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The genome of pea enation mosaic virus (PEMV) 
consists of two plus-sense RNAs, both of which are 
required for mechanical transmission. RNA 1 (5706 
nucleotides) has strong sequence similarity with mem- 
bers of the luteovirus group, a similarity that is also 
manifested in the symptomatology, cytopathology and 
vector transmission of this virus. RNA 2 (4253 nucleo- 
tides) is hypothesized to facilitate systemic invasion and 
mechanical transmission, attributes that distinguish 
PEMV from the phloem-limited luteoviruses. Sequence 
analysis of RNA 2 has demonstrated that PEMV is 
unique among multicomponent viruses in that it lacks T- 
and 5'-terminal homology between its genomic RNAs. 
Sequence analysis of RNA 2 has identified an open 
reading frame encoding a putative product of 65K that 
contains a series of polymerase-like motifs typical of 
viral RNA-dependent RNA polymerases. This protein 

sequence lacks homology with the polymerase encoded 
on RNA 1 of PEMV, instead being more closely affiliated 
with the polymerases of viruses related to the carmo- 
and tombusvirus groups. Inoculation of pea protoplasts 
with RNA transcripts derived from a full-length cDNA 
clone o f R N A  2 has demonstrated that RNA 2 replicates 
autonomously in the absence of RNA 1, although 
comparable inoculation of whole plants failed to 
establish a systemic infection. There is no evidence that 
RNA 2 encodes structural proteins, suggesting that 
encapsidation functions are supplied in trans by RNA 1, 
comparable to the helper-dependent complexes occur- 
ring within the luteovirus group. These data suggest 
that the PEMV genome can be characterized as a 
symbiotic association of two taxonomically distinct viral 
RNAs cooperatively interacting in the establishment of 
a systemic virus infection. 

Introduct ion 

The type member of the monotypic enamovirus group is 
pea enation mosaic virus (PEMV). This virus is character- 
ized by a genome of two positive-strand ssRNAs of M r 
1-9 x 106 and 1.4 x l0 G encapsidated in separate, struc- 
turally distinct isometric particles. Although its bipartite 
genome and virion organization have dictated the 
establishment of a separate taxonomic group for PEMV, 
evidence suggests that PEMV may more accurately be 
considered a derivative of viruses in the luteovirus group. 
Analysis of the nucleotide sequence and genomic 
organization of RNA 1 has established strong similarity 
between PEMV and the potato leafroll (PLRV)-beet 
western yellows (BWYV) luteovirus subgroup, encom- 
passing regions encoding the coat, aphid transmission 
and putative polymerase cassettes of these viruses 
(Demler & de Zoeten, 1991). The breadth of this 
relationship is also reflected in similarities in the 
symptomatology, cytopathology, virion composition 
and circulative aphid transmission of these two virus 
groups (summarized in Demler & de Zoeten, 1991). On 

the basis of these similarities, it appears that much of the 
basic biology associated with PEMV infection correlates 
with the luteovirus-like nature of RNA 1. 

Despite these similarities, there are differences in both 
the basic biology and genomic organization of PEMV 
that distinguish this virus from those in the luteovirus 
group. Perhaps the most significant of these differences is 
the ability of PEMV to circumvent the phloem limitation 
of luteoviruses, coupled with its capacity for mechanical 
transmission. It has been hypothesized that these two 
traits and the occurrence of a second RNA are 
associated, and that RNA 2 provides functions facili- 
tating systemic invasion. A second dissimilarity is the 
absence from PEMV RNA 1 of the highly conserved 
17K to 19K protein-encoding reading frame nested 
within the coat protein gene of luteoviruses. This protein 
has been postulated to represent the Y-terminal VpG 
common to both virus groups (Miller et al., 1988a; van 
der Wilk et al., 1989), and a recent report by Tacke et aI. 
(1991) has speculated that it may have a role in virus 
replication, based on its affinity for single-stranded 
nucleic acids. Although the necessity and role of this 
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protein have not been unequivocally determined, the 
conspicuous absence of a comparable open reading 
frame (ORF) in RNA 1 of PEMV raises the possibility 
that this function, if required, may be provided in trans 
by RNA 2. 

To clarify the biological significance of RNA 2 in 
PEMV infection, we have undertaken an examination of 
the genomic strategy of this species. We demonstrate that 
RNA 2 represents a unique and self-replicating RNA 
species unrelated to the remainder of the PEMV genome. 
The data suggest that PEMV is not a conventional 
multicomponent virus, but instead represents what may 
be better characterized as a form of symbiosis between 
two unique viral RNAs of diverse taxonomic origins. 

Methods  

Virus isolates and purification. The aphid non-transmissible PEMV 
strain WSG was propagated under greenhouse conditions in Pisum 
sativum L. cv 8221 as described previously (Demler & de Zoeten, 1989). 
Purification of virus and viral RNAs were also as described (Demler & 
de Zoeten, 1989, 1991). 

cDNA synthesis and cloning o f  P E M V  RNA 2. The synthesis of an 
RNA 2 cDNA library and its insertion into pUC19 were based on the 
procedure of Gubler & Hoffman (1983) and were identical to the 
protocol described previously in the analysis of PEMV RNA 1 (Demler 
& de Zoeten, 1991). 

Following sequence analysis, a second series of clones were generated 
by exploiting the presence of the two internal BamHI sites identified at 
positions 1406 and 3632. The synthetic oligonucleotide 5' 
dCCTGTGAGCGCCTTGCCAG 3" (nucleotides 3902 to 3884; 
nucleotide numbering throughout the text refers to that in Fig. 2) was 
used to prime first strand synthesis with avian myeloblastosis virus 
(AMV) reverse transcriptase (Sambrook et al., 1989). The RNA 
template was removed by base hydrolysis (1 h, 65 °C), neutralized with 
1 M-Tris-HCI pH 6-8, and extracted with phenol~chloroform. Fol- 
lowing ethanol precipitation, the first strand cDNA was resuspended in 
T4 DNA polymerase buffer (33 mM-Tris-acetate pH 7.9, 66raM- 
potassium acetate, 10 mM-magnesium acetate, 1 m~-dNTPs, 4 mM- 
DTT). The complementary DNA strand was synthesized by incubating 
with 3 units (U) of T4 DNA polymerase (30 min at 37 °C) using the 
oligonucleotide 5' dGGATAGGGTTGTGGAG 3' (nucleotides 1228 
to 1243) as the second strand primer. The resulting ds cDNA was then 
purified, digested with BamHI and inserted into BamHI-digested 
pUC19. 

Nucleotide sequence analysis. Sequence analysis was performed using 
the dideoxynucleotide sequencing technique of Sanger et al. (1977) as 
adapted for T7 DNA polymerase (USB, Tabor & Richardson, 1987). 
Sequence data for the entire sequence of RNA 2 were determined in 
both orientations from a minimum of three overlapping clones. 
Sequence data were derived from either ssDNA of M13mpl8 and 
-mpl9 subclones, or directly from pUC19 plasmids using specific 
oligonucleotide primers. 

The 5'-terminal sequence of RNA 2 was confirmed by primer 
extension of the oligonucleotide primer 5' dGCACACG- 
AGAAGCGCCC 3' (nucleotides 124 to 140) with AMV reverse 
transcriptase as described by Allison et al. (1988). The 3' terminus 
was confirmed similarly using the denatured replicative form of 
RNA 2 (prepared by the method of Morris & Dodds, 1979) as 
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Fig. 1. Assembly of a full-length cDNA clone of PEMV RNA 2 
(pPER2) under the control of the bacteriophage T7 promoter, cDNA 
segments originating from individual clones are identified by different 
line patterns; pertinent restriction sites are as indicated. Digestion with 
SmaI followed by transcription with T7 RNA polymerase leads to the 
production of full length RNA 2 transcripts containing the native 5'- 
and Y-terminal nucleotides. 

template with the oligonucleotide 5' dGGTGCGTGGAGACTTGG 3' 
(nucleotides 4119 to 4135) serving as the primer on the negative-sense 
RNA strand. The sequence was analysed using the UWGCG software 
system (Devereux et al., 1984) as described previously (Demler & de 
Zoeten, 1991). Amino acid sequence analysis was performed using the 
programs COMPARE, DOTPLOT and GAP, and database com- 
parisons were performed using the program TFASTA in conjunction 
with the GenBank (release 68) and EMBL (release 27) databases. 

Construction o f  RNA 2 transcription vectors. A series of three cDNA 
clones and an additional polymerase chain reaction (PCR)-generated 
clone containing the phage T7 promoter sequence were used to 
assemble a full-length, transcriptionally active clone of RNA 2 
(designated pPER2; Fig. 1). Specific restriction fragments were isolated 
in Nusieve GTG agarose (FMC), and the fidelity of all ligation 
junctions was confirmed by sequence analysis. The native 3' terminus 
of RNA 2 was created by digesting clone p2127 (nucleotides 3241 to 
4253) with KasI (cuts at position 4248) and filling in the 5' overhang 
using the Klenow fragment of DNA polymerase I. The entire cDNA 
fragment was then released by digestion with EeoRI (at the site 
contained in the vector polylinker) and ligated into pUC19 digested 
with KpnI, treated with the Klenow fragment to eliminate the 3' 
overhang, and then digested with EcoRI. This approach provided a 3'- 
terminal Sinai site that regenerates the native 3' terminus of the RNA 
2 transcript (designated p2127b). 

The internal 2226 nucleotides of RNA 2 were derived from clone pS0 
(nucleotides 1406 to 3632). The 3'-terminal 676 nucleotides of p2127b 
were released by digestion with SacI1 (3577) and PstI (cuts in the 
polylinker), and ligated into SacII-PstI-digested p80 to create p80b, 
containing the 3'-terminal 2848 nucleotides of RNA 2. 

The 5'-terminal regions of pPER2 were generated from clone p2152 
(nucleotides 1 to 1438). The phage T7 promoter was attached by 
PCR amplification of the 5'-terminal P s t l A a t I I  (nucleotide 470) 
f r agment  of p2152 using the pr imers  5' d C G G A A T T C T -  
A A T A C G A C T C A C T A T A G G G T A T T T A T A G A G  3' and  5' 
dGAGTCGAACTTGGCGAG 3" (nucleotides 382 to 366). The first 
primer contains the phage T7 promoter, preceded by an EcoRI site and 
followed by the initial 14 nucleotides of RNA 2. Following phenol 
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extraction and ethanol precipitation, the PCR product was digested 
with EcoRI and BamHI (nucleotide 114), and ligated into pUC19. 
Following sequence confirmation, the PCR clone was digested with 
EcoRl and XbaI (nucleotide 88) and reintroduced into similarly 
digested p2152 (designated p2152b). 

The final step in constructing pPER2 consisted of digesting p2152b 
with EcoRI, followed by partial digestion with BamHI and ligating the 
resulting 1428 nucleotide fragment into EcoRI-BamHI-digested p80b. 
Digestion of pPER2 with SmaI followed by transcription with T7 RNA 
polymerase results in full-length RNA 2 transcripts containing native 
5'- and 3'-terminal nucleotides. 

Preparation of RNA transcripts. Capped transcripts of pPER2 were 
prepared by suspending 5 lag of linearized plasmid in 250 lal of 
transcription buffer (40 mM-Tris-HC1 pH 7.5, 6 mM-MgC12, 10 mM- 
NaC1, 2 mM-spermidine, 10 mM-DTT, 0.4 ml~-ATP, -CTP and -UTP, 
0-075 mM-GTP, 0"5 mM-G(5')ppp(5')G, 125 U RNasin, 50 U T7 RNA 
polymerase (Promega), and incubating for 45 rain at 37 °C. An 
additional 50 U T7 RNA polymerase was added and the GTP 
concentration increased to 016mM for an additional 45min in- 
cubation. The DNA template was destroyed with 5 U RQ1 DNase 
(Promega) (37°C, 15min), followed by two phenol~chloroform 
extractions and ethanol precipitation. Transcript size and integrity 
were evaluated on non-denaturing 1% agarose gels and quantified 
against known amounts of PEMV RNAs. 

In vitro translation analysis. The translation products of 5' capped 
transcripts and viral RNAs were examined in both rabbit reticulocyte 
and wheatgerm systems (Promega and Boehringer-Mannheim, re- 
spectively) as recommended by the manufacturers. [a5S]Methionine- 
labelled proteins were separated on 12% denaturing gels (Laemmli, 
1970) and detected by fluorography. 

Protoplast assays. Protoplasts of P. sativum L. cv 8221 were prepared 
using an adaptation of the methods of Loesch-Fries & Hall (1980) & de 
Faria & de Zoeten (1986). Pea plants were grown under greenhouse 
conditions (20 °C, 16 h photoperiod) prior to harvest. Ten to 12 day 
(post-emergence) pea seedlings were dark conditioned for 24 to 48 h 
prior to protoplast isolation. 

Portions (4 g) of fully expanded leaves were surface-sterilized by 
sequentially soaking for 1 min in 70% ethanol containing 150 p.p.m. 
Tween 20, 6min in 10% household bleach containing 450p.p.m. 
Tween 20, and rinsing thoroughly in five changes of sterile distilled 
water. The leaves were then sliced with a razor blade into 1 to 3 mm 
strips and digested in a 50 ml solution of 20 mg/ml Cellulysin 
(Calbiochem), 1 mg/ml Macerozyme R-10 (Yakult Honsha), 1 mg/ml 
BSA in 10% mannitol, pH 5-7. Digestion was for 1 h at 28 °C in a 
rotary water bath at 120 rotations/rain. The digest was filtered through 
two layers of sterile cheesecloth and the protoplasts were concentrated 
by centrifugation for 3 min at 25 g in an IEC model HN-SII table top 
centrifuge equipped with a swinging bucket rotor. The protoplasts were 
washed three times by resuspension in 8 ml 10 % mannitol followed by 
reconcentration by centrifugation. The pelleted protoplasts were 
resnspended in 1 ml 10 % mannitol, and the concentration and viability 
were assessed by fluorescence microscopy using the vital stain 
fluorescein diacetate. Approximate yields ranged from 1 x 106 to 
2 x l0 s protoplasts/g tissue with viability in excess of 90 % at the time 
of inoculation, and in excess of 75 % following a 24 h incubation. 

Inoculation of protoplasts was performed using the polyethylene 
glycol/CaC12 procedure described by Samac et al. (1983). Typically, 
1 x 105 to 2 x 105 protoplasts and 1 to 5 lag RNA were used in each 
treatment. Following inoculation, the protoplasts were washed twice 
with 3 ml of 10% mannitol and the final protoplast pellet was 
resuspended in 0.5 ml of protoplast medium (Loesch-Fries & Hall, 

1980). Inoculated protoplasts were incubated for either 0 (control) or 
24 h at room temperature under diffuse lighting. Following incubation, 
the protoplasts were concentrated by brief centrifugation, and the 
medium was replaced with 400 lal of RNA extraction buffer (100 mM- 
glycine, 100 mM-NaCI, 0.1 mM-EDTA, 1% SDS, 2.5 mg/ml bentonite 
pH 8"0; Loesch-Fries & Hall, 1980). The mixture was vortexed briefly, 
extracted twice with 400 lal of phenol~zhloroform, and ethanol- 
precipitated. Nucleic acids were concentrated by centrifngation and 
resuspended in 30 lal water. 

Inoculation of plants. Seedlings of P. sativum L. cv 8221 and 
Nieotiana benthamiana were inoculated with 5 to I0 lag aliquots of viral 
transcripts or viral RNAs suspended in 10mg-Tris-HCl pH 8.0, 1 
mN-EDTA, 1% celite, 1% bentonite. Plants were harvested at 6 and 12 
days post-inoculation and total RNA was isolated by the protocol of 
Silflow et al. (1979) as described by Demler & de Zoeten (1989). 

Northern blot analysis'. Protoplast nucleic acids were separated on 1% 
non-denaturing agarose gels in 0.5 x TAE buffer (20 mM-Tris-acetate, 
10 mM-sodium acetate, 0.5 mM-EDTA pH 7-8) and electroblotted onto 
Hybond-N nylon transfer membranes (Amersham) in 0.5 x TAE 
buffer. Total RNAs isolated from whole plants were analysed on 1% 
glyoxal denaturing gels (Sambrook et al., 1989) and electroblotted in 
0.5 x TAE as stated above. Prehybridization, hybridization and 
washing of membranes were as recommended by the manufacturer. 

Preparation of 3~P-labelled probes. RNA probes specific for the 
positive-sense strand of PEMV RNA 2 were prepared by subcloning 
the EcoRI-SmaI fragment of pPER2 (nucleotides 1 to 4253) into the 
dual transcription vector pT7T3-18 (Pharmacia). Similarly, negative- 
sense probes specific for PEMV RNA 1 were prepared by subcloning 
RNA 1 clone p216 (corresponding to ORF 2 of RNA 1, nucleotides 978 
to 1766; Demler & de Zoeten, 1991) into the PstI site ofpT7T3-18. T3 
RNA polymerase transcription reactions were carried out with 1 lag of 
EcoRI-linearized template as described by Gilman (1989). Following 
DNase digestion of the template, the reaction mixture was diluted to 
100 lal with 10mM-Tri~HC1, 1 mM-EDTA pH8.0 and residual 
nucleotides were removed by Sephadex G-50 column chromatography. 

Serological screening of viralproteins expressed in vitro. The three 3'- 
terminal ORFs of RNA 2 (corresponding to the 25K, 27K and 15K 
protein-encoding reading frames; Fig. 3) were expressed as fl- 
galactosidase fusion proteins in vitro using the pEX vector system 
(Stanley & Luzio, 1984). Vectors expressing the overlapping 25K and 
27K protein-encoding reading frames were constructed from an AsnI 
(nucleotide 2795)-BamHI (nucleotide 3632) fragment of clone p80 in 
which the 5' AsnI overhang had been repaired with the Klenow 
fragment of DNA polymerase. This fragment was ligated into both 
pEX1 (27K protein-encoding reading frame) and pEX2 (25K protein- 
encoding reading frame) at the SmaI-BamHI polylinker sites. The 15K- 
encoding ORF was expressed from a HinclI (nucleotide 3855~Pstl 
(pUC19 polylinker) subclone of p2127 inserted into the SmaI-PstI site 
of pEX2. Constructions were confirmed by sequence analysis, and 
plasmids introduced into Escherichia coli strain N4830 containing the 
temperature-sensitive 2 repressor. 

Bacterial cultures were grown for 12 to 16 h at room temperature, 
followed by a 2 h heat induction at 42 °C. The cells were then pelleted, 
resuspended in 100 to 200 lal of HEMGN buffer (25 mM-HEPES pH 
7.6, 100 mM-KC1, 0.1 mM-EDTA, 12.5 mM-MgCI~, 10% glycerol, 0-1% 
NP40) containing protease inhibitors (Hoey, 1990), and disrupted in a 
sonic bath at 0 °C for 5 rain. The lysate was diluted with five volumes 
of 2 x Laemmli sample buffer and heated to 95 °C for 5 min; 20 gl 
aliquots were electrophoresed on 7.5% SDS-polyacrylamide gels 
(Laemmli, 1970). Proteins were then electroblotted onto nitrocellulose 
membranes and examined by Western blot analysis using rabbit 
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10 G 30 50 G ~ U C G 110 C 
GGGUAU~AUAGA~UCAGUAUGAACU~UGUCGCUAGGAUC~GCG~GGU~CACACCUGA~UUCACCCCUG~CGAGGGC~G~GUCUAGAG~C~CUGGAAA~G~GGAUCCCA 
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W A L L V C Q E R A R R D A D S ] A N E W Y E G S H E C N L L I P R P T T E D V 
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3~ 390 C 410 430 450 470 
UUGAUCUcGCC~GUUC~CU~CCUCCAUCGUCGCCUGUUGGCUGAAGCCAACCCUUGcAGGG~AUGGUUCUGUGGGUGCCUCC~GCCUAC~AGCAGAG~G~GA~GU~UGcc~GGG 
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CA~GUGGGGUGAUMUGAU~CcCG~GUcCCUGccUCUGCAcAUACC~GUcCGUGAAGG~AUGGAGGCUGUGCGGUUGGcACAGG~GUC~GGCAUCCC~GC~GAGGGc~AG 
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610 630 A 650 A 6~ 690 710 
AGAAAAGGUCUACAC~CCUUA~CGCCCAGGCCCAGCCAGAGGCUACCCUGUCGGGGUGCGACUACCCGUAUCAGGAGA~G~GCAGCAGCCGCGUGGAU~CGCCUGGCUGCAUUG 
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GCAC~CUCCCUUGUC~CCUAGCCAGGGG~UUAAUGAAAGG~G~ACACGGACAAUGCUAGGACAG~CC~CUU~G~UMGGUUCccUUC~A~GGGAG~G~ 

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

1210 1230 U A 1270 C 1290 U C 
AACCUUCAGAGUCACCCCUUGGA~CAUG~AUAGGGUUGUGGAGAGCUACACUGGGUCCCAGCGCACU~GCUAUGCU~UGCGCGGGACAGCAUAUUAUCC~CC~GAGUC~AAA~ 
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C 1330 C 1350 1370 1390 1410 T 1430 
UGCGCGGGU~GAU~UUGUCA~J~GCUGAA~`AGAUAAAUUUCA~GCCA/u~CCUGACCCCGCCCCUCGUGUGAUACAGCCUAGGG~CCACGAUCCAAC~UGU~UGG~AAAUA~AU 

Aa R V K Mt F V K A E K [ N F T A K P D P A P R V [ Q P R D P R Sf N I V L A K Y ] 

1450 G 1 4 ~  1 ~ 0  T 1510 1530 1550 
C~GC~UUUG~G~CAAUGUUGUACAAAGCACUGGGG~ACU~Ac~GUAC~CCGCAG~GCU~GGGGL~UU~CG~GGUUGAGA~GGGG~GAU~AUCGCCGG~GGCGGUGCUU 
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1 5 ~  1590 1610 A U 1650 1 6 ~  
CA~a~UCCUGU~GUGGGAUUAGACGC~CC~GA~U~U~CAUGUAU~U~CGAGGCGUUGCAG~CCCACGCGGUGUACA~GGGUUC~C~GUC~GG~GUUU~C~ 
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1690 U U 1 ~ 0  C 1 ~ 0  U 1790 
CCUCCUACAGAUGAUG~CACCAACcGUGGCCUAGGGUCCGCU~G~CGGAUUCGUCCG~AC~GG~AAAG~AGAcGCAUGAGCGGU~CAUGGA~C~CCUUGGG~AACUGUGU 
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GCUCAUGGUGUUGCUCACCAGGAACCUUUGC~GG~CUAGGCAUCCCG~ACGAGCU~UUCAAC~UGGU~U~GCAUcG~CUU~UUCGAUCGUUGc~AC~AJG~G~G~C~C~ 
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UGCUGUC~GAC~U~GCGGACCUAGGGU~GAUG~GGUGGAACCGCCGGUUGACGUG~GGAGAAAJ~UAGAG~CUGCCA~cGCAGCCUAUCUAUGACGGG~U~GCG 
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2050 2070 2090 2110 G 2130 2150 
CA~CGUGCGUUGCAUCUCGAGUAUCGGAAAAGAUUGCUCAUCCG~AUUAGUUGGGACC~UUGGAGGG~GGUGGAAUGCCAUCGCCCAGAGUGGUCUGGC~GU~GGCGG~UGCC 

T V R C ! S S I G K D C S S V I S W 0 Q L E G W W N A I m A  Q S G L A V C G G M P 

2170 2190 U 2210 2230 2250 2270 C 
GAUAUACACGUCGUUCU~CG~GGCUAGCACGGGCCGGU~GUGGGA~C~GUGUCAGUCAC~C~CUU~G~AAAA~GAGGGG~G~U~GG~ACAG~UGGGGAUG~CCUUUC 

I Y T S F Y R W L A R As G K S G T K C Q S H P L ~ K N E G L N W Y R M G M D L[ S 
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2290 2310 2330 C 2350 C 2370 2390 
UcAUGAGG~UGUUAccccUcAGGc~cGccUGucUUU~UUcGcGGGUU~UGGUAUUUcc~cccGAUGcAGGUcGccA~GAGGcGcUGUAUGAc~Gc~GccUccAcc~c~c~ccA 
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CCAUGGUCCUCCGGUU~GGCUGU~CACAGCGAGUGUUCACC~UUA~UCACGCCGGAAAGCG~CUGUGUUAGCAUGAGCACG~UG~GACAACAAAUCUGACUUUG~UGUUUACGG 
H G P P V K A V T Q R V F T N Y F T P E S A C V S M S T N E D N K S D F A V Y G 

2530 G 2550 2570 2590 2610 2630 
CC~UGUGCCUACAGUGAUGUCUC~UGUGCUCAGUGUUAGGCUCUUA~UUUUAGCGAUGGCGUGACACGGUCACACCCUG~GACAGGGUACAGAUC~GGG~GCCGGGGAGUCA~ 
P V P T V M SsL C A Q C * 

2650 2670 2690 2710 2~0 2~0 
C~CCC~ACCCUG~UCGACAGGGC~AGGGAAGCCGGGCAC~G~CCACGUGG~UCGACCACGUCACCU~U~GCGUCGACUAUGCCGUC~CACCCU~CGGCCCGC~AGCCUAGG 

2~0 2790 2810 2830 2850 G 
Ac~UGG~GGUUGGGUAAUAUAU~ACGAUAAUCA~UGUC~U~CGA~GAGCGC~GCAAcCAG~GGAG~UACUGGCAGCUcUGUACGGcGAGGUGAC~UAAAAGAACU~GAGGA 

M $ ] T T $ A S N Q K E L L A A L Y G E V T I KkE L E E 
M T I I I N V N N D E R K 0 P E G A T G S $ V R R G D N K RgT R G 

2890 2910 G 2930 2950 2970 2~0 
AACAAACcUCGGAGUCAUCACcC~GGUUCG~GC~CGAAAAGG~AC~UCACCCCU~CCUAC~CC~AAAAACUC~GGCAGGGUCAGCUcCGUACU~AGCG~UCAGGAGCACCCG 
T M L G V I T P V R A N E K VgT I T P l L P P K T Q G R V S S V L K R F R S T R 

N K P R S H H P G S R E R K GgY N H P S P T P K N S R Q G Q L R T E A V Q E H P 

3010 3030 A 3050 3070 3090 3110 
AAACACGGGGG~CUG~CCGUAGAGAAAGUGGUGGUAGUG~CACCCCUCACGU~CCAGACGACGUGCUAGGA~GGUGGAGAUAUGG~CCACGACAG~A~C~CCC~CAC~CGG 
N T G G L L S V E K V VvV V F T P H V p O O V L G E V E % ~ L H O S I L P H L G 

K H 0 G T A F R R E S G GsS V H P S R g R R R A R R G G D N A P R O H P P P P R 

T 3130 3150 3170 3190 3210 3230 
~G~GU~GGAC~AA~UGAAACUC~UGAGCG~GGGC~CAAGCUC~AGcGUUUUACCCAC~UAcU~GA~GCAUUGGGGGACUcGAU~U~GGG~CAGC~GAGGUc~UUCUC~AU 
S VfG P R L K l K l S E G P K l L A F Y P P Y $ I A L G D S I S G O P R S F S I 

E RtR T K T E T Q A E R R A Q A l $ V L P T l l D C I G G l D L G P A E V l l H 

3250 3270 3290 U 3310 3330 U C 
UGC~CGAGCUGUU~GAAGGCAACUuCGCACCGGG~GCAGCCCAUUCAGCCUGUUCCUCAUGUGGAGUCCACGCAUCGAAGCAGUGACCCAC~C~ACU~GAGUCGUccACCACG~GC 
A T E l F E G N F A P G C $ P F $ l Ff I M W S P R % E A V T H NO Y L $ Rr P P R A 

C H R A V R R Q L R T G V O P I Q P V Ps H V E S T H R S S D P O Ll L E S Sp T T C 

3370 U 3410 3430 3450 3470 
UCUGCC~UUUGCAGM~GAUGGUGCGGGACG~GUUAUCG~AGGUGGCAUcCC~AGCA~AC~UG~GG~GCGAUGUCGAACAGGUAUGC~AUGCCUCUCA~ACGGGUGAU~GCCA 
L P I C R T M V R DdA L S E V A $ 0 O O Y L K G A M $ N R Y A M P L T T G D G Q 

S A N L Q N 0 G A G RcV i G G G I P T A I P E G $ D V E Q V C H A S H Y G * 

3490 3510 3530 3550 3570 3590 
G~AUAGAGC~AUGAAGGGGGCUCCCAGUGCCC~CCACC~CGGGGGUGUGUAC~cAGGCUUCU~GU~GGc~GCUUC~CGCCGGAAGACCGCGG~GGUU~G~c~CCcA~AG~ 
H R A M K G A P S A L P P T G V C T Q A S K * 

3610 3630 C 3650 3670 3690 3710 
GUACGGC~C~C~ACCUUGGGAAAGUGGGGAUCCCAGCA~U~CUCCUUU~CUAGGCGGGCGUGUUGGUUACAGUAGGAGGGGACAGUGCGCAUCGAAAcU~GC~C~ACCAC~CU 

3~0 3~0 3~0 3~0 G 3810 A 3~0 
CUCAU~cACGGGGUGGUUGGGA~GCAGGUGUCGGAGG~UCGCCAGCCCUCAGGAUAGUGAGCUCC~GCAGAGGGAU~GCUAUCUCCCUGCGAcGUAGUGGUAG~CA~GUGG~UAGG 

U U G 3870 3890 C UU U U C 3930 3950 U 
G~UGACCUUGUCGACCGGUUAUCGGUCCCCUGCUCCUUCGAGCUGGC~GG~GCUCACAGGUUCUACACUGCUACUAAAGUUGGUGGUGGAU~CUcGc~CAAAAA~UCACAAACGCG 

M Ti L S T Gv YC R S P A P $ S ~ Q G Aa Hh Rw F Y Ti AS Tt K V G G G C L A Q K D Hh K R A 

3970 3~0 4010 4030 4050 C 4070 A 
CGGGACAAGGUCCCUUCCACCUUCGCCGGGU~GGCUAGAGUCAGCGCUGCAUGACUAU~CUUGcGGCCGAUC~AG~UGCACGACUG~GGUCCC~CUCAGUGU~UcGGUUGU~UGCCG 

G O G P F H L R R V R L E S A L H 0 Y N L R P [ Q L H D ~ ~ S P Sp V $ R L* S A E 

4090 4110 4130 4150 G A 4170 4190 C 
AGUGGGcGGUGGUCGGAUUCCACCACACCcUGCCACGAGGUGCGUG~CUUGGCCAGUCUAGGCUCGUCGU~UUAG~GCAGCGAcG~UC~CCCGUcCGGGcAUAU~UAGGA 

M A V V G F H H T L P R G A ~ R L G Q S R L V Vv I S Cs S D V N O P V R A YY N R T 
U 

4210 [ 4230 4250 
CCGG~GUGC~CUUCCUCCC~CUUAGCCAGGUGGUUACCUCCCUGGCGCCC 

G C A S S $ L L S Q V V T S L A P 
s p s * 

Fig. 2. The nucleotide sequence and m~or translation products of PEMV RNA 2. Alternative nucleotides at specific positions are 
depicted above the sequence, alternative amino acids as lower case letters. The primary sequence depicted corresponds ~o the sequence 
of pPER2. 
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antisera directed against PEMV virions in a double antibody sandwich 
with goat anti-rabbit alkaline phosphatase conjugate (Sambrook et al., 
1989). 

Electron microscopy. Pea protoplasts inoculated with either PEMV 
RNAs 1 and 2 or with transcripts derived from pPER2, or mock- 
inoculated negative controls were fixed 24 h after inoculation by over- 
night dialysis at 4 °C against 0'5 % glutaraldehyde, 10 % mannitol, in 80 
raM-sodium cacodylate buffer (pH 7-2). Protoplasts were concentrated 
by centrifugation, washed with 80 mM-cacodylate buffer and post-fixed 
for 2 h in 2 % osmium tetroxide in cacodylate buffer. The protoplasts 
were dehydrated in a graded series of acetone to 70 % and stained with 
a saturated uranyl acetate solution in 70% acetone. The protoplasts 
were then dehydrated to 100% acetone and embedded in Spurr's 
medimn. Sections were prepared with a Reichert microtome, stained 
with lead citrate and viewed on a JEOL-100C electron microscope. 

Results and Discussion 

Sequence analysis of  P E M V  RNA 2 

Previous sequence analysis of RNA 1 of PEMV has 
established a strong linkage with the PLRV-BWYV 
subgroup of  luteoviruses, particularly in regions en- 
coding the putative viral polymerase and structural 
proteins (Demler & de Zoeten, 1991). As an initial 
approach toward defining the role of  RNA 2 in the 
infection process, we examined the nucleotide sequence 
for evidence of specific sequence elements and relation- 
ships that might identify the origin and function of  this 
RNA. Fig. 2 shows the entire 4253 nucleotide sequence 
of RNA 2, along with the predicted amino acid sequence 
encoded by relevant ORFs. Also included are nucleotide 
and amino acid variants found in alternative clones of  
RNA 2. Fig. 3 depicts the size and organization of  the 
major RNA 2 0 R F s .  The 5' ORF begins following a 
short 21 nucleotide non-coding region (Fig. 3) and 
encodes a potential product of 33K. The second ORF 
overlaps the final 37 codons of reading frame 1 (in a 
different reading frame) and has the capacity to encode 
a product of  65K. This putative 65K product  is composed 
of  an 8K N-terminal region preceding the first meth- 
ionine codon (shaded region, Fig. 3), followed by a 57K 
C-terminal region terminating with an amber codon 
(nucleotide 2558). Following the second ORF,  a 221 
nucleotide non-translated region precedes a third ORF 
encoding a potential product of 25K. Superimposed (out 
of frame) on this reading frame is an ORF encoding a 
putative 27K product, beginning 17 nucleotides after the 
reading frame 3 start codon and extending 76 nucleotides 
beyond its termination codon. This is followed by a 293 
nucleotide non-coding region, leading into a fifth O RF  
potentially encoding a 15K product which lacks a 
termination codon. Among the six clones examined in 
this region, the 15K ORF was the predominant ar- 
rangement. Two variants were identified that had stop 
codons nine and 59 codons prior to the 3' terminus. 

Analysis of  the 65K ORF 

The most illuminating evidence concerning the origin 
and function of  RNA 2 came from comparisons of  the 
deduced amino acid sequence of the 65K protein- 
encoding ORF with viral sequences in the GenBank and 
EMBL databases. This amino acid sequence displayed 
statistically significant identity with a number of viral 
proteins belonging to the diantho-, tombus-, carmo-, 
necro- and barley yellow dwarf  virus subgroup (BYDV) 
of  the luteoviruses, as well as with putative translation 
products encoded by the BWYV ST9-associated RNA 
(Table 1). In all cases, these proteins contain sequence 
motifs associated with nucleic acid polymerase and 
helicase-like functions, and are hypothesized to represent 
the core viral RNA-dependent RNA polymerases (Fig. 
4; Hodgman, 1988; Habili & Symons, 1989; Koonin, 
1991). Based on the occurrence and arrangement of these 
motifs, it has been proposed that this group of viruses 
constitutes a separate taxonomic entity, different from 
the PLRV-BWYV subgroup of  the tuteoviruses which 
also contains the NY-RPV isolate of  BYDV and RNA 1 
of  PEMV (Habili & Symons, 1989; Koonin, 1991; 
Demler & de Zoeten, 1991; Vincent et al., 1991). 
Consistent with this model is the observation that this 
65K product does not display homology with the 
polymerase cassette of PEMV RNA 1, nor with its allied 
luteoviruses. Thus, the bipartite genome of PEMV 
appears to contain two polymerase-like proteins derived 
from taxonomically distinct virus groups. 

The out-of-frame overlap of  the 33K and 65K protein- 
encoding ORFs suggests that a frameshift event may be 
involved in the expression of  the 65K protein ORF,  
comparable to that in the expression of  the polymerase 
cassettes described in PEMV RNA 1 and in the diantho- 
and luteovirus groups. In vitro translation of full-length 
transcripts of RNA 2 and of virion-derived RNA 2 did 
not produce a 65K or 57K primary product (Fig. 5b, 
lanes 7 and 8). Consistent with the frameshift hypothesis 
is the occurrence of  a minor 97K translation product, 
which correlates with the 93K product predicted by a 
frameshift mechanism. Supporting this observation, 
transcripts truncated at the XhoI site (nucleotide 2056, 
lane 5) shifted the migration of the 97K protein to 71K, 
in good agreement with the size reduction anticipated by 
a frameshift strategy (75K). Sequence comparisons of 
the putative frameshift regions of  PEMV RNA 1 and 
RNA 2 failed to identify any regions of  homology that 
might implicate a common signal for such a frameshift 
event. In contrast, the region immediately upstream of  
the RNA 2 frame 1 amber stop codon ( G G A U U U U U ,  
917) is comparable to putative frameshift signals identi- 
fied in the short overlap regions of red clover necrotic 
mosaic virus (RCNMV) and BYDV ( G G A U U U U U  
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Table 1. Amino acid sequence comparisons of PEMV 
RNA 2 65K protein-encoding ORF product with selected 
viral polymerases* 

Virus1- Similarity (%) Identity (%) Quality:~ 

Tombus- 
TBSV 54 33 302 (45) 
CNV 56 34 307 (37) 
CyRSV 55 34 307 (33) 

Carmo- 
CarMV 55 35 317 (50) 
TCV 59 40 332 (48) 

Necro- 
TNV-D 59 41 349 (43) 

Diantho- 
RCNMV 51 30 290 (31) 

Luteo- 
BYDV-PAV 54 34 290 (36) 
BWYV-ST9 53 32 179 (40) 

MCMV 55 35 328 (45) 

* Comparisons were performed using the program GAP with 
comparison parameters defined as described previously (Demler & de 
Zoeten, 1991). 

t Abbreviations: TBSV, tomato bushy stunt virus; CNV, cherry 
necrosis virus; CyRSV, cymbidium ringspot virus; CarMV, carnation 
mottle virus; TCV, turnip crinkle virus; TNV-D, tobacco necrosis virus 
strain D; MCMV, maize chlorotic mottle virus. The sequence of the 
ST9 isolate of BWYV is from Chin et al. (1992), that of TNV-D is from 
Coutts et al. (1991). All other sequences were derived from the 
GenBank and EMBL databases. 

:~ Numbers in parentheses correspond to the number of standard 
deviations by which the quality exceeds the mean quality of 36 
comparisons of randomized sequences. 

65K 
I I 25K 
8K 57K I I 

I 27K [ _ _  
15K 

33K 

Fig. 3. Arrangement of ORFs of PEMV RNA 2. Open boxes indicate 
prominent ORFs; the grey box designates the 8K N-terminal extension 
preceding the start codon of the 57K protein-encoding ORF. 

and G G G U U U U U ,  respectively; Xiong & Lommel,  
1989; Miller et aI., 1988b). The five nucleotide uracil 
tract has been implicated in a - 1  frameshift involving 
phenylalanine codons, and resembles similar events in a 
variety of  retrovirus frameshifts (Jacks et al., 1988). 
Thus, the similarities evident in the pr imary sequence of 
the PEMV 65K protein and the BYDV and R C N M V  
polymerases also appear  to be reflected in the trans- 
lational expression of  the reading frames. 

Analysis of the Y-terminal 33K protein 

Despite the strong similarity evident in the 65K portion 

of  the frameshift protein, the PEMV R N A  2 33K protein 
lacks statistically significant identity with either of  its 
counterparts in the luteo- and dianthovirus subgroups, 
or with the N-terminal reading frames of the carmo-, 
necro- and tombusvirus groups. Additional database 
searches have failed to reveal amino acid homology with 
any other viral or non-viral sequences. Although the N- 
terminal component  of  the PEMV R N A  1 frameshift 
product  displayed a clustering of hydrophobic residues 
indicative of  membrane association, the R N A  2 33K 
product  does not exhibit a comparable composition. At 
this time the role of  this protein in infection is unclear. 

The dominant  product of  R N A  2 in an in vitro rabbit  
reticulocyte translation system was a 42K protein, with 
some evidence for a minor 28K protein (Fig. 5b). The 
42K product  was also synthesized in a wheatgerm 
system, although we found no evidence of the minor 28K 
product  (data not shown). This 42K pr imary product 
corresponds quite closely to a dominant  45K protein 
reported in previous translational analysis of  PEMV 
R N A  2 (Gabriel & de Zoeten, 1984). In an at tempt to 
identify the R N A  regions encoding this product, we 
prepared a series of  truncated transcripts to serve as 
templates for in vitro translation. Transcripts termina- 
ting immediately after the 33K protein reading frames 
(AsnI, nucleotide 1117; Fig. 5b, lanes 1 and 6) generated 
only the 45K protein, suggesting that this protein 
represents the O R F  1 product. Supporting this ob- 
servation, transcripts terminating within the 33K protein 
reading frame (AccI, nucleotide 611; Fig. 5b, lane 3; 
HincII, nucleotide 874; Fig. 5b, lane 2) shifted the 42K 
protein to 31K and 40K respectively, closely approxi- 
mating the size reduction anticipated from truncations in 
the 33K protein reading frame. The cause of  the an- 
omalous migration of this protein has not been deter- 
mined, but the pattern is consistent for the translation 
products of  both viral RNAs and in vitro transcripts. 

Analysis of the 3'-terminal reading frames. 

The T-terminal position and arrangement of  the re- 
maining R N A  2 0 R F s ,  and particularly the nested 
overlap of the 25K and 27K protein reading frames, are 
similar to the genomic organization of  the coat protein 
gene of  the luteovirus group and to the 3' non-structural 
protein genes of  tombusviruses. Although the dominant  
structural subunits of  PEMV are encoded by R N A  1 
(Hull & Lane, 1973; Demler & de Zoeten, 1991), there 
are irregularities in PEMV virion structure and com- 
position that hypothetically could result f rom the 
presence of additional or alternative structural subunits. 
For  example, virions forming the top component  
(containing R N A  2) are distinct from those in the 
bot tom component  in that they do not conform to 
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1 50 
RCNMV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *GFLG GPLSFPVEDA 
BYD¥ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *LCGFLE GLCTASGFES 
TBSV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *G GLVRLPGWT 
TNV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *G GLLVTSGFTT 
CARMV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *G GLFYLNGVET 
PEMV RNA2 *LCHLQGDHV VHOCHCCGPV VDPDRRRPGL WSARGGFLVG AVLPRLGEDT 
CONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *g gtl.  L.g..t 

51 IO0 
RCNMV PYPILGIPEI RVAEK . . . .  R ASRVMK.SKR WGLPAVSAG LKVCVXQTSL 
BYDV PFPILGLPE[ AVTD . . . . . .  GARLRKVSSN IRYLSQTHLG LVYKAPNASL 
TBSV QINRDIPSDV LLPQEVLEVR TGPPNAKDRN IFMVAGCPSQ ARFLVHNHCL 
TNV PTWRGDPRCOI L . . . . . . .  VT KGPPLAKPRK LYRFTGMGTH IRYGLHDHSL 
C A R M V  KIRRGGHPSV IEVD . . . . . . .  GQCPLKERK LYVQNAITTG YEYRVHNHSY 
P E M V R N A 2  SVRFDNLHPS IEV . . . . .  IK AARPRPTQRN SYQIDWRPL GDFGVHNNSL 
CONS p i . r . g . p e . . . v  . . . . . . .  a g r p r . k s r . . y , l . . v . t g  [rygvhnhsl 

101 150 
R C N M V  HNMIVSLERR VFRVKNSAGE LWPPKPIQN AF.DSISYFR EEWLRKLSHK 
B Y D V  HNALVAVERR VFTV.GKGDK AIYPPRPEHD IFTDTMDYFQ KSIIEEVGYC 
TBSV KNLKRGLVER VFCV,ERNGK LARTINIPTKG AFGR.LSPFR KAVCEKVGVA 
T N V  GNVRRGLVER LYMV.EVKGE LQPTPKPTPG AFXQ.MSRFS DRLSIHLPKT 
C A R M V  ANLRRGLLER VFYV.ERNKE LVSCPQPEPG SFKE.MGYLR RRFHRVCGNH 
PEMV RNA2 VNLARGINER VFYT.DNART EPLKPKVPFP SSRE.LKTFR . . . . . . . . .  V 
CONS hNtrrgl.eR vfyv.er.ge lv..Pkp.pg af...msyfr k r . . .k .g . .  

HEL IV 

ISl 200 
RCNMV GQILKSSLAD WA.CYSSEK RKLYQKAADS LEKKPVQWRD SKVQAFIKVE 
B Y D V  . . . .  KTYPAQ LLANSYSAGK RAMYHKAIAS LKTVPYHQKD ANVQAFLKKE 
TBSV HRL . . . .  GYD GFLSYYSGAK LRTYTRAVES LHITPVSERD SHLTTFVKAE 
TNV TRL . . . .  TPR EFLGFYTGRK LERYQKAVES LEMHPVREKD AWLSTFVKAE 
CARMV TRI . . . .  SAN DLVDCYQGRK RTIYENAAAS LLDRAIERKD GDLKTFIKAE 
PENIVRNA2  TPW . . . .  IMO RVVESYTGSQ RTRYANARDS ILSXPLSPKI) ARVKMFVKAE 
CONS t r  . . . . .  tad . . . . .  Ysgrk rtrYqkA..S l,..pvsekD a...tFvKaE 

201 250 
RCNMV KLECDTK.DP VPRTIQPRSK RYNLAIGQYL RLNEKKMLDS IDDVFKEKTV 
BYDV K.HWMTK.DI APRLICPRSK RYXIILGTRL KFNEKKIMHA IDSVFGSPTV 
TBSV KIS.TSKGDP APRVIQPRNP RYNVELGRYL RHMESKLMKA VI)GVFGETTC 
TNV KLNITAKPDP APRVIQPRDP RYNVEVGRFL RHSEEMLFKA INKTFGGRTI 
CARMV KFNVNLKSDP APRVIQPRSP RYNVELGRYL KKYEHHAYKA LDKI~GGPTV 
PEMV RNA2 KINFTAKPDP APRVIQPRDP RSNIVLAKYI KPLEPMLYKA LGKLYKYPAV 
CONS K.n.t.K,Dp aPRvlqPRsp RyNvet~ryl .hnEkkl.ka idkvfg.ptv 

HEL VI 

251 300 
RCNMV LSGLDNRAQG RAIAHKWRKY QNPIGIGLOA SRFDQHCSVD ALKFEQTFYK 
BYDV LSGYDNFKQG RIIAKKWQKF ACPVAIGVDA SRFDQHVSEQ ALKWEHGIYN 
TBSV IKGYTADEVG AIFRAKUDRF DKPVAIGLDA SRFDQHCSVE ALQYEHSFYR 
T N V  FKGLSSDQAG EEFKTLWDSF KDPVGIGMDA SRFDQHISKD ALEFEHKMWL 
C A R M V  MKGYTTEEVA QHIWSAWNQF QTPVAIGFDM SRFDQHVSVA ALEFEHSCYL 
PEMVRNA2 AKGFNAVETG EIIAGKIdRCF I(DPVWGLDA SRFDQHVSVE ALQFTHAVYR 
CONS lkGy..de.g .iia.kW.kf .dPvaiGtDa SRFDQHvSv. AL.fehsfy. 

POLI 

301 350 
RCNMV ACFP,.GDQQ LETLLKWQLS NTGSALLPTG ELVRYRTKGC RMSGDINTGL 
BYDV GIF..,GDSE MALALEHQIT N.NIKMFVEO KMLRFKVRGH RMSGDINTSM 
TBSV AMYP,.GNKL LGKLLEWQLH NKGKG.YVPD GIITYRKEGC RMSGDINTSL 
TNV SMFPKSERAE LARLLSWOIN HRGLA.RCPD GEIRYRVEGC RMSGDMNTSS 
CARMV ACF..EGDAH LANLLKMQLV XHGVG.FASN GMLRYTKEGC RMSGDMNTAL 
PEMV RNA2 GFIKSRE... FNNLLQMMYT NRGLG.SAKD GFVRYKVKGR RMSGDMDTSL 
CONS a.fp.,gdae [anlL.wq[t Nrglg.f.pd gm. ryrveGc RMSGD.nTs[ 

POL II 

perfect icosahedral symmetry, and appear somewhat 
pleiotropic in electron microscopy (Gibbs et al., 1966; 
Hull & Lane, 1973; S.A. Demler & G. A. de Zoeten, 
unpublished results). The relative ratios of top to bottom 
component can also vary greatly between PEMV isolates, 
ranging from nearly undetectable levels of top com- 
ponent to isolates in which the level of top component is 
the dominant nucleoprotein species (Hull & Lane, 1973). 
In an analysis of the virion subunits of two aphid- 
transmissible isolates of PEMV, Hull (1977) detected the 
presence of three minor protein species, including one of 
28K. In light of the described dual polymerase nature of 
the PEMV genome, it is relevant to inquire whether these 

RCNMV 
BYDV 
TBSV 
TNW 
CARMV 
PEMV RNA2 
CONS 

RCNMV 
BYDV 
TBSV 
TNV 
CARMV 
PEMV RNA2 
CONS 

RCNMV 
BYDV 
TBSV 
TNV 
CARMV 
PEMV RNA2 
CONS 

RCNMV 
BYDV 
TBSV 
TNV 
CARMV 
PEMV RNA2 
CONS 

RCNMV 
BYDV 
TBSV 
TNV 
CARMV 
PEMV RNA2 
CONS 

RCNMV 
BYDV 
TBSV 
TNV 
CARMV 
PEMV RNA2 
CONS 

351 400 
GNKILMCSHV HAFLKETGV. ,RASLANNGD DCVLFCEKGD YEQINRNLEO 
GNKLIMCG~ HAYLKKLGV, .EAELCNNGD DCVIITDRAN EKLFDGMYDH 
GNYLLMCAMV HGYNRHLG.I NEFSLAXCGD DCVLIVERR~ LKQIQRTLPE 
GNCYIMCATV HNWCDXIKHI KHFRLANNGD DCMLWERSD EKKVRNGLIE 
GNCLLACLIT . . . .  KHLMKI RS.RLINNGD DCVLICERTD IDYVVSNLTT 
GNCVLMVLLT RNLCKVLGIP HE..LFNNGD DCIVFFDRCH LEKFNNAVKT 
GNc[Lmc.mv h.y.khLgvJ .e,rLaNnGD DCv~i.er.d . k . . n . n l . .  

POL i l I  
401 450 
WFLCRGFEMT VEKPVDVLEK VAFCRSQPVC IATQWAMVRQ L.GSLSRDCF 
FLQY.GFNMV TEKPVYELEQ LEFCQSKPVS INGKYRMVRR P.DSIGKI)ST 
YFLNLGYTMK VEQPVFQLEE VEFCQAHPVQ FQGGWKMVRN VRTAMSKDVH 
YYATLGFTMK VEPTVDVLER LEFCQTRPVL VDGKYRMVRN LHQSNSKDLH 
GWSRFGFNC! AEEPVYENEK %RFCQNAPVF DGAG~LNVRD PLVSMSKDSH 
YFADLGFKMK VEPPVDVLEK IEFCQTQPIY DGEK~RTVRC I.SSIGKI)CS 
y f . . lG f ,n lk  vE.pVdvlEk .eFCq.qPv..ggkwrmVRn ...smskI).h 

POL IV 

451 500 
STQDWLNPKT FKDAMNALGQ CNGI]NDGVP IHMAQAKLMH RIGGNRKFNL 
TLLSMLNQ$D VKSYMSAVAQ CGLVLNAGVP ILESFYKCLY RSSGYKKVSE 
CVNNIRDLAT RRAWSNAQHH GGLALSAGIP VVETFYSRFK LY..DVPRKH 
SLHDLDSSAA RNAWVTAVGT GGRCMNDGVP VLKEFFKQFP DYNLEVKKGS 
SLVHWNNETN AKQWLKSVGM CGLRIAGGVP VVQEFYQKYV ETAGNVRENK 
SVISWDQL., .EGWWNAIAQ SGLAVCGGMP IYTSFYRWLA RAGKSGTKCQ 
sl..w.nlat rkawmnavgq cgla.n.GvP . .e . fyk . . .  ryggnvkkn. 

501 550 
DALHKQMEYS WRDRLGKRTN LLWSEVEDAT RLSYFRAFGI EPYIQRIVEE 
EFIKNVISYG TDERLQGRRT YNETPITNHS RMSYWESFGV DPKIQQIVER 
QRIDTVTN.V HKWR . . . .  G$ GGSYVVTPES RASFWAAFGL TGDEQLALED 
DMAQKLRD,D WKYKFNRTAA FQDLIPTQES RYSFWLAFGL LPDEQIALEN 
NITEKSSS.G F.FMMADRAK RGYSAVSEVC RFSFYQAFGI TPDQQIALEG 
SHPLWKNE,G LNWYRMGMDL SHEVNVTPQA RLSFFAGFGI SPPMQVAIEA 
d. i .kv . . ,g  wkwrl.gra..ges.vtpes RtSfwaaFGi tpd.QialE. 

551 600 
YFSQVEITCE GRSTNVLPTH YSRIHKDLIK AR*NVFKSSQ EIQTTVPAQE 
YYDGLTVSAQ LQSVKVTTPH l .................. Q SILLSIPENH 
RLERWEMDL. FGEEGVDAHE PSILDSAVA* .................... 
GFSPLKMEI, VNEQIQE..E TSLLQFSGA* . . . . . . . . . . . . . . . . . . . .  
EIRSLTINTN VGPQCEAADS LWILNRKYQ* . . . . . . . . . . . . . . . . . . . .  
LYDKLPPPSP HHGPPVKAVT QRVFTNYFTP ESACVSMSTN EDNKSDFAVY 
y . . . l  . . . . .  vg.q.v.a.. Is i [  . . . .  a* . . . . . . . . . . . . . . . . . . . .  

601 650 
PDPKYQCKDC SHPLCQDANN QDCESSTETS KRYIAYPVSY ECGWISSNAY 
SQNEY* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

GPVPTVMSLC AQC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 4. Amino acid sequence alignment of the putative RNA-dependent 
RNA polymerases of selected members of the diantho-, luteo-, 
tombus-, necro- and carmovirus groups with that of PEMV RNA 2. 
CONS designates the consensus sequence, with capital letters indicating 
amino acids conserved in all six sequences, and lower case letters 
indicating those conserved in two or more sequences. The designation 
of polymerase (POL) and helicase (HEL) motifs follows the classi- 
fication scheme of Habili & Symons (1989). 

pleiotropic virions may be composed of a unique second 
structural subunit or of a mixture of subunits. 

Several lines of evidence discount the possibility that 
the T-terminal RNA 2 proteins provide a supplementary 
structural function. First, analysis of viral coat protein 
by SDS-PAGE has consistently identified a single 
protein of 21K, corresponding to the product of the 
fourth reading frame of RNA 1 (Gabriel, 1983; Demler 
& de Zoeten, 1991). We have found no evidence of minor 
capsid species of a size appropriate to the 25K, 27K or 
15K products in our isolates. Western blot screening of 
/Y-galactosidase fusion proteins expressing the 27K, 25K 
and 15K proteins of RNA 2 and the RNA 1 coat protein 
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Fig 5. (a) Position of restriction sites used in the production of capped 
RNA 2 transcripts translated in vitro. (b) Autoradiogram of 3~S-labelled 
in vitro translation products directed by PEMV viral and transcript 
RNAs in rabbit reticulocyte lysate. Lane 1, transcripts from AsnI- 
digested pPER2; lane 2, transcripts from HincII-digested pPER2; lane 
3, transcripts from AccI-digested pPER2; lane 4, negative control 
(lysate without exogenous RNA added); lane 5, transcripts from XhoI- 
digested pPER2; lane 6, transcripts from AsnI-digested pPER2; lane 7, 
full-length RNA 2 transcripts; lane 8, electrophoretically fractionated 
PEMV virion RNA 2. Translation products were separated on a 12 % 
SDS-polyacrylamide gel and detected by fluorography. M r values 
relative to unlabelled markers are indicated to the right. 

with rabbit anti-PEMV antiserum demonstrated cross- 
reactivity with only the RNA 1-encoded product (Fig. 6). 
The viral antigen used to generate this antiserum was 
composed of approximately 25 to 30 % top component,  
and therefore we would expect some level of  recognition 
if the top component was composed primarily of a 
unique protein. However, this approach may lack 
adequate sensitivity for the detection of a trace capsid 
component. Finally, electron microscopy of sectioned 
protoplasts inoculated with RNA 2 of PEMV failed to 
provide unequivocal evidence of a virion specific to RNA 
2 infection, although there was evidence of virions 
localized in the nuclei of  protoplasts co-infected with 

RNAs 1 and 2. The available evidence suggests that 
encapsidation functions are provided solely by the coat 
protein encoded by RNA 1. 

Earlier we noted the absence from PEMV RNA 1 of 
the 17K to 19K nested reading frame present in all 
luteovirus coat proteins, and we hypothesized that this 
product  may be provided in trans by RNA 2. Ex- 
amination of the RNA 2-encoded proteins has not 
provided any evidence to support this contention. In 
direct amino acid sequence comparisons using the 
programs COMPARE,  DOTPLOT and GAP, there was 
no evidence of statistically significant sequence hom- 
ology, nor was there evidence of the acidic-basic residue 
charge distribution reported by Tacke et al. (1991) in the 
PLRV 17K protein• A notable structural characteristic 
of the PEMV 25K protein is a preponderance of basic 
residues in the N-terminal half of the molecule (38 of 126 
residues), although we can ascribe no functional sig- 
nificance to this observation at this time. 

Another instance of  the nested overlap of reading frames 
occurs in the 3' non-structural proteins encoded by viruses 
of  the tombusvirus group. Amino acid sequence com- 
parisons did not identify statistically significant homology 
between viruses of these groups, or with any other 
sequences available in the databases. At this time, sequence 
analysis has not provided a clear picture of  the function or 
role of  these three PEMV proteins. It is also unclear at this 
time whether the unclosed 15K protein-encoding ORF 
represents a translationally active species• 

Analysis  o f  non-coding regions 

The occurrence of dual, dissimilar polymerase cassettes 
raises the possibility that one or possibly both poly- 
merases function autonomously or in concert in the 
replication of the PEMV genome. In marked contrast to 
other multicomponent viral genomes, comparisons of  
the 5' and 3' termini of RNA 1 and 2 has demonstrated 
an absence of sequence homology, supporting the 

• hypothesis of independently acting polymerases. Con- 
sistent with the polymerase sequence similarity identified 
previously, the 5' termini of  the plus and minus sense 
strands of RNA 2 end in three guanylate residues, a trait 
evident with both termini of CarMV as well as in the 
negative-sense strand of  RCNMV, BYDV, TBSV, 
CyRSV, TCV and TNV-D. Although the combination 
of PEMV RNA 1 and 2 has been demonstrated to 
possess a covalently attached VpG of 17.5K (Reisman & 
de Zoeten, 1982), the dissimilarity between 5'- and 3'- 
terminal sequences suggests that we can no longer 
assume that both species are equivalent in this respect. 

The absence of the 27K, 25K and 15K products from 
the in vitro translation profile suggests that generation of 
subgenomic mRNAs is a likely expression strategy for 

2 V I R  7 4  
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(a) 

27 15 25 Cp pX2 M 

(b) 

27 

4-;!~ ::% , 

15 25 Cp pX2 M 

'? :!-~°~! : 2 ~ 170K 

Fig. 6. Western blot of the 27K, 15K and 25K proteins (lanes 27, 15 and 25) of RNA 2 and the N-terminal 7K of the RNA 1-encoded 
coat protein (lane Cp) expressed in the pEX vector system. Fusion products were separated by 7.5 % SDS-PAGE and blotted onto 
nitrocellulose membranes. (a) An SDS polyacrylamide gel stained with Coomassie blue R-250. (b) Comparable Western blot probed with 
rabbit anti-PEMV antiserum and detected with goat anti-rabbit alkaline phosphatase conjugate. Lane pX2 is a negative control 
consisting of the pEX2-encoded fusion product lacking an exogenous insert. Lane M, M,, markers, the sizes of which are indicated to 
the right. 

the corresponding downstream ORFs. The sequences of 
the two internal non-coding regions spanning nucleotides 
2560 to 2782 and 3550 to 3723 were unique and had no 
homology with comparable regions in the tombus- 
carmo-like viruses. 

A curious phenomenon present in the first RNA 2 
intergenic region is the occurrence of duplicated sequence 
blocks: 

RNA 2 

RNA 1 

2590 
2642 

cggC cCACC a UGAAUuGACAu GGuu 

An examination of the intergenic region of PEMV RNA 
1 preceding the coat protein cistron also revealed a 
similar pair of these sequence blocks. We cannot confirm 
a functional role for these sequences, but it is noteworthy 
that they precede internal reading frames hypothesized 
to be expressed by subgenomic messengers. Until the 
promoter signals and termini of the putative RNA 1 and 
RNA 2 subgenomic messengers are defined, we cannot 
confirm a role for these blocks as promoter-related 
elements. 

2. Fig. 7 (a) shows a Northern blot of total RNA isolated 
from pea protoplasts hybridized with an RNA 2-specific 
probe, and Fig. 7 (b) displays a replicate blot hybridized 
with a probe specific to the ORF 2-encoding region of 
PEMV RNA 1. Lane 2 shows mock-inoculated proto- 
plasts, confinrfing the uninfected status of the protoplast 
source. Lane 1 shows protoplasts inoculated with virion 
RNA, confirming the infectivity of the combined wild- 

gguCaCACCCUGAAUuGACAGGGuAc agauc AAGGGAAGCCGGGgAgucacc 
aacCeCACCCUGAAUcGACAGGGcAaa ....... A A G G G A A G C C G G G c A e  2684 

3830 u AGGGAAGCCGGcuAe 
3868 

Infectivity studies 

Dissimilarity in the 5' and 3' termini of PEMV RNAs 1 
and 2 and the presence of an apparent second polymerase 
cassette in RNA 2 suggest that RNA 2 may be 
replicatively competent in the absence of RNA 1. To test 
this hypothesis, we inoculated pea protoplasts, pea 
seedlings and seedlings of the non-leguminous host N. 
benthamiana with full-length in vitro transcripts of RNA 

type PEMV RNAs 1 and 2 in this protoplast system. The 
RNA analysed in lanes 7 and 8 was isolated from 
protoplasts inoculated with full-length RNA 2 tran- 
scripts containing the native 3' and 5' termini. As is 
evident in these lanes, full-length transcripts derived 
from pPER2 demonstrate replicative competence in the 
absence of RNA 1. 

To assess the possibility that the positive signals 
evident in lanes 1, 7 and 8 were due to the survival of the 
input inoculum, two sets of controls were used to confirm 
the de novo replication of RNAs 1 and 2. Lane 6 
represents a non-replicating negative control consisting 
of RNA isolated from protoplasts inoculated with 
transcripts lacking the 3'-terminal 227 nucleotides of 
RNA 2 (EagI, nucleotide 4026). Although we cannot rule 
out the possibility that this input inoculum is significantly 
less stable than its full-length counterparts, the absence 
of hybridization in this lane suggests that positive signals 
are not due to the survival of residual inoculum. 
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lanes 1, 7 and 8, consistent with de novo replication of 
RNAs 1 and 2. Thus, these analyses support the 
conclusion that RNA 2 is replicatively competent in pea 
protoplasts in the absence of PEMV RNA 1. 

In contrast to protoplast assays, we found no evidence 
of systemic invasion in pea or N. benthamiana seedlings 
inoculated with RNA 2 transcripts. Neither host dis- 
played virus-induced symptoms, nor could we detect 
evidence of RNA 2 by Northern blot analysis of 
uninoculated leaves (Fig. 8). This is consistent with 
previous infectivity studies of electrophoretically frac- 
tionated viral RNAs (Hull & Lane, 1973). Thus, although 
transcripts of RNA 2 replicate in a pea protoplast 
system, they are not competent in the establishment of 
systemic infection in these hosts. 

- -  RNA 1 

Fig. 7. Autoradiogram of a Northern blot of total RNA isolated from 
inoculated P. sativum protoplasts. (a) A blot hybridized with a probe 
specific for PEMV RNA 2 sequences; (b) a blot hybridized with a probe 
specific for the region encoding ORF  2 of PEMV R N A  1. Lanes 1, total 
R NA isolated from protoplasts inoculated with PEMV virion RNAs 1 
and 2, 24 h post-inoculation; lanes 2, total RNA isolated from mock- 
inoculated protoplasts, 2 4 h  post-inoculation; lanes 3, total RNA 
isolated from protoplasts inoculated with PEMV virion RNAs, 0 h post- 
inoculation; lanes 4, total RNA isolated from protoplasts inoculated 
with transcripts linearized with EagI, lacking the 3'-terminal 227 
nucleotides of RNA 2, 0 h post-inoculation; lanes 5, total RNA 
isolated from protoplasts inoculated with full-length RNA 2 tran- 
scripts, Oh post-inoculation; lanes 6, total R N A  isolated from 
protoplasts inoculated with transcripts linearized with EagI, lacking 
the final 227 nucleotides of RNA 2, 24 h post-inoculation; lanes 7 and 
8, duplicate samples of total RNAs isolated from protoplasts inoculated 
with full-length R N A  2 transcripts, 24 h post-inoculation. The RNA in 
lanes 1 was diluted threefold prior to gel electrophoresis. 

Supporting this conclusion, lanes 3 to 5 contain 0 h 
controls consisting of protoplast RNAs isolated im- 
mediately after inoculation (and washing) with viral 
RNA (lane 3), with EagI-truncated transcripts (lane 4) or 
with full-length RNA 2 transcripts (lane 5). Relative to 
the 0 h controls, there is a clear enhancement of signal in 

Electron microscopy 

For each of the experimental treatments, a total of 40 
viable protoplasts were examined for evidence of cyto- 
pathological ultrastructure. Of the protoplasts inocu- 
lated with PEMV RNAs 1 and 2, 60 % demonstrated the 
typical cytopathic aberrations associated with PEMV 
infection (de Zoeten et al., 1972). This was most evident 
in the presence of membrane-bound vesicles in the 
cytosol and associated with the perinuclear space, the 
presence of virions within the nucleus, and a general 
disorganization of the nuclear membrane. In contrast, 
mock-inoculated protoplasts and protoplasts inoculated 
with RNA 2 transcripts were indistinguishable by 
electron microscopic analysis. Although Northern blot 
analysis confirmed active replication of RNA 2 in these 
protoplasts (Fig. 7), and assuming levels of infection 
comparable to the RNA 1 and 2 combination, the RNA 
2-inoculated protoplasts did not display the cytopathic 
structures typical of PEMV infection. They also did not 
display any cytopathology common to members of the 
tombus- and carmo-like viruses. There was also no 
unequivocal evidence of virions in these tissues. There 
was some limited evidence of vesiculation in RNA 2- 
infected protoplasts, although similar structures were 
also evident in mock-inoculated controls, a probable 
reflection of cell membrane and wall repair processes. 

Conclusions 

Previous analyses of the interactions occurring between 
PEMV, its host and its aphid vector have established 
strong parallels with the luteovirus group, an analogy 
that is supported by similarities in the genomic organiza- 
tion and sequence of PEMV RNA 1 (Demler & de 
Zoeten, 1991). However, there is a clear difference 
between these two groups, evident in the adaptation of 
PEMV to the establishment of a systemic infection, its 

2-2 
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Fig. 8. Autoradiogram of  a Northern blot of  total RNAs isolated from 
the uninoculated leaves of  seedlings of  P. sativum or N. benthamiana 

harvested 6 (lanes 2, 4, 7 and 9) or 12 (lanes 1, 3, 5, 8 and 10) days post- 
inoculation. The blot was hybridized with a 3~P-labelled RNA 
transcript probe encompassing the entire sequence of  PEMV RNA 2. 
Lanes 1 to 5 show total RNAs from P. sativum seedlings; lanes 6 to 10 
show total RNAs from N. benthamiana seedlings. Lane 1, mock- 
inoculated negative control; lane 2, inoculation with RNA 2 tran- 
scripts; lane 3, inoculation with RNA 2 transcripts; lane 4, 
inoculation with PEMV RNAs 1 and 2; lane 5, inoculation with PEMV 
RNAs 1 and 2; lane 6, mock-inoculation; lane 7, inoculation with 
PEMV RNAs 1 and 2; lane 8, inoculation with PEMV RNAs 1 and 2; 
lane 9, inoculation with RNA 2 transcripts; lane 10, inoculation with 
RNA 2 transcripts. 

supplementary capacity to be mechanically transmissible, 
and in discrete differences in its genomic organization. 
We have hypothesized that these non-luteovirus-like 
characteristics are associated with the acquisition of 
RNA 2, and the goal of this study was to characterize the 
functional and evolutionary significance of RNA 2 in 
PEMV infection. 

The data presented in this study support the hypothesis 
that RNA 2 represents the recruitment by a luteo-like 
virus of accessory functions derived from an unrelated 
virus. This is most effectively demonstrated in the 
conspicuous absence of sequence homology to RNA 1, 
particularly in the 3'- and 5"-terminal regions, a trait 
atypical among multicomponent viruses. This dissimi- 
larity is emphasized by the presence of separately 
encoded polymerase-like units, which are associated with 
different virus groups. The demonstration in this study of 
the autonomous replication of RNA 2 in protoplasts, 
coupled with comparable evidence of the replicative 
independence of RNA 1 (unpublished results), further 
illustrates that the replicative functions of RNA 2 are 
independent from those of RNA 1. It follows that 
although a discrete replication complex has been identi- 
fied in PEMV-infected tissue (Powell et al., 1977; Powell 
& de Zoeten, 1977; de Zoeten et al., 1972, 1976), we can 
no longer presume that the replication of RNA 1 and 
RNA 2 are spatially linked. In this regard, the distinct 
ultrastructure associated with PEMV infection provides 

a method for the specific localization of individual viral 
gene products, and should complement these infectivity 
studies. 

Despite the replicative autonomy of RNA 2, there 
does appear to be some element of reliance on RNA 1 for 
functions relating to encapsidation, vector transmission 
and systemic invasion. Several lines of evidence have 
pointed to an absence of RNA 2-encoded structural 
functions, suggesting that encapsidation and vector 
transmission functions are provided by structural com- 
ponents encoded by RNA 1. Inoculation of seedlings 
with RNA 2 transcripts demonstrated that mechanical 
transmission does not occur in the absence of RNA 1, 
corroborating previous evidence with virion-derived 
RNA 2 (Hull & Lane, 1973). Reciprocal infectivity 
studies have also established the incapacity of RNA 1 to 
be transmitted mechanically (Hull & Lane, 1973). Thus, 
in the hosts analysed, mechanical passage appears to be 
dependent on a complementary interaction between the 
RNA species. 

In many respects, the chimeric nature of the PEMV 
genome bears a striking resemblance to the dependent 
transmission phenomena evident with PEMV and bean 
yellow vein banding virus (Cockbain et al., 1986), and in 
a number of disease complexes associated with other 
members of the luteovirus group (summarized in Falk & 
Duffus, 1981). At the centre of these associations is the 
reliance of the dependent virus on encapsidation and 
vector transmission functions provided by the luteovirus 
helper. Although the dependent viruses have not been 
extensively characterized at the molecular level, physical 
characterization suggests that several of these viruses are 
also coat protein-deficient entities (Murant et al., 1969, 
1973; Falk el al., 1979a; Reddy et al., 1985; Cockbain 
et al., 1986). Similarly, Falk et al. (1979b) reported 
limited mechanical transmission of BWYV from plants 
infected with the lettuce speckles complex, which was 
interpreted as a result of the enhanced movement or 
replication of BWYV into non-phloem tissues. All of 
these traits parallel the association between PEMV RNA 
1 and RNA 2. 

An apparent discrepancy in this pattern is that unlike 
PEMV RNA 2 (and the BWYV ST9 RNA 2; Falk & 
Duffus, 1984), the dependent viruses in these complexes 
can be transmitted mechanically. Although we found no 
evidence of systemic infection by RNA 2 alone in 
P. sativurn and N. benthamiana, we cannot assume that 
the host range of the individual PEMV genomic 
components will parallel that of the combined genome. 
Host range studies (Falk et al., 1979b) on the lettuce 
speckles complex have indicated that the host ranges of 
the dependent and helper virus do not absolutely 
coincide. Thus, the choice of host in our systemic 
infection assay may not accurately reveal the systemic 



competence of RNA 2. A second discrepancy between 
PEMV and the helper dependent complexes is that in the 
dependent complexes the two entities are separable and 
can generate independent infections. In PEMV, the 
inability to dissociate RNAs l and 2 is supported by 
infectivity studies of PEMV based on mechanical 
inoculation (Hull & Lane, 1973), and by data presented 
in this study. However, based on the luteovirus-like 
aspects of RNA 1, we cannot extrapolate the previous 
mechanical transmission data to demonstrate that RNA 
1 is ineffective in establishing an independent infection. 
We have alluded to the possibility that in suitable hosts 
RNA 2 may also be autonomously infective. Thus, the 
relationship between the RNAs of PEMV may yet be 
reduced to a classical example of a dependent trans- 
mission phenomenon. We are currently assessing this 
possibility by performing comparable infectivity studies 
with infectious transcripts of RNA 1 and by expanding 
the host range analysis of RNA 2. 

An alternative interpretation of the seemingly in- 
separable nature of the two PEMV RNAs is that this 
interaction has evolved into a more permanent associa- 
tion. We have already mentioned the short sequence 
homology present in the internal non-coding regions of 
each RNA, as well as a number of other differences from 
the classical dependent-helper association. We cannot 
rule out the possibility that protein or RNA derived from 
either RNA 1 or 2 may interact in trans with its 
counterpart. A clear emphasis in future research will be 
to uncover the contributions of each RNA to this 
symbiotic association and to assess the cohesion of this 
relationship. As evident in this study, the relationship 
between the RNA species in the dependent transmission 
complexes and the genomic RNAs of PEMV represents 
a gradient of dependence and complementation. It 
appears that these cases may represent transitional 
phases toward the evolution of a more permanent 
association of dissimilar viral RNAs. 
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