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$JMbgfY : The nuclentldr sequence oi the &ate.llite of arabis mosaic virus 
was determined usino the satellite RkA encapcidated in virions. The 300- 

nucleotide lonq sequence showed extensive hOmOlOCJy (50X) vith that of the 
359-nucleotide satellite RNA of tobacco ringspot virus, which occurs both in 
a linear and a circular form. This homology also revealed the presence of 
conserved sequences believed to mediate self-cleavage of the latter as well 
as other viral satellite RNAs. A circular form of the arabis mosaic virus 
satellite can be isolated from infected tissues and partially converts to 
the linear form upon elution from denaturing gels. % 1988 *czdemrc Press, 1°C. 

INTRODUCTION.: Viral satellites are small nucleic acids (size range 300- 

1700nt) that can replicate in certain hosts only in the presence of their 

"helper virus" nucleic acids with which they have little, if any, sequence 

homology. By far the great majority of viral satellites are single-stranded 

RNAs associated with plant viruses (1). Viral satellites are of considerable 

interest due to their capability to modulate the severity of disease 

symptoms caused by their helper viruses. This symptom modulation has been 

observed to range from complete suppression to severe aggravation of 

symptoms, leading to death of the host in some cases (2,3). While symptom 

suppression can be rationalized by the satellite's own rapid replication at 

the expense of the virus (4), severe symptom aggravation must result from 

some form of expression of the nucleotrde sequence of the satellite during 

the course of its replication. Such considerations have made these molecular 

level parasitic RNAs premier objects for studies that attempt to link RNA 

structure to biological function (2,3). 

Although all known plant viral satellites exist as linear (L) or 

circular (C) single-stranded RNAs encapsidated in their own or their helper 

Abbreviations: L, linear; C, circular: TNA, total nucleic acid; PAGE, 
polyacrylamide gel electrophoresis; sTBRV, satellite of tomato blackring 
virus: sTobRV, satellite of tobacco ringspot virus; sArflV, satellite of 
arabis mosaic virus; VTNoV, velvet tobacco mottle virus. 
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viral coat proteins, variant structural forms can be found unencapsldated in 

the infected cell. These often are concatenated L (and probably also C) 

satellite RNA (+) and 4-f strands I(+) polarity la assigned to the 

encapeidated strand], while in some cases large intracellular accumulation 

of satellite double-stranded RNA aigniflea unuaually active synthesis of (-) 

stranded satellite RNA (4). 

To date the tvo beat characterized aatellitea associated with a group 

of plant viruses designated as Nepoviruaes (S), are the satellite of tomato 

blackring virus (sTBRV1, and the aatelllte of tobacco ringapot virus (sTobRV). 

Biologically the concurrent replication of sTBRV vith its helper virus has 

shown no disease modulating effects, but with aTobRV dramatic symptom 

attenuation has been reported vith some strains of the helper virus (6). 

Structurally, 8TBRV and sTobRV are also quite different in that the former is 

encapsidated as a 1375nt L RNA (71, and the latter as a 359nt L RNA (8) vhich 

coexists Iwith an intracellular C form (9) and lesser amounta of concatenated 

satellite strands of both polarities (10). 

In 1'983, a new nepoviral satellite vas isolated from hop with nettlehead 

disease caused by arabia mosaic virus (Art&') (ll), a virus also important in 

certain fruit crop8 (5). In contraat to the two nepoviral satellite8 above, 

the satellite of ArUV (sArIPI) seems to aggravate viral disease symptoms in 

Chenooodlum quinoa, and it8 association vith ArKV in hop was suspected to be 

the cause of the nettlehead disease (11). Here se report 1) the nucleotide 

eequence of aArBV, 2) the coexistence of an encapaidated L with an intra- 

cellular C form of the satellite, 31 the relationship of thi8 coexistence to 

certain conserved sequences shared by sArUV, STobRV and certain other small 

RNA molecules, and thought to be instrumental in the self-cleavage properties 

of these RNA8 (12). 

BATERIALS AND KETHODS 

Virus source, arovth, and purification. ArKV vaa a gift of Dr. K.F. Clark, 
East Balling Research Station, U.K. Our specimen vas derived from the nettle- 
head isolate ArKV-Ta from hop, mechanically transmitted and subsequently 
maintained in Chenooodiua auinoa. We have continued propagation of the virus 
in Chenopodium aulnoa in a grovth chamber at 16-l&, vith a photoperiod of 16 
h and a light intensity of 1,000 lux. Virus purification vaa according to 
Daviea and Clark (11). 
Isolation of 8ArKV from viriona or from infected tissues. Virion-encapsidated 
nucleic acids vere extracted vith phenol-SDS (13), and vere fractionated by 
rate zonal ultracentrifugation for 3 h at 40,000 rpm (Beckman2 SW-41 rotor) at 
9 , in a 0.2-0.8 tl aucroae gradient in TAE buffer (TAE = 40 mtl Tria-acetic 
acid, pH 7.8, 20 aK 8Odium acetate, 2 mn EDTA) plus 0.1% SDS. Separation of 
aArtlV RNA from viral RNA8 vaa by fractionation of the gradients through the 
top of the centrifuge tubea using an ISCO density gradient fractionator. To 

2nention of a commercial company or specific equipment does not constitute 
its endoraement by the U.S. Dept. of Agriculture over similar equipment or 
companies not named. 
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obtain total nucleic acids (TNA) from ArRV-infected Chenopodfug 5 Q of tissue 
vae powdered in a mortar and pestle vith liquid nitrogen until the tissue 
became light green. This tissue vaa extracted vith 12 ml of extraction (E) 
buffer (0.1 Ii Glycine-NaOH, pH 9.0, 0.1 ?I NaCl, 10 mU EDTA, 2X SDS, 1X sodium 
lauryl earcosine), 12 ml of rater-saturated phenol, containing 0.1% a-hydroxy- 
quinoline. and 6 ml chloroform. Phases vere separated by low speed centri- 
fugation, and the nucleic acids in the aqueoua phase were subjected to several 
cycles of ethanol precipitation and resuspension in E buffer (final volume 1 
ml). To separate sArllV from viral and cellular nucleic acids, appropriate 
aliquota of this TNA extract were subjected to polyacrylamide gel electro- 
phoresia (PAGE) on 6X (39:l acrylaaide:biaacrylamide containing 7 N urea, 90 
mU Tria-borate, pH 8.3, and 2.5 mU EDTA) slab gels at 30 V/cm for 1.5 h. 
tlarker-identified aArNV bands C and L, which are clearly distinguishable from 
plant nucleic acid bands in TNA extracts from healthy Chenopodium (Fig. lA), 
vere excised, crushed in 0.5 N ammonium acetate, 1 mM EDTA, 0.1% SDS, pH 7, 
and eluted overnight at 40. Removal of acrylamide vas accomplished by lov 
speed centrifugation and ethanol precipitation of the nucleic acids, or by 
rate zone1 ultracentrifugation on sucrose gradients, vhere the acrylamide 
stays on top of the gradient. 
Nucleotide aeauence determination of aArNV. The 5' terminus of the L form of 
aArNV from virions or from infected tissue was labeled using IY-*ePIATP and T4 
polynucleotide kinese. Labeling of the 3' terminua of 8ArNV with 15'-3ePlpCp 
was carried out folloving maleic acid treatment (El) to hydrolyze a 2':3' 
cyclic phoaphodieater group that blocked acceaibility to this end of the 
molecule. This enabled determination of the nucleotide sequences of the 5 and 
3' thirds of the molecule, respectively, including the 3' terminal nucleotide, 
using procedures previously described (14,151. These sequences vere overlapped 
with those of 5' end-labeled sArIlV fragments generated by partial digestion 
with RNaae Tl. The bulk of the 8ArNV sequence was subsequently confirmed using 
the dideoxy chain termination method as previously described (15). and an 
oligodeoxynucleotide complementary to the eighteen 3' end terminal nucleotidea 
as the primer. 
Nucleotide sequence comparisons and secondary structures. Nucleotide sequences 
vere aligned using a dot-plot matrix filtered by a window of v=ll nt, a 
stringency of a=8 nt, and a computer program analogous to the one described by 
Collins and Couison (161, vith the remaining homologous nucleotidea aligned 
manually. The moat favorable secondary structures at 25* vere calculated using 
a modified Zuker-Nuaainov algorithm as previously described (17). 

RESULTS 

Fig. 1A represents a PAGE comparison of TNA extracts of tissues of 

Chenopodium quinoa infected with ArNV (lane 2) and healthy plants (lane 1). It 

ahovs the conspicuous presence of tvo fast-migrating nucleic acids in the 

infected plant extract, which were designated C and L. Fig. 18 compares an 

ArNV-infected Chenopodium TNA extract (lane 1) vith a mixture of the RNAs 

extracted from ArllV viriona (lane 2), and shore that L comigratea vith the 

fastest RNA in the viral mixture. Davies and Clark (11) previously identified 

this component as the sArNV. In addition, the mixture contains the two genomic 

RNAa (upper tvo bands in lane 2), and a fourth component comigrating vith an 

RNA in the TNA extract that is sequence-related to 8ArNV (compare Fig. lC, 

lanes 2 and 61. Purified aArNV (Fig. lC, lane 1) served as template to prepare 

a cDNA probe, using a random priming method for the reverse transcription 

(18). Fig. 1C 8hOvB the use of this probe in Northern hybridization of blots 

to vhich purified 8ArNV (lane 51, an ArNV-infected Chenopodium TNA extract 
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12 12 12345078 
Fia. 1. Coaparative 6% PAGE analysis under denaturing conditions of RNA 
n ixtu:ree from ArHV infections in Chenopodium auinoa. A) TNA extracts of 
uninflected (lane 11 and ArtlV-infected (lane 2) plants. 8) TNA extract from 
ArflV-infected plants (lane 1) and purified ArKV vlrions (lane 21. C) sArHV 
isolated froa virions (lanes 1 and 5); TWA extract of ArNV-infected plants 
(lanes 2 and 6); C band eluted from a TNA gel (lanes 3 and 7); L band eluted 
from a TNA gel (lanes 4 and 8). Lanea 1-4 and 5-8 represent the same gel 
ethidium bromide stained, and hybridized to sArW cDNA after Northern 
transfer, respectively. 

(lane 6), gel-eluted components C (lane 7) and L (lane 8), had been trans- 

ferred from 6X gels, folloving denaturing PAGE and ethidium bromide staining 

(see lanes l-4). Clearly, components C and L in the TNA extract have sequence 

homology vith sArHV. In addition, slaver migrating sArHV sequence-related 

components can be observed in this extract (lane 6). Eluted C consistently 

shove the presence of some L (lanes 3 and 7), even after repeated re-elution 

(not shovn), but L shove only a single band (lanes 4 and 8). C and L appear to 

represent the circular and linear forms of sArHV (see DISCUSSION). 

The nucleotlde sequence of sArHV, initially determined using encapsldated 

sArHV (Fig. K, lane 1) and subsequently confirmed vith the L component eluted 

from gels vith TNA extract of infected Chenonodium (Fig. lC, lane 41, is shorn 

in Fig. 2, vhere it is aligned vith the published sequence of sTobRV (8) (Fig. 

4 shove the sequence in the form of its most favorable secondary structure, 

also compared vith that of 8TobRV). The sequence alignment of the 300 nt sArHV 

vith the 359 nt sTobRV (Fig. 2) reveals that relative to sArHV the sequences 

are 50% homologous overall (42% relative to sTobRV), vhereas only 25% homology 

can be (expected from aligned random sequences of 350 nt. This homology is 

primarily concentrated in tvo regions: positions 296-30011-63 vith 70X homo- 

logy and positions 105-204 vith 65% homology (sArHV numbering used throughout, 

unless mentioned othervise). Positions 295-30011-48 (and equivalent sTobRV 

positions) have been boxed off for both satellites because this region 

contains the conserved sequences (highlighted in Fig. 2) vhich, together vith 

three stems and loops, form a consensus configuration knovn ae the 

vhamaerheada structure. This structure is thought to be instrumental in 
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Fia. 2. Nucleotide sequence of sArflV aligned rith that of sTobRV. Boxed 
regions encospass the conserved (bold-faced) and auxiliary sequences that can 
form the hammerhead structures of the tvo satellites. 

Fiq. 3. Hammerhead structure of sArW4 with conserved sequences in bold face. 
Arrov indicates the proposed self-cleavage site of a C form (or oligomer) of 
sArUV, vhich coincides rith a putative junction of the 3' and 5' terminal 
nucleotidee of the L form. 

promoting the self-cleavage properties of certain small RNA molecules (12). 

The energetically most favorable hammerhead structure that can be dravn for 

sArW is shovn in Fig. 3. 

Secondary structures for the C forms of sArWJ and eTobRV are shorn in 

Fig. 4. Their minimum free energies calculated at 25~ are -409 and -409 

kJ/mol, respectively, and are essentially identical if the different lengths 

of the tvo eatellltes are taken into account (AG/H = -1.36 kJ/mol). The 

resemblance of the tvo structures, vith their central rod-like, highly base- 
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paired stems, interrupted by four or five stem-loop structures, can be 

accounted for mainly by the extended stretches of homology mentioned above 

between ithe primary structures of sArHV and sTobRV (Fig. 2). These stretches 

of homology encompass the middle part of the central sterna plus the two 

relatively uninterrupted stem-loops to the right of this middle part (Fig. 4). 

DISCUSSI@ 

In the chronology of this investigation the determination of the 

nucleotide sequence of encapaidated SArnv, with it8 homology to the sequence 

of sTobRV, and with the conserved sequences of the hammerhead structure (Figa. 

2 and 31, predicted the existence of a C form of sArXV. As in the case of 

8TobRV (9), such a C form was detected in Ax-W-infected Chenooodium tissues 
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Fia. 4. nO8t stable secondary StrUCtUrG?a Of 8ArfiV (Upper) and atobRV (lover) 
at 25’. 
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(Fig. 1). It also predicted the probable interrelationehip of the C and L 

form8 of eAriN via a unique cleavage of the --C al.-G,-- linkage in a putative 

hammerhead etructure of C 8ArKV (Fig. 31. Detailed evidence for the validity 

of theee contention8 vi11 be presented in a separate publication. C'a circu- 

larity can be demonetrated via it8 unique electrophoretic propertiee in 

denaturing PAGE, it8 resistance to 5' end radiolabeling a8 compared rith L, 

and other propertiee, vhile the ability of C to undergo eelf-cleavage at the 

predicted junction vi11 be ehorn rlth a detailed analysie of a reaction 

mixture folloving gel elution of the type shorn In Fig. 1, lane 3. 

Preliminary comparieons of the sArBV eequence rith the published 

sequences of a number of other viral satellites, vhlch included eTBRV (71, the 

cucumoviral eatellites D-CARNA 5 and PARNA 5, the eatellite of tobacco 

necrosis virus, the viroid-like circular satellite of velvet tobacco mottle 

virue (also referred to a8 VTHoV RNA 2 or the *virusoid" of VTKoV), and the 

eatellite-like RNA8 3 and 4 of bean necrotic yellov vein virus (eee ref. 3 for 

quotations of the original publicatione), revealed only significant homology 

with VTKoV RNA 2. This homology (69%) vas concentrated between positions 2BB- 

300/l-52 in 8ArRV and position8 47-96 in VTKoV RNA 2. Such an homology in the 

corresponding region had already been reported for 8TobRV and VTKoV RNA 2 (8), 

and clearly relate8 to a hammerhead structure in the latter molecule, believed 

to predict its self-cleaving propertiee (19). 

The extensive additional homology betveen 8ArKV and sTobRV (Fig. 2), 

which seem8 mainly responsible for the striking similarity of their 

energetically meet favorable secondary structures (Fig. 41, may have 

biological significance. Hovever, precieely in vhat ray is not clear at the 

preeent time. ArKV and TobRV represent tvo different Nepovirue subgroups that 

have 8hovn no serological relationehip to each other (5). Their genomic RNA8 

are very eimilar in size, but there io no published information a8 to their 

possible sequence hOmOlOgie8. Neverthelese, ve have performed 8Ome limited 

tests to check vhether the sequence homology betveen the tvo eatellites might 

signify that they can also be eupported by each other'8 helper viruees. The 

reeult of thie test va8 negative, in that TobRV failed to eupport 8ArKV 

replication in bean vhile ArllV failed to support 8TobRV replication in 

Chenopodiua. Hovever, more unequivocal teat8 vould have to include other host 

plant8 and the u8e of protoplaets. Such experiment8 are in progrese. 
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