCCAGACCATTGCT'

3140 3150 3160

F V N C E T T P A D F
~rT'GTGAAT1GCGAAACCACTCCAGCCGACTTC)

3260 3270 3280

I L Q F E V I K A K F
kTCCTCCAATTGAAGTCATCAAAATGTAAATrCC

3380 3390 3400

L S G E G P T F D A N
TCTCTGGAGAAGGCCCCACCTTTGATGCCAAC1

3580 3518 3528

D Y V A S V K P S F N
iATrACGTTNCCTCAGTCAAGCCCAGCTTCAACJ

3620 3630 3640

I S P K G I I K K P E
kTCTCACCAAAGGTATCATCAAGAAACCTGAGP

3740 3750 3760

1250

R L E
GACTCGAAA
1370

W L L
rGGTTACTCA
1490

I P T
kTCCCAACTG
1610

L L K

1730

I Q T
kTCCAAACT7
1850

K T F
kAAACTTTCG
1970

A I L
iCCATCCTC2
2090

I T H
kTCACTCACC
2210

S I M

kGCATAAIG2
2330

S S N
kGCTCCAATG
2450

F L D
rTCTTAGAC7
2570

S Y V
rCATATGTCS
2690

K D E
AAGATGAAA
2810

K Q A
kAACAAGCCCA
2930

A T R
;CCACTCGAC
3050

A F M
;C7TTTATGC
3170

N S F
ACTCATTCA
3290

H N I
ATAACATrTC
3410

T E A
WCTGAAGCAA
3530

M I E
TGATTGAAC
3650

K M N
377ATGAATA
3770

1260 1270

T D T L E D
ACTGACACACTTGAAGAT

1380 1390

I L Q A H N
ATPCTACAAGCTCACAAT

1500 1510

D L L T L L
GACCTTCTAACACTTCTA

1620 1630

K Q S K D W
AAGCAAAGTAAAGACTGG

1740 1750

W M R S L N
T'GGATGCGTTCCTTAAAC

1860 1870

E K A L C Q
GAAAAAGCACTCTGCCAA

1980 1990

T G D S K Q
6CTGGAGATTCTAAACAO

210C 2110

R N K P D L
CGAAACAAACCAGACTTA

2220 2230

K K T A L G
AAGAAAAC ICTCTTGGT

2340 2350

V I Y T A L
GTCATATACACAGCCCTC

2460 2470

C V R E E R
rGTGTTCGAGAGGAAAGA

2580 2590

H D L P E K
CATGATCTCCCTGAAAAA

2700 2710

T L Y W A T
6CTCTTTACTGGGCCACC

2820 2830

M N L P Q D
KTGAATCTTCCTCAAGAC

2940 2950

QA S P D F D
CATCACCTGATTTTGAT'

3060 3070

Q Q T V M I
:AACAACTG.TCATGAM

3180 3190

I L D E W N
kTCCTTGACGAGTGGAAT

3300 3310

P E D I I E
:CGGAGGACATCATTGAA

3420 3430

N I A Y T H
kACATTGCCTATACACAC

3540 3550

H L M K L K
GATTTATGAAACTCAAA

3660 3670

M S I E L Q
.TGAGCATrGAACTTCAA

3780 3790

1280 1290

E V S Q N A N N
SAAGTCTCACAAAATGCCAATAAC

1400 1410

A D C T Q K Q Y
;CTGACTGTACCCAAAAACAATAT

1520 1530

T K L H R E P T
NCCAAACTACACAGAGAGCCAACC

1640 1650

L A S F A L K T
rTGGCTAGCTTCGCTCTCAAAACT

1760 1770

R R D R H V T I
CGGAGAGACCGTCACGTCACCATA

1880 1890

P C G K I I V F
CCCTGTGGAAAGATCATAGTGTTT

2000 2010

S F H E S N E
AGTTTCCATCATGAATCCAATGAG

2120 2130

A N K L G V Y S
;CCAACAAATTGGGTGTCTACTCC

2240 2250

E M G Q K S M T
SAAATGGGCCAGAAAAGCATGACA

2360 2370

S R A V D H I H
kGTCGCGCTGTTGATCATATTCAT

2480 2490

M N E I V A V E
kTGAATGAAATTGTCGCAGTAGAA

2600 2610

H G R E I F S E
-ATGGTAGAGAGATCTTTTCTGAA

2720 2730

I E A R L Q C T
kTTGAGGCCAGATTACAATGTACT

2840 2850

P I P F N P D L
-CCATACClCAACCCAGACCTC

2960 2970

S H A I A L F L
rCCCATGCAATAGCGCTCTTCCTG.

3080 3090

Y G T M A R Y M
rATGGTACAATGGCCCGCTACATG

3200 3210

F N R T C F S N
rTCAATAGAACTTGCTTTTCCAAT

3320 3330

G Y I Q I K T H
;GCTACATTCAAATCAAAACACATI

3440 3450

T K F N I P C D
kCCAAATrCAACATACCATGCGAT5

3560 3570

G K P V F NT
;GTAAACCCGTCTTCAACACCCAA

3680 3690

K N I N K F H E
AGATATCAATAAATrCCATGAAc

3800 3810

1300

N K P
kATAAACCA
1420

D P E
;ATCCTGAA
1540

T V P
kCTGTCCCA
1660

E N I
SAGAACATC
1780

I L P
kTCTKACCC
1900

D D Y
3ATGACTAC
2020

D A Y
:;ATGCT=AT
2140

C S S

rGCTCCAGT
2260

Y A G
rACGCTGGA
2380

F I N
rTCATTAAC
2500

E P P
3AACCACCC
2620

T li G
kCTCATGGC
2740

S S E
rCATCAGAA
2860

W T L
rGGACCCTI
2980

K S Q
AATCACAG
3100

R K F
0AAAATTC
3220

D F T
;ACTTCACT
3340

A K I
;CAAAAATS
3460

A AQ
iCCGCACAA
3580

T Q G
CCCAAGGGO
3700

V K R
TTAAAAGA
3820

1310 1320

T S L Q N ITACAAGCTTGC%AAATA
1430 1440

N N L I L P
kAACAACCTCATTCTAC

1550 1560

L D N H R A
kCTTGACAACCACAGAG

1670 1680

E R Q V L M
CGAACGCCAAGTTTTAA

1790 1800

TT D L R N
CACAACAGACTTGCGCA

1910 1920

S K L P Q G
CTCTAAACTTCCCCAAG

2030 2040

T A T L E P
rACAGCCACTCTGGAAC

2150 2160

G T T S F T
rGGCACTACATCATTCA

2270 2280

C Q G L T T
kTGCCAAGGTCTCACAA

2390 2400

T G P N S T
:ACTGGACCCAACTCAA

2510 2520

A P V P A P
-GCTCCAGTACCTGCTC

2630 2640

H S N A I Q
:CACTCAAATGCAATTC

2750 2760

E N L K E F
CGAAAACCTCAAAGAAT

2870 2880

C K Q E I E
rrGCAAACAGGAAATTG

2990 3000

W V K K T E
;TGGGTCAAGAAGACCG

3110 3120

R N Q Y C P
AGGAACCAATATTGCC

3230 3240

A F D Q S Q
rGCAlTTTATCiAliGTC-

3350 3360

F L G T L S
TTCCTG;GGCACTCTCA

3470 3480

V Y A G D D
kGTGTATGCTGGCGATG

3590 3600

D F A E F C
GACTrTCGCTGAATTCT

3710 3720

S Y A L D H
AGTATVGCTCTTGACC

3830 3840
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A F A Y Q L G D E L H E L Y N E S E A E H H Q L A T R S L I L A G Q A T A L D I
ATGCCTrCGCATAC CAACTTGCCAGATsCTAATACAAGGTCTCCTCATTCTAGCT riTCA AGCCACAGCCCTAGACA

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960

M D H I H L L L 5 A H G F T R T R L A K S K P I V V H A I
L D Y G L R D L K *

TTCTTGATACGGGCTTAAGTAGCGATG,GATCATATTCACCTCCTCCTCAG;CGCCCACGGCTTTACCCGCACCAGACTCGCCAAATCCAAACCCATTGTCGTTCATGCTAT
3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080

A G S G K S T V I R K I L S D L P T P K A Y T L G K P D P Y S L S N P T I K A F
AGCAGGCTCTGAAGCCTA TC CAACAACTCCTAG ACAACCATCTATT7TTACAAACCCCACCATCAAAGCCTT

4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

A Q F K R G T L D I L D E Y G Q L P L T D L D S 5 F E F I F T D P Y Q A P T D N
CGCC CCAACGArA_ACTCTCTTTTIATTCATCTTCACAGACCCTrACCAAGCACCAACTGACAA

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

L F E P H Y T L E T T Y R F G P N T C N L L N Q A F Q S N I T S L V T K D N I S

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

F G S P Y L V D P V G T I L A F Q P D T Y L I L C L H Q A S F F K V S D V I G Y
ATTGGITTCACCC TG CAACCTT GTCTCAGACGTGATGGTrA

4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560

Q W P T V T L Y L A C K I S E I P E E E R H L L F I G L T R H T E S L L I L G P
CCAGTGGCCCACCGTAACGTTATACCT_rOTTCTGTTAT:1C

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

D A F D 5 5 P *
M P L T P P P N P Q K T Y Q I A I L A L G L V L L A F V L I S D H S P K V G D H

AGATGCCTTTGACTCCTCCCCCTIACAATAC_CGCTGTCTCAmCTGAACCTTACCAAATAGTGGAC
4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

L H N L P r G G E Y K D G T K S I K Y r Q RPN Q HCLSKTLAKSHNTTI
__J___ _ C A A A G A C ~CcrAcC&CArC CAAACACCCTTGCCAAATICACACACACTACCA

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920

M D F T T L I I I G V Y L L V F I V Y F A K I N T 5 V C
F L L I L G L I V T L H G L H Y F N N N R R V S S S L H C V L C Q N K H

4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040

T I S I S G A S I E I S G C D N P T L P E I L P K L R P F N H G L S L P S N

5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160

M A T T T A T T P P S L T D I R A L K Y T S S T V 5 V A 5 P A E I E A I T K T
CCAGCAACCACCACAGCAACC'ACTCCACCATCTTGAC :AAA CTCCTCCACCGCTGTT CGlASlEATACAA CC

5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280

W A E T F K I P N D V L P L A C W D L A R A F A D V G A 5 5 K S E L T G D S A A
IGAAbCCTTCAAbATTCCTGTCCTGC _ _ _IGISGGCTAISGrrTIAAGCTGAATATGTGACTCTGCTGCT

5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400

L A G V S R K Q L A I K I H C T I R Q r C M Y F A N I V W N I M L D T K T P

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

P A S W S K L G Y K E E S K F A G F D Fr D G V N H P A A L M P A D G L I R G P

CCAGCAT5C5CTGTTFA;4oGCg 550 59 C5ToCTCC5CTlTATGCCGCTACGCCTCATTCGTraGT5C4CT5530 540 550 5560 5570 5580 5590 5600 5610 5620 5630 5640

S D A E I L A HQTAK Q V A L H R D A K P T W H K R C Q L C *
TCCGACGCGGAATCCT CTCCAAGACTGGCTCAGCCCATGTACCGTGACGCAC AAACGTGT-AACCTCrTACCTT5TGCTCCGACCC

5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760

57705780 5790 5800 ~5810 5820 5830 5840
(A

Fig. 2. Nucleotide sequence of WClMV. The complete DNA sequence of 5845
nucleotides derived from the clones shown in Fig. 1 is presented. The
predicted amino acid sequences of the five open reading frames are shown
above the DNA sequence in single letter code. In additional clones, G
residues were found at positions 1640 and 3546. The alteration at position
1640 is silent; the alteration at position 3546 would change the

corresponding amino acid from Thr to Ala.

Coding capacity of WCIMV genomic RNA

Computer analysis of the WClMV sequence revealed five ORFs (Fig. lb),

coding for proteins of Mr 147,417, Mr 26,356 and Mr 12,989, in addition to

the 7K and coat protein ORFs reported previously for WClMV (15). The amino

acid sequences of all five proteins are shown in Fig. 2.

The 147K ORF began 108 nucleotides from the 5' terminus and terminated

with two In-frame UAG amber codons at nucleotides 3990 and 4080 and a UGA

codon at nucleotide 4104. The two possible read-through proteins terminating

at the second and third termination codons respectively had estimated Mr

values of 150,528 and 151,266. No evidence for readthrough in vivo or in
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F- F-
WClKV 26K IA G A CIA U|UIC U U G A ClUiA C G G G U U A A GIA C -IA C CIU - -IU A AIGIUIA G C G A U G

-IUIC UUCAI I L_J "

WCliV CP IA G A CICIC UI-|U UIAIA CICIA C G G G U U A A G U U U A C C A U|C|U A A U UIG A A A A C C A A U G
II11 L1W 1 m__ mPVX CP lAic VICIUICIC GIU U G Aj- -IA Cl-IC G U U A A G U U Ul-IC C A Ul-IU C A U(AC U CC A A A GA U C
WJ L W L W L

Fig. 3. Conserved RNA sequences 5' of potexvirus open reading frames. The
nucleotide sequence is shown for the regions of the genomic RNA preceding the
initiation codons (underlined) of the WClMV 26K protein, the WCIMV coat
protein (CP), and the potato virus X (PVX) coat protein. Boxes indicate
identical aligned nucleotides. Gaps (-) have been introduced for maximum
alignment of identical nucleotides.

(a)
WClMV GAGGSGKSHAIQTWMRSLNRRDRHVTIILPTTDLRNDWTTKVPNLEQANFKTFEKALCQP. 621

TMV GVPGCGKTKEILSRVNFDEDLILVPGRQAAEMIRRRANSSGIIVATKDNVKTVDSFMMNFG 893

WClMV .... .CGKIIVFDDYSKLPQGYIEAFLAINQNVILAILTGDSKQSF .... HHESNEDAYTAT 682
:I I I:: :: I:: : :: :1:

TMV KSTRCQFKRLFIDEGLMLHTGCVNFLVAMSLCEIAYVYGDTQQIPYINRVSGFPYPAHFAK 954

WCIMV LE.PSINTYQPFCRYYLNITHRNKPDLANKLGVYSCSSGTTSFTMSSQALKGMPILSPSIM 742
11 : ::I :1: :::II' : : : I 1: 11 I :

TMV LEVDEVETRRTTLRCPADVTHYLNRRYEGFVMSTSSVKKSVSQEMVGGAAVINPISKPLHG 1015

WClMV K........ KTALGEMG.QKSMTYAGCQGLTTKAVQILLDTNTP.... LCSSNVIYTALSR 790
11 :1:: :11 I :: 1:11 1:::: 1111

TMV KILTFTQSDKEALLSRGYSDVHTVHEVQGETYSDVSLVRLTPTPVSIIAGDSPHVLVALSR 1076

(b)
WCLMV PADFNSFILDEWNFNRTCFSN.DFTAFDQSQDGSILQFEVIKAKFHNIPEDIIEGYIQIK 1114

1 :: 1: 1: : 11 : :1: :: ::
TMV PAQIEDFFGDLDSHVPMDVLELDISKYDKSQNEFHCAVEYEIWRRLGFEDFLGEVWKQGH 1423

WClMV THAKIFLGTLSI...... MRLSGEGPTFDANTEANIAYTHTKFNIPCDAAQVYAGDDMSI 1168
: I: 1: 11 11 :1: I:: :: :11

TMV RKTTLKDYTAGIKTCIWYQRKSGDVTTFIGNTVIIAACLASMLPMEKIIKGAFCGDDSLL 1483
+ +* * ++ +++ **++

k1| WCIMV 147K

EIIZZIZZEE.TMV 183K

NH2- 126K COOH-

Fig. 4. Amino acid homology between the WCIMV 147K protein and the tobacco
mosaic virus (TMV) 183K protein. Identical aligned amino acids are indicated
by vertical lines. Aligned residues with similar biochemical properties (32)
are indicated by double dots. In Fig. 4(a), asterisks below the sequences
indicate positions of residues conserved between the TMV protein and
non-structural proteins of three other RNA viruses (24). In Fig. 4(b),
asterisks denote positions of strictly conserved residues in the putative
RNA-dependent RNA polymerases of a larger sample of RNA viruses (26,27).
Plus signs denote positions of biochemically similar amino acids in these
putative polymerase enzymes (26,27). (c) Location of the homologous amino
acids. Shaded regions of homology in the proteins correspond to parts of the
figure above.
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vitro exists however. The 26K ORF began at nucleotide 3995 and extended into

the first 26 nucleotides of the 13K ORF. The 13K ORF began at nucleotide

4683 and extended into the first 77 nucleotides of the 7K ORF.
Computer analysis of the nucleotide sequence revealed two other ORFs

coding for proteins greater than 10K. One ORF encoded a protein of Mr

10,081, beginning at nucleotide 1360. It was entirely contained within the

147K ORF but was in a different reading frame. The other ORF encoded a

protein of Mr 20,625 on the negative strand.

The alignment of nucleotide sequences 5' to the initiation codons of the

26K and coat protein ORFs revealed a region of significant nucleotide

homology (Fig. 3). Twenty-six nucleotides were able to be aligned correctly

if four single gaps were introduced into a region of 38 positions. Similar

stretches of nucleotides were found upstream of the coat protein ORFs of PVX

(Fig. 3) and PAMV (13). This nucleotide sequence was not found preceeding

the WClMV 13K and 7K ORFs.

Homology between WClMV proteins and proteins of other viruses

The 147K protein. Computer analysis of the 147K protein revealed two domains

of homology with the 126K and 183K proteins of tobacco mosaic virus (TMV)

(Fig. 4) and the corresponding proteins of other RNA viruses. The domain

shown in Fig. 4(a), located between amino acids 571 and 790 of the WClMV 147K

protein, contained 17 of the 27 amino acids that were conserved between the

corresponding domain of the TMV 126K/183K proteins and those of three other

RNA viruses (24). This domain of the TMV 126K/183K proteins, and the

corresponding protein domain of other RNA viruses, contained a putative

RNA-binding motif (25). A similar motif was found in a similar position in

the WClMV 147K protein. A second domain on the WClMV 147K protein was

homologous to the read-through region of the TMV 183K protein (Fig. 4(b)).
This domain contained all seven of the identical amino acids and 13 out of

the 19 biochemically similar amino acids, that were conserved between the

putative RNA-dependent RNA polymerases of RNA viruses (26,27). Included in

the homology was the invariant amino acid motif, GDD, found in all these RNA

polymerases.
The 26K protein. The 26K protein shared homology with a portion of the 58K

protein of barley stripe mosaic virus (BSMV; 28) RNAf3, as shown in Fig.
5(a). Homology has previously been noted between the same region of the BSMV

58K protein and the 42K protein of beet necrotic yellow vein virus (BNYVV)
RNA-2 (29).

Fig. 5(b) shows a region conserved in the N-terminal portion of the
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(a)

WClMV 26K HGFTRTRLAKSKPIVVHAIA.........GSGKSTVIRKILS.....DLPTPKAYTLGKPDPYSLS 62

BSMV 58K CT.E)LEIL. L1..LLLVLKAVFLTGIISGVP *4A IATLKGEFPAvcA).ANAL NDYSG:IEGVYG 309

WCIMV 26K NPTIKAFAQFKRGTLDILDEY ....GQLPLTDLDSSFEFI7TDPYI?..APTDLE...PHYTLETTYRF 123

BSMV 58K LD:DTLLTTSAVPITSDLLI:ilTLAEsAE,LLLA28RARAMVLLV GAG K A1ASSI: YLTLPVI+RSI +i44. 384

WClMV 26K GPNTCNLLNQAFQSNITSLVTKDNISFGSPYLVDPVGTILAFQPUI'YLILCLH8QA.SFFKVSDVIGYIQWPTVTLYL 198

BSMV 58K ~Qg:LSQNPMV:GRTITYG4TKN:JV -G:CAL:~QEFDA 5

(b) - +

WClMV IHIGIF RITIRILIA K S K P IIVIVIH Ai I Al ------------IG S G K S TI VII RIK IlL SID 44

TVV M Q1F R TI-IAIS A -IVISIHIIQII A HIN E H KIDl-----IIIIL MIG A V G G K S T G L P TINILICIKI 101

TKV IHIEiF RIDIT J-AA SI IVIAAS EIIISIHISIP AIRID LI-- IV KIG A VG S GK S T GL PIY NIL S Kj 99

1 11 m-7 _+ r7 II +I I j

BSMtV ICITILI7EIRIKIRI- LIKIRIK1- -ILIL L V RIAILIK P AlIVlD F LIT -1G III SIGIVIP G S G K S Tb IV T L LIK G 285
j

I II I L-i I F I r __L I~m-j I

{fjDIL TICINIA -~JAAVIKj- -ILID T L Q K VIKIT S SIDjeW T A R VJG VILIG A P GIVIG S TISIIIK NIL LIDIKI 139

WClNV 13K PIQIKITITIQIIIA A L G -ILVL LL A FIVILII S D SIPIKIV G DI- H LIHINIL PIFIG GIEIVIKID G T K S IIKIYIF 60

PVX ~NIS EIKIVITI-lI VILIGIL S F A --L VIS TIFILILIS NISILIPIHIV G DI-IN IKHSIL PIL -IGIAIY D T KIAIIILIT 64

L iJ I L

BNP-VV JR VIP V1V1010 C!V VIA FFFV LLA FIN QIQ K HIKITIHISIGIG DIV G V P TIFISIN G~IIY D G TIRISIA D FINI 64

jI-I I11I1IIi I I 7
BSMV JR KIT WIP VIAIGII GJV V1G L F1A TILt 1FKS NIQ K S TIKISI-IG DI-IN I HIKIFIAIN D G1SIK 11S1Y NI 62

(d)

NClKO LIl G Y 1. L V F V Y F A K N S V C T11SIl S G S IIEIIIS dC1- D NIP OIL. I L P K L R P F N H G L S L P 64

POD 8 TIY III Vil. -IVIV T I A V I S I F V T E P C V I'KIIITIGIEJS TITIVIL AICIK L D16 E[-jT'I Al1 A D L K P L S V L S F 70

r-j74_7L4_ __7 ~~~~~~~~~~ I-t--j~~~~~I Li Ll+III I I

PA80 JR Y L1- DICIL1L VIl MICIA V L.iA 11A L L W P NINIY H P CV lIKRII S C AIEIIIQIIIH NICI- -IA PIN K Q H LI- G,0T G S F 68

IRIGILI- Y0H IcCG RIAIL C R V LIC S L P R LICIDIIIP 11N1G10 D F101- AIDIP TIR LVD S S VON E L LIV SIT G LIV 123
L_ji j I L L- Lin L

Fig. 5. Homology between the 26K, 13K and 7K proteins of WClMv and proteins
of other RNA viruses. (a) BESTFIT alignment of the WCIMV 26K protein and the

corresponding region of the 58K protein of barley stripe mosaic virus (BSMV)
RNAP. Symbols for amino acid homology are as in Fig. 4. (b) Homology
between the N-terminal portion of the WClMv 26K protein, the corresponding
regions of the BSMV 58K protein and beet necrotic yellow vein virus (BNYVV)
42K protein, and portions of the cylindrical inclusion proteins (30,31) of

tobacco vein mottling virus (TVMV) and tobacco etch virus (TEV). (c)
Homology between a portion of the WClMV 13K protein, the PVX 12K protein, the

14K protein of BSMV RNAf3, and the 13K protein of BNYVV RNA-2. (d) Homology
between portions of the WCIMV 7K protein, PVX and potato aucuba mosaic virus

(PAMV) 8K proteins and the 25K protein of BNYVV RNA-3. In (b), (c) and (d),
boxes indicate identical aligned amino acids. Double asterisks denote

strictly conserved residues. Single asterisks denote aligned biochemically
similar residues (32) in all proteins. Plus signs in (b) denote identical

residues in four of the five proteins.

WClMV 26K protein, the corresponding regions of the BSMV 58K protein and

BNYVV 42K protein, and in a portion of the polyproteins (probably the

cylindrical inclusion proteins) (30,31), of two potyviruses, tobacco vein

mottling virus (TVMV, 30) and tobacco etch virus (TEV; 32). A possible

mononucleotide-binding motif (33) was located in a similar position in the

conserved region of each protein. The conserved stretch of amino acids in
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A-GA-U
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U 6

-C -A

b
VCLKV (m7Gppp)GAAAACAAGACGAG[jAACCAAACAGAACGA CCAUC

PMV *7Gppp G A A A A G A A A C A C A A A C A A A G C A A A G C A A A G C A A C C A|A A

PVX .7Gppp G A A A A C UA A A C C A CKA C CLA C C A AICAAACAAA C CCACU

Fig. 6. Analysis of the 5' terminal region of WClMV RNA. (a) Possible
secondary structure formed by intrastrand base pairing of the terminal 132
nucleotides. (b) Alignment of the 40 terminal nucleotides of WClMV with
those of the potexviruses, papaya mosaic virus (PMV) and PVX. The position
of a possible 7-methylguanosine cap structure at the 5' terminus of WClMV RNA
is shown in parentheses.

the potyvirus polyproteins has recently been shown to be part of a large

region that was also conserved between two picornaviruses and a comovirus

(31). However, the homology between the picornavirus and comovirus proteins

and those of WClMV, BSMV and BNYVV, was much more limited and did not

correspond to the conserved amino acids noted here between the latter three.

The 13K protein. A conserved region in the 13K protein of WClMV, the 12K

protein of PVX (14), the 13K protein of BNYVV RNA-2 (34), and the 14K protein

of BSMV RNA (28), is shown in Fig. 5(c). These small proteins of BSMV,

BNYVV and PVX had properties of membrane-bound proteins (14). Each protein

had two stretches of helical hydrophobic amino acids, separated by a stretch

of neutral or hydrophilic residues. The WClMV 13K protein also contained two

hydrophobic areas of similar length and relative position to those in the

other three proteins. The region of homology between these proteins included
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the N-terminal hydrophobic area and part of the stretch of uncharged or

hydrophilic amino acids.

The 7K protein. Homology has previously been noted between the WCIMV 7K

protein and the 8K proteins of PVX and PAMV (15). In addition, these three

potexvirus proteins were all similar to a portion of the 25K protein of BNYVV

RNA-3 (35), as shown in Fig. 5(d).

The 5' and 3' termini

Similarity between the 5'-terminal regions of PMV and WClMV was evident

in the possible secondary structures which can be formed. Using the UWGCG

FOLD program the terminal 132 nucleotides of WClMV were aligned to give a

stable structure (-41.3 Kcal, see Fig. 6(a)) with two hairpin-like structures

similar to those reported for PMV (36). The 5'-terminal region has been

implicated as the origin of assembly of the potexvirus papaya mosaic virus

(PMV;36). The sequence of the 40 nucleotides at the 5' terminus of these two

viruses, and of PVX (37), were very similar, as shown in Fig. 6(b). However,

the WClMV and PVX 5' terminal sequences lacked the consecutive repeating

pentamers present in this region of PMV RNA (36).

The 60 nucleotides adjacent to the 3'-terminal poly (A) tract of WCIMV

RNA and the predicted 60 nucleotides at the 3' terminus of the negative

strand contained respectively 43% and 48% of U residues. Both strands

contained the sequence UUCUGUUUA, separated by 12 nucleotides from the

3'-terminal poly (A) tract of the genomic strand and by 21 nucleotides from

the 3' terminus of the negative strand. A small amount of additional

homology also occurred 5' to this motif. This homology may be important for

viral RNA replication.

DISCUSSION

This paper describes the complete nucleotide sequence of a potexvirus

for the first time. The genomic RNA of WClMV contained 5845 nucleotides and

a tract of poly (A) residues. ORFs coding for proteins of 147K, 26K, 13K, 7K

and the coat protein extended from nucleotide 108 to 109 nucleotides from the

3' poly (A) tract.

The 147K ORF probably corresponds to an in vitro translation product of

160K which is synthesized from the genomic RNA (9). In addition, hybrid-

arrested translation experiments (results not presented) supported this

conclusion. The homology between the 147K amino acid sequence and the TMV

126K and 183K proteins and other putative RNA-dependent RNA polymerases

suggested a similar function for the WClMV 147K protein.
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There was no direct experimental evidence for the existence of protein

products from the 26K, 13K and 7K ORFs. However, the homology observed

between the predicted amino acid sequences of these proteins and other viral

proteins suggested that these ORFs do code for functional proteins.

Available evidence suggested that the smaller proteins of WClMV were

translated from subgenomic RNAs. The sequence of highly conserved

nucleotides upstream of the ORFs for the coat protein and 26K ORFs of WClMV,

and the coat protein ORFs of other potexviruses, may be part of a subgenomic

promoter.

The function of the 26K protein is unknown. However, the potyvirus

cylindrical inclusion proteins, which had homology with the 26K protein, were

suggested to have had a role in cell-to-cell movement on the basis of their

association with plasmodesmata early in the infection process (38).

No functions have yet been ascribed to the 12K to 14K putative membrane-

bound proteins of PVX, BSMV and BNYVV. Therefore, we cannot infer a function

for the 13K ORF of WClMV. However, the 25K protein of BNYVV RNA-3, which had

homology with the 7K and 8K proteins of potexviruses, was thought to be

directly involved in the natural infection of BNYVV by the fungal vector

Polymyxa betae (39). On the basis of the homology between the 7K protein of

WClMV and both the 25K protein of BNYVV and the 8K protein of PVX, another

virus for which a fungal vector has been reported (40), we predict that WClMV

may also have a fungal vector. However, the role of Synchytrium endobioticum

as a PVX vector is no longer certain (41). Although WClMV spreads naturally

in the field (P.R. Fry, pers. comm.), no vector has yet been identified.

As might be expected, all of the protein sequences available from four

potexviruses showed a degree of similarity. Homology has been noted between

the coat proteins (14,15), 7K and 8K proteins (14,15) and the 12K and 13K

proteins. In addition to the protein homology, the 5' termini of the three

potexviruses reported to date also shared homology and were able to form

similar secondary structures.

The inter-viral comparisons between the smaller potexvirus proteins

described in this paper and elsewhere (14,15) suggested that the potexvirus

group may be similar to the potyviruses, the hordeiviruses and the

furoviruses. For example, the 26K protein of WClMV showed homology between

all these groups and the 12K and 13K proteins of potexviruses had homology to

the hordeiviruses and furoviruses. The coat proteins of the potexviruses

also had homology to the coat proteins of the potyvirus group (14,15) but not

to the coat proteins of the other two groups, while the 7K and 8K proteins of
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the potexviruses may be related to the 25K protein of the furovirus BNYVV.

However, taken together, the genome size, the number and nature of the ORFs,

and the RNA terminal structures clearly distinguish potexviruses from all

other RNA viruses.
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