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ABSTRACT The complete nucleotide sequence, 5178 bp,
of the totivirus Helminthosporium victoriae 190S virus
(Hv19OSV) double-stranded RNA, was determined. Comput-
er-assisted sequence analysis revealed the presence of two
large overlapping ORFs; the 5'-proximal large ORF (ORF1)
codes for the coat protein (CP) with a predicted molecular
mass of 81 kDa, and the 3'-proximal ORF (ORF2), which is
in the -1 frame relative to ORF1, codes for an RNA-dependent
RNA polymerase (RDRP). Unlike many other totiviruses, the
overlap region between ORF1 and ORF2 lacks known struc-
tural information required for translational frameshifting.
Using an antiserum to a C-terminal fragment of the RDRP,
the product of ORF2 was identified as a minor virion-
associated polypeptide of estimated molecular mass of 92 kDa.
No CP-RDRP fusion protein with calculated molecular mass
of 165 kDa was detected. The predicted start codon of the
RDRP ORF (2605-AUG-2607) overlaps with the stop codon
(2606-UGA-2608) of the CP ORF, suggesting RDRP is ex-
pressed by an internal initiation mechanism. Hv19OSV is
associated with a debilitating disease of its phytopathogenic
fungal host. Knowledge of its genome organization and ex-
pression will be valuable for understanding its role in patho-
genesis and for potential exploitation in the development of
biocontrol measures.

Although a large number of the viruses that infect plant
pathogenic fungi have been reported to be avirulent, it is
becoming increasingly clear that phenotypic consequences of
harboring specific mycoviruses or certain double-stranded
RNA (dsRNA) molecules can range from symptomless to
severely debilitating, and from hypovirulence to hyperviru-
lence (1, 2). Virus-induced diseases and virus-mediated atten-
uation of virulence in phytopathogenic fungi provide excellent
opportunities for fundamental studies aimed at developing
novel biological control measures. In this regard, the dsRNA
viruses infecting Helminthosporium victoriae (teleomorph: Co-
chliobolus victoriae), the causal agent of Victoria blight of oats,
are of special interest because they are associated with a lytic
disease of their fungal host (3). Two isometric dsRNA viruses,
designated according to their sedimentation values as the
Helminthosporium victoriae 190S virus (Hv19OSV) and 145S
virus (Hv145SV) have been identified in diseased fungal
isolates (4). Recent studies suggest that the dsRNAs associated
with the Hv145S component are satellites dependent on
Hv19OSV for encapsidation and replication (ref. 1 and unpub-
lished work). This paper focuses on the molecular character-
ization of Hv19OSV.
The Hv19OSV is a member of the genus Totivirus in the

family Totiviridae (5). The Saccharomyces cerevisiae L-A (ScV-
L-A) virus is the only member of the genus that has been

well-characterized at the molecular level (5). Complete se-
quence of the ScV-La virus (synonymous ScV-L-BC virus),
and partial sequence of the Ustilago maydis virus Hi have
been reported (6, 7). The complete nucleotide sequence of
several of the totiviruses that infect the parasitic protozoa
Giardia lamblia (Giardia lambia virus, GLV) and Leishmania
species [two strains of Leishmania RNA virus 1 (LRV1-1 and
LRV1-4) and LRV2-1] have been determined (8-11). These
protozoal viruses belong to the genera Giardiavirus and Leish-
maniavirus in the family Totiviridae (5).
Although the capsid of Hv190SV, like other totiviruses, is

encoded by a single gene, it contains three closely related
polypeptides, p78, p83, and p88. Whereas p83 and p88 are
phosphoproteins, p78 is nonphosphorylated (12). Purified
Hv190S virion preparations contain two types of virions that
differ slightly in sedimentation rates, 190S-1 and 190S-2 virions
(12). These two virion types, which also differ in transcriptional
activity, are believed to represent different stages in the virus
life cycle (1). The 190S-1 and 190S-2 virions can be further
differentiated based on capsid composition; the 190S-1 capsids
contain two coat proteins (CPs), p88 and p83, occurring in
approximately equimolar amounts, and the 190S-2 capsids are
comprised of similar amounts of p88 and p78 (12). Thus the
capsids of Hv190SV contain two related major CPs, whereas
all other totiviruses so far characterized appear to contain only
a single major CP.
Because none of the totiviruses (or tentative totiviruses) that

infect filamentous fungi have been characterized at the mo-
lecular level and because of the apparent unique properties of
Hv190SV (virion-associated protein kinase activity and capsid
protein heterogeneity), it was of interest to study the organi-
zation and expression of its dsRNA genome. In this study, we
report the complete nucleotide sequence of Hv190SV dsRNA
and elucidate its genome organization. We also show that the
Hv190SV RNA-dependent RNA polymerase (RDRP) is a
separate virion-associated polypeptide and propose that it is
expressed by an internal initiation mechanism. Hv190SV thus
differs from other totiviruses that express their RDRP as a
CP-RDRP fusion protein via a translational frameshift.

MATERIALS AND METHODS
Virion Purification and dsRNA Extraction. Virion purifi-

cation was by-the procedure of Ghabrial and Havens (13).
dsRNA was isolated from purified virions by SDS/phenol
extraction and purified by linear-log sucrose density gradient

Abbreviations: Hv19OSV, Helminthosporium victoriae 190S virus;
RDRP, RNA-dependent RNA polymerase; CP, coat protein; UTR,
untranslated region; ScV-L-A, Saccharomyces cerevisiae L-A virus;
GLV, Giardia lambia virus; LRV1, Leishmania RNA virus 1; dsRNA,
double-stranded RNA.
Data deposition: The sequence reported in this paper has been
deposited in the GenBank data base (accession no. U41345).
*To whom reprint requests should be addressed.
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trifugation (4). Labeling of the 5' terminus of dsRNA was fragment (nucleotides 4-941) was isolated and subcloned into
le as previously described (14). Sacl-Sall-digested pBluescript II KS+. The subclone was
Iolecular Cloning and Sequence Analysis. A cDNA library designated as pBS1. A pair of primers, an upstream primer
resenting Hv19OSV dsRNA was prepared from gradient- CP1, 5'-CCCTAAATTTCCATATGTCTC3-', containing
ified dsRNA. First strand cDNA was synthesized using Hv19OSV sequence nucleotides 278-296 in which two nucle-
L-Superscript RT (RNase H- reverse transcriptase) ac- otides (boldface type) were changed to generate a recognition
ling to the manufacturer's instructions (GIBCO/BRL). site for NdeI (underlined), and a downstream T3 promoter
.90SV dsRNA, denatured by treatment with 90% dimethyl primer were used to direct the amplification of the DNA
oxide for 20 min at 60°C, was used as a template, and mixed fragment (nucleotides 278-941) with plasmid pBS1 as a tem-
lom hexamers were used as primers. Additionally, poly(A) plate. The PCR-amplified product was digested with NdeI and
were added enzymatically to the two strands ofdsRNA by SalI and isolated by low melting point agarose gel electro-
Ltment with poly(A) polymerase (15), and cDNA synthesis phoresis. The cDNA fragments SalI-PstI and PstI-BamHI,
primed with oligo(dT)12_18 primers. Furthermore, syn- derived from pHV-4 in separate reactions with the respective

-ic primers based on known sequences were used to initiate e w i b lenzymes, were isolated by lOW melting point agarose gel4A synthesis from denatured dsRNA (Fig. 1). Second electrophoresis. Three isolated fragments [NdeI-SalI (nucle-
nd synthesis was made by the procedure of Gubler and otides 290-941) SalI-PstI (941-3328) and PstI-BamHI
finan (16) using the Amersham cDNA synthesis kit. The ' . . '
DNA was blunt-ended with T4 DNA polymerase, ligated (3328-5178)] were ligated into NdeI-BamHI-d1gested pET-
the phagemid vector pUC119 at the SmaI site, and 22(+ oProduce recombinant plasmid pET-HV1. Expres-

isformed into Escherichia coli strain DH5a. Selection of sion of CP in bacteria followed the manufacturer's instructions
,icillin-resistant cDNA clones containing inserts was made (Novagen).
olue/white colony screening on 5-bromo-4-chloro-3-indolyl Expression of 3'-proximal ORF (ORF2) in E. coli. A PCR-
-galactoside/isopropylthio,3-D-galactoside medium and based approach was used to amplify a cDNA fragment con-
veracity of the inserts was tested by colony hybridization taming the gene encoding RDRP (nucleotides 2605-4917) as
kg 32P-end-labeled denatured dsRNA (17). A full-length follows. Plasmid pHV-4 was digested by SpeI and PstI, and the
4A clone was constructed from a series of overlapping SpeI-Pstl fragment (nuceotides 2204-3328) was subcloned in
ies. cDNA sequencing was done by the dideoxy-nucleotide pBluescript KS(+) to generate plasmid pBS2 and amplified by
in termination method (18) using a-35S and Sequenase PCR using a T7 promoter primer and a primer (5'-
tited States Biochemical). The full-length clone and its GGGACCATGGTGATCCTCAGGAA-3') identical to nu-
clones were sequenced completely in both directions using cleotides 2600-2622 except for two nucleotide changes (bold)
mbination of subcloning and synthetic primers designed made to create an NcoI site (underlined). The PCR product
n internal sequences (Fig. 1). Sequence analyses and a was digested with NcoI-PstI and isolated by low melting point
iology search were performed using the GCG Sequence agarose gel electrophoresis. The NcoI-PstI fragment (nucle-
lysis software package (Genetics Computer Group, Mad- otides 2605-3328) and another cDNA fragment (PstI-BamHI;

[, WI). Sequence alignments were made with the GAP nucleotides 3328-5178) were ligated into NcoI-BamHI-
gram (GCG package). digested pET21d(+), and the recombinant bacterial expres-
,ecombinant DNA Constructions. Expression of 5' large sion vector was designated pET-HV2.
,imal ORF (ORF1) in E. coli. A near full-length cDNA Two in-frame deletions of the RDRP gene were produced
Le (nucleotides 4-5178) was inserted into the Sacd andXhoI as follows. Plasmid pBS2 (nucleotides 2204-3328) was digested
of pBluescript II KS+ to generate the plasmid pHV-4. with NdeI-PstI, and the isolated NdeI-PstI fragment (nucleo-
orientation of the insert in pHV-4 is such that the 5' end tides 2683-3328) and the PstI-BamHI (3328-5178) were li-
ie Hv19OSV plus strand is proximal to the Sacd site, and the gated into NdeI-BamHI-digested pET22b(+) to produce plas-
nd is flanked by two unique restriction sites, BamHI and mid pET-HV3. The second in-frame deletion that contained
[. pHV-4 was digested with Sac-Sall, and the SacI-Sail nucleotides 2990-5178 was constructed by digesting pHV-4

with StuI-EcoRI and the isolated fragment (nucleotides 2990-
D 1 2 3 4 5 6 4276) was subcloned into Smal-EcoRI-digested pBluescript II
l l I I | KS+. The subclone was then digested with BamHI-EcoRI,

and the isolated BamHI-EcoRI fragment and the EcoRI-NotI
EcoRV Safi Ncol Xcal Stul Psl Xhol EcoRI fragment (nucleotides 4276-5178) were ligated into BamHI-

Sphi Sp'hl NotI-digested pET22b(+) to produce pET-HV4. Expression
6 i R) 3 ( R) of the RDRP constructs in bacteria followed the manufactur-

-. ..+ _ _er's instructions (Novagen). A C-terminal fragment of RDRP,
16i(R)R expressed in bacteria transformed with pET-HV4, was purified

0 from SDS/polyacrylamide gels and used to prepare a poly-17( R) clonal antiserum to RDRP in rabbits.
21 (T) 7 (R) 19 ( T) Mutational Analysis of CP Stop Codon. In addition to the

4- * _UGA at position 2606-2608, the predicted termination codon24 ( S ) 1 ( S ) of ORF1, there are two other out of phase UGAs in close

10 _ (sproximity. It was therefore important to verify that the UGA
------- ___.,atposition 2606-2608 is indeed the stop codon for ORF1. For

this purpose, mutational analysis using a PCR-based approach
.G. 1. Representative overlapping cDNA clones (horizontal lines) was used to individually mutate these UGAs to sense codons.
ining the entire length of the Hv19OSV dsRNA genome. The The first UGA at position 2587-2589 was mutated to AGA,
ws indicate the size of cDNA fragment (subclone) sequenced and and the second UGA (nucleotides 2606-2608) was mutated to
lirection of sequencing. Clones 3,6,7 16 and 17 were synthesized UGG. Isolated cDNA fragments containing the mutated
g random hexamer primers. Clones19and21weresynthesized UGAs were separately exchanged with the corresponding
g poly(A)-tailed dsRNA template and oligo(dT) primers. Clones UGAs frensitthe corr pETn
), and 24 were synthesized using synthetic oligonucleotide primers wild-type fragments in the bacterial expression vector pET-
d on known sequences. R, random primers; S, synthetic primers; HV1, and the expression of the mutated CPs followed the
ligo(dT) primers. manufacturer's instructions (Novagen).
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RESULTS AND DISCUSSION
Nucleotide Sequence of the Hv190SV dsRNA. The complete

sequence, 5178 bp, of Hv190SV dsRNA was determined from
a series of overlapping cDNA clones spanning the entire length
of dsRNA (Fig. 2). The similarity of Hv190S dsRNA 5'-
terminal sequence (5'-GAAAUUUA) to that of the ScV-L-A
(5'-GAAAAAUUUUU) (20) was useful in identifying the
5'-terminal clones synthesized using poly(A)-tailed dsRNA
templates and oligo(dT)12 18 as primers. Likewise, the simi-

Proc. Natl. Acad. Sci. USA 93 (1996) 12543

larity of the 3'-terminal sequence of Hv19OSV (3'-
CGAAAAACC) to that of L-A (3'-CGUAUACCC) was also
helpful in this regard. The sequences of at least three 5'- and
3'-terminal cDNA clones generated from poly(A)-tailed
dsRNAwere reproducible, verifying that the 5178-bp sequence
(Fig. 2) assembled from the overlapping cDNA clones repre-
sents the full-length viral genome.

Computer-assisted analysis of the sequence of the full-length
cDNA clone revealed the presence of two large overlapping
ORFs. The large ORF1 initiates at the AUG at nucleotide

1 GAAATTTAGGGCACACACGAACTCCAGCrTlr.CCCGCACGGTAGTCCGATIGCCTACGCTCCCCr1vGGG.GCTATCGAGGCGGCAACA7TGGGlSToG"TwGGTIGTTCAAGAAGAGCCTG7TCGT'CTCCCAAGCGACTAGGG'TTCCTCGC15 1 AClGTATAGOTAGTTCGCGACCCGAAGAGCAACGMIZTA(BOG7OCGAGGGGGGCCTTCCGTw ACCCAACT IGATATCACACTTATCTT TTGACTCAACGGAT TTGAAAAACGAACCCTkAATTTICCTM7CTCACAC
M S H T3 01 CACGATCACCAACTTCCTTuCCGGCGTTATCGCTAGGCCGCAGGAGGAAACATTACTAGCGACGAAACGTTCAGACGTTATICGGACAATT'GTrCGCACCTCAGCCACTATCGGCTGGCAATGAGGACTCGCGCACGACCTCGATCTTT'CAT I T N F L A G V I A R P Q E E T L L A T K R S D V I G Q L C A P Q P L S AG N E D S R T T S I F H

4 51 CGAGATCGGTCGGGCTGTCAACACCAAAGGAAAGGCGTrLOAGVAGCCHGAEGAGGCPCCCTTAGLVGAAGCCTCCTATCCGACHAACGCCGVCCTCGTCLAGGAVED ATICGGTTLGGCGAAGAAGTACACCAACTTCAGCGCCACE I G R A V N T K G K A L A V A G M E A P L V E A S Y P T N A V L V E D F I G L A K K Y T N F S A T

TTTCGAGTACTCCT,CTTrGCCCGGCGTTGTGACAGACTTC;CCCGCGG:CltGSCGCTTrGTACCGTCTTwAAACACTCACGAGTACCCA7TTTCTGGGCAAcAAcccTTrAGCTGTCCtACGCCCTCGCGACTTACGATGCGCCAGTIGAAF E Y S S L A G V V E R L A R G L A L V A S L K T S R V P I C W G N N P L A V H A L A T Y D C P V N

CAGCTTG,ACTTCCGCGGTATTTATACCGCGTTTAGT'CAATAATGCCCTCACCGGCCAITTTCGCCGTACTTTGTAACTGCTGCCTG,CGCGAGGGTGGTACCGTAGTACCGACACGATCGAGCTTG,ACGCGAATACGCGGCAGCCCATS L T S A V F I P R L V N N A L T C D V F A V L C N C V A G E G C T V V T D T S E L D A N T R 0 P I

CCGTGCCT'GAGGTCGGCCCCTTAGGCGTTCCCGGGGCCA71TsTCGACGCCCTACGCCCTr7T:OCAGCAACATrGATCGCCAGCGATCAACGCCCCCT,CTTTr.CTCTTGCCC7TCACCCCGCCCATACACCCT'GTGTATCCGTTGTGGGTCAV P E V C P L G V P G A I V D A L R L L C S N M I A S D Q G P L F A L A L T R G I H R V L S V V G H

CACGGAT'GAAGCGGGCAT'CGTCCGCGATCTGTOCGCImWWGTTTGGTrCTG7CCCTTT7CGGACGCAT'CCACTACCGCCTGGAGGAGTATACCGGGTT'GCCCGCCCT'CCACT7TCAATT'CTGCTGCTrGCCACCGCCGCCTATGTCGA7rGT D E C G I V R D L L R C C G F G L P F C G I H Y G L E E Y S G L P A L Q F N S A A A T A A Y V D G

CATTrGCCCTCGTCACCGCCGCGGTTIGT'CGCCCACGCT,GACCCGGGTGAAAGGTACAACGGCGAGTGoGTTTCCCACGTT,CTTCGACGGTACCACT,CATGCCGACACTATGCGGCGC7TCGGG7TGAT'TCCACCGAAGGGACGGCTIGCCATGGCI A L V T A A V V A H A D P C E R Y N G E W F P T F F D G T T H A D T M R R S G D S T E G T A A M A

GGACAGAAACCGCGCAACAGTTGCTTG,CCCCCAGCAGCTATTCTGGCCGT'CCATACAT'CACTIGCCTTAGGAGCAMTGTTTTTTACGGCCGGTG,ATATTAGCGT'GGCTIGAGCGGTTCCAGT,GTGCGGCCCTC7ACTCACTAGGGGCCGACCCD R N R A T V A C P Q Q L F W R P Y I T A L C A C F S T A G D I S V A E R F Q C A A S H S L G A D P

GCGACACTTGCGACTCCCGT'CAGTCGCCCCTTACrTTlMGGATTrGAGCCGACCGGCTTrGATCCCCCACGATTrTCCTT.GGTICTIGT,GC7'GAGGAAGAAGGTT7TCGCG7TCGTACTGCTGGCGCGACACCACGAGAACAAGGCCCGCTTG.GGAR E L R L P S V A P Y F W I E P T G L I P H D F L G S V A E E E G F A S Y C W R D TT R T R P A W D

CT'CAATAGTTTAAGCGGCCCGCGGGACACGACCT7TCAGTrGCGTATCACATACGTATGAAGGGCGCCAGGACGGCTTGG7CTTsr,GCCCACTGGTTGCGGCCACCCAGAGAAT'GGTCT'CGGCGCGACTCGCGTTAGGCAACTTIGACCCTAAS I V L S C P R D T T F S A Y H I R M K G A R T A W F L A H W L G H P E N C L C A T R V R Q L D P N

CGCGGTACTACAT'CCCGGCCCATG7r.AGGGTAATGCAACAGGT'GCGGGACCGAGTTGrAGGCGGACTTACCCC7TCACAGA7TTATCTATGGCTIGCGGGGCCAGTCACCCTTCCCTIGCCGCCGGT~GAGTTIGCTCAACCTICACATCCGAGTG,GGGA V L H P G P C EG N E Q V R D R V E A D L P L T D Y L W L R G Q S P F P AA G E L L N L T S E W G

TATACTCTTCAGGCACGT,CACCTTCACCGACGATGoGGGACCTCAACCCCGAGCACCT'CCCCGCGGCCCACGAGAT'GGCCGATACAACAGTCACTAT'GACT'7XGTTGCGCCCTATCGGATCGCACCGGGACGGTATAACGCTG.GGGACAAI L F R H V T F T D D G D L N P E H L P A A H E M A D T T V T M T V ER P I C I A P C R Y N A G D N

CCAGGCGCGACGAGCCAGGACT'CGTGCGTCGGTAGAACT'CIfCGCG,GCT7TCCCGGAGGGCTCGCGT,C7T1rGCCGGCCAGATrGTCGGTrGAGATrsCCCACCCT'CACTAGTr.CCCCTrGCGCCGAT7TCGCCCTAGCCCGGCGTACGACGGCAAQ A ER A R T R A S V E L S AAS R A R V F G R P D V G E M P T L T S A P A P I R P S P A Y D C N

T,CGGGX,GrAGGCAlsGGl;GACCGGACGAGGAAACAACAGGTCGCCGCGCCTGGCCATIGCC'1lf.IW VAGAGGCAAGCAGACGGAGTCCCT'GTCAA~GTIGACTCCTCACCATAACGCGT7TGCGT,GCCCCCCCATTCCCTAGR G G E A G C V T G R G N N R S A A P G H A S W S E R Q A D G V P V N V T P H H N A L R A P P F P R

ACAACAGGGCCALCGGrGGC VPAACGTPGCCACTGCCCCCAGCTCCAGGTAGCCGCCCCrPCCPPCACCCCC ;GCCCACCAAACGGPCCCCCTGCCGGCCCACC CTTCCGACNATGGATCTCCAACCCTGCTGCCCCCGTCCCQ Q G A L G G G G N V P L P P A P G A A P P P P P G P P N G P P A G P P P S D D G S S N P A A P V P

CACTr.CCATCCACGCACCCCCCGCCGCTr.CCCAGGCTGATCGGGCCGAGGGACAATr.AG?ATCCTCAGGAACGTTCCAAAGCCCTACGGACTTICTCGGGGAACGGTTATACGCT'GTAGCGTCAGCCAATTICCCATATrCCTTrGC7GGTTAC
T A I H A P P A A A Q A D R A E G Q

S G R G T M S D P Q E R S K A Y G L L G E R

GACTCACTGGATTTCACTGCGCGAC7TCGTCCGCTTGACAGGAGAAGCTACGGCCTTAAAGGCTTGTIACCCTCTICTTrCCCTrGCGCCGTTTCGCTCTTIGTTTAT
D S L D F T A R L V R L T E A T A L K A V D P L L P C A V S L L P M..-..

~ ~
ft hqrrq X...... --

SI

L Y A V A S A N S H M L A G Y

GGACTTCCCTCTCCAACCGCCGOCACTCCTGAGGAGACACTTAGG
D F P L Q L P C T P E E T L R

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

GAACGTTACTT'CCCTAAGAAGAAGCACGCCGCAGCGGCCATTAAGACCAACATACGITCTGGTCCCTTAGCCCGOGCTICCAGGTACGGT'CTAGCT;CCCTCGGCTCGCAT'CTCGCTTATATGGTTGCAT,GCCAAAT'GACCGCE R Y F P K EK H A A A A I K T N I R L G P L A R A W A A R Y G L A A L G S H L A Y M V G M P N D R

GCTTG1T;CGACCTTGCTCCTTC CACAAACCTACAAAGCTAGGIrAAGCGAGGGCG;TAGCG7GGCTATCGcTT,CGGCCG;CCAACC-TGAGAATICCAAGGGCCTCAGCAATIGCACTCAAAG;CGCT'CGGTTICAA.ACACCTICCGAACCGA C A T L L L A Q T Y K A R F G S E G V A W A I A S V R Q P E N A K G L S N A L K A L G S N T S E P

GGCGCT AGGCTAACACTCTGCAGGGTAGGTACGACCGGACT r,GACATGG ATCACGAGGTTGAATCTCGCTCTCMCCCCGCCGCTATCGCAGACCAGGTIGATCCCTTACACGGATGAACTTrGGGCGTGCATCGACTTCG A L F V E A N T L Q G R Y D R T L D M D H EV E SC P A A I A D Q V I P Y T D E L G A C I D F

ATCCTT,CATACGGAACT,CGGT,GGCGATACCATTGAGTTGCCGGAT,GAGGAT,CGACluGTlOGACTTCACGCTGGTTo GWTIGCGTICAATGGCTCACAGAATGCCCTATCTGACAAGGCTTTGGGCATCAAGAACAAGAGT'GGCCAAAGGTACI L D T E L G G D T I E L P D E D E W W T S R W L W C V N C S Q N A L S D K A L C I K N K S C Q R Y

AGGCCGAT:GC7o'AAGAGGT'CAACAACAAT,CCCGATCCIWGGl5OMTGGTCACACTiTGVTCCCCAAGCGTCAAGCTCGAGAACGGTAAAGACCGGGCCATCTTTGCATIGCGACACCAGGAGTTACTTCGCGTTCACGTACTGGR P M A A E E V N N N P D P A W N G H T S V S P S V K L E N G K D R A I F A C D T R S Y F A F T Y W

CT'GACCCCCAT,CGAAAAGAAGTGGCGCGGCGCACGlGATACTCAAT'CClrCTCTATGGr-GCCCAACGGCTCGT ICGTATICCGTIGGCAGTCAGACCTCT'GGTIGGTIGTTAACCTTATIGCTGIGACTATGACAACTTCAACAGCCAGL T P I E K K W R G A R V I L N P G E G G L Y C T A R R I R G S Q T S G C V N L M L D Y D N F N SQ

CAITMCAACGAGACAATIGGCCGCCTAs:TCGGAO ATTCGCGC7ACCCGACGAAGCGCCGCAAGTGTTIGAGTCGACCTACATCCACTACAAGGGTCGT1GATAGGCACGGTCTITGGCACCCTTATGH S N E T M A A L Y E K A L S R T N A P A Y L K A V A A S V E S T Y I H Y K G R D R H G L C T L M

T,CCGGGCACCGCGCAACCACTTT,CACGAATAGTiGTCCT,CAATIGCCGCCTACATATGTTATTCC-G'GGAATACCTGCCTTCAAACG;CATATTAGCCTACAT'GCGGe,GAGAT'GATG;TTTACCTTAGGCTACCAACTrCTTGC ATT,GCGCGS G H R A T T F T N S V L N A A Y I C Y A V G I P A F K R M I S L H A G D D V Y L R L P T L A D C A

ACMACGCTCAACAACACAAAACGCGTCGGGTGCCGAAlwGAACCCGACGAAGCAGAGTATToATACACCGGTrGCTGAATTaTACGACTTGGATCAACAAGT'CGTACGCCATCGGGTATCTATrGTCGT,CAkATCGCTTCGCT'CGTCTCTT T L N N T K R V C C R M N P T K Q S I G Y T G A E F L R L C I N K S Y A I C Y L C R A I A S L V S

GGGTCTT'GGACATCCCTrGGACGAGCTCCAACCGCT,CAACGCACTrAACGGToCAAT7TGTACAGACGAGGAGCTIG7TCCAACAGGGGCGCGGCGACT'GGATT,GCCTGAATTGATCAGCGCATCGTTCGTCGGCCTGCGTGGCTTCAAGAGGG S W T S L D E L Q P L N A L N G A I V Q T R S C L N R C A A T G L P E L I S A S F V G L R G F K R

CGT'GACCTACTT'GAAT'TACTTACGGGTGTCGCCACTATCAAGCCCGGCCCtr,"Tl-ACACCT'CCTCGT~GTGTAATACGCGAG;TACGTAGCCGAGCAACCCCCCCCACCACAGTTCGACGTCCCCCCTrGCWCGGTATrGCACGCTACCATIGR D L L E L L T G V A T I K PG V Y T S S C V I R E Y V A E Q P P P P PF D V P P G A G M H A T M
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FIG. 2. The complete cDNA sequence of Hv19OS dsRNA. The 5178-nucleotide sequence of the plus strand was assembled from the overlapping
cDNA clones shown in Fig. 1. The deduced amino acid sequences of ORFi and ORF2 are shown below the nucleotide sequences. The amino acid
sequences of two CP-derived tryptic peptides, isolated by reverse-phase HPLC and subjected to automated Edman degradation (19), are underlined.
The tetranucleotide AUGA at nucleotide positions 2605-2608, indicated by dotted underline, contains the predicted start triplet for ORF2 which
overlaps with the stop codon for ORF1. The conserved RDRP motifs are double underlined.
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position 290 (underlined) and terminates at the UGA at
nucleotide position 2608. The first initiation codon in the
ORF2 is the AUG at position 2605, and ORF2 terminates at
the UGA at position 4917. The overlap region (16 nucleotides)
between the two ORFs is considerably smaller than that in
ScV-L-A (130 nucleotides), LRV1-1 and LRV1-4 (71 nucle-
otides), and GLV (122 nucleotides). The overlap region of
these totiviruses contain sufficient information (structures
necessary for ribosomal frameshifting including a slippery site
and a pseudoknot structure involving a predicted stem-loop
structure) to promote fusion of ORFi and ORF2 in vivo. The
overlap region in Hv19OSV dsRNA genome, on the other
hand, lacks a heptamer slippery site and a potential
pseudoknot structure cannot be predicted from the secondary
structure of the sequences flanking the 3'-terminal region of
the CP gene (data not shown). These observations suggest that
expression of RDRP occurs by a mechanism different from
translational frameshifting.
The 5' Region Upstream of ORF1. There are two short

ORFs upstream of ORFi (in different reading frames) that
can potentially code for polypeptides of 36 and 23 amino acid
residues. Secondary structure analysis of this region, however,
indicates that it is highly structured (Fig. 3) and suggest that
these "minicistrons" may not be translated. It is of consider-
able interest to note that the 11-nucleotide sequence extending
from nucleotides 1-11 is complementary to the sequence
starting at nucleotides 278-288, and that the resultant second-
ary structure (Fig. 3) renders the AUG at nucleotide position
290 (the putative start codon for the CP gene) closest to the
5' end of the plus strand. It will be of interest to determine
whether all or any of the 11 5'-terminal nucleotide are required
for efficient translation of ORF1.

Like other totiviruses, the 5' end of the plus strand is not
capped since treatment of dsRNA with alkaline phosphatase
followed by polynucleotide kinase and [,y-32P]ATP produced
molecules with labeled 5' termini (data not shown). Since the
plus strand of Hv19OSV dsRNA contains a relatively long 5'
untranslated region (UTR) (289 nucleotide) with two nonini-
tiator AUGs, it must then utilize a cap-independent mecha-
nism to express its genome. It is not known whether the 5'
UTR of Hv19OSV RNA may serve as an internal ribosome
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FIG. 3. Predicted secondary structure in the 5'-UTR (289 nudle-
otide) region of the positive strand of Hvl90SV dsRNA, as determined
by the GCG fold program (21). The CP start codon (290-AUG) is
enclosed in a rectangle. Note the sequence complementarity between
nucleotide 1-11 and nucleotides 278 to 288 and the ensuing secondary
structure that makes the AUG initiating at nucleotide 290 the closest
to the 5' end of the plus strand.

entry site, comparable to the 5' UTR of the picornaviral
mRNAs (22), and thus initiates translation specifically at
internal AUG codons in a cap-independent manner. That the
5' UTR of a totivirus may function as an internal ribosome
entry site element was supported in a recent study with the
LRV1 system (23).
ORF1 Encodes the Viral Capsid Protein p88. Previous

results indicated that the capsid protein p88 is the major in vitro
translation product of either the denatured Hv19OSV dsRNA
(24) or the full-length in vitro transcript of genomic dsRNA
(13), suggesting that the ORF1 codes for the CP. Direct
evidence for this was provided by amino acid sequencing of two
internal tryptic peptides derived from p88; the sequence of one
peptide (YNAGDNQAR) matched perfectly the amino acid
sequence deduced from the cDNA sequence at nucleotides
2084-21 10 (Fig. 2, underlined) and the sequence of the second
peptide (ASVELSAAAR) matched perfectly that deduced
from the sequence at nucleotides 2126-2155 (Fig. 2, underlined).
The nucleotide sequencing data predict that ORF1 of

Hv19OSV dsRNA (2319 bp) can encode a CP of 772 amino acid
residues with molecular mass of 81.2 kDa and pl of 5.85. This
value (81 kDa) is closer to that of p78 and p83 than to p88,
suggesting that either p78 or p83 may be the primary trans-
lation product of ORF1. We have previously proposed that p78
is the primary translational product of ORF1 and that p83 and
p88 represent postranslational phosphorylation products of
p78 (1, 12). We reasoned that the separation of these three
closely related proteins (p78, p83, and p88) in SDS/
polyacrylamide gels was due to their differential binding to
SDS as determined by their state of phosphorylation (1).

Bacterially expressed CP from cDNA constructs that initiate
translation from the AUG at nucleotide position 290 comi-
grated with p88 (Fig. 4B, lanes 2 and 5). Since bacterially
expressed eukaryotic phosphoproteins are not expected to be
phosphorylated (assuming autophosphorylation does not oc-
cur), these results suggest that p88 is the primary translation

A -1 0 +1
2586 CT GATCGG GCC GAG GGACAATGAGTG AT 2613

B
1 2 3 4 5 6 7
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.-200

- 116
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FIG. 4. Expression of wild type and mutatagenized Hv19OSV CP
gene (ORF1) in E. coli. The nucleotide sequence (nucleotides 2586-
2613) flanking the predicted stop codon (TGA, 0) of ORF1 is shown
in A; the presence of two additional TGAs (in the -1 and + 1 frames
relative to ORF1) is indicated by horizontal lines over the respective
triplets. A Coomassie-stained SDS polyacrylamide gel of bacterially
expressed wild type and mutated CP is shown in B. Lanes: 1 and 4,
purified Hv19OS virions; 2 and 5, bacterially expressed products from
wild-type CP construct; 3 and 6, expressed products from constructs
in which the TGA triplet in the -1 frame or the 0 frame, respectively,
was separately mutated to a sense codon; 7, molecular mass protein
standards. The positions of virions p88, p83, and p78 are indicated to
the left.
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product of ORF1. This conclusion is consistent with recent
results indicating that p78 represents a posttranslational pro-
teolytic processing product of p88 at its C-terminal region
(unpublished work). The reasons why an estimate of 88 kDa
was obtained by SDS/PAGE for the CP with the predicted
81-kDa size remain unknown. Interestingly, most estimates by
SDS/PAGE of the CP size of ScV-L-A is about 88 kDa even
though its predicted molecular mass is 76 kDa (25).
Although present evidence indicates that translation of

ORF1 starts at the AUG at position 290, this initiation codon
resides in an unfavorable sequence context (UCCAUGU). The
next in frame AUG is at position 503 and is in a strong context
(GGCAUGG). However, the bacterially expressed protein
from AUG at 503 (predicted molecular mass of 74 kDa)
migrated significantly faster than p88 in SDS polyacrylamide
gels (data not shown). Furthermore, we have recently shown
that all three CPs (p78, p83, and p88) have common N-
terminal sequence since they reacted equally strong with
antibodies raised against the peptide encoded by the sequence
starting at nucleotides 290 to 502 (unpublished work). Because
the N termini of all three CPs were found to be blocked, we
could not resort to direct amino acid sequencing to provide
unequivocal evidence for the start site of ORF1. It is of interest
in this regard that the CP initiator codons for at least two other
totiviruses [ScV-L-A (CCCAUGC) and GLV (C]CGAUGG)],
have also weak or relatively Weak sequence contexts.

In addition to the UGA at position 2606-2608, the predicted
termination codon of ORF1, there are two other out-of-frame
UGAs in close proximity (Fig. 4A). These are the UGA at
position 2587-2589 (-1 frame relative to ORF1) and the UGA
at position 2610-2612 (+1 frame relative to ORF1). It was
therefore important to verify that the UGA at position 2606-
2608 is the stop codon for ORF1. For this purpose, site-
directed mutagenesis of the predicted CP stop codon as well
as the upstream UGA was carried out. Bacterial expression of
the construct in which the upstream UGA was mutated yielded
a product indistinguishable in size from wild-type p88 (Fig. 4B,
compare lanes 2 and 3). On the other hand, mutating the
putative CP stop codon yielded a fusion product of estimated
molecular mass of 97 kDa (Fig. 4B, lane 6). These results
verified that the stop codon at position 2606-2608 is indeed the
termination codon for the CP ORF. Because mutating the CP
stop codon did not result in the production of a CP-RDRP
fusion protein with a calculated molecular mass of 165 kDa,
expression of RDRP as a CP-RDRP fusion protein by a
readthrough mechanism can be ruled out.
ORF2 Encodes RDRP. The predicted amino acid sequence

of ORF2 contains all eight conserved motifs (Fig. 2, double
underlined) characteristic of RDRPs from dsRNA viruses of
simple eukaryotes (7). Of the 70 amino acid positions con-
tained in the 8 conserved motifs, Hv190SV RDRP is identical
in 48, 46, 40, 38, and 21 positions, respectively, to the RDRPs
of LRV1, ScV-L-A, Ustilago maydis virus Hi, ScV-La, and
GLV. These results are in agreement with the previous
conclusion (7) that the RDRPs of dsRNA viruses of simple
eukaryotes (except for GLV) are very closely related.

In Western blots of denatured Hv190S virions, RDRP was
detected as a minor virion-associated polypeptide using a
polyclonal antiserum to a bacterially expressed C-terminal
fragment of RDRP (Fig. 5B, lane 1). The virion-associated
RDRP comigrated with a protein expressed in bacteria from
a cDNA construct that initiates translation from the AUG at
position 2605 and terminates at the UGA at position 4917 (Fig.
SB, lane 2). An Mr value of 92 x 103 was estimated for RDRP
by SDS/PAGE. This value is higher than that calculated from
the deduced amino acid sequence of RDRP ORF (molecular
mass of 84.3 kDa and pI of 9.01). No proteins with molecular
mass higher than 92 kDa were detected in Hv19OS virions by
the RDRP-specific antiserum suggesting that fusion proteins
(CP-RDRP) comparable to those associated with the virions
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FIG. 5. Western blot analysis of bacterially expressed full-length
and in-frame deletions of Hv19OSV ORF2 (RDRP gene). Transferred
proteins were detected by using antisera to virion p88 (A) and to a
C-terminal fragment of RDRP (B). Lanes: 1, purified Hv19OS virions;
2, bacterially expressed full-length RDRP (construct pET-HV2); 3 and
4, truncated RDRP expressed from in-frame deletions of ORF2
(constructs pET-HV3 and -HV4, respectively); 5, bacterially expressed
full-length CP. Sizes of the protein standards are indicated to the left.

of the totiviruses ScV-L-A and GLV were not present (11, 20).
Stable dimers of each of the capsid proteins p78, p83, and p88
were detected by the antiserum to p88 (Fig. SA, arrowhead),
and this was initially a cause for confusion because of the
similarity in size to a hypothetical CP-RDRP fusion protein.
Although the possibility that RDRP is expressed as a

CP-RDRP fusion protein that is rapidly processed cannot be
dismissed, it appears unlikely since generation of a fusion
protein by a readthrough mechanism was ruled out (this study)
and fusion via translational frameshifting is difficult to justify.
The overlap region between the CP and RDRP ORFs lacks a
heptamer slippery site and an RNA pseudoknot structure
cannot be predicted from the secondary structure flanking the
3' terminus region of ORF1. The small size of the overlap
region between the CP and RDRP ORFs in Hv19OSV does not
rule out the possibility of translational frameshifting. The
overlap region between the 39 kDa protein and the 60 kDa
putative RNA polymerase of the luteovirus barley yellow
dwarfvirus is 13 nucleotides, yet the ribosomes slip into the -1
frame in the overlap region that includes a consensus slippery
heptanucleotide (26). The recent finding that ORF1 and
ORF2 of the totivirus LRV2-1 do not overlap (9) is of interest
in this regard. Because a potential pseudoknot structure was
found near the 3'-terminal region of the viral CP gene, the
authors proposed that fusing of the two ORFs may occur by
ribosomal hopping since it cannot be produced by frameshifting.
The finding that the termination codon of ORF1 (the UGA

at nucleotide positions 2606-2608) overlaps with the predicted
start codon for the RDRP ORF (AUG at nucleotide positions
2605-2607) suggests that RDRP is translated by an internal
initiation mechanism. The overlapping of these two ORFs may
serve as a means for regulating the level of the internally
encoded product (RDRP). By analogy to the yeast L-A virus
(27), only 1-2 RDRP molecules are assembled with 120 CP
molecules to form the mature virions. It is well known that the
upstream reading frame in dicistronic eukaryotic mRNAs can
profoundly influence the level of internal translation initiation
depending on-the length of the intercistronic region (28-30);
the longer the intercistronic region the more efficient the level
of internal translational initiation. Therefore, the initiation of
translation at a downstreamAUG codon would be expected to
be markedly suppressed when it is overlapped by an upstream
cistron.

It has been previously shown that internal ribosome entry
site elements can direct internal initiation of a second cistron
in a dicistronic mRNA (31). Experiments involving the gen-
eration of dicistronic constructs with the Hv19OSV 5'-UTR
sequences, or the 3'-terminal region of the CP ORF, inserted
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between the two cistrons are underway to verify whether these
leader sequences possess internal ribosome entry site elements
and whether they can mediate translation of the downstream
cistrons.

In conclusion, our study presents the first reported sequence
for a totivirus infecting a filamentous fungus. Like other
members of the genus Totivirus, Hv19OSV contains two large
overlapping ORFs with the 5'-proximal ORF encoding a CP
and the 3'-ORF encoding an RDRP. Whereas the RDRPs of
other totiviruses are expressed as CP-RDRP fusion proteins,
the Hv190SV-RDRP, as shown in this study, is expressed as a
separate nonfused virion-associated polypeptide. We also de-
scribe the structural features of the 5' UTR and the overlap
region between the two ORFs and suggest that both ORFs are
expressed by internal initiation of translation. Future experi-
ments will be designed to elucidate the nature of the sequence
elements regulating the expression of Hv19OSV CP and
RDRP. Studies on the expression of viral genes via internal
initiation mechanisms are presently attracting considerable
general interest (22). Because Hv19OSV is associated with a
debilitating disease of its fungal host, knowledge of its genome
structure and expression strategy will be valuable for under-
standing its role in pathogenesis and potential use as a
biocontrol agent.
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