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SUMI,lARY

Two approaches were used to investigate the

possible common ancestry of viroids and virusoids. One

approach examined evolution among viroids. To this end,

two viroids were sequenced, coconut tinangaja viroid and

a Sequence variant of coconut cadang-cadang viroid that

arises late in infection and is composed of a series of

four partial duplications. These two viroids are 622

Sequence homologous and share a common structural plan

of five domains with alI other viroids except avocado

sunblotch viroid. These five domains correspond to

different functional signals and indicate that viroid

evolution may have involved intermolecular RNA

rearrangements. The partial dupJ-ications of coconut

cadang-cadang viroid may be a present day expression of

the mechanism responsible for such rearrangements.

The second approach involved the structural and

functional analysis of virusoids. Two virusoids from

separate isolates of Iucerne transient streak Virus v/ere

sequenced and found to be 98% homologous. Although these

virusoids can form a similar rod-Iike secondary

structure to viroids, there is 1ow sequence homology

with viroids other than avocado sunblotch viroid. BIot

hybridisation analysis of nucleic acids from plants

inf ected with virusoids r.¡as used to detect greater-than-

unit-length virusoid and complementary RNA forms and is



consistent with models of rolling circle replication

previously proposed for viroids and virusoids. In

contrast to viroids, however, virusoids appear dependent

upon a helper virus for replication. Infectivity studies

and hybridisation analysis support the view that

virusoids are plant viral satellite RNAs and as such

show most homology with the satellite RNA of tobacco

ringspot virus.

From these two approaches it is concluded that

viroids have had two separate origins and although

somewhat structurally and functionally analogous to

virusoids, common ancestry may exist between only one

group of viroids, namely avocado sunblotch viroid' and

virusoids.
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l-I Viroids

Viroids (rante l-l) are molecular parasites of

flowering plants inducing virus-like symptoms. However,

three features significantly distinguish viroids from

vi r uses .

f) Viroids lack mRNA activity. This has two important

consequences. FirstIy, there is no viroid-coded protein

coat; a virus-coded protein coat has normally been

associab.ed wiLh virus survival and spread. Secondly,

viroids rely completely on host factors for their
replication in contrast to viruses which encode a viral-
specific polymerase in all cases where definitive
resuLts have been obtained"

2) Viroids are of low molecular weight. Composed of 246

nucleotide residues, CCCV (Haseloff et a1. , L982) is
less than one-tenth the size of the genomes of the

smallest known viruses and bacteriophages such as maize

streak virus, a single-stranded DNA virus (268L

nucleotide residues) [HowelL,1984], or a single-
stranded RNA bacteriophage, MS2 (3569 nucleotide

residues) tpiers et â1., I9761.

3 ) Viroid leve1s and symptom expression are exacerbated

at elevated temperatures. At temperatures above 2OoC and

at least up to 35oC, the rate of viroid replication
increases and hastens the onset of symptoms (Oa Gra ca

5

and Van Vuuren, I98l; Sän'ger, L982; ,Singh, l_983). This

is in contrast to plant viruses where high temperatures



TabIe 1-l Viroids that are presently known

a The disease agent of Burdock stunt has been
considered to share some affinities with
viroids (Chen et al. , L9B3). The disease agent
of chrysanthemum chlorotic mottle disease
(nomaine and Horst, L975) has often been
Iisted as a viroid but the disease agent has
yet to be isolated.

b CPFV is a sequence
two viroids share 958
et a1. , I984 ) .

variant of HSV since the
sequence homology ( Sano

c. TASV is also known as tomato bunchy top viroid
(Diener, l-979) .



Viroid Abbreviation Reference

Potato spindle tuber viroid

Citrus exocortis viroid

Chrysanthemum stunt viroid

Cucumber Pale fruit viroid

Coconut cadang-cadang viroid

Hop stunt viroid

Columnea viroid

Avocado sunblotch viroid

Coconut tinangaja viroid

Tomato apical stunt viroid

Tomato pJ-anta macho viroid

Citron variable viroid

Diener I I97L; Singh and
CIark I L97I

Sånger , L97 2; Semancik and
Weathers, L972a

Diener and Lawson, L973¡
Hollings and Stone, l-973

van Dorst and Peters, L974

Randles, L975

Sasak i and Sh j.kata , L977

OvJens et al. , L978

Dale and AI1en,L919; Thomas
and Mohamed, L979

Boccardo et al.' 198I

Semancik and l,Ieathers t
I972b; Walter' I98I

Galindo et a1.' 1982

Schlemmer et al.' 1985

PSTV

CEV

CSV

CPFV

cccv

HSV

CV

ASBV

CTiV

TASV

TPMV

CVAV



have been

cuttings

2

used as a method of curing seeds, bulbs and

of virus.

L-2 The Structure of Viroids

Viroids are unencapsidated, single-stranded RNÀ of

between 246 and 375 nucleotide residues (sånger' L9821

1gg4; Diener, I9B3; Riesner and Grossr 1985; Keese and

symons, 1986). Etectron microscopy and sequencing has

confirmed the covalently closed nature of these circular

molecules (sogo et aI. ¡ L973¡ Sånger et al., L976¡

McClements and Kaesberg, L977 t Gross et â1', L978¡

palukaitis et aI. ¡ L979¡ Randles and Hatta, L979¡

Palukaitis and Symonsr I9B0; Ohno et aI. , L9B2) '

The complete sequence of eight viroid species and

more than thirty five sequence variants have been

reported. Features shared by most viroids include high

G:C content (except ASBV)r a polypurine rich sequence of

]-4-20 nucleotide residues, a similar rod-Iike secondary

structure with a central.conserved uridine-bulged helix

(except ASBV) and a common partially looped out GAAACC

sequence (excePt HSV).

From extensive physico-chemical and biochemical

studies, viroids when purified in solution, appear to

adopt a rod-1ike secondary structure with a series of

short helical regions (2-L1 base pairs) interspersed by

short non-base-paired segments (l-13 nucleotide

residues) [sånger et a1., L976 i Gross et â1., L97B¡
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Langowski et aI.r 1978; Riesner et a1., L979, f9B3l'

This structure can largely account for bhe unusual

thermodynamic properties of viroids which mimic those of

double- stranded RNA, such âSr resistance to

ribonucleases, behaviour on cellulose columns and high

cooperativity upon thermal denaturation.

Although viroids have become one of the best

structurally characterised groups of RNA moleculest the

correlation of structure to their biology remains poorly

understood. This is in part due to the lack of obvious

Sequence homology with RNA molecules of known function.

l-3 Viroid Repl i cat ion

Viroid replication proceeds through RNA

intermediates. Evidence of this includes the detection

of complementary RNA sequences in infected plants of CEV

(critt and semancik, L978), PSTV (granch et aI. I I9Bl;

Rohde and sånger, lgBl; owens and Diener, L9B2), ASBV

(Bruening et â1., Lg82), HSV (Ishikawa et al.' 1984) and

CCCV (Hutchins et â1., 1985) Uut an absence' in the case

of psTV, of complementary DNA sequences (Branch anci

Dickson, l9B0 ì Zaitlin et a1., 1980). In addition' both

greater-than-unit-1engt.h viroid and complementary viroid

sequences have also been identified in nucleic acid

extracts of infected plants. this, together with

circularity of viroids, has led to proposals of rolling

circle replication similar to that proposed by Brown and



4

I,tartin (I965) teruening et â1., 1982i Owens and Diener,

L9B2; Mühlbach et a1., l9B3; Branch and Robertson, L9B4¡

Ishikawa et al., L9B4¡ Hutchins et al., f9B5l.

What remains controversial is the polymerase(s)

invotved in viroid replication. Viroids appear to be too

small to code for a polymerase and indeed do not Seem to

possess any mRNA activity (see Diener' 1983). The most

compelling argument for the lack of translation

polypeptide products is the absence of any AUG triplets

in either the viroid strand or its complement of PSîV

(Gross et al., L97B) and CCCV (Haseloff et aI., L982), a

necessary prerequisite for translation by eukaryotic

ribosomes (Sherman et al.' l9B0). Consequently host

enzymes have been implicated in viroid replication and

include DNA-dependent RNA polymerase I (Schumacher et

a1., l9B3) and II (Mtllbach and Sängert L979¡ Rackwitz et

aI.r IgBl) and an RNA-dependent RNA polymerase (Boege et

âI., I9B2), an enzyme known to exist in healthy plants

(ouda, L976¡ Ikegami and Fraenkel-Conrat, L97B t Romaine

and zaiLlin, f97B). However these studies have relied on

indirect measures such as the effect of alpha-amanitin

or in vitro studies with purified enzymes. V'Ihat is

lacking is in vivo evidence of a physical association

between viroids and a host polymerase.

L-4 Virusoids
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Recently a second group of low molecular weight,

circular, single-stranded RNA molecules have been found

encapsidated together with certain plant viruses (rable

L-2) [Francki et â1., f9B5]. These RNAs have been termed

virusoids by Dr. Adrian Gibbs and first described as

such by Haseloff et al. ' (1982). These RNAs have also

been referred to as viroid-like RNAs (see Francki et

a1. r 1985 and references therein).

The first report of this nevü group of circular RNAs

was in 19B1 with the discovery of VTt"loV (Randles et a1. 
'

19Bf ) infecting Nicotiana velutina H. Wheeler, a species

endemic to central Australia. When total virion RNA was

fractionated by polyacrylamide gel el-ectrophoresis' two

RNA components were foundr one being a single-stranded

linear molecule of molecular weight L.4 x 106 (nxe f)

and the other a Iow molecular weight RNA ( termed RNA 2

by Randles et al., 19Bl). The RNA 2 component was

subsequently shown to be single-stranded and circular

with 366 or 367 nucleotide residues (Randles et aI.'

I9BI,. Haselof f and Symons , 19B2; Kiberstis et â1. ,

I9B5). Re-investigation of two previously described

viruses, SNMV (Gould and Hatta, l9B1; Greber' 19Bl) and

LTSV (Tien-Po et a1. ' l9BI), showed that each contained

a virusoid. The failure to detect virusoids in previous

reports of SNMV (Greber, I97B) and LTSV (Forster and

Jones I L979) was probably due to their smal-l size and

confusion with breakdown products of the genomic RNA.



Table L-2 Virusoids that are presentl y known

SNMV RNA 2 ts a sequence variant of VTMoV RNA
2 since they share 938 overall sequence
homology ( ltaselof f et a1. , L9B2) .

Natural isolates of SCMoV contain one or two
virusoids ( Francki et â1. , I9B3b ) .

b



Virusoid

Lucerne transient streak vi-rus RNA 2

Solanum nodiflorum mottle virus RNA

Abbreviation Reference

2

Subterranean clover mottle

Subterranean clover mottle

Velvet tobacco mobtle virus

virus RNÀ 2

virus RNA 2t

RNA 2

LTSV RNA 2

SNMV RNA 2

SCI"IOV RNA 2

SCMoV RNA 2 I

VTMoV RNA 2

Tien-Po et al. t

Greber, l9Bl;
GouId and Hatta,

Francki et 41. t

Francki et â1. 
'

Randles et âI. '

r9Bl

19Bl

I9B3b

t983b

198r
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The two most recently reported virusoids $rere found

associated with a single virus, scMoV, that infects

subterranean clover (Trifolium subterranean L. ) [Francki

et aI. ' I9B3b I .

Alt four virusoid-containing viruses share

characteristics of the sobemovirus group (ttuttt L977¡

l,tatthews , LgB2) of icosahedral plant viruses with an

infectious, unipartite, single-stranded RNA genome of

mol.ecular weight- I.5 X 106 that has a covalently

attached small viral protein. of these four sap

transmissibte viruses, only LTSV has been reported

outside of Australia. However, the place of origin of

these viruses is obscured due to the influence of man on

their natural host ranges. LTSV and SCMoV infect

cultivated crops, SNI4V infects the cosmopolitan weed

Solanum americanum Mi11er, (formerly known as Solanum

nodiflorum Jacq. ) whilst N. velutina, the host of VTMoV'

is common in disturbed sites.

In addition to their ability to act as molecular

parasites of higher plants , virusoids possess other

characteristics similar to viroids. These include

single-stranded RNA of similar size range, coval-ently

closed molecules as shown by electron microscopy (Gould

and Hattar 19Bl; Randles et aI. I 19Bl; Tien-Po et â1. '
IgBlr Francki et aI. r l9B3b) ' a secondary structure that

exhibits a high degree of cooperativity during thermal

denaturation (Gouldr IgBl; Gould and Hatta, I9BI; Tien-
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PoetâI.,198I)andprobablelackoftranslation
polypepbide products (Morris-Krsinich and Forster'

I983).NeverthelessrVirusoidsdifferintwosignificant
aspects from viroids: I) they are dependent on a helper

virus for detectable replication and 2) they are

encaps idated .

l-5 Aims

The origin of viroids remains problematical. one

group of RNA molecules, the virusoids, have been

advanced as showing affinities with viroids. In order to

assess the possible functional and evolutionary

relationships between viroids and virusoids' two avenues

were explored. one approach consisted of ascertaining

conserved features and evolutionary relationships within

viroids through the derivation of a structural model of

viroids. The second approach was to examine the

structure and possible replicative strategies of certain

virusoids to al1ow structural and functional comparisons

with viroids.



CHAPTER 2

COCONUT TINANGAJA VTROID



I

TNTRODUCTION

Tinangaja disease of coconut palms (Cocos, nucifera

L.) was first reported in 1917 on Guam, Marianas Islands

( Boccardo et âI. , f98I ) . Reinking ( f96I ) suggested

common aetiology with the cadang-cadang disease of

coconut palms in the Philippines (Ocfemia, 1937). Both

diseases lead to premature decline and death of the host

(Boccardo, 1985) but only the cadang-cadang disease has

received intensive study (see Zelazny et âI., 1982).

Other common features of these two diseases include

chlorotic spotting of the Ieaves, reduced crown, decline

in fertility and a prevalence for affecting palms 25

years o1d or more (Boccardo, f985). One notable

difference is the effect on nut production. Whereas the

cadang-cadang disease is associated with srnaller, more

spherical, scarified nuts' the progression of the

tinangaja disease leads to the appearance of sma11 
'

elongated mummified husks with no kernel present

(neinking, f96I).
Like the cadang-cadang disease, a viroid-Iike RNA

has been detected in nucleic acid preparations of

tinangaja infected coconut palms (Boccardo et â1. rI981).

An RNA component with similar properties to CCCV was

noted to possess the same electrophoretic mobility as

the smallest, 246 nucleotide residue variant of CCCV,

cccv (246) [nandlestI975¡ Haseloff et a]-.' I9B2l.

nurthermore, nucleic acid preparations from diseased
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palms hybridised with greater efficiency to tritiated

cDNA made to ccCV (246) than the RNA of CCCV (246)

itself. Boccardo et â1., (f9Bf) thus suggested common

identity between the two disease causing agents. The

difference in nut symptoms was ascribed to varietal

differences between the coconut palm hosts on Guam and

in the PhitiPPines.

The RNA species with about the same electrophoretic

mobility as CCCV (246) was extracted from leaves of

coconut palms bearing the tinangaja disease and

sequenced to allow definitive comparisons with CCCV. The

isolation and purification of tinangaja associated RNA

!ùas done in conjunction with M.E. Keese.

MATERIALS

S our ce of tinanqaia diseased tissue

Coconut leaves from four palms infected

tinangaja disease were collected by nr. c. J

from Guamr Marianas Islands. Leaves from one

had been assayed by Dr.J.W. Randles as being

for the presence of viroid-like RNA was used

source materiat for RNA extractions.

Enzymes

Ribonuc lease s

the Sigma Chemical

(Rtlases) e and T

Co. RNase U2 was

with the

Hutch i ns

palm which

positive

as the

were obtained from

obtained from
I
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Sankyo.BacteriophageT4polynucleotidekinasev¡aSfrom

Boehr inger .

PhyMRNaSewaspreparedandkindlyprovidedbyor.

J. Haselof f (oavis-KelIer ' 1980 ) f rom cul-ture

supe rnatants of Physarum o1 ce halum, the inoculum of

whichwaskindlyproVidedbytheSchoolofBiological

SciencesrFlindersUniversityofsouthAustralia'The

extracellular RNase of Bacillus cereus !Ías PrePared as

describedbyLockardetal.(r978)andwaskindly
provided bY or . .1. Haselof f '

Radio i sot

camma-32p-Rrp (2000 ci,/mmol) was obtained from

BRESA PtY. Ltd.

METHODS

2-l Preparation ofp artiallv Purified nucleic acid

e xt ract s

Nucleic acid extracts were prepared from 50-5009 of

infected leaf material. The leaf tissue was homogenised

with 4 volumes of AMES buffer ( 1.0 M sodium acetate, pH

6.0, l0 mM MgcL2, 202 (v/v) ethanol, 3z (w/v) SDSt

Lauthere and Rozier, Lg76) and 2 volumes of water-

saturatedphenol-.Aftertheadditionof2volumesof

chloroform and vigorous shaking, the aqueous phase layer

v¡as recovered by centrifugation at 6r000 rpm (CS-¡

rotor, sorvall ) for l0 min and then re-extracted with an
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equal volume of phenol: chloroform ( I: I ) . The

acids in the aqueous phase were precipitated

ethanol and stored in a minimum volume of 0 ' I

pH 8.0, necessary to redissolve the peIlet'

nucleic

wi th

ml4 EDTA t

2-2 Purification of tinangaia associated RNA

A Po lyacrvlamide geI electrophoresis of nucleic acids

One volume of formamide-dye mix (95S v/v)

formamide, 10 mM EDTA, PH 8.0, 0.02å bromophenol blue

and xylene cyanol FF) was added to each sample whi.ch was

heated at BOoC for I minute and loaded onto a 58

polyacrylamide gel (20 x 20 x 0.6 cm or 40 x 20 x 0 ' 05

cm) containing 7 14 urea and 90 mM Tris-borate, 2 mM

NaTEDTA, pH 8.3 (TBE).

B. Purification of RNA from acrvlamide qels

The RNA was located in polyacrylamide gels by

staining with 0.052 (w/v) toluidine blue-o for l0-15

minutes in a 0.6 cm thick gel and 20-60 sec in a 0.05 cm

thick gel. RNA was eluted from a 0.6 cm thick gel by

electophoresis in TBE at 100 v, 60 mA for 4-6 h after

placing the gel slice in a dialysis tubing with about 5-

I0 volumes of I0 mM Tris-HCt, I mM EDTA, PH 8.0. RNA \¡¿as

eluted from 0.05 cm thick polyacrylamide ge1 by soaking

in 0.5 M ammonium acetater l mM EDTA, L% (w/v) SOS at

37oC f or L2-24 h. The eluted RNA \^/as extracted with

phenol: chloroform ( l: r ) and twice precipitated with

ethanol.
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and sequence dete rminat ion of linear RNA2-3 Isolation

fragments

A Pr epar at ion 32 Iinear fragments ofof 5r- P-RNA

tin anqa i a associated RNA

Procedures used were similar to those described in

detail by Haseloff and symons (I9BI). Briefly' purified

tinangaja associated RNA (z ug) was dissolved in 20 ul

of 600 ml4 Nacl, l0 mM Mgclrr 20 mM Tris-ItCI, PH 7.5 for

RNases Tl and A digestions or in 600 mlvl Nacl' 10 ml\'l

ylgcL2t 20 ml4 sodium citrate, pH 3'5' for RNase U2

digestions. Incubation was at goC for 60 min with 2t5OO

unit/ml of RNase TIr 2 units/mt of RNase U2'I00 ng of

or I ug,/ml of RNase A. Reactions were terminated by

phenol: chloroform ( I: r ) extraction, ether washing and

ethanol precipitation. The dried mixture of RNA

f ragments \^/as resuspended in 0.I mM EDTA, PH 8 ' 0 ' heated

at BgoC for I min, cooled on ice, and then 5'-labelled

with 32n. The reaction mixture (20 ¡11) for 5'-32p-

labelling contained 20 mM Tris-HCl, PH 9.0, I0 mM MgClrr

5% (v/v) glycerol, r0 mM DTT, 100 
'ci 

of g.**.-32p-elp

and4unitsofT4polynucleotidekinase.After

incubation at 37oC for 30 min, the reaction was

terminated by the addition of 20 ul of formamide-dye

mix. The RNA fragments were fractionated by geI

electrophoresis on a 6-8 % polyacrylamide gels (80 x 20

x 0.05 cm) containing 7 l'4 urea and TBE buf f er, ât 20-25

mA for 4-6 h. RNA bands v/ere located by autoradiography



for 15-30 min at

eluted for L2-24
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room temperatur

h. Escherichia

e, then excised and

coli tRNA (60u9) was

added to each tube and the fragments !Ùere purified by

two ethanol PreciPitations.

B. SC guencing of 5r- 32 P-1abel1ed tinanga-ja associated

RNA fT agments

Partial enzymic hydrolysis methods were used to

sequence the purified 5'-32n-RNR fragments. Partial

digestions were carried out with RNase TI and alka1i

(oonis-Kel1er et â1., L977), RNase v2 (Krupp and Gross,

LgTg) t RNase Phy M (nonis-Ke1ler' 1980) and Bacillus

cereus extracellutar RNase (Lockard et a1. I f97B). The

essential details of the sequencing procedure are given

below.

Dried aliquots of each fragment were partially

digested under each of the following conditions, in a

final reaction volume of l0 ul.

i) 20 mM sodium citrate, pH 5.0, 7 M urea, I mM

EDTA, 10 units RNase Tl.

ii) 20 ml"l sodium citrate, pH 3.5' 7 14 urea' lmM

EDTA, 5 mU RNase U2.

iii ) 50 mM NaHCO3,/tta ZCOI, PH 9.0 (alkali ladder ) .

iv) 20 mM sodium citrate, pH 5.0' 7 M urea, lmM

EDTA, I uI of RNase PhY M extract.

v) 20 mM sodium citrate, pH 5.0, I mM EDTA, I al of

RNase Baciltus cereus extract.



14

Enzymic reactions were incubated at 5Ooc for 20

min, while the alkali ladder vras generated by heating at

lO0oc for 90 sec. Reactions were terminated by the

addition of l0 ul of formamide-dye mix (9S* lv/vl

f ormamide, l0 ml4 EDTA | 0.022 lw/v I xylene cyanol FF and

bromophenol blue) and then heated at BOoc for I min

before fractionation on 40 x 20 x 0.05 cm 15%

polyacrylamide gels containing 7 M urea and TBE buffer.

RESULTS

2-r

the

Purification of the viroid-Iike RNA associated with

t inanqa'ì a disease of coconut palms

Boccardo et aI. (198I) were able to purify

tinangaja associated viroid-like RNA from coconut palms

using the same extraction procedure as used for CCCV

(Randles, L975). This method includes precipitation of

the viroid with 58 polyethylene gIycol (molecular weight

about 8000 ) from crude coconut leaf extracts. When this

method was applied to the leaf samples obtained from

Guam, too much degradation obscured identification of

the RNA migrating with the same mobility as reported by

Boccardo et a1. (I981) [results not shown]. Instead a

more general method was used (adapted from Hutchins et

ê1., I9B5) in which total nucleic acid from a crude

extract v/as twice purified by denaturing 5â

polyacrylamide gel electrophoresis in 7 M urea. A band

corresponding in mobility to the circular form of a 246
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nucleotide residue variant

purified for sequencing bY

of CCCV was isolated and

enzymic parbial hydrolysis.

2-2 Seguence determination of the viroid-like RNA

associated with t inanqa i a

Linear RNA fragments were obtained from the

tinangaja associated viroid-like RNA by partial

hydrolysis under non-denaturing conditions with

ribonucreases Tl, Ü2 and A (pigure 2-L)' These fragments

were radiolabetleri, fractionated by polyacrylamide ge1

electrophoresis (pigure 2-2) and initiatly screened by

partial hydrolysis with RNase TI to distinguish

fragments with different sequences and those which were

contaminated with two or more different 5r-terminal

sequences. Specifically chosen fragments v/ere then

sequenced using the enzymic partial hydrolysis cleavage

method (rigure 2-3). The sequences of overlapping

fragments vÍere assembled such that they corresponded to

a circular molecule with 253 nucleotide residues,

presented as a linear sequence in Figure 2-4. Since the

RNA migrated with approximately the same mobility as the

circular form of a CCCV variant with 246 nucleotide

residues on denaturing polyacrlyamide gels' it is

presumed that the tinangaja associated RNA represents a

circular molecule and not a population of linear

molecules with two or more different termini.



Figure 2-L tr ate 32or obtainin P-labelled 1 near
nqv ro cfr aqments for sequenc

A set of overlapping fragments is produced bypartial enzymic digestion of viroid RNA with nNase T-(shown here ) , u" or A since dif f erent nucleotide .r-

residues are c1êagqd in different molecules. These
fragments are 5'--'p-1abel-red in vitro, fractionated bypolyacrlyamide ge1 erectrophoresis anã sequenced usingbase-specific enzymes. see Methods and Resurts for
detai-1s.



VIROID

>

RNase Tt

Phenol extraction
Ethanol PreciPitation

^/

Heat denatured

Polynucleotide kinase

+ ð -32P-ATP

32P-G

I

32p G

G32

Fractionation bY denaturing

polyacrylamide gel electrophoresis

I Purification of
I individual fragments
ù

32p 

-ç

Sequencing of

using base

overlapping fragments

specific reactions



FrcuRE 2-2 5'-32p-labelled fr ts from the tial
rol is of ASSOC at th RNases U

Tinangaja associated RNA (1 ug) was digested with
0.04 units of RNase U2r 20 ng of RNase À or I00 units of
RNase T.r (result not Shgr,¡n) under conditions of high
salt coñcentration . 5'-"P-fabelled RNA fragments were
fractionated on a 69" polyacrylamide gel (80 x 20 x 0.05
cm) containing 7 l,It urea at 25 mÀ. Follo\,ring 20 minute
autoradiographic exposure, RNA bands were excised and
eluted for seguence determination. XC is the position of
the xylene cyanol FF marker dye which corresponds to
fragments about 100 nucleotide residues Iong.

D
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FIGURE 2-3 Sequencing ge1

Sequencing ge1 (15% potyacrylamide, 7 t{ urea, 40 x
20 x 0.05 cm) of two RNase U2 fragÍìents of tinangaja
associated RNA. Partial hydrõIysis were with RNase T,
(c), RNase U., (e) , atkali (N) to produce a reference-
ladder, RNasé Phy M (A+U) and Bacillus cereus RNase
(c+U). A control reaction with@as also
included. A region of band compression is shown in
parenthesis. Some cleavage at G can be noted with RNase
Phy M. The arrows point to undigested RNA.
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Figure 2-4 Nucleotide residue seguence of tinanga-ia
associated RNA

The circular RNA is presented as a l-inear sequence
with nucleotide residue I nurnbered relative to the
position as nucÌeotide residue 1 of CCCV.



Tinangaja associated RNA

I 50
CUGGGGAAUUC CCACGG CAACGGCAAÀACAAAGCACAAGAGCGAC UG C UA

cAGccAUcc ð cccccaeecð c cueccAAc¿ GAccuoccco.."uo..ü33

ucuccccAuðeuccuccuuccccuuccuccccuucccacðuu."oo.åå1

cccccccccccuuccucccðcaaccuccuÅuccecocuoð....u..131

cAAcucuuuccnccccccucucuoouooooccuccaeucð..uuu""3å3..1u'
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2-3 Proposed secondary structure of the viroid-1ike RNA

associated with t inanqa-j a

The secondary structure of the tinangaja associated

viroid-Iike RNA was determined theoretically using

parameters described by steger et aI. (I984). The RNA

conforms to a helical rod-like structure (figure 2-5)

similar to that of PSTV which has been well

characterised structurally (Gross et a1. r1978; Langowski

et aLr L978; Riesner et aI.r I97B). The properties of

the proposed secondary structure are summarised in Table

2-L and compared with those of other published viroids.

The properties fit most closely those of cccv and also

show a high proportion of G:c base-pairs similar to all

other viroids except ASBV. The overall stability when

ad.justed proportionately to its size' appears to be,

togebher with CCCV, intermediate between ASBV and other

viroids.

DISCUSSION

Due to the limited number of investigations into

the tinangaja disease and iLs causal agent the exact

biological status of the viroid-like RNA present only in

infected palms but not healthy palms (Boccardo et â1.'

lgBI) cannot be unambiguously defined. It has not yet

been fully established whether the viroid-Iike RNA is

able to replicate independently in healthy coconut palms

and whether it is the causal agent of tinangaja disease.



FIGURE 2-5 Proposed secondary structure of tinangaja
associated RNA

The intramolecular base-pairing was optimised
according to parameters reported by Steger et aI.
(1984).



Tinangaja associated RNA
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Table 2-I
of viroids

Properties of proposed secondary structures

a calculated according to Steger et at. (1984)

b outu taken from steger çt aI. (1984) an<] calculated at
ionic strength 0.0I1 M NaT Ptl e .e.

M Not determined.
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VÏROID

CTiV

cccv

CEV

CSV

HSV

TASV

TPMV

PSTV

ASBV

NUMBER OF

NUCLEOTIDE

RESIDUES

253

246

37r

BASE PAIRS

DEGREE G: C A: U

(*) (å) (%)

G:U

(å)

¿c7l¡

_t q,

ND

ND

ND

-L .67

-1. r3

48

ND

ND

ND

51

3't .5

oc

ND

r.2

1.0

r.1

ND

ND

ND

0.9

1.5

THERMODYNAI4TCS

T T L/2m

o

REFERENCE

Haseloff et al. ( I982 )

Gross et aI. ( 1982 )

visvadã Ð.t._ (1982)

Haseloff and Symons (198I)

Ohno et al. ( 1983 )

Kiefer et a1. (f983)

Kiefer et a1. (I983)

cross et a1. ( I978 )

symons ( l98I )

c

62

66

69

_1 ?q

-1.30

-1. 59

73

69

56

l9

24

28

8

I6

ND

49

5I

I

356

297

360

360

3s9

247

70

67

73

68

70

67

52

64

57

60

58

34

35

29

32

3l

29

sl

I3

7

I1

9

13

I4
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Improvements in inoculations of coconut palms with CCCV

have novt achieved 908 efficiency of transmission and

allowed detection of the viroid by geI electrophoresis

within six months (M.e. Keeser PeESonal communication).

Simitar methods could be employed with the viroid-like

RNA from tinangaja infected palms to establish viroid

status and disease aetiology. At present, the nucleotide

sequence and structure of the viroid-Iike RNA and its

homology with other viroids add support to its viroid

classification. As such the viroid-like RNA is

tentatively described as coconut tinangaja viroid

(criv) .

The RNA partial enzymic hydrolysis meLhod used for

determining the sequence of cTiv, generated a set of

overlapping fragments, supporting the notion of cîiV

being a circular RNA. Two problems are normally

associated with RNA sequencing using RNases: lack of

pyrimidine specificity and band compression. For

example, the extracellular RNase from B. cereus does not

cleave uniformly at pyrimidines. In particular, strings

of cytidylate resitlues are poorly cleaved. The Phy M

RNase does, however, differentiate reliably between

pyrimidines by cleaving at the 3'-side of uridylate

residues but not at the 3'-side of cytidylate residues.

Therefore, the B. cereus enzyme was only used as

supporting evidence of the sequence.
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Band compression arising from secondary structures

that are not denatured in sequencing gels can mask the

presence of some nucleotide residues (see Haseloff and

Symons, I981). Four regions of CTiV vùere affected by

partial band compression in sequencing gels (nucleotide

residues 4-6, 70-72, 75-77 | 130-I32). These regions were

readily resolved by performing denaturing polyacrylamide

ge1 electrophoresis in 7 l4 urea at high current and

temperature.

Sequence homology between CTiV and CCCV is readily

apparent ( pigure 2-6) with both molecules showing about

622 overall sequence homology. This extensive but not

complete homology between CTiV and CCCV could account

for the cross-hybridisation between the two RNAs and the

difference in symptom expression of the tinangaja and

coconut diseases (Boccardo et a1., I981). Accordingly'

the postulated secondary structure of CTiV is also

similar to cccv (246) tpigure 2-71. The secondary

structure homology with CCCV (246) is greater if

thermodynamically more stable structures of CCCV

(determined according to Steger et a1., tf9B4l) are

considered (pigure 2-7). The degree of sequence homology

between CTiV and cCCV (246) is not, however, greater

than between PSTV, CSV and CEV. Thus cTiV would appear

to justify separate nomenclature from that of CCCV.

The secondary structure of CTiV reveals two regions

(nucleotide residues I4-40, 2L7-243, and 87-103, 150-



Fiqure 2-6 Seguence homoloqy between CTiV and CCCV

The seguence of tinangaja associated RNA was
optimally aligned with CCCV. The boxed areas contain 3
or more consecutively homologous nucleotide residues
between both RNAs.
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Figure 2-7 Structural homoloqy between CTiV and CC6/
(246)

Regions of structural homology between the proposed
secondary structures of CTiV and CCCV (246) [Hase1off et
â1., 19821 is presented by orange higlight. According 6
parameters of Steger et aI. (1984), thermodlmamically
more stable structurefsÇgested for CCC.I (246) ta, I
l-ower aG of 5 KJ mol ' and B, Iower aG of II KJ mol-'l)
show greater structuraL homology between both RNÀs,
coloured b1ue.
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f65) of sequence homology with CCCV that are

distinguishable from that of other viroids. The left

hand region contains two opposing adenosine dominated

sequences which are highly susceptible to cleavage by

the single-strand specific RNase ü2 (results not shown).

The equivalent regions in PSTV and CEV-A appear to

modulate symptom expression but are characterised by an

adenosine-dominated purine sequence complementary to

uridine-dominated pyrimidine sequence. One biological

difference between the tinangaja and cadang-cadang

disease is the effect on the nuts which are reduced to

mummified husks in the case of tinangaja, but which

retain their meat together with a more spherical

appearance in the case of cadang-cadang. It would be

interesting to determine if sequence differences between

CTiV and CCCV in this region are also responsible for

the variation in disease symptoms and not simply due to

varietal differences of the coconut hosts.

The second distinct region of homology between CTiV

and CCCV includes sequences that border partial

duplicaLions of CCCV (see Chapter 4) which give rise to

a number of CCCV sequence var iants, CCCV (287 ) ' CCCV

(296 and/or 297) and CCCV (30I) [Haseloff et aI., f9B2].

As yetr no similar Iarger molecular weight sequence

variants of CTiV have been confirmed, however, only a

limited number of diseased palms have been examined for

the presence of CTiV-related sequences.



20

Other regions of CTiV exhibit not only sequence

homology with CCCV but also with other viroids. These

include the central region which has already been noted

for its high sequence conservation by Haseloff et a1.

(1982). The central region of CTiV and CCCV are most

closely related to that of TPMV (Figure 2-B). The left
hand end loop of CTiV shows discernible sequence

homology with alI other viroids (except ASBV)r in
particular HSV (figure 2-9). The right hand end loop of

CTiV has less sequence homology with other viroids. The

most notable sequence homology can be found with CCCV,

HSV and PSTV ( figure 2-f0 ) . The sequence homology

includes a CCUUC sequence that occurs in the same

relative position of all other viroids except ASBV.

A third region that is poorly conserved between

CTiV (nucleotide residues 37-46t 207-22L) and cCCV

(nucleotide residues 31-46, L96-2L7), includes a site
where a cytidylate residue insertion at position l9B of

CCCV occurs during progression of the disease (Imperial

et a1., I9B3). This extra cytidylate residue may not

signify a crucial function since no similar sequence is

found in the corresponding region of CTiV.

In contrast to the extensive homology that CTiV

shares with most other viroids, no significant homology

was found between CTiV and either ASBV, virusoids or

plant viral satellite RNAs. (see Chapter 5).



Figure 2-B Seguence homology between CTiV, CCCV and
TPMV

The central region of CTiV shows most sequence
homology with CCCV and TPMV; homology is shown as
col-oured.
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Figure 2-9 Seguence homology between CTiV and aII other
viroids except ASBV

Sequence homology between CTiV and other viroids
(underlined) in the corresponding left hand regions of
the proposed structures of each respective viroici. ASBV
is not included since no significant honology could be
found.
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Figure 2-10 Sequence homology between the CTiV and
CCCV, HSV and PSTV

Sequence homology between CTiV anci CCCV, HSV and
PSTV (underlined) in the corresponding right hand
regions of the proposed secondary structures of each
respective viroid.



IO4 - CGCGAUCGUGCU-GGUUGGGCUUCGUGC-CCUUCCGAGCUUCGAUC - L47

1 02 - GUCGAUCGUGCG-C GUUGGAGGA-GACU-CCUUCGUAGCUUCGACG - T44

L24 - GCCG-CGGUGCUCUGGAGUAGAGGCUCUGCCUUC-GACCAUCGAUC - 177

158 - AAUUCCCGCCGA-AACA9GGUUUUCA-C-CCUUCCUUUCUUCGGGU - 2OO



CHAPTER 3

IT1ODEL OF VIROID DOI4AINS
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3.1 Introduction
The origins of viroids are unknown. One problem is

whether viroids are uniphyletic or polyphytetic- At

present, viroids have been classified into three groups

on the basis of sequence homology: I) PSTV, cSV, cEV'

ÎASV, TPMV and possibty HSV; 2) CCCV; 3) ASBV (Sånger'

lgï2; Diener, 1983 ì Gross' l9B5; Randles, 1985; Riesner

and Gross, f9B5). It would appear, however, that only

two natural groupings exist and that these may reflect

separate origins for viroids. One group consists soIeIy

of ASBV while all other viroids constitute a second

group. This second group of PSTV-like viroids share a

common structural plan of five domains each of which

seem to reflect different functional signals. The model

of viroid structure presented below can be readily

applied to HSV, CCCV and CTiV and so justify their

inclusion amongst other PSTV-like viroids. This model '
however, is not aPPlicable to ASBV.

3-2 Model of PSTV-like Viroid Domains

The domains of PSTV-like viroids are depicted

schematically in Figure 3-l and more specifically in

Figur e 3-2. The general features of each domain are

summarised as follows:

C Domain. This conserved central domain is centred

around the strictly conserved bulged helix, CC CCGG
GGUGGCC



Fiqure 3-l Mode1 of Viroid domains

Model- of five viroid domains (Tl, p, C, V, T2) was
determined from sequence homologies between viroids. The
arrovüs depict an inverted repeat seguence. R¡ y: a short
oligo-purine, oligo-pyrimidine helix.
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Figure 3-2 Domain boundaries defined for each viroid

In pair-wise sequence comparisons of viroids
containing highly homologous C domains (for example,
between PSTV, TPMV, CCCV, or between CEV-A, TASV and
CSV), the P and V boundaries are defined by the
significantly lower sequence homology which starts 5-9
nucleotide residues 5, and 7-15 nucleotide residues 3',
of the inverted repeat sequence (rigure 3-I) in the C

domain. Similarly' when comparing PSTV, TPì4V' TASV and
CSV, or glivr CCCV and HSV' a change from low sequence
homology in the V domain to high homology in the T2
dornain defines the boundary for these two domains. The P

domain, with a region containing the conserved oligo-
adenylate sequence' is flanked by regions with greater
variability and has its borders based on homologies
between the P region of HSV and other viroids such as
PSTV and by certain pair-wise comlnrisons such as CEV-A
and TASV where there is significant change from
retatively 1ow sequence homology in the P donain to
higher sequence homology in the adjacent TI and C

domains.
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Hasetoff et aI. (1982). It may represent an important

control region in viroid replication by signalling a

functional change through structural alterations.

P Domain. This domain is associated with symptom

expression (Schnö|zer et a1. l9B5) and is characterised

by an oligo-adenosine sequence.

v Domain. This domain shows the greatest sequence

variability between closely related viroids.

T Domains. on the basis of sequence homologies, the

terminal regions are considered to have undergone

intermolecular RNA exchange between viroids to give rise

to ne\¡r, chimer ic viroid species. Although the f unctional

role of these domains is unclear, the evidence for these

exchanges suggests a role for RNA rearrangernents in the

origin and evolution of viroids.

3-3 Control Function of the HiqhIy Conserved C Domain

As originally observed by Haseloff et a1. (f982) the

two most highly conserved sequences of viroids are base-

paired in the centre of each molecule. This central

highly conserved domain of viroids can be considered to

extend to about 95 nucLeotide residues rather than 44 or

56 nucleotide residues previously described (HaseIoff et

â1., L9B2; Kiefer et al.r 1983). An example of the hiqh

degree of sequence conservation is shown by the 992

sequence homology between CEV-A and TASV in the C domain

although showing only 732 overall sequence homology
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(Table 3-I). The c domain of cccv (246), which

constitutes 40t of the molecule, shows 70?o sequence

homotogy with PSTV, a value greater than the 658

sequence homology for this domain between PSTV and two

other closely related viroids, CEV and TASV. These

comparisons support the association of cccv with the

PSTV-like group of viroids.

Although HSV shares a less closely related C domain

(TabIe 3-l), it has several sequence and structural

homologies in common with the C domain of other viroids.

These include a common uridine-bulged helix CC CCGG
GGUGGCC

(Haseloff et al., L9B2) trigure 3-21 that is postulated

to occur in the native viroid. The top strand of this

helix forms part of a larger I6 nucleotide conserved

sequence GGANCCCCGGGGNAAC. In addition, an alternative

structure that corresponds to stem loop I reported to

form during the thermal denaturation of PSTV' CEV' CSV

and CCCV (Riesner et âI., L979 ' l9B3) may form in

competition to the conserved uridine-bulged he1ix. By

such a scheme, the highly conserved CCCCGGGG sequence

would form part of a self complementary loop of a nine

base pair stem (r'igure 3-3) which gives a structure

mutually exclusive to the bulged helix. oespite many

sequence differences, the nine base pair stem can be

formed for aII viroids which in the case of HSV differs

only by the presence of a singler non-base paired

cytidine (rigure 3-3). The self-complementary loop may



Table 3-l Sequence homology between domains of different viroids

Sequence homology was determined
allowing for additions and deletions,
the requirement of a match consisting
consecutive nucleotide residues.

from the best alignment,
but constrained by the
of a minimum of three

? Sequence
homology

number of matching nucleotide residues
in both sequences

total number of nucleotide residues
in both sequences

X IOO



3 SEQUENCE HOMOLOGY

VIROIDS USED FOR

PAIRWISE COMPARISON

DOMAINS OVERALL

21 T1 P c V T2

PSTV

CEV-A

cccv (246)

HSV

TPMV

TASV

CSV

CEV-A

cTiv

cccv (246)

HSV

TASV

TPMV

CSV

CTiV

HSV

CTiV

CTiV

67

67

69

62

28

25

23

91

80

77

32

1a

7L

5I

73

s9

49

7L

23

L4

58

54

70

42

26

33

5I

39

94

65

7T

65

55

70

35

99

69

82

6¿

42

61

4L

42

30

31

31

36

37

37

49

29

28

31

3I

79

20

95

90

8T

38

46

27

28

46

37

38

40

50

64

6I

76

64

61

55

39

38

35

73

60

59

4L

39

62

53



Figure 3-3 Alternative secondary structure in the C

domain of PSTV-Iike viroids

A similar 9 base pair stem terminated by a loop
containing a I0 nucleotide residue self-complementary
sequence can be found in the central- region of all PSTV-
like vj.roids. The stem has been postulated to form for
PSTV (Henco et a1., L979) and CEV, CSV and CCCV (see
Riesner et al-., 1983) as a transitional structure during
melting of the secondary structure with increasing
temperature. The CCCC,G sequence in the proposed loop
corresponds to one strand of the strictly conserved
bulged helix (Figure 3-I) which would thus be disrupted
by the formation of these hairpin loop structures.
Conserved nucleotide residues are boxed.

Deviations from nine base pair stem include HSV
with a bulged C residue and CTiV with an A:C pair of
nucleotide residues.
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aid formation of the stem by base-pairing with another

molecule. Such dimer formation may have been detected

during non-denaturing polyacrylamide geI electrophoresis

of PSTV after heating and then snap cooling (Riesner et

al., L979). Upon stainingrtwo bands were detected, the

slower migrating band of which may correspond to a

dimeric form of PSTV.

It is proposed that both mutually exclusive but

highly conserved structures (rigures 3-3 and 3-4) are

important in viroid function and that structural

switching from the native form to the nine base pair

stem structure controls a switching in function for tf,is

region. For example, one function postulated for the C

domain is a role in processing of viroid RNA replicative

intermediates (l,leshi et â1. , 1985; Robertson et a1. ,

I985; Visvader et â1., I9B5; Diener' I9B6). This

possibility is supported by infectivity studies. cDNA

clones and in vitro-synthesised RNA transcripts from

cDNA clones of PSTV, CEV and HSV have been shown to be

infectious ( Cress et â1. , 1983 ; Visvader et â1. , I9B5;

Meshi et â1., f9B5). Infectivity of less-than-dimeric

length viroid clones (tabler and Sänger, l9B4; Visvader

et a1. r 1985; Meshi et â1., I985) has been correlated

with a partial dupticabion of at least l1 nucleotide

residues (underlined) of the central conserved I6

nucleotide residue sequence, GGANCCCCGGGGNAAC. It has

been postulated that in vivp processing occurs within
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pigure 3-4 Structural homologv in the C domain of PSTV-
like viroids with a protein binding site

Structural homology is indicated between the
ribosomal protein L18 binding site on 55 RNA of E. coli
(Peattie et al., I9BI) ldashed box] and the centãI-
conserved bulged helix of viroids (so1id base in HSV and
PSTV). The central conserved bulge helix of the 55 RNAs
of higher planLs is given (Peattie et a1., I98l); V
represents a pyrimidine.
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the lI-nucleotide residue repeat to generate a unit-

length monomeric viroid free of any vector sequences

(Visvader et a1. , f985 ) .

An alternative function for this region which may

require a structural signaf different from that involved

in processing, is based on the similarity of the bulged

helix with several protein binding sites (Peattie et

a1., l98I) ' in particular Ehe ribosomal protein LIB

binding site of 55 RNAs (pigure 3-4). It has been

proposed that the single unpaired nucleoside (uridine in

plant 55 RNAs) and the adjacent guanosine of 55 RNA are

crucial to the interaction with Ll8 (peatbie et â1.'

1981; Christiansen et â1., I9B5). This analogous region

in viroids mây, for example be a site for RNA polymerase

binding and/or the initiation of synthesis of the viroid

or complementary viroid RNA strand. Thereforet

structural switching in the C domain could control

switching between two phases of the replication cycle'

namely, transcription and processing.

3-4 Association of pathoq enicitv with the P domain

Many sequence var iants of PSTV and CEV have now

been characterised. Six variants of PSTV have been shown

to differ in both sequence and severity of symptoms when

propagated in tomato (lickson et a1., L979; Gross et

a1., 19Bl; Schnö1-zer et a1.' 1985). The nucleotide

differences are confined to the P and V domains (Table
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3-2) but only sequence changes in the P domain are

correlated with variation in symptom expression (Gross

et al.,1981; SchnöLzer et al., I985); this region has

been defined by Sånger (1984) as a virulence modulating

domain.

Interestingly, L7 sequence variants of CEV which

differ by up to 29 nucleotide residues between any two

variants (Visvader and Symons,1983,1985) have most of

these sequence differences located in the P and V

domains (Tab1e 3-2), in the same relative positions as

the PSTV variants. The CEV variants form two classes of

sequence which differ by a minimum of 23 nucleotide

residues in a total of 370-375 nucleotide residues

(Visvader and Symons, L985). These two classes correlate

with two biologically distinct groups when propagated in

tomato plants where one produces severe symptoms ( leaf
epinasty and stunting) and the other mild symptoms (no

detectable morphological changes) .

Infectious CEV chimeras have since been constructed

from two CEV clones such that the P domain of a'mild'

var iant hras joine<i through the central conserved region

to the V domain of a rseverer variant (Visvader and

Symons, 1986). Infection with the resulting chimera

induced mild symptoms. The reverse construction induced

severe symptoms, indicating that the P domain is the

primary region responsible for modulating symptom

expression.



Table 3-2 Location of seguence differences between L7
sequence var iants of CEV and 6 sequence variants of PSTV

Information for CEV was obtained from Gross et aI.
(L9B2l , Visvader et al. (L952) ; Visvader and symoñE 

-(f9S3, I985). rnfõ?mãTîon for PSTV was obtained from
cross et a1. ( f978 ) ; SchnöIzer et aL ( 1985 ) .

a Number of nucleotide residues in each domain (rigure
3-2) is given in parenlhesis.
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Several features in common between the P domains of

PSTV, CSV, CEV, TASV, and TPMV are also found in HSV.

HSV sho!,¡s high sequence homology with PSTV in this

domain of 58t compared to an overall sequence homology

of 358 with PSTV (Table 3-I). These include an adenine-

dominated oligopurine sequence of l5-17 nucleotide

residues in one strand and an oligouridylate (4-7

nucleotide residues) sequence in the opposite strand.

These features may represent common recognition signals

that interact and possibly interfere with homologous

host components, resulting in symptom expression.

A further possibility is that the P domain is also

involved in determining the host range of each viroid.

For example, the conserved features and sequence

homologies within the P domain of PSTV, CEV, CSV, HSV,

TASV and ÎPMV (Table 3-f) may reflect their overlapping

host range of dicotyledonous plants, for example,

tomato, potato, chrysanthemum and cucumber (Runia and

Peters, 1980; Singh, 1983) which is quite distinct from

the monocotyledonous palm family host range of CCCV

(Tmperial et â1., l9B5) and CTiV (Boccardo et al.,

f985). The P domains of both'CCCV and CTiV' although

related to each other, show less sequence homology with

the other viroids (Table 3-I). Instead they are notable

for the presence of an oligoadenylate sequence in both

strands of the P domain.
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3-5 Seguence variability of the V domain

This is the most variable domain. Except between

CCCV and CTiV, there is less than 503 sequence homology

between the V domains of otherwise closely related

viroids, such as between TASV and CEV-Ar or TPMV and

PSTV (Tab1e 3-I). SimilarIy, different variants of CEV

show considerable variation in this region (Visvader and

Symons, 1985). It is the V domain, rather than the more

highly conserved 12 domain (rable 3-f) that is

responsible for the low sequence conservation reported

for the right half portions of PSTV' CEV, CSV, TASV and

TPMV (sånger I L982t I9B4; Riesner and Gross' l9B5). The

only significant relationship between viroids in the V

domain appears to be the presence of an oligo-
purine:o1igo-pyrimidine helix, usually with a minimum of

three G:C pairs.

3-6 RNA rearrangements of the terminal T domains

The functional role of these domains remains

controversial. The termini of some PSTV linears with

2':3 '-cycl-ic phosphates have been located in both the Tl

and 12 domains (xinuchi et al-. t I9B2¡ Palukaitis and

ZaitIin, l9B3) suggesting an association with Ehe

processing site of viroid replicative intermediates.

However, these linears could also have arisen by the

nicking of circles in highly susceptible regions during

isolation and purification. The T domains are also the
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in-vitro preferential binding sites for purified tomato

DNA-dependent RNA polymerase II (Goodman et a1., l9B4),

but the RNA replicase responsible for the replication of

viroids in vivo as well as the site of initiation of RNA

synthesis are unknown. Other roles for the T domains may

also exist. For example, viroids are presumably

transported across membranes to account for their

systemic spread and site of accumul-ation which at least

for PSTV, occurs in the nucleolus (Schumacher et af.,

1983 ) . This movement of rod-like molecules may be

achieved by structural signals and orientation of the

end 1oops. These terminal hairpin loops show prominent

sequence homology amongst all the PSTV-1ike viroids
(rigure 3-2). Conserved sequences found for all PSTV-

like viroids, including HSV, CCCV and CTiV include a

CCUC in the TI domain end-loop and a CCUUC sequence near

the end-loop of the T2 domain (figure 3-5).

In addition, sequence data show that CTiV, HSV,

TASV and CCCV exhibit unusual relationships with respect

to their terminal hairpin loop sequences. For example,

TASV shares 13z^ overal-l sequence homology with CEV-A

(Jane Visvader first noted the close sequence homoÌogy

between these two viroids) but the T2 domains are only

462 homologous (fab1e 3-I). In contrast, TASV shares

less overall sequence homology with PSTV (64%) but the

12 domains are highly homologous (90U ). Therefore, TASV

appears to be a recombinant between the T2 domains of a



Figure 3-5 Conserved sequences in the Tl and T2 domain
of viroids

The strictly conserved seguences, CCUC and CCWC,
are col-oured and occur in the same rel-ative position of
the TI and T2 domains respectively.
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psTv-ancestral viroid and atl but the 'I2 domain of a

CEv-ancestral viroid (Figure 3-6). CCCV (246) shares

sequence homology with the c domain of PSTV but only

sequence homology with respect to the Tl domains. In

70r

232

contrast, cccv (246) shares low homology with the c

domain of HSV (422) but the TI domains are more

homologous (588) since the TI domain of cccv (246) is

almost identical to the left half of the HSV Tl domain

(rigure 3-2). Therefore, cccv appears to be a

recombinant between a viroid with PSTV lineage and a Tl

domain of an HSV-ancestral viroid. Similarly, the C and

T2 domains of CTiV are more homologous to PSTV than to

HSV but its Tl domain shares greater identity with HSV

( see Chapter 2) .

3-7 Sequence compar 1 sons between ASBV and PSTV-like

v iro ids

with respect to the conserved features of PSTV-like

viroids, ASBV (r,igure 3-7) can be distinguished in

several ways from other viroids.

f) Low overall segu ence homoloqv. Whereas, alI

other viroids share 353 or greater overall Sequence

homology with PSTV, ASBV possesses only 2oe" overall

sequence honology with PSTV when calculated as in Table

3-1. previously, ASBV sequence homology with PSTV was

reported to be IBå (Symons, 198l) while CCCV was

considered to be Iess homologous to PSTV, reported by



F igur e 3-6 Seguence homology between TASV and CEV-A:
TASV and PSTV

Sequence homology between TASV and either CEV-A or
PSTV is indicated by arrows. Sequence homology for the
TI, P and C domains is combined. The sequences
highlighted in orange show high sequence homology
between TASV and CEV-A and those highlighted in blue
show high sequence homology between TASV and PSTV. The V
domain shows 1ow sequence homology between TASV and both
CEV-A ANd PSTV.
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Haseloff et a1. (1982) as showing Il8 sequence homology.

However, the sequence homology between CCCV and other

viroids only included the central conserved region of

viroids (gaseloff et a1. , I9B2).

2) Lack of C domain conserved seguences and

structures. No CC CCGG helix is present in the
GGUGGCC

postulated native structure of ASBV (rigure 3-6)

ISymons, 198l] and there is a lack of any potential nine

base-pair stem loop with a self complenentary loop. Also

lacking is the GGANCCCCGGGGNAAC sequence. The only

conserved sequence reported to be also present in ASBV

is GAAACC (Symons, l98I). This sequence corresponds to
part of the above l6 nucleotide residue conserved

sequence.

3 ) Lack of homoloqy with T domain conserved

sequences. The CCUUC sequence that occurs in the T2

domain of a1l PSTV-Iike viroids is absent in ASBV. The

CCUC sequence found in the end loop of the Tl domain of

PSTV-like viroids does not occur in either end loop of

ASBV (Symons, 1981). The only CCUC sequence present

(nucleotide residues.2I5-2LBt Figure 3-6) is not

followed by at least two guanosines as in other

viroids.
4) Differences in thermodynamic stabilitv and

cooperativity. The secondary structure of ASBV is less

thermodynamically stable and shows less cooperativity
than PSTV-Iike viroids and may be bifurcated (Steger et



32

âI., I9B4). ASBV has a higher ¡G/number of nucleotide

residues and a lower Tm, with a larger half-width of

structural transition (Steger et al.' I9B4). This ilâY'

inpart,beexplainedbytheA,UrichnatureofASBV
compared to all other viroids which are Grc rich. The

high Aru content of ASBV would be expected to have a

pronounced effect on the secondary structure due to the

Iarge difference in stability of A:u base pairs compared

to G:c base pairs (xallenbach, l-968¡ Tinoco 3r. et aI.'

lg7L, L973¡ Steger et aI. ' I9B5).

The only other prominent sequence homology between

ASBV and and the PSTV-like viroids is the presence of

Several adenine-<lominated oligopurine Sequences (such as

nucleotide residues 7-25¡ L22-L28¡ 175-t8B; or 237-242)

analogous to those in the P domain of PSTV-like viroids.

3-B Discussion

One of the notabte features of viroid sequence

homologies is that they are most readily correlated with

the native rod-1ike secondary structure of the purified

viroid as it behaves experimentally in solution or

determined theoretically (Gross et â1., I97B; Riesner et

a1.r lgTg¡ I983; Steger et aI., 1984). For example' the

conserved sequences of PSTV-like viroids in the c domain

as well as the more variable sequences in the P and v

domains occur as complementary sequences in the

secondary structures depicted in Figure 3-2. In
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addition, conServed Sequences occur at the Same relative

positions of each molecule such as the centrally placed

GGANCCCCGGGGNAAC sequence that occurs in the centre of

each molecule or the CCUC and CCUUC sequences that are

Iocated near the left-hand and right-hand end loops

(figure 3-2). This suggests that the postulated in vitro

secondary Structures are also the primary determinants

of function in vivo.

Furthermore, Lhe proposal here of five structural

domains indicates that, despite the smal1 size and the

apparent Iack of protein coding capacity, viroids may be

multigenic with distinct functions cotresponding to

different regions of the moIecuIe.

psTV, csv, cEV, TASV, and TPMV are closely related

viroids (ttaseloff and Symonsr 198l; Gross et a1. t L9B2¡

Visvader et al. t L9B2; Keifer et al.' 1983). Many of the

sequence and structural similarities between these

viroids extend to HSV' CCCV and CTiV. Since these

similarities encompaSs most regions of each moleculet

common ancestry appears likeIy for all PSTV-like

viroids. The same structural p1an, however, is not

apparent for ASBV. Therefore, the few sequence and

structural homologies that ASBV does share with other

viroids may be due to chance homologies or reflect

convergence.

Finally, there is the possibility that the

evolution of some viroids such as TASV and cccv may be
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explained by recombination between different ancestral

viroids. Intramolecular RNA rearrangements have been

shown to naturally occur with other pathogenic RNAs. The

defective interfering particles of animal viruses

provide examples of both recombination between different

viral segments such as the defective interfering RNA of

Sindbis vi rus and a cellular LRNA (l4onroe and

Schlesinger, f9B3). More recently a deletion mutant of

the RNA 3 segment of the tripartite plant virus, brome

mosaic virusr near the 3'-terminus (that is conserved in

terms of sequence amongst a1I three segments of the

virus) was shown to recombine with the homologous

sequences of either RNA I or 2 during infection of

individual plants (Bujarski and Kaesberg, I9B6).

Other RNA rearrangements have been postulated for

viruses on the basis of sequence homology between non-

structural proteins of different plant and animal RNA

viruses (¡taseloff et a1., f984). Further examples of

possibte chimeric molecules include the virusoids of

ScMoV (tlaseloffr 1983; Symons et a1.,1985) which show

952 sequence homology for the left hand 2IB nucletide

residues of each molecule and only 252 sequence homology

for the remainder of each molecule. It was originally
postulated that this was due to minimal functional

constraints of the right hand regions of the virusoids

of SCMoV (Haseloff, l9B3) but may be due to

recombination. Fina11y, bovine leukaemia virus, a
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retrovirus, shows high amino acid sequence homology of

its po] gene product with the pol gene product of Rous

sarcoma virus but greater amino acid sequence homology

of its env gene product with the env product of Moloney

murine leukaemia virus (Sagata et aI. ' I9B5).

Consequently, intermolecular RNA rearrangements may be a

significant factor in the evolution of viroids as well

as other pathogenic RNAs. Such RNA rearrangements

between viroids would present an unusual evolutionary

tree with transmission of genetic material both

horizontally (between viroid 'species') as weII as

verticatly (descent from a common ancestor) [pigure 3-

Bl.

Contrary to the above viewpoint' Gross (f985) has

suggested that even closely related viroids such as

PSTVr CSV and CEV do not share a common viroid or non-

viroid ancestor. The argument is based on the recent

recognition this century of viroid diseases (Diener,

L979) and the apparent low mutation rate exhibited by

geographic variants of the same viroid (Sånger, L982).

However, the natural hosts of viroids could well be

symptomless non-cultivated plants such as Columnea

erythrophae ( tne host of CV) [Owens et a1., f978]. It is
presumably the intensive cultivation practices of the

2Oth century that has allowed the rapid spread and

invasion of new hosts by viroids, giving a misleading

impression of a recent origin for viroids. In addition,



Fígure 3-8 A le evolutiona tree
based on sequence homology between
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TÀSV and the comrnon ancestor of CCCV and CTiV are

considered to have arisen by RNÀ exchange between two
se¡nrate viroid 'speciesr as indicated by arrows.
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and may inciicate a polyphyletic origin.
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there is no certainty that viroids have a low mutation

rate. one isolate of CEV (CEV-J), vrhen propagated in

tomato, revealed nine Sequence variants out of eleven

full-lengt.h cDNA clones examined' with up to 26

nucleotide residue differences between sequence variants

(Visvader and Symonsr 1985). Also, the high mutation

rates of RNA genomes during transcription (Hol1and et

ü-, L982) as well as the possibility of recombination

between viroids as described above, indicate Èhat rapid

sequence changes amongst viroids may have occurred.



CHAPTER 4

A VARIANT OF COC ONUT CADANG-CADANG VIROID
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INTRODUCTION

Cadang-cadang (meaning death or dying) remains a

serious and uncontrolled disease of coconut palms in the

philippines (zelazny et aI. I L9B2). The first reliable

report of the disease was in l93l on san l'4iguel Island

(Ocfemia, Lg37) but may have been present earlier except

for the difficulty in distinguishing the disease from

other maladies of coconut pa}ms. Cadang-cadang infects

more than 200r000 palms a year over an area of greater

than 40r000 square kilometres, thus posing a serious

threat to the coconut industry. In the very early stage

of the disease the palm is symptomless but the viroid

can already be detected. The first symptom to appear is

the rounding of newly developing nuts with equatorial

scarification. Later on, chlorotic leaf spots appear and

the inflorescences are stunted. Eventually, spathe,

inflorescence and nut production declines and ultimately

ceases while the leaf spots become more numerous and

enlarged. In the last stage the fronds decline in size

and number, and eventually the palm dies. The average

duration of the disease symptoms in naturally infected

palms ranges from 7-L6 years and is normally firsL

detected onlY in mature Pa1ms.

Viroid aetiology was implicated by the isolation of

a low molecular weight RNA fron infected but not from

healthy coconut palms (RandIes I L975) - r'urther

structural studies of this RNA supported its vir'oid
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designation (nandles et aI.r L976 t Randles and Hatta,

L979i Haseloff et aI. , L9B2). In addition both partially

and highly purified samples of the viroid-Iike RNA could

be mechanically transmitted to healthy coconut palms

(Randles et aI. , L977). Although the involvement of a

helper virus or pathogen has yet to be rigorously

excluded, the ability to transmit disease using

partially purified coconut cadang-cadang viroid (CCCV)

to a number of other palm species (tmperial et â1.'

l9B5) as well as other coconut varieties from other

countries (Anonymous, L982) suggests true viroid status

for CCCV.

Studies of CCCV has been complicated by the

presence of a number of other Sequence variants present

in infected paIms. These include a single nucleotide

addition at position 198 (cccv 246/247) [Haseloff et

aL., l-9821, partial duplications of 4L, 50 or 55

nucleotide residues (CCCV 287, CCCV 296/291 | CCCV 30f)

and dimers of all forrns (Haseloff et al., l9B2¡ Mohamed

et a1., 1982). It has been proposed that the partially

duplicated forms arise during the progression of the

disease (Imperial et âI., 1981i Haseloff et aI. , 1982;

Mohamed et aI., L982). Recenb.ly, anoLher electrophoretic

var iant vÍas observed by J. S. f mper ial and M. J. B.

Rodriguez (unpublished results) in two palms in the most

advanced stages of the cadang-cadang disease. This RNA

migrated between CCCV 297 and a dimer of CCCV (CCCV
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492). This variant vüas sequenced to confirm its identity

and to further elucidate the role of these variants with

the progression of the cadang-cadang disease.

MATERTALS

Source of a variant of CCCV

A partially purified nucleic acid extract of

coconut leaves infected with an unusual electrophoretic

variant of CCCV was generously provided by J.S.

Imperial, Philippine coconut Authority, Albay Research

centre, philippines. This extract was further purified

by two-cycle polyacrlyamide gel electrophoresis method

described by Palukaitis and symons (1980) and kindly

provided by J.L. Cassady and Dr. J.E. Visvader.

Enzymes

Restr iction endonucleases \¡/ere obtained f rom New

England Biolabs. Moloney murine leukaemia virus reVerse

transcriptase and RNase H were obtained from Bethesda

Research Laboratories. Bacteriophage Tq DNA ligase' E.

coli DNA polymerase I and the Klenow fragment thereof

were obtained from BRESA Pty. Ltd. Calf intestinal

phosphatase was obt.ained from Sigma Chemical Co. and

purified free of nucleases by Dr. R.H. Symons and Dr. A

Rezaian.

Radioi sotopes
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Ci/mmoI ) were
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P-dATP and

obta i ned

')a
Alpha-'"P-dcrP

from BRESA Pty.

(both 1700

Ltd.

Svnthetic olig odeoxvr ibonucleot ides

The CCCV-specific oligodeoxynucleotide primers were

kindly synthesised by Stephen Rogers and Roger Smyth.

The Ml3-specific I7-nucleotide residue primer v/as

obtained from New England Biolabs.

Bacter ia1 strains and cloninq vectors

E. coli JMI0I and the vectors MI3mplS and Ml3mpl9

were generously provided by nr. R. Robins.

Growth media for E. coli JMIOI

a) Minimal salts media: 10.5 g KIHP]4, 4.5 g

RH2P}4, 1.0 q (NHn)rson, 0.5 g sodium citr'ate per

supplemented after autoclaving with 0. B ¡lI of I M

0.5 uI of lU thiamine-Hcl and I0 ml of 20e" (w/v)

glucose. Minimal agar contains minimal media with

(w/v) bacto-agar ( oifco ) .

b) YT broth : B g bacto-tryptone (oifco), 5

extract (oifco) and 5 g NaCI per 1itre.

c) 2 x YI broth : 16 g bacto-tryptone' l0 g

extract and 5 g NaCI Per litre.

1itre,
MÇSO4 r

1. 5r

g yeast

yeast

Chemi caI s

Deoxyribonucleotide and dideoxyribonucleotide

triphosphates and isopropylthiogalactoside (fprc) were

obtained from Sigma Chemical Co. 5-bromo-4-chloro-3-



41

indolyl-galactoside (BCIG) was from Bethesda Research

Labor ator ies .

METHODS

4-I Seguencing of CCCV b partial RNA enzymic

hydr olys i s

As for Chapter 2 except that partial enzymic

hydrolysis with only RNase Tl (2,500 units/mt) was used

for generating linear overlapping fragments.

4-2 Cloning of CCCV cDNA

A. Synthesis of double-stranded cDNA

For first strand cDNA synthesis, 1 llg of RNA from a

sequence variant of CCCV and 0.4 Ag of DNÀ primer 5r-

d (GTTTCCCCGGGGATCC)-3'Or 5 I -d(GATGGGCCACCTII'/X ]TGTTG) _3'

were heated at l00oc for I minr snap cooled on ice, and

then inoculated with 20O units of reverse transcriptase

in a 25 nI reaction mixture (essentially as described in

Bethesda Research laboratories catalogue) containing 50

ml4 Tris-HCl pH 7.4, 75 mM KCI' 3 mM I4ÇCI21 10 mM DTT'

0.5 mM dCTP, dGTP, and dTTP' 0.1 mM dATP' and 0.0012 mM

')a
alpha-Jzp-detp (1700 cilmmol). Àfter incubation at 37oc

for 30 min, 1 ul of I0 mM dATP was added and the

reaction was continued for a further 30 min. The

reaction was terminated by extraction with

phenol: chloroform ( 1: I ) , followed by ethanol

precipitation. The products were resuspended in l0 mM
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Tris-HCI, 0.1 mM EDTA, pH 8.0, and precipitated with 2

mM spermine at Ooc for 15 min (Hoopes and McClure,

f98I). The products were then pelleted by centrifuging

at 101000 rpm for l0 min at 4oc. The pellet was washed

with 0.3 M sodium acetate pH 5,0.01 M magnesium

acetate, I mM EDTA,754 (v/v) ethanol for 60 min at OoC,

washed briefly with 70z^ (v/v ) ethanol, dried in vacuo

and resuspended in 0. I mM EDTA pH 8.0.

The reaction mixture (50 lrl) tor second strand cDNA

synthesis (CubIer and Hof fman' I9B3 ) contained 20 ml"l

Tris-HCI pH 7.4, 100 mM (NH¿)2so4, 5 mM Mgclrr 0.03

mg,/ml BSA (nuclease free), 1 mM DTT' 0.2 mM each of

dATP, dCTP, dcTP, dTTP, 20 units of E. coli DNA

polymerasae ft I unit of RNase H and L.25 units of 14

DNA ligase.

After sequential incubation at L2oc for 60 rnin and

22oc f or 60 min, the reaction !,¡as terminated by

phenol:chloroform (l:I) extraction, followed by ethanol

precipitation.

B. Restriction endonuclease cleavage and isolation of

CDNA fragments

DoubIe-stranded cDNA was digested with HaeIII and

the resulting fragments were fractionated by

electrophoresis on a 62 polyacrylamide geI containing 2

M urea and TBE buffer. The cDNA fragments were excised,

eluted and ethanol precipitated.
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C. Ligation of double-stranded cDNA restriction

f r agment s

Purified fragments were ligated into Ml3mplS or

Ml3mpl9 (finearised with restriction endonuclease SmaI

and then dephosphorylated) in a I0 uI reaction mix

containing 50 mM Tr is-HCl pH 7 .4 , I0 mM It4gCIr r l0 mM

DTT, 0.1 ml4 ATP and 2.5 units of T 4 DNA ligase at l4oC

for 5-8 h.

D. Transformation of E coli Jl4l0l

An overnight culture of E. coli JM l0l in minimal

media was subcultured (L/L00 dilution) into 50 mI of 2 x

YT broth and grown to an OD.O. of 0.4-0.8. The cells

were then pelleted by centrifugation (3r000 rpm' HB-4

rotor, Sorvall, 5 minr AoC) and resuspended in 5 mI of

cold 50 mlvl CaCIr. Cells were lef t at Ooc f or at least 1

h prior to transformation.

fhe competent cells (200 l-tl) were mixed with 5 ut
of ligated DNA and left at Ooc for 40 min. The cells

were then heat-shocked at 42oc for 2 min before the

addition of 3 mI of 0.7e" YT agar containing 20 u] of 20

mg/ml BCIG and l0 uI of 100 mM IPTG. The mixtures were

plated directly onto minimal agar plates and grown

overnight at 37oc.

4-3 Preparation of phage DNA for sequence analysis

Recombinant plaques (white) were toothpicked into

l.B ml of YT broth containing JMIOI cells (1/I00

dilution of fresh overnight culture) and incubated at
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37oc for 6-7 h. Bacteria were removed by two

centrifugations and bacteriophage were precipitated from

the supernatant by the addition of 0.1 volume of 40%

(w/v) PEG 8000 (saturated with NaCl) and standing at

room temperature for 20 min. Bacteriophage were

collected by centrifugation for 5 min and resuspended in

I00 r:1 of t0 mM Tris-ttcl, 0.1 mM EDTÀ, pH 8.0. The

bacteriophage protein coats were removed by extraction

with 50 ¡1 of phenol saturated with t0 mlvl Tris-HC1 pH

8.0. Bacteriophage DNA was ethanol precipitated' washed

with 702 (v/v) ethanol' dried in vacuo and resuspended

in 30 ul of I0 m}l Tris-Hcl, 0.I mM EDTA, PH 8.0

4-4 Sequence determination of CCCV cDNA clones

Recombinant MI3 bacteriophage DNA vras sequenced by

the dideoxynucleotide chain termination method of Sanger
?)et a1. (f980) using alpha---P-dATP and the Ml3-specific

L7 nucleotide residue primer. After fixing the

sequencing gel with t0% (v/v) acetic acid' the geI was

washed with 202 (v/v ) ethanol prior to drying on the

glass plate for autoradiography.

4-5 Containment facilities

All manipulations involving recombinant DNA were

carried out in accordance with the regulations and

approval of the Australian Academy of Science Committee

on Recombinant DNA and the University Council of the

University of AdeIaide.
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RESULTS

4-l Sequence analysis of a sequence variant of CCCV by

artial enz ich dr o1 S1S

Sequêncing was performed with a cadang-cadang

specific RNA species whose mobilj-ty on denaturing

polyacrylamide geI electrophoresis was intermediate to

the circular forms of the virusoids of LTSV (324

nucleotide residues) and VTI4oV (366 nucleobide residues)

Irigure 4-]1. The same method as in Chaptet 2, l4ethods

3-2, was initially used to determine the sequence,

except that only a RNase Tl partial hydrolysate was

employed to generate Iinear, overlapping fragments. This

method indicated that the sequence was essentially the

same as CCCV (296 ) but with added partial duplications.

4-2 Synthesis and cloning of CCCV double-stranded cDNA

restriction fragments.

As a nore rapid means of establishing the sequence,

it was decided to sequence the RNA indirectly by cloning

double-stranded cDNA into the replicative form of

bacter iophage Ml3 .

The scheme used for obtaining double-strand cDNA is

depicted in Figure 4-2. Complementary DNA was

synthesised with Moloney murine leukaemia virus reverse

transcriptase after hybridising one of two

oligodeoxyribonucleotide primers to bhe RNA. The cDNA



Figure 4-1 Mobili of an electr c variant of
cccv:

The mobility of an electrophoretic variant of CCCV&
observed by J.S. Imperial (personal communication) was
compared with CCCV (246 and 296 nucleotide residues,
kindly purified and provided by Dr R.H. Slzmons), and the
virusoids of WMoV and LTSV-NZ on a 58 polyacrylamide
gel containing 7 M urea and TBE run at 20 mA and stained
with toluidine blue-O.

Tn each track the slower migrating band corresponds
to circular RNA forms and the faster migrating band to
full length linear RNA forms.
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Figure 4-
to a vari

FuIl details of this procedure are given in Methods
and Results. Primer I is 5'-GTIICCCCC'C'GGATCC-3r and

Primer II is 5'-GATGCCCCACOI(A or T)TGTIG-3'.
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was converted to double-stranded DNA and then digested

at two potential siLes with HaeIII restriction

endonuclease to obtain two adjoining fragments. One

HaeIII fragment (L32 base pairs) was generated when

using primer I (Figure 4-2, 4-3). A second HaeIII

fragment (2L4 base-pairs) was generated when using

primer II (data not shown). A third anomalous HaeIII

fragment (92 base-pairs) seen in Figure 4-3 corresponds

to restriction endonuclease cleavage at nucleotide

residues 43-46 and a possible cryptic Haerrr site cc cG
GC GC

at nucleotide residues 289-292. These three HaeIII

fragments were ligated into the SmaI site of the

replicative form of either MI3mp18 or MI3mpI9.

4-3 Sequence determination of a seguence variant of

CCCV cDNA recombinant clones

Sequencing of cloned HaefII restriction fragments

was by the dideoxynucleotide chain termination method

( Sanger et al. , 1980 ) t rigure 4-41 .

In accordance with the size of the RNA and by

homology with the other sequence variants of CCCV, the

two largest HaeIII fragments (214 and L32 base-pairs)

are presumed to correspond to adjoining sites of a

circular molecule of 346 nucleotide residues. The

sequence, together with its postulated secondary

structure is depicted in Figure 4-5. Except for an

uridylate residue at position 31, the RNA has the same



F 4-3 iction endonuclease cI e of CCCV
cDNA

Double-stranded cDNÀ sl¡nthesised using primer f as
in figure 4-2 was digested with HaeTfI restriction
endonuclease and then electrophoresed on a 40 cm, 5U
polyacrylamide gel in the presence of 2 M urea. TWo
bands of I32 and 92 base pairs hrere isolated from the
HaeIII digest. The smallest fragment arises from
presumed restriction endonuclease cleavage at a site
within the larger fragment.
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Fiqure 4-4 determination of cDNA clones of a
sequence var an

Recombinant phage M13mp93 \Á/as sequenced by the
dideoxynucleotide chain termination technique using the
l-7-nucleotide residue Ml3-specific primer. The reaction
mixtures were electrophoresed on a 40 x 20 x 0.025 cm,
6ã polyacrylamide/7 tI urea/TBE gel at 1100 volts. The
sequence corresponding to a fragment generated from
primer I in M13mpI8 (Figure 4-2, 4-3) is complementary
to the viroid, while the sequence corresponding to a
fragment generated from primer II in M13mp19 (Figure 4-
2) is of the same orientation as the viroid.
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Figure 4-5
cccv (346)

Sequence and proposed secondarv structure of
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F igur e 4-6 Partial sesuence duplications within CCCV
( 346 )

The partial duplications of the 346 nucletide
variant of CCCV. X, X' and X'r are sequence related
are Y, Yr and Yfr. Coloured nucleotide residues are
homologous with CCCV (246). Filled in circles piont
approximate sites of recombination.

as
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sequences present as reported for CCCV (246) by Haseloff

et al. (L982) tCCcV (246) shows a cytidylate residue at

position 311. The presence of an uridylate residue at

position 3l in CCCV (246) is supported by the occurrence

of a thymidylate residue in the corresponding position

of a cDNA clone of the 246 nucleotide residue variant of

cccV (.r.r. Visvader, personal communication).

D T SCUSS ION

RNA sequencing using partial enzymic hydrolysis

indicated that CCCV (346) had essentially the same

sequence complexity as cccv (246) but included

duplications in the same region as those reported for

cccv (287) t cccv (296/297) and cccv (301) [ttaseloff et

â1. , f 982I . Conf irmation of the sequence \Áras achieved by

dideoxynucleotide chain termination sequencing of gDNA

clones in Ml3. Two synthetic oligodeoxynucleotides

complementary to opposite regions of the molecule were

utilised to prime gDNA synthesis of the entire molecule.

CCCV ( 346 ) consists of four adjacent partial

duplications totalling f00 nucleotide residues (rigure

4-6). The partial duplications are so arranged that the

postulated secondary structure of the purified molecule

retains the rod-Iike form of the smallest CCCV sequence

variant CCCV (246) [Haseloff et aI., 1982]. This

provides added support for the view that the rod-like
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structure first predicted for PSTV by Langowski et a1.

(I978) is biologically significant in vivo.

Unlike CccV (287) ' cccv (296/297) and cccv (30r)

whose partial duplications are strictly homologous to

the corresponding sequences in CCCV (246) there is

sequence heterogeneity at the junctions of the four

partial duplications of CCCV (346) (r'igure 4-6).

The means of CCCV transmission from palm to palm

remains unknown. Therefore, it is uncertain as to when

and how these different sized variants of CCCV (rigure

4-7) arise. Following the progression of the disease in

the field over seven years allowed observation of

changes within individual palms from the CCCV (246

and/or 247) sequence variants to a 20z^ larger variant,

(Anonymous, L9B2). In addition, screening of individual
fronds from a single palm showed changes from the CCCV

(246 and/or 247) sequence variant in older fronds to a

larger sequence variant in newly developing fronds

(fmperial et al., f98f ). Therefore the larger variant

appeared only in older palms after the appearance of the

CCCV (246 and/or 247) sequence variant since there was

no apparent migration of the viroid from younger fronds

to older fronds. Consequently, it has been postulated

that the cccv (287 ) , cccv (296 and,/or 297 ) and CCCV

(30I) sequence variants arose de novo independently in

each palm from the small CCCV (246 and/or 247) sequence

variant that is the only variant found early in



Figure 4-7 Partial seguence duplications of CCCV (246)

Partial sequence duplications of the 246 nucleotide
sequence variant of CCCV are shown. Two adjacent
sequences (xry) of variable size are repeated, Ieading
to a double duplication of either 41, 50 or 55
nucleotide residues (CCCV 1287); CCCV 1296); CCCV t30Il)
or a guadruple duplication of 100 nucleotide residues
(cCCx/ t3461 ). fhe arroht depicts the boundary of the X
and Y sequences. The fil1ed in circles mark the
boundaries of the duplicated sequences.
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infection (Imperial et aI., I98ti Haseloff et a1., L982¡

Mohamed et aI., f9B2). Recent evidence supporting this

claim is provided by mechanical inoculations of the

primary shoot with partially purified CCCV (246 and/or

247) that resulted in the appearance of these small

sequence variants six months after inoculation and CCCV

(296 and/or 297 ) af ter ten months (¡,1. E. Keese r personal

communication).

In accordance with the above view it is suggested

that CCCV (346) also arose during infection of

individual palms by a smaller sequence variant of CCCV.

CCCV ( 346 ) was only observed in the last dying stages of

the cadang-cadang disease (.1.s. Imperial personal

communication). It has yet to be excluded that the

different size variants of CCCV cause different synptoms

in coconuts. However, mechanical inoculations with the

smallest CCCV (246) sequence variant is able to
accelerate symptom development and induce l-ate stage

symptoms such as stunting .and prevention of flower and

nut development (Anonymous, L982).

The sequence of events on those palms with CCCV

( 346 ) is predicted to be

hea lthy---- >

If this chain of sequence changes has occurred,

then at least questions need to be addressed:

f) Why is CCCV (246 and/ox 247) the only sequence

variant found early in infection? Simple answers may be
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that the larger sequence variants are poorly infectious

or revert to the smaller variant at the initial stage of

infection ( see zelazny et â1. , 1982 ) . Alternatively, it

may reflect the means of transmission, such as by pollen

whereby the stigma is used as a site of entry.

Consistent with bhis hypothesis is a) the high Ievel-s of

CCCV present in poIlen (.r.S. Imperial, personal

communication); b) only palms that have reached the

bearing stage are normally susceptible to the disease;

c) when the larger variants of CCCV appearr pollen

production is minimal or has ceased (Zelazny et â1.'

L982). Infection of immature palms and other naturally

infected palms such as buri palm (Corvpha elata Roxb.)

which does not flower after contracting cadang-cadang

(Randles et al., f980) may be rare cases of infected

po1len entering other sites such as wounds. A corollary

of the hypothesis that transmission of the cadang-cadang

disease is by pollen is that inbreeding varieties of

coconuts should limit spread of the disease in the

f ie ld.
2) Why do the larger sequence variants of CCCV

appear to have a selective advantage over the CCCV (246

and/or 247) sequence variant? Once a larger variant of

CCCV becomes detectable it eventually becomes the

dominant variant of CCCV to persist during infection.

This may be due in some manner to the loss of cellular

integrity with the progression of the disease.
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Two points worthy of consideration however, are that the

leve1s of larger sequence variants from infected tissue

appear to be no greater than the CCCV (246) sequence

variants and that the duplications retain the same

structural arrangement found in CCCV (246). The only

result, in effect, is to provide two T2 domains in the

cases of cccv (287), cccv (296/297) and CCCV (30r) and

three T2 domains in the case of cccv (346) [rigure 4-7].

Rather than a means to match in size the right hand arm

of PSTV, CSV and CEV as suggested by llaseloff et al.

(1982) tfre T2 domain may bind a host component essential

for its replication (for exampler PUEified DNA-dependent

RNA polymerase II from tomato was shown to bind to the

Tl and T2 domains of PSTV lGoodman et aI.r 1984]).

Therefore, through a titration effect the larger

sequence variants of CCCV will have a selective

advantage over the CCCV (246) form. The CCCV (346)

sequence variant having three T2 donains would

potentially bestow a selective advantage over the CCCV

(287), CCCV (296 and/or 297) and CCCV (30f) sequence

var iants .

3) What is the mechanism whereby the larger

sequence variants of CCCV arise? Presumablyr the same

mechanism is involved in all cases, either by

recombination involving strand scission and ligation or

by some form of non-processive transcription whereby

extension of transcription switches to a different
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template or to a non-adjacent nucleotide residue on the

same template (variously referred to as template

switching, copy choice, jumping or leaping

polymerisation, or discontinuous transcription; see

Perrault tl9Bfl and Campbell et a1. tI9B4l). Examples of

the former cleavage and ligation mechanism include

intron splicing (see cech tI983l) or reversibility of

self-cleaving RNAs such as the satellite RNA of tobacco

ringspot virus, STobRV (prody et.aI.r 1986; Buzayan et

aI.r f9B6). The indications in these mechanisms are that

precise sequence and structural signals may operate.

However, the RNA rearrangements of the cccv partial

duplications occur at a number of neighbouring sites and

in the case of CCCV (346) involve sequence heterogeneity

at the junctions of recombination. In contrast, models

of non-processive transcription are not limited by such

requirements and have been variously proposed as the

main mechanism for the generation of defective

interfering particles (see Perrault, I98I), the Ieader

sequences of influenza RNAs (see Krug' 19BI) and

trypanosome variant surface antigen genes (Campbell et

aI. r I9B4). Although there is lack of convincing

experimental evidence however for non-processive

transcription, the partial double duplications of CCCV

(287), CCCV (296/297 ) and CCCV (30r) could a1l arise as

a single event by the same non-specific means of non-

processive transcriPtion.
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By analogy with the influenza ribonucleoprotein
complexr which is postul-ated as the structure for
generating influenza defective interfering particles
(Jennings et aI., l9B3), cccv RNA may be coiled around

host binding proteins or temporarily around a replicase
complex unit. This would bring into juxtaposition sites
of RNA rearrangements. Two non-processive transcription
events during the generation of a singJ_e RNA transcript
from a cccv (246) temprate could give rise to one of the

Iarger CCCV sequence variants (pigure 4-g). In an

identical manner the cccv (296) sequence variant could

be the template for further doubre partiar duplications
to give rise to cccv (346) with its quadruple partial
duprications. rnterestingly the sequence heterogeneity
at the junctions of the duplication mi rrors the

heterogeneity of 4 or 5 nucl-eotide residues reported to
occur at the junctions of RNA rearrangements with
defective interfering RNAs of vesicular stomatitis virus
(Keene et a1., 19BI) and influenza (fields and Winter,
l9Bl; Jennings et a1., I983). Thus the sequence

heterogeneity in cccv (346) may have arisen during non-
processive transcription as postulated for vesicular
stomatitis virus and influenza virus defective
interfering RNAs and not as mutations after the

duplications arose.

A single non-processive event wourd give rise to a

single sequence duplication. This may be non-viable in



Figure 4-B Proposed mechanism for the generation of RNA

r ear r anqemen ts by non-proce ssive transcription

CCCV is represented here as a ribonucleoprotein
replicating complex (adapted from Jennings et al., 1983)
in which transcription occurs on a dimeric RNA template
coiled around a protein core. Boundaries of RNA exchange
are juxtaposed in this ribonucleoprotein structure
(asterisk) and allow for the possibility of non-
processive transcription. Consequently, two ' jumping'
events by an RNA polymerase can generate the double
partial duplications shown by CCCV (287) ' CCCV (296) or
cCcV ( 301 ) t rigure 4-7 l. For example:

rst jump
transcription --------> X --------> X Xr

2nd jump
----> x xrYr --------> x x'YrY.

Similarly CCCV (346) could
processive transcriptional
transcription would result

transcription --------> X

arise by a further two non-
events, such that
in the following:

- stI lump
xr --------> x xrxr I

2
nd jump

----> x xrxr tYttYtY.-----> x xrxr rYr

A similar scheme can be applied to a monomeric template.



transcription

transcription
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the case of CCCV but may have occurred in other viroidst

for example, PSTV. The TI domain of PSTV is the least

sequence homologous amongst the viroids PSTV' TPMVr CSV'

CEV and TASV (Tab1e 3-f). In addition, the TI domain of

TPMV is more closely aligned with the TI domains of

other viroids, such as CEV-A (80? sequence homology)'

than to Lhe Tl domain of PSTV (672 sequence homology)

despite the high overall sequence homology between TPI4V

and PSTV (762) (Table 3-f). This is due to a distinctive

region of PSTV from nucl-eotide residues 34L-22 in which

nucleotide residues 34I-359 are homologous to nucleotide

residues 2-22 (pigure 4-9). Pairs of homologous

sequences in the same relative position of other viroids

are not present.

SimilarIy, the intermolecular rearrangements

postulated for the T domains'of TASV' CCCV and CTiV may

also occur by a similar mechanism of non-processive

transcription during co-infection by two viroids in a

common host.



Fiqure 4-9 Possible partial dupl ication within pSTV

Part of the Tl- domain of pSTV has a sequence in
which 13 nucleotide residues (continuous line) out of 19in the region denoted by X (nucleotide residues 341-359)
are repeated in the adjacent Xr sequence (nucleoticle
residues I-22). Oashed lines indicate non-homologous
nucleotide residues. A possible partial dupJ-ication of
PSTV in this region may account for the retativeLy low
sequence homoÌogy that the TI domain of pSTV shows with
the TI domains of other closely related viroids such as
cSV, CEV-A, TASV or in particular TpMV (rabte 3-I).
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CHAPTER 5

LUCERNE TRANSIENT STREAK VTRUS
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INTRODUCTION

Lucerne transient streak virus (LTSV) is a smaÌ1

isometric plant virus (about 30 nm in diameter)

lelackstock, Lg74t 1978i Forster and Jones' L979 I and

was originally isolated from Iucerne crops ( l't ed i caqo

sativa L.) in Australia (r,tsv-eus) [elackstock,I974,

l97B I and New Zealand (LTSV-NZ ) [r'orster and Jones tL979 ¡

Jones et al. , ]-9B3l. More recently a third serologically

related strain has been detected in lucerne crops from

canada (LTSV-ca) [PariwaI , L983 ].

In lucerne, LTSV causes chlOrotiC Streaking along

the lateral veins and sometimes distortion of the

Ieaves. Blackstock (1978) reported a loss of l8? in dry

matter yield from a field trial of infected lucerne.

LTSV is sap transmissible to species from at least four

plant families, although each strain differs somewhat in

host range and symptomatology. No vectors have yet been

reported (Blackstock t L978¡ Forster and Jones t L979¡

PaliwaI, l9B4a). Low seed transmission has been observed

only for the canadian strain of LTSV (PaIiwalrl9B3).

The properties of LTSV that align it with the

Sobemovirus group include, a sedimentation coefficient

of LL2-II4S, a major coat protein of molecular weight

about 32r000 , 188 single-stranded ribonucleic acid

content and a covalently Iinked protein moiety essential

for the infectivity of the RNA (elackstock, l97B¡

Forster and Jones, L979¡ PaIiwal, 1983, I9B4a). Each
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strain of LTSV has been noted to also encapsidate a

singlelowmolecularweightRNAcomponentthathas
circular and linear forms (Tien-Po et aI., 198I);

pa1iwal, 1983). This Iatter characteristic is shared by

three other related viruses, vTlvloV (Randles et aI. ,

lgBl), SNMV (Gould and Hatta, lgBl) and SCMoV (Francki

et aI., I9B3b). Francki et aI. I (r9B3b) were able to

demonstrate a weak unidirectional serological reaction

between LTSV antisera and SCMoV.

Viroid-likestructuralfeaturesoftheselow
molecular weight components was first noted for the

virusoids of vTMov and sNl4v, in particular, circularity

and a high degree of structural cooperativity upon

heating, as shown by the narrow temperature range of

melting (Randles et a1.r l9B1; Gouldl lgBI; Gould and

Hatta, lgBl). These features have since been shown to

apply to the virusoids of LTSV (Tien-Po et al.' t98l)

andSCl4oV(pranckietâI.r19B3b).Thesequencesofthe

virusoids from vTMov, SNMV and SCMoV have since been

obtained (Haseloff and Symons t L9B2¡ Haseloff' 1983)'

Preliminary RNA enzymic sequence data of the

virusoids from the Australian and New Zealand strains of

LTSV indicated high sequence homology (Keese, I9Br). The

RNA was transcribed into DNA, cloned into MI3 and the

sequence determined to establish the relationship

between these two virusoids and other virusoidst as well

âsr viroids and other pathogenic RNAs'
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MATERIALS

Strains of LTSV and host Plants

Two strains of LTSV, LTSV-AUS and LTSV-NZ r VJere

generously provided together with glasshouse facilities,

by tr. R.I.B. Francki (The university of Adelaide, waite

Tnstituter GIen Osmond' South Australia). Chenopodium

guinoa Wi1d. used for passaging LTSV-Aus and Nicotiana

clevelandii L. for passaging LTSV-NZ were kindly

propagated and provided by D.W. Talfourd'

Enzymes

calf-intestinal phosphatase was obtained from sigma

chemical co. and purified free of nucleases by Dr. R.H-

Symons. AVian myeloblastosis virus reVerse transcriptase

was from Molecular Genetics Resources Inc. E. coli

poly(A) polymeraser Pütified according to SippeI (f973),

was kindly provided by J.L. Cassady.

Rad i o i sotope
1')

Alpha-r'p-dctp (400-500 cilmmol) was kindly

provided bY or. R.H. SYmons.

Ba cter iophaqe cloning vectors

Ml3mp73, MI3mpB and 14l3mp93 were generously

provided by or. e. Robins.

Synthet i c olig onuc Ieot i des
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The primer (dT)f0 was obtained from P'L'

Biochemicals. The I'4I3-specif ic I4-nucleotide residue

sequencing pr imer I¡/aS obtained f rom New nngland Biolabs .

METHODS

5-t Purification of RNA from LTSV-AUS ANd LTSV-NZ

A Extraction of virus from infected Ieaf tissue

Leaves from plants infected with LTSV-AuS and LTSV-

NZ were extracted essentially as described by Tien-Po et

aI. (198f). Infected leaves were homogenised with 2

volumes of extraction buffer containing 70 mM sodium

phosphate, I ml"l EDTAr PH 7 .2, and 0.1å thioglycollic

acid for 2 min in a Waring blendor. The resultant slurry

was mixed with 2 volumes of cncl3:CC14 (I:f) at Aoc for

30 min, and then clarified by centrifugation at l0'000

rpm in a JA-14 rotor, Beckman, for 15 min at 4oc' The

aqueous phase was then centrifuged at 48'000 rpm in a

Ti-50 rotor, Beckman , for 9O min at 4oC. The pellet \^/as

resuspended in 70 mM sodium phosphate, 1 mM EDTA, PH 7.2

and centrifuged at I0r000 rpm in a JA-21 rotor, Beckman'

for l5 min at 40C. The supernatant was gently layered

onto a 2 mI 20eo (w/v) sucrose cushion and centrifuged at

48r000 rpm in a Ti-50 rotor, Beckman, for 75 min at Aoc.

The subsequent pellet was resuspended in 20 mM Tris-HCI'

1 mM EDTA, pH 7,4 and 10.0 mM Nacl and microcentrifuged

at I0r000 rpm for 5 min at 4oc. The supernatant was then

used for viral RNA extraction.
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B. Purification of viral RNA

EDTA and SDS vùere added to the viral suspension to

I0 mlt4 and I8 (w/v) respectively. The viral RNA was then

twice extracted with phenol: chloroform ( 1: I ) , ethanol

precipitated and stored, resuspended in 0.1 mM EDTA pH

8.0.

C. Fractionation of ViraI RNA

The viral RNA was fractionated on a 4-59

polyacryJ-amide ge1 with 7 14 urea, stained with toluidine
blue-O, and the virusoid (circular and linear bands)

excised, eluted and ethanol precipitated.

5-2 Preparation and cloning of double-stranded virusoid
cDNA restriction endonuclease fragments

A. Phosphatasing of virusoid RNA

A 2 IJg mixture of circular and linear virusoid RNAs

v/ere heated at lO0oC for 2 min in I0 mM Tris-HCl pH 9.0,

snap cooled on ice and incubated with 0. I units of

phosphatase at 37oC for 20 min. The reaction was

terminated by extraction with phenol: chloroform ( 1: I ) ,

followed by ethanol precipitation.

B. Polyadenylation of RNA

Phosphatase-treated RNA was resuspended in 47 pl of

H2O, heated at 80oC for I min and snap cooled on ice.
The following solutions vÍere then added: 3 lrl of I0 mM

ATP, 200 uI of 5X E. coli poly(A) polymerase buffer
(comprising 105 uI H2O,50 U1 of I M Tris-HCl pH 7.9,25
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ul of 0.1 M l4ncl2, 10 uI of I lvl MgCl, and I0 ¡il of 0.1 },1

DTT)and30ulofE.colipoly(A)polymeraseextract.
After incubation at 37oC for 45 min, t0 pI of E. coli

poly(A) polymerase extract and I ul I0 mM ATP \Àtere added

and was further incubated at 37oC for I5 min. The

reaction was terminated by phenol: chloroform ( I: I )

exlraction and ether washing; the RNA was then ethanol

precipitated and dried in vacuo.

Svnthesis of d ouble-stranded cDNA

The reaction mixture (20 ¡11) for f irst strand

synthesis (O.,-1. Kempr P€rSonaI communication) contained

polyadenylated virusoid RNA of LTSV, 0.5 Ug oligo(dT)1gr

50mMTris-HCIpHS.3rl0mlvlDTT'lOmMMgCL2tImMeach

of dATP' dTTP, and dGTP, 0.2 mM dCTP in the presence of

0.002 mM alpha_32p-dctn and 22 units of reverse

transcriptase. Transcription vras carried out at 42oC for

30 min, dcTP was added to a final concentration of I mM

and incubated with a further 1I units of reverse

transcriptase for 30 min, then terminated by boiling for

2 min and then cooled on ice.

The reaction mixture (50 ul) for second strand CDNA

synthesis contained 30 ml4 Tris-Hcl pH B ' 3, 6 mM Yl$Cl-2r

I0mMDTT'0.5m}4eachofdATP'dTTP'dGTPanddCTPand

55 units of reVerse transcriptase. After incubation for

6 h at 37oc, the reaction was terminated by

phenol: chloroform ( r: I ) extraction, followed by ether

washing and ethanol precipitation'
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D. Restriction endonuc lease cl-eavaqe and isolation of

CDNA fraqments

Double-stranded cDNA of LTSV-NZ virusoid was

digested with the restriction endonuclease HaeIII and

LTSV-Aus virusoid cDNA wiLh restriction endonucleases

HaeIII, TaqI or MSpI and the resulting fragments b/ere

fractionated by electrophoresis on a 6Z polyacrylamide

gel containing 2 l'4 urea and TBE buf f er. The cDNA

fragments vÍere excised, eluted, ethanol precipitated and

finally spermine PreciPitated.
Er Liqation and tr ans format i on

purified fragments from the HaeIII digests were

ligated in to the smal site of Ml3mp93 while the TaqI

and tvtspl digests were tigated into the AccT site of

Mt3mp73 (Messing and Vieira, l-9B2) using tn DNA ligase.

The ligation mix was then used to transform E. coli

JMt0I comPetent ceI1s.

5-3 Seguence determination of cDNA clones

Recombinant bacteriophage DNA was purified and

sequenced by the dideoxynucleotide chain termination

technique of Sanger et aI. (1980) as described, Chapter 4.

RESULTS

5-I Synthesis and cloning of double-stranded cDNA

restriction f r agments of the virusoids of LTSV
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The linear forms of the virusoids of LTSV present

in viral RNA preparations are composed of molecules with

different 5'-terminir âs indicated by sequence

heterogeneity of 5'-terminal radiolabelled RNÀ (data not

shown). Mixtures of these permuted linear RNA forms

together with circul-ar RNA forms of the virusoids of

LTSV-Aus and LTSV-NZ were heated at I00oC for 2 min in

l0 m[{ Tris-ttCl pH 9.0 (calculated at 22oC) , prior to

polyadenylation. This heating step may cause additional

cleavages due to the presence of trace divalent cations.

Complementary DNA synthesis of polyadenylated RNA was

performed with avian myeloblastosis virus reverse

trancriptase, ütilising oligo(draO) as a primer. After

conversion to double-stranded DNAr the virusoids of

LTSV-Aus cDNA were cleaved with either restriction

endonucleases HaeIII, MspI or Taqr and the virusoid of

LTSV-NZ cDNA with restriction endonuclease HaeIII

(rigure 5-f). The appropriate restriction fragments were

Iigated into either the SmaI site of Ml3mp8 or Ml3mp93

or the AccI site of MI3mP73

5-2 Sesuence of the virusoids of LTSV-Aus and LTSV-NZ

The Ml3 clones with cDNA to the virusoids of LTSV-

Aus and LTSV-NZ were sequenced by the dideoxynucleotide

chain termination method used in Chapter 4, Methods 4-4.

Overlapping clones to the virusoid of LTSV-Aus allowed

independent sequence data of the entire molecule to be

obtained. From the sequencing of these clones in both



Figure 5-l Strategy for cloning dpuble:E$enqgq
restriction endonuclease of cDNA to the
v of

FuII details of this procedure are given in lulethods

and Results.
A HaerII (H), MspI (M) and TaqI (T) restriction

endonuclease recognition sequences relative to the
virusoid of LTSV-Aus and LTSV-NZ.

B Schematic outline for the generation of double-
stranded CDNA HaeIII restriction endonuclease fragments'
from virusoids, for ligating a SmaI digested MI3.RF
vector.

r
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orientations the RNA sequence of the virusoid vÍas

inferred to be circular with 324 nucleotide residues'

These neighboring HaeIII fragments of the virusoid

ofLTSV-NZdoubIe-strandedcDNAallowedthe

determination of 3L2 nucleotides residues. sequence data

obtained by RNA partial enzymic hydrolysis (Keese, r9BI)

allowedconfirmationofsequencesoVerlappingthese

HaelllrecognitionSequencesandrevealedtwoshort

additionalsequences.Theentiremolecule(324
nucleotide residues) indicates the presence of five

Haelllrecognitionsequencesrtwopairsofwhichareten
nucleotide residues apart. These !Ùere not detected after

fractionation of CDNA fragments arising from cleavage

with HaeIII restriction endonuclease'

The sequences of the virusoids of LTSV-AuS and

LTSV-NZ are depicted in linear form in Figure 5-2. They

reveal 983 overall sequence homology' Most nucleotide

residue differences are located in two regions of the

molecule.Sequencedataofoneoftheseregionsisshown
in Figure 5-3.

5-3 Proposed secondar y structures of the virusoids of

LTSV-AUS and LTSV-NZ

Secondarystructuremodelsforthevirusoidsof

LTSV-AuS and LTSV-NZ were constructed as described by

Tinoco et aI. (I97I) and are shown in Figure 5-4'

optimisationofthetheoreticallymoststablestructures
used parameters determined by steger et aI. (1984). Both



Figure 5-2 Nucleotide residue seguences of the
virusoids of LTSV-Aus and LTSV-NZ.

The circular virusoid of LTSV-Aus and LTSV-NZ are
presented in a linear form and are aligned for maximum
sequence homology. Nucleotide residue I corresponds to
the left hand end of the proposed secondary structure as
depicted in Figure 5-4. The sequence differences between
the two RNAs are boxed.
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Figure 5-3 Seguence determination of cloned double-
stranded cDNA restriction endonucl-ease fragments of the
virusoids of LTSV

Recombinant phage M13mp73 and Ml3mp93 DNA with a
MspI restriction endonuclease fragment of the virusoicl
of LTSV-Aus double-stranded cDNA and a HaeIII fragment
of the virusoid of LTSV-NZ double-stranded cDNA were
sequenced by the dideoxlmucleotide chain termination
technique using the l7-nucleotide residue lvll3-specific
primer. The reaction mixtures were electrophoresed on 6%

polyacrylanLde/1 M urea/TgE gels (40 x 20x 0.025 cm for
the MspI insert and 80 x 20 x 0.05 crn for the HaeIII
insert). fhe sequence diferences between the two
virusoids are coloured.
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Figure 5-4 Proposed secondary structures of the
virusoids of LTSV-Aus and LTSV-NZ

The sequence differences between the virusoids of
LTSV-Aus and LTSV are boxed.
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RNAs form extensively base-paired rod-1ike structures.

Any possible bifurcations (rigure 5-5) similar to those

proposed for the virusoids of vTMov and SNMV (steger et

â1., I984) lower the stability of the predicted

secondarY structures.

The properties of the proposed secondary structures

are summarised in Table 5-l and compared to the

virusoids of VTl4oV and SNMV, and to f ive viroids ' PSTV'

ASBV, CSV, CEV and cccv. All RNASr except ASBV, contain

a similar proportion of G:C base-pairs while the

percentage of nucteotide residues base-paired varies in

the range from 66-732. Circular RNA molecules of random

Sequence and similar size to viroids were calculated to

contain about 55% of their nucleotide residues base-

paired (Riesner et a1.r 1979).

5-4 Possible polyPePtide translation products from the

virusoids of LTSV-Aus and LTSV-NZ and their complements.

Although eukaryotic ribosomes do not interact with

circular RNAs (xozak I l-979) t sub-genomic linear

fragments derived from either the infectious plus strand

or its complement could act as mRNAs. Thus seven

potential polypeptides are encoded by RNA 2 and its

complement for each of the isolates of LTSV (figure 5-

6). AI1 possible translation products are Iess than 75

amino acids long; the gene coding for the coat protein

(about 300 amino acids Istackstock, L97B¡ Forster and

Jones, Ig79l) must therefore reside in the RNA 1



Figure 5-5 Alternative secondary structures of the
virusoid of LTSV-AuS

A, B, Ct and D ; alternative secondary structures
that introduce bifurcations into the postulated rod-Iike
secondary structure of the virusoid of LTSV-Aus. A
bifurcation is proposed for the secondary structures of
the virusoids of VTMoV and SNMV (Steger et aI., I9B4)
but bifurcations, such as A-D, in the virusoid of LTSV-
Aus give theoretically less stable secondary structures
when calculated according to Steger et a1. (f984).

E i an alternative secondary structure that has a
similar predicted stability at the right hand end loop
of the virusoid of LTSV-Aus (Figure 5-4).
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Table 5-1
of the vi
virusoids and viroids
a Calculated according to Steger et al. (l-984)



NUMBER OF

RNA NUCLEOTIDE

RESIDUES

324

PAIRS

A:U G:U 
^GalN

(?) (s)

BASE

REDEGREE

(8)

G:C

(8)

FERENCE

LTSV_AuS
RNÀ_2

LTSV.NZ
RNA-2

VTMoV
RNA-2

SN¡4V
RNA-2

ASBV

PSTV

csv

cEv

cccv

72 56

7T 53

68 58

73 55

67

70

70

69 56

66 69

34

s8

52

T4

13

13

324

366

377

247

3s9

356

37L

246

34

37

31

30

5l

29

35

28

24

16

I

10 -1. 36 eese et al. (1983)

10 -r.37 eese et al. (1983)

11 -0.96 seloff and Symons (L992)

15 -L,zL seloff and Symons (f982)

K

K

Ha

Ha

G

H

G

-1.13

-1.70

-L.52

-1.59

-1.30

ns ( I981 )

ross et al. (1978)

aseloff and Symons (1982)

ross et al. (L982)

seloff et a1. (1982)Ha



RNAS B

Figure 5-6 Possible ide of the
virusoids of LTSV-Aus and LTSV-NZ 1r tative

Each possible translation product is given in
schematic form with the nucleotide residue number of the
first nucleotide residue of the AUG initiation codon and
termination codon(s) in parenthesis. For the
complementary seguences, the same nucleotide nunbers are
retained and therefore run in the 3'-to-5' direction.
The clear areas represent regions of amino acid sequence
homology and the black areas of non-homology for each
group of polypeptides. Inverted triangles indicate sites
of internal methionine residues.
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species. Despite the considerable sequence homology

between the two virusoids of LTSV only two of these

polypeptides, of 6 and 29 amino acids (pigure 5-6), are

shared between the RNAs. This linited conservation of

possible transl-ation products between the highly

conserved virusoids of the two LTSV strains suggests

that they may lack functional ¡RNA activity in vivo. The

virusoid of LTSV-NZ does not appear to be translated in

either the rabbit reticulocyte lysate or wheat germ

extract translation systems (Morris-Krsinich and

Forster, I9B3). Lack of mRNA activity is characteristic

of other simitar RNAs such as viroids (see Diener' t9B3;

Keese and Symons, 1986) or the satellite RNA of tobacco

ringspot virus (StonRV) [Owens and Schneider, L977).

DI SCUSSION

Restriction endonuclease digestion of CDNA to the

virusoid of LTSV-Aug with TaqI' MspI and HaeIII allowed

the generation of overlapping clones in MI3 that

included all sequences of the virusoid.

Dideoxynucleotide chain termination sequencing of these

clones allowed complete sequencing in both orientations

of the virusoid gDNA. This sequence was able to confirm

direct RNA sequencing data obtained by partial enzymic

hydrolysis.

complementary DNA clones of the virusoid of LTSV-NZ

hrere able to alIow DNA sequencing of all but L2
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nucleotide residues (corresponding to nucleotide

residues L2L-L26 and 200-205). These latter residues

were confirmed by partial RNA enzymic hydrolysis (Keese,

f98f). The ability to derive overlapping cDNA

transcripts of the virusoid of LTSV-Aus supports the

electonmicrographic data of Tien-Po et a1. (I9BI) that

the virusoids of LTSV contain covalently closed circular

molecules.

In overall structure the virusoids of LTSV resemble

both viroids and the virusoids of SNMV, VTMoV (ttaseloff

and Symons tL9B2) and SCMoV (HaseIoff' 1983) in

consisting of low molecular weight single-stranded

covalently closed RNA molecules. The secondary structure

predicted to occur when purified in solution gives a

similar rod-like form to other virusoids with extensive

base-paired regions interspersed with short single-

stranded regions. Although the predicted free energy of

the virusoids of LTSV is similar to the virusoids of

VTl4oV and SNMV (Tab1e 5-1) the lower ratio of free

energy to size (Table 5-l), the highe, T* (ZOoc, the

virusoid of LTSV-Aus ITien-Po et a1., IgBl]; 57oc, the

virusoid of VTMov IGouldrIgBlJ; 640c, the virusoid of

SNMV IGould and Hatta'l9B1l; aIl determined in 0.15 M

NaCl, 0.015 M tr isoidium citrate, pH 7.0 ) , and the

greater resistance to ribonuclease (Tab1e U-Z)tindicate

that they are more stable than the virusoids of VTMoV

and SNMV. The virusoids of LTSV may therefore show



Table 5-2 ease sensitivi of the virusoids of
LTSV-AuS and LTSV-NZ T ve to other viruso
V ds

Concentration of RNases T' U? and A under high
salt conditions at 0"C for 60 ñin Éo obtain partial
hydrolysis of the virusoids of LTSV-Aus and LTSV-NZ
(Keese, 1981) are conpared to the virusoids of WI,toV and
SNI'IV (Haseloff and Slmons, 1982); the virusoids of SCMoV
(ltaseloff, 1983); gIiV (Chapter 2) and CSV (Haseloff and
Slzmons , L982) .

ND Not done.



RNase

RNA
T1

U/m1

tJ2

u /mL )t9 /nt

A

virusoid of
LTSV-AuS or LTSV-NZ

virusoid of VTMoV

virusoid of SNMV

virusoids of SCMoV

CTiV

CSV

5r000

150

300

150

2,500

3 t750

2.5

0.25

0 ,25

0 .25

2

2

0.8

ND

ND

0.r
1

2



67

hydrodynamic properties more akin to viroids such as

psTV and cccv which demonstrate greater stiffness in

solution than the virusoids of VTMoV and SNI'IV (Riesner

et aI. , L9B2) .

The virusoids of LTSV-Aus and LTSV-NZ share 988

overall sequence homology but these virusoids exhibit

only about 35* overall sequence homology with the

virusoid of VTl4oV or either virusoid of SCM9V (Haseloff'

19B3r in Keese and Symons, 1986). Oespite the 1ow level

of overall sequence homology with other virusoids' two

specific regions appear to have notable sequence

homology. These include a GAUUUU sequence found in all

known virusoids (rigure 5-7) but which is absent from

viroids and satellite RNAg. In addition, this virusoid-

specific sequence occurs in the same relative position

of the postulated secondary structures (beginning L9-2L

nucleotide residues from one end of the rod-like

structures) and the oligo-uridylate sequence appears to

be mostly non-base-Paired.

The second region of sequence homology between

virusoids extends to about 50 nucleotides residues

( rigure 5-8 ) and includes a GAAAC sequence which was

reported by J. Haseloff to occur in viroids, including

ASBVr âs well as the virusoids of vTl4ov and SNMV. This

region, from nucleotide residues L65-2L5 of the

virusoids of LTSV, shows not only homology with the

virusoids of VTMoV and SNMV but also homology with



Figure 5-7 Virusoid specific sequence homoloqy

The virusoids of. LTSV-Aus, LTSV-NZ, VTIvloV and SNMV,
(Haseloff and Slmons, 1982) and SCMoV (Haseloff, 1983)
share a cofiunon GAUUUU sequence (solid box) in a
homologous position relative to the proposed structures.
Broken boxes indicate sequence homology between at least
two RNAs. Nucleotide residues are numbered from the left
hand end of the predicted secondary structures for each
RNA. The virusoids of WMoV and SNI'{V show 938 overall_
sequence homology (Haseloff and Slmons, l-982). the two
virusoids of SCl"loV have identical sequence in this
region (Haseloff, 1983).
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STobRV (Schneider, L969). STobRV is of similar size to

virusoids (359 nucleotide residues, Buzayan et a1.,

I9B6b). Circular forms have been isolated from infected

tissue as well as the predominant linear form that is

encapsidated (sogo and Schneider, L982¡ Linthorst and

Kaper, 1984). In contrast to virusoids which are

supported by members of the Sobemovirus group, STobRV is

supported by a virus which belongs to the Nepovirus. The

sLrongest sequence homology, surprisingly, is between

the virusoids of VTMoV (that of SNMV) and STobRV (Figure

5-B ) . After this initial- alignment similar sequences

vrere discernible in the virusoids of SCt"loV (.t. Haseloff,

1983) and LTSV.

J. I{aselof f ( 1983 , and in Kiberstis et a1. , 1985;

Symons et aI. , 1985 ) proposed that this region \^7as a

recognition site for processing of replicative

intermediates of rolling circle replication (see Chapter

7 ) . This was later supported experimentally by the

findings of non-enzymic specific cleavage of STobRV

(prody et aI., 1986) and RNA transcripts of the

virusoids of LTSV (e.c. Forsterr p€rsonaL communication)

and SCMoV (.¡. Haseloff r p€rsonal communication). In

addition, the virusoids of SNMV and VTI,,loV possess a 2t -
phosphomonoester, 3'-5r phosphodiester bond at the

homologous cleavage site, indicating enzymic ligation
(xiUerstis et a1., 1985).



Figure 5-B Seguence homoloqy between virusoids and
STobRV

Virusoids show noteworthy sequence homoJ-ogy between
themselves and with the terminal sequences of STobRV.
The virusoids of LTSV-Aus and LTSV-NZ have the sarne
sequence in this region. The virusoid of SNI,{V is the
same as that of \IIMoV except for an A residue at
position 79. The 388 nucleotide residue virusoid of
SCMoV is the safiìe as the 332 nucleotide residue virusoid
of SCMoV depicted here except for an A residue at
position 70. The highest sequence homology is between
virusoid of \IlI"loV and STobRV and as such have been
aligned for maximum sequence homology (underlined). The
virusoids of SC'luloV has been noted to share corTnnon
sequences with those conserved above (underlined)
lHaseloff, 19831 as well as the virusoids of LTSV-Aus
and LTSV-NZ. The arrow points to a postulated site of
processing (Haseloff, I9B3; Slmons, l9B5).
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It has also been shown that dimeric RNA transcripts

of ÀSBV specifically cleave to generate a unit length

form (ttutchins et âf., f9B6). Sequences adjacent to the

cleavage site appear to be homologous to the

corresponding sequences in virusoids and STobRV

( Hutchins et â1. , I986 ) , Figure 5-9.

The RNA transcripts complementary to the virusoid

of LTSV-Aus are also capable of specific non-"n"y*i"

cleavage (n.C. Forster, pêÍsonaI communication).

Sequences adjacent to the cleavage site are homologous

with the conserved sequences depicted in Figure 5-8, in

particular to the virusoid of LTSV-Aus (pigure 5-f0).
This may be a consequence of the hiqh degree of self-
complementarity within virusoids, but no equivalent

sequences can be found in the virusoids of VTMoV, SNMV,

and SCMoV. This raises the intriguing possibility that

the evolution of the virusoids of LTSV has involved

recombination with its complementary strand so that

the processing-specific sequences have been duplicated

but in opposite orientations.

The sequence homology described here between

virusoids, STobRV and ASBV suggests that all of these

RNAs may share a common ancestor. These sequences appear

in a1I cases to signal the same RNA specific function of

processing. If this is the case then the virusoids of

VTMoV and SNMV may share a more recent ancestor with

STobRV than with other virusoids. Therefore the absence



Fiqure 5-9 Seguences ad-jacen t the cleavase site of ASBV

Hutchins et aI. (f986) have proposed a secondary
structure for ãgnalling self-cleavage of ASBV in which
the adjacent sequences are homologous (boxed) to those
found near the postulaLed self-cleavage sites of
virusoids and STobRV (4.C. Forster' personal
communication; J. Haseloff , personal communication;
Prody et aI., 1986).
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Figure 5-10 Self-compl-ementary seguences of the
virusoids of LTSV-Aus

The complementary strand of the virusoid of LTSV-
Aus from nucleotide residues 162-110 is homol-ogous in
function (signalling self-cleavaget A.C. ForsLer t
personal communication) and sequence (boxed).
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of the GAUUUU sequence in STobRV and ASBV would indicate

that this sequence is neither a virusoid RNA-specific

functional signal (such as autocatalytic processing) nor

a host-specific interaction (such as modulating symptom

expression). Instead the GAUUUU sequence may signify an

interaction with the helper virus) since virusoids are

supported by members of the Sobemovirus group and not by

a nepovirus such as TobR$ which supports STobRV (for

example, encapsidation ot template recognition by a

viral-encoded polymerase). However, it has yet to be

tested experimentally that members of the Sobemovirus

group are indeed unable to support STobRV.



CHAPTER 6

SÀTELLITE NATURE OF VIRUSOIDS
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TNTRODUCTION

A plant virus satellite usually refers to a virus

or nucleic acid that is unable to multiply detectably in

ceIIs without the assistance of a helper virus, is not

necessary for the multiplication of the helper virus,

and has no appreciable sequence homology with the genome

of the hetper vi rus or that of the host pJ-ant

(Schneider, L977 ¡ t'4urant and Mayo t L982¡ Kaper and

Tousignant, 1984¡ Francki, I9B5; Francki et â1., f985).

Virusoids appear to comply with some, if not all' of

these characteristics. For example the virusoid of SNI4V

is unable to replicate independently to detectable

leve1s in the same hosts that the intact virus

succesf ulIy inf ects (Gould et al. ' l9Bl i Jones and lvlayo '
1983, I9B4) and it lacks sígnificant sequence homology

with SNI'4V RNA 1 or with host DNA or RNA (Gou1d and

Hatta, l98I). An initial report indicated that the

virusoid of SNMV exists as a component of a bipartite

genome since infectivity was only obtained by co-

inoculation with both the purified virusoid and RNA

components (Could et â1., I98I). It has subsequently

been shown that SNMV RNA I is able to multiply

independently of the virusoid (Jones and Mayo, 1984) and

would thus appear to act as a helper RNA for the

vi rusoid.

One problem with attempting infectivity studies of

separate viral components is the elimination of any
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traces of virusoid from preparations of the helper viral
RNA. This difficulty has been reported for several

satellite RNAs such as those associated with cucumber

mosaic virus (Xaper and Tousignant , L977 ¡ Mossop and

Francki, I979) and tobacco ringspot virus (Rezaian,

1980; Gerlach et a1., 1986). In addition, attempts to

eliminate the virusoid of LTSV by separation of RNA

components with polyacrylamide gel electrophoresis has

proved unproductive (.lones et a1., I983; unpublished

observations). fn the case of SNMV) succesful isolation
of the helper RNA was achieved through amplication of

single Iesions that developed in Nicotiana debneyi

Domin. The inoculum used was partially purified SNMV RNA

I. This met,hod was derived from that succesfully

employed with partialy purified LTSV RNA I inoculated

into the local lesion hosts Cheno odium amaranticoLor

Coste et Reyn. and C. quinoa (Jones et aI., f9B3). On

these two hosts, necrotic lesions \^¡ere .correlated with

the presence of the LTSV virusoid, while chlorotic
lesions were correl-ated with the absence of the

virusoiri. The isolation of virus particles from

chlorotic Iesions containing only LTSV RNA I implied

that the virusoici is not an essential component of the

virus genome. The virusoid of LTSV, however, !{as able to
alter symptom expression which was not observed for the

virusoid of SNMV (Jones and Mayo, 1984).
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Virusoids have also been reported to multiply

succesfully in heterologous combinations amongst

serologically unrelated viruses. These include the

virusoid of SNMV and LTSV RNA I (Jones and Mayo' 1983)'

and the virusoids of LTSV and either southern bean

mosaic virus Ipaliwal, L984b] or sowbane mosaic virus

lFrancki et â1., l9B3al.

WhiIe passaging LTSV in a glasshouse within the

vicinity of a number of other virus stocks'

contamination was observed to occur, once with VTMoV RNA

I and once with the large virusoid (388 nucleotide

residues) of SCMoV. These chance events were used for

further infectivity studies into the satellite nature of

vi ruso i ds .

MATERTALS

Vi r uses

An isolate of LTSV-NZ that replicates without the

presence of the virusoid was generously provided by Dr.

R.L.S. Forster (pIant Disease nivision, Department of

Scientific and fndustrial Research, Private Bag,

Auckland, New zealand). Viral RNA extracted from virions

of VTMoV, SNMV and SCMoV was generously provided by lr.

J. Haseloff.

Recombinant clone
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A recombinant clone of Sau3AI restriction

endonuclease fragment of SNMV virusoid double-stranded

cDNA (corresponding to nucleotide residues I3r-216) in

bacter iophage l4I3mp8 $ras generously provided by Dr . J.

Haseloff.

Chemi ca 1 s

The nylon based membrane filter, Genescreenr was

from New England NucIear. Deoxyribonuclease treated

salmon sperm DNA v¡as generously provided by T.W.

Marr iott.

METHODS

6-l ViraI pur ification and RNA extraction

LTSV-NZ and VTMoV in 50 mM sodium phosphate, ImM

EDTA, pH 7 .0, \^¡ere inoculated onto carborundum dusted N

clevelandii. Infected Ieaves were harvested 7-15 days

after inoculation. The virus $/as purified and the RNA

extracted as described in Chapter 5, Methods 5-1.

6-2 Preparation of radiolabelled probes

Modified from Bruening et a1. (L982), recombinant

MI3mp73 bacteriophage DNA (5-f0 pg) with either a TaqI

or an MspI insert of the virusoid of LTSV-Aus double-

stranded cDNA (corresponding to nucleotide residues 56-

324 and 24L- Í324,L] I99 respectively) or a

recombinant clone of a SNMV virusoid double cDNA Sau3AI

fragment in MI3mp8 was transcribed with the Klenow
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fragment of E. coli polymerase I in 20 pl reactions (50

mM Tris-HCl pH 7.4, l0 mM I4gCIrr 0.5 mM each of dGTP and

dTfp, and 50 uci each of alpha-32n-derp and alpha-32e-

dcTP) after annealing with an MI3-specific I7 nucleotide

residue primer. After transcription at 37oc for I5 min,

I uI of l0 mM dATP, dcTP was added for a further 15 min.

Incubation was terminated by heating at 7Ooc for I min

and the reaction mixture digested with 20 U EcoRI

restriction endonuclease at 37oC for 60 min after

addition of I ¡r1 4 M NaCl. Af ter heating the reaction

mixtures at t00oC for 4 min with an equal voLume of 958

(v /v ) f ormamide, 10 ml"I EDTA pH 8.0 r 0. 02? bromophenol

blue and xylene cyanol FF) the restriction endonuclease

fragments vtere fractionated by 5å polyacrylamide/7 M

urea/tgn geI electrophoresis. The appropriate fragments

were excised, the DNA eluted by soaking, ethanol

precipitated and stored in 10 ml4 Tr is-tlC1, I mM EDTA' PH

8.0 and 5 mM 2-mercaPtoethanol.

An LTSV-NZ RNA 1 specific probe was generated as

above using a double-stranded cDNA clone of LTSV-NZ RNA

I (made as in Chapter 4 using a random primer to

initiate a first strand synthesis, snap-back second

strand synthesis and digesting with S1 nuclease before

Iigating into SmaI cut 1413mp93 replicative form). A

single-stranded radiolabelled cDNA transcript

complementary to LTSV-NZ RNA I was achieved by digesting
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with HindIII restriction endonuclease before

fractionation by polyacrylamide geI electrophoresis.

6-3 Dot-blot hybridisation procedure

The methods used were adapted from those of Thomas

(f980). A pre-stamped sheet of Genescreen was soaked in

water for 5 min and then in 20 x ssc (ssc; 0.15 M Nacl,

0.0I5 M sodium citrate) for 30 min before drying. 2ltL

samples were spotted, dried and baked at 80oC for 2 h to

immobilise nucleic acids.

Prehybridisation for 4-20 h at 42oc was carried out

in a buffer of 50S (v/v) aeionised formamide, 5 x SSC,

50 mM sodium phosphate pH 6.5, 250 Dg/mI sonicated,

denatured salmon sperm DNAr lx Denhardts solution (0.02e"

lw/v I each of bovine serum albumin, Ficoll 400' Sigma

polyvinylpyrrolidone 40,000) ' 5 mM EDTA, 0.2* (w/v ) sls.

Hybridisation buffer contained 9 parts of hybridisation

concentrate (442 lv/v I deionised formamide, 4.4 x SSC'

44 mll sodium phosphate pH 6.5, 220 Dg/mI sonicated

denatured salmon sperm DNAr 0.8 x Denhardts solution, 5

mM EDTA , 0 .2% (w/v ) SOS, ll? (w/v ) dextran sulphate )

plus I part of radiolabelled DNA probe (final

concentraion 0.5 x 106 cpm/ml). Prehybridisation and

hybridisation buffers htere used at 0.075 nI/cn2 of

membrane f ilter. The DNA probes \¡Iere denatured in 503

(v/v) ¿eionised formamide at 100oC for 3 min, rapidly

cooled in ice and added to the hybridisation

concent rate .
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Hybridisation was carried out in sealed plastic

bags in a shaking water bath at 55oC for 20-24 h. The

membrane filters were then washed three times for I0 min

at room temperature in 2 x ssc, 0.18 (w/v) sos and two

times f or 20 min at 55oc in 0 .'l x ssc, 0 . 1% (w /v ) sos

before autoradiographing at -7Ooc for 12-48 h.

6-4 Restriction endonuclease cleavaqe of viral double-

stranded cDNA

Random-primed first sbrand cDNA was transcribed

from LTSV-NZ RNA I, VTl4oV RNA Lt SNMV RNA I and SCl4oV

RNA I essentially as described by Taylor et al. (1976).

purified RNA (0.5-l ug) was resuspended in 50 ml4 Tris-

HCI pH 8.3, 50 mI4 KCl, I0 ml"l M9Clrr l0 mM DTT, I ml4 each

of ¿ATP, dcTP, and 6TTP, 50 ¡-rCi alpha-32t-dc'rp and 22

units of avian myeloblastosis reverse transcriptase.

Transcription was terminated after 60 min by boiling for

2 min. Second strand synthesis was as in Chaptet 4,

Methods 5-2, C. Synthesised double-stranded CDNA was

digested with different restriction endonucleases and

f ractionated by 62 polyacrylami de/2 l'1 urea/tee geI

elctrophoresis.

RESULTS AND DISCUSSION

6-l Sequence hom oloqv between LTSV-NZ RNA I and 2

LTSV-NZ RNA I and partiallY Purified

hea Ithy C. quinoa \^Iere Probed

nucleic acid

by the dotextracts of
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blot hybridisation procedure with radiolabelled probes

complementary to the RNA sequence of the virusoid of

LTSV-Aus (which is 9BC sequence homologous with the

virusoid of LTSV-NZ) to test for sequence homology

between the bhe virusoid and the RNA I component. For

this purpose two probes synthesised from recombinant

clones were used that overlapped in sequence such that

they encompassed the entire RNA sequence of the virusoid

of LTSV-Aus. The TaqI restriction endonuclease fragment

of LTSV-Aus virusoid double-stranded cDNA htas inserted

into MI3mp73 corresponding to nucl-eotide residues 56-324

of the virusoid of LTSV-Aus, while nucleotide residues

l-55 were part of a MspI insert. Radiolabelled probes

from both of these clones readily hybridised to purified

virusoid RNA, total viral RNA from virions with the

virusoid present and nucleic acids from infected plants

(rigure 6-f). The probes failed to hybridise detectably

with purified viral RNA from virions free of the

virusoid and nucLeic acid from healthy plants. Under the

hybridisation and washing conditions used, the LTSV-Nz

RNA I specific probe hybridised to viral RNA with the

virusoid either present or absent (figure 6-f). The

results show that LTSV-NZ RNA I does not contain

homologous sequences to the virusoid such as expected of

a subgenomic RNA. However' the possibility of low but

significant sequence homology of the virusoid with RNA I

of LTSV-NZ cannot be excluded.



Figure 6-1 Detection of seguence homology between RNA I
and the virusoid of LTSV-NZ

The presence of homologous sequences between RNA l
and the virusoid of LTEV-NZ was tested by blot
hybridisation, using "P-l-abelled cDNA probes as
described in Methods.

2aA, "P-l-abelled probe, from a TaqI insert in MI3mp73
of LTSV-Aus virusoid cDNA with a DNA sequence
complementary to nucleotide residues 56-324 of the
gj,rusoid.

B, "P-l-al:e11ed probe, frorn a MspT insert in l413mp73 of
LTSV-Aus cDNA, with a DNA sequence overlapping that
of A and including complementary DNA seguence to
nucleotide residues 1-55 of the virusoid of LTSV
;Aus.

ct "P-Iabelled probe, from a S. generated LTsv-NZ RNÀ
I double-stranded cDNA inserÈ in M13mp93, with a DNA
seguence complementary to about 280 nucleotide
residues of LTSV-RNA l.
I ¡rt of samples of the following unlabelted nucleic

acids were spotted onto three filters and probed
individually with A, B, and C.

0.5 ug LTSV-NZ viral RNA free of the virusoid and
generously provided by Dr. R.L.S. Forster.
0.2 þg of virusoid from LTSV-NZ, isolated by gel
electrophoresis .
0.5 Ug of LTSV-NZ viral RNA with the virusoid
present.
nucleic acid extract of N. clevelandii infected
with LTSV-NZ with tfre viru-sõFþffiT, prepared
essentially as in Chapter 2, Methods 2-I.

5 nucleic acid extract of a healthy N. clevelandii.
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using a sensitive bioassay based on the ability of

the virusoid of LTSV-NZ to modulate symptom expression'

LTSV-NZ RNA I was shown to replicate in the absence of

the virusoid but the virusoid failed to multiply

detectably in the same hosts (Jones et al., f9B3). It

would thus appear that the virusoid of LTSV-NZ satisfies

all of the charactersitic of a plant viral satellite

RNA.

6-2 Independent replication of VTl"loV RNA I

ouring two passages of LTSV-NZ through N.

clevelandii the yield of virus increased but the levels

of the virusoid of LTSV-NZ decreased. No virusoid was

detectable by staining with toluidine blue-o on the

third passage. when the virus vÍas examined by Dr. R.I.B.

Francki, it was found to react serologically to

antibodies raised to either vTl4ov or sNMV but not to

LTSV or any other spherical virus kept in the glasshouse

(personal communication). In order to distinguish

between VTMoV and SNMV, radiolabelled cDNA was

synthesised to the unknown viral RNA using a random DNA

primer and avian myeloblastosis virus reverse

transcriptase. After conVersion to double-stranded DNAt

restriction endonuclease cleavage waS performed with

HaeIII, Sau3AI (results not shown)r MspI and TaqI.

Fractionation of the CDNA fragments by polyacrylamide

gel electrophoresis revealed an identical pattern of the



80

unknown viral RNA to that obtained with VTMoV (Figure 6-

2).

Further passaging of this isolate of VTMoV at hiqh

titre (l mg,/ml) resulted in the appearance of an RNA

species that co-migrated during polyacrylamide geI

electrophoresis with the virusoid of VTMoV (result not

shown). It was therefore assumed that trace amounts of

the virusoid of VTIvtov v¡ere still present or acquired

dur ing passaging.

One p'tJzzling finding with this isolate was the lack

of detectable virusoid when passaged at 50-I00 pg/ml

except when co-inoculated with 50 pg/nL of the virusoids

of LTSV-NZ or SCMoV. High levels of the virusoid of

VTMoV (about 70-80? of total viral RNA) were then

detected although no LTSV-NZ or SCMoV virusoid RNA could

be detected by staining with toluidine blue-O (Figure 6-

3).

In order to establish that VTMoV RNA 1 was

replicating without the assistance of even low.levels of

virusoid, the above isolate !üas inoculated onto N.

clevelandii at l0 ¡lg/mt. Seven days after infection,

sections (in square mm) of leaf material, to which the

original inoculum had been applied, were harvested.

After grinding in a minimal voLume of 50 mM sodium

phosphate, I mM EDTA pH 7.0, the slurry vras inoculated

onto further plants. After preliminary screening of

infected ptants on the basis of symptom expressionr four



Figure 6-2 Restriction endonuclease di tion of
double-str r RNA

Oouble-stranded cDNA \4ras slznthesised to about 0.5-t
ug RNA I from LTSV-NZ (tracks 1 and 6), SNIÍV (tracks 3
and 7), VTMoV (tracks 4 and B) and a viral contaninant
(x, tracks 5 and 9), digested hrith either TaqI or lvtspI
restriction endonucleases and fractionated by 6?
polyacrylaníde/2 tvt urea,/ftsE get electrophoresis. Track I
is }413mp93 repJricative form digested with MspI. The
sizes of the "'P-Iabelled fragments are 1596, 829, Blg,
652, 545, 543t 472, 454, 357, 183 | L76, 156, L2g, I23l
79 | 60, 30 base pairs.
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Figure 6-3 Co-inoculation of WMov and the virusoids of
LTSV-NZ and a 388 nucleot ide residue virusoid variant of
SCÌ4oV

A VTMoV viral RNA preparation largely free of the
virusoid was co-inocul-ated onto N. clevelandii at 50
pg/nl with 50 Ag/mL of either thãvirusoid of LTSV-NZ or
a virusoid of SCMoV. Virus was extracted after I0 days
and the viral RNA purified and subjected to 4.5?
polyacrylamide/7 1"1 urea/TBE gel electrophoresis.
Staining was with toluidine blue-O.

WMoV viral RNA (partially virusoid free)
inoculated al-one.
WMoV viral RNA (standard strain with virusoid
present ) .
WI"loV viral RNA (partially virusoid free) and co
-inoculated with the virusoid of LTSV-NZ.
LTSV-NZ.
\IIt'loV viral RNA (partially virusoid free) and co
-inoculated with the 388 nucleotide residue
virusoid of SCl"loV.
SCMOV.

The closed and open triangles mark the circular and
linear forms, respectively, of each virusoid where
detected.
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isolates (e-o) were investigated further. One of these

isolates VTl4oV-A, when passaged three Limes at 7 mg/mL

appeared to remain free of the virusoid. The virusoid of

VTl4oV could not be detected by a biological assay or dot

blot hybridisation with a probe to the virusoid of SNMV

(rigure 6-4). The probe readity cross-hybridised to the

virusoid of VTMoV due to 93? overall sequence homology

shared by both RNAs.

It was previously noted that the absence of the

virusoid from infections with VTMoV led to reduction in

severity of symptoms. VTMoV usually induced necrotic

lesions on inoculated leaves of N. clevelandii together

with severe leaf epinasty of systematically infected

leaves and overall stunting. fn the apparent absence of

the virusoid, such as with VTMoV-À, induc.ed only slight

stunting and occasional faint mottling and mild leaf

epinasty. No necrotic lesions with VTMoV-A were observed

(r'igure 6-5). These changes occurred despite similar

virus yield between VTMoV-A and VTMoV with virusoid
present (about 0.5-1 ng/g infected tissue).

VTMoV-A was derived from the original stock of

virus that contaminated LTSV-NZ. Although the viral RNA

had an identical double-stranded cDNAx restriction

endonuclease pattern as VTMoV, it could not be

ascertained that VT¡4oV-A was free of virusoid due to a

small- or point mutation. This possibility seems unlikely

since VTMoV-A when co-inoculated with 50 pg/nI of the



Figure 6-4 Detection for the
\TIIVIOV-A dot blot

of virusoid in
t on

a 32p-la¡elled DNÀ transcript complementary to a
virusoid of SNMV cDNA insert in MI3mp8 (that cross
reacts with the virusoid of \IIMoV) was used to probe for
the presence of virusoid in an apparently virusoid-free
preparation of \IIl4oV (VIMoV-A) by dot blot
hybridisation, see lvlethods.

I 7üI samples of the following nucleic acids were
probed.

I. nuelelc acld extraet from a healthy N. elevelandil
plant.
2. 1 ,ug of wMov-A viral RNA.
3-5. 10 ng, 1ng, 0.1 ng of standard WMoV viral RNA

with virusoid present.
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purified virusoid of VTMoV, readily produces symptoms

typical of VTMoV (rigure 6-5), and an RNA with the same

electrophoretic mobility as the virusoid of VTI4oV

( results not shown ) .

The finding of apparent independent replication of

VTMoV RNA I seems at variance with Gould et aI., (1981)

who reported a dependence of VTMgV RNA I on the virusoid

for detectable multiplication. More recently however Dr.

R.I.B. Francki (personal communication) has obtained,

during insect transmission trials of VTMoVT âñ isolate

that is free of the virusoid. rnsect transmission

previously reported for VTMoV by Randles et aI. (19Bf)

may also have been responsible for the original

contamination reporterl here.

It now seems that the RNA I components of VTMoV,

SNMV (Jones and Mayo' I9B4) and LTSV (Jones et aI.'

l9B3) replicate independently of their respective

virusoids. The virusoids of these viruses also lack

significant sequence homology with their respective

helper viruses (GouId, 1981; Gould and Hatta' I98l) and

are unable to independently multiply to detectable

levels (Jones et al., 1983i Jones and Mayo' 1984) thus

providing stronger evidence of their satellite RNA

nature.

6-3 Replication of the virusoid SCMoV with LTSV-Aus

ouring passaging

viral RNA preparation

of LTSV-Aus in C. quinoa, one

revealed the presence of two RNAs



Figure 6-5 Sr¡mptoms expression of N. clevelandii
infected wi th \Æl'Iov

Slanptoms of \IIMoV, WMoV-A, WIr{oV-A plus virusoid
on experimentally infected N. clevelandii plants showing
mild symptoms for VTI4oV-A and necrotic lesions and leaf
crinkling for \IIMoV and WMoV-A co-inoculatecj with the
virusoid of \ÆI,loV.
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with slower electrophoretic mobility than the circular

form of the virusoid of LTSV-Aus (pigure 6-64). Sequence

analysis by RNA partial enzymic hydrolysis as in Chapter

2, l4ethods 2-3, revealed that the RNA corresponded to

the 38B nucleotide residue virusoid of SCMoV (figure 6-

68). It \^ras subsequently determined that the two extra

RNA components of LTSV-Aus presumably are circular and

Iinear forms of the virusoid (3BB) of SCMoV due to the

identical migration of both bands during non-denaturing

polyacrylamide ge1 electrophoresis (results not shown).

Restriction endonuclease digestion was performed as

above on double-stranded cDNA to LTSV-Aus RNA 1, SCMoV

RNÀ 1 and the RNA I of the LTSV isolate with both LTSV-

Aus and SCMoV virusoid components. No SCMoV RNA I cDNA

specific fragments were detected, only those of LTSV-Aus

RNA I cDNA (results not shown). This absence of SCMoV

RNÀ I is not surprising since SCMoV is unable to infect
C. quinoa (Francki et âI., 1983b; Francki et a1., f9B5).

Thus LTSV appears to be able to support the replication
of the virusoid (388) of SCMoV as well as the virusoid

of SNMV (Jones and Mayo, 1983). In addition. viruses of

the Sobemovirus group such as southern bean mosaic virus

and sowbane mosaic virus are able to support the

virusoids of LTSV (PaIiwal ¡ L9B4; Francki et â1.,

l9B3a). These results suggest that all virusoids contain

homologous signals for recognition by a range of

serologically unrelated viruses. The GÀUUUU sequence



FIGURE 6-6 Contamination of LTSV-Aus with the 388
nucleotide residue v variant of \IIUoV

V'lhen viral RNA of LTSV-Aus was subjected to 4g
polyacrylamide gel electrophoresis and stained with
toluidine blue-O, additional bands were detected (A,
LTSV track 1, closed and open triangles). These RNAs
corresponded to the circurar and rinear forms of the 3gg
nucreotide residue virusoid variant of scMov (Haseloff,
1983) when seguenced by RNA enzlzmic hydrolysis of
fragments from a partiat RNase T, digest as in Chapter 2
(B).



c

B
AC
&&

-GANUU
A

c\¡}, c1

U

U

A

u

A

U

A

U

*I

i, ' -lifl.Fa 
^a-:'ì: I

'*i*.-- æ'
t|F} 'Ú

0 Ë
*

Ò 
- 

ctRcLEg

Ü.,..'.



I

84

common to all virusoids (see Chapter 5) may constitute

partofthatsignal.ThisSequencecannot,however'

represent the entire recognition signal since some

heterologous mixtures are incompatible. For examplet

SNMV RNA I is unable to support the virusoid of LTSV-NZ

(Jones and MaYo, L984).



CHAPTER 7

REPLICATÏV E STRATEGIES OF VIRUSOÏDS
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TNTRODUCTION

Viroids and virusoids show some structural

similarities. Although specific regions of noteworthy

sequence homology are less apparent, these two groups of

molecular parasites may demonstrate some functional

homology. For example, a common mechanism of replication

between viroids and virusoids has been suggested (Chu et

âI., I9B3; Branch et aI., I9B5; Hutchins et aI. ' 1985;

Symons et aI. ' 1985).

Replication of viroids proceeds via complementary

RNA intermediates. Both greater-than-unit length viroid
(arbitrarily designated plus RNÀ) and complementary

(minus) nma sequences have been described (critl and

Semancik, f978; Gri1l et âI., 1980; Branch et a1. ' 19BI'

1985; Bruening et a1., L9B2i Owens and Diener t I9B2¡

Mülhbach et a1.' 1983r Spiesmacher et â1.' I9B3; Branch

and Robertson, L984; Ishikawa et aI.' 1984; Hutchins et

âf ., 1985; Symons eL a1., I9B5). Similar findings have

been reported for virusoids where multimeric plus RNAs

of the virusoids of SNI4V and VTMoV' and high molecular

weight minus RNA of the virusoid of VTMoV vrere observed

(Cfru et a1. , I9B3; Haselof f , I9B3 ) .

Detection of viroid and virusoid related sequences

has usually employed hybridisation analysis of nucleic

acids from plant extracts that have been transferred to

membrane filters following size fractionation by geI

electrophoresis ( referred to hereafter as blot
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hybridisation). This method was used for examining

possible replicative strategies of the virusoids of

LTSV, SNMV and VTMoV to test relationships with viroids

and extend rotling circle models of viroid/virusoid

replication.

I{ATERTALS

Enzymes

SP6 RNÀ polymerase htas obtained from

Ltd. Lysozyme was obtained from the Sigma

BRESA Pty.

Chemical Co.

Rad i osotope

À1pha-

BRESA Pty.

32 P-cTP (I500 Ci,/mmoI ) was obtained f rom

Lrd.

Bacter ia1 strains and cloninq vectors

E. co1i. MCI061 was generously provided by

Harvey. Plasmid vector pSP6-4 was obtained from

Pty. Ltd.

DT. R.

BRESA

Growth media for E coli I,ICI06t

Luria (L) broth : l0 g bacto-tryptone' 5 g yeast

extracL, I0 g NaCI per litre. Where appropriate' the

media was supplemented with ampicillin 159 Þglm1).

L-amp-agar consists of L-Broth with I.5t (w/v)

bacto-agar and 50 pg/mI ampicill-in.

Chernicals
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Ampicillin was obtained from

Glyoxal was deionised bY Dr. R.H.

ÌlcMaster and Carmichael (L977 ) .

the Sigma Chemical Co.

Symons according to

METHODS

7-L Preparation of virusoid double-stranded cDNA clones

in the plasmid pSP6-4

A. Preparation of virusoid double-stranded cDNA

Recombinant bacteriophage (r0 ug) Mr3mp73 DNA with

a TaqI insert of LTSV-Aus virusoid cDNA (nucleotide

residues 56-324) or Mt3mp8 DNA with a Sau3AI insert of

SNMV virusoid cDNA (nucleotide residues L3L-2L6t a qift

from Dr. J. Haseloff) were transcribed after annealing

with a MI3-specific L7 nucleotide residue primer (f0 ul

reactions) in 50 mm Tris-HCI pH 7.4,50 mM NaCl' l0 mM

ItlÇCI2r I mlvl DTT, O .25 mM of each dNTP, 20 uCi alpha-32e-

dATP and I unit of the Klenow fragment from E. coli DNA

polymerase r at 37oc for 30 min. Transcription was

terminated by heating at 70oC for 2 min. The LTSV-Aus

virusoid cDNA insert was excised with BamHI restriction

endonuclease and SNMV virusoid cDNA insert with Sau3AI

restriction endonuclease. After fractionation by 6eo

polyacrylami de/2 I\4 urea/tee gel electrophoresis the

appropriate fragments were excised, eluted, ethanol

precipitated and resuspended in sterile water.

B. Transformation of E. coli MC106l
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E. coli McI06l was grown in L-broth at 37oc

overnight and then diluted L/L00 into fresh L-broth and

grown to an oDoo0 of 0.3. The cells were chilled on ice

for I0 min, pelleted by centrifugation at 3'000 rpm for

5 min and resuspended in 0.5 volume of cold 0.I M CaClr.

The cells were left at goc for 20 min, collected by

centrifugation and resuspended in 0.05 volume of 0.I M

CaCLr. They were then left at OoC for a minimum of I h.

competent celIs (100 ul) were mixed with 2.5-5 uI

of virusoid double-stranded gDNA ligated into the BamHI

site of pSp6-4 and left at goc for l0 min. The mixture

was heat-shocked at 37oC for 5 min and teft at ooC for a

further l0 min. L-broth ( t ml ) was added to the

transformed ceIls which were then incubated at 37oC for

I h before spreading on L-agar plates containing 50

pg/nI ampicillin. The plates were incubated overnight at

37o c

c.

Single colonies were grovün in 1.8 40 mI of L-

broth containing 50 þg/mI ampicillin at 37oC overnight.

The l. B ml cultures \¡¡ere transf erred to an eppendorf

tube, microcentrifuged for I min and the cel1s

resuspended in 100 !I solution consisting of 50 mM

glucose, 25 mM Tr is-HCI, I0 mM EDTA, PH 8.0, 5 mg,/ml

lysozyme (freshly added). After incubation for 5 min at

room temperature, 200 ¡rI of freshly made 200 mM NaOH' lå

(w/v) SOS was added and the mixtures left at 3oC for 5

Pr epar at ion of recombinant plasmid DNA
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min. The viscous solutions were neutralised by the

addition of 150 ul of precooled 3 M potassium acetate,

pH 4.8, and left at OoC a further 5 min. Cell debris was

removed by centrifugation for 5 min and nucleic acid in

the supernatant was ethanol precipitated, washed with

702 (v/v ) ethanol, dried in vacuo and resuspended in 0.I

mM EDTA, pH 8.0.

Bacteria from 40 ml cultures were pelleted and

resuspended in 0.4 ml of 15% sucrose, 25 mM Tris-HCl, l0

mM EDTA, pH 8.0, 5 mg/ml lysozyme (freshly added) and

incubated at 0oc for 30 min. An alkali/SDS solution (0.8

ml ) containing 0.2 M NaoH, I8 (w/v ) sos lras added and

the mixture !.¡as then neutralised with 0.5 mI of 3 14

sodiun acetate, pH 4.6, for 40 min at OoC. Bacterial

debris was removed by microcentrifugation (I0r000 rpm

for t0 min at 4oC) and the supernatant treated with I uI

of I mg/ml RNase A (ouase free) for 20 min at 37oc. The

mixture \^ras extracted with phenol: chlorof orm (1:1) and

ethanol precipitated. The peIlet was resuspended in 0.16

ml of water and the DNA precipitated for I h at OoC

after the addition of 0.04 ml of 4 M NaCl and 0,2 ml of

13% PEG. Plasmid DNA was pelleted by microcentrifugation

(10r000 rpm for l0 min at ¿oc), washed with 702 ethanol,

dried in vacuo and resuspended in 0.1 mll EDTA, pH 8.0.

The solution \^ras then extracted with phenol: chlorof orm

(I:l), followed by ethanol precipitation and spermine
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precipitation. The pellet vÍas resuspended in 100 ul of

0. I mM EDTA, pH 8.0.

Recombinant clones and their orientation were

determined by restriction endonuclease digestion.

327-2 Preparation of P-Iabelled probes

32
A Preparation of P-labelled cDNA probes

32
S ing Ie-st r anded P-label1ed cDNA transcripts of

the virusoids of LTSV-Aus and SNMV were prepared from

recombinant clones as described in Chapter 6t Methods 6-

2 except that a HaeIII insert of LTSV-Aus (nucleotide

residues 206-324/L-Ls) double-stranded virusoid cDNA in

bacteriophage Ml3mp8 was used for generabing 32p-

labeIled DNA transcripts. By Iinearising the recombinant

bacteriophage DNA after transcription at a unique EcoRI

restriction endonuclease site, a 1ow molecular weight
32n-Iabe11ed transcript corresponding in sequence to the

virusoid (or its complement) could be readily separated

from the high molecular weight unlabelled complementary

strand by denaturing electrophoresis (Bruening et â1.,

L9B2) .

B. Preparation of 32p-labelled RNA transcripts

Recombinant clones of the virusoids of LTSV-Aus and

SNMV in pSP6-4 were Iinearised downstream from the

insert by restriction endonuclease digestion with EcoRI.

Linear DNA template (about r-2 ug) was transcribed

(MeILon et a1., l9B4) in a reaction mixture (25 u1)

containing 40 mM Tris-HCl pH 7.4, 6 mM MgC12r 10 mM DTT'
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100 pg/nl BSA' 0.5 mM ATP, CTP, UTP, 0.01 mM unlabelled

cTP, 0.0025 mM alpha-32n-crp and 5 units of sP6 RNA

polymerase. The reaction was incubated at 4OoC for L-4

h, terminated by the addition of 25 ttl- 95t (v /v)

deionised formamide, l0 mM EDTA pH 8.0' 0.028

bromophenol blue and 0.028 xylene cyanol FF' heated at

l00oC for I min and electrophoresed in a 63

polyacrylamide gel containing 7 M urea and using TBE

buffer. Following autoradiography, the RNA transcripts

v¡ere excised, eluted, ethanol precipitated and

resuspended in l0 ml"l Tris-HCl' 0.1 mM EDTA' PH 8.0' 0.1%

(w/v) sos, 5 mM 2-mercaptoethanol.

7-3 Blot hybridisation analysis

Partialy purified nucleic acid extracts (Hutchins

et a1., l9B5) were prepared as described in Chapter 2l

Methods 2-L, except that 3 volumes of AMES buffer and

I.5 volumes of redistilled phenol were used for

homogenisation. These extracts together with viral RNA

and virusoid RNA markers were denatured by glyoxalation

(lr4cMaster and Carmichael, L977 ) . Reaction mixtures (24

rrl) consisted of 0.2-20 ug of nucleic acids, I M

deionised glyoxal and I0 mI4 sodium phosphate' pH 6.5.

Reaction mixtures were incubated at 50oc for 60 min,

after which l0 ul of 40s (w/v ) sucrose' 0.028

bromophenol blue ¡ 0.02e" xylene cyanol FF !,/as added.

Samples were fractionated by electrophoresis in I.9å

agarose gels (f4 x L4 x 0.3 cm) containing 10 ml4 sodium



g2

phosphate pH 6.5, at 30 mA. Nucleic acids were

transferred by capillary action to nylon fiLters
(GeneScreen) which were then baked in vacuo at g0oC for
2 h (Thomas, I9B0). Blot transfer of non-denatured

nucleic acids were strand separated and fixed on the

filter prior to baking as adapted from Grunstein and

Hogness (1975) by layering the filter on a sheet of
Whatman 3MM paper soaked in 50 mM NaOH. After I min the

filter was neutralized by infusion with 1.0 M Tris Hcl

pH 7.4 (Z x 2 min) and equilibrated in 10 x SSC (Z x 5

min). conditions for prehybridisation, hybridisation and

subsequent washing of filters were essentially as

described in ChapteE 6, Methods 6-3, except that
prehybridisation hras at 55oC while hybridisation and

washing of f ilters !i/ere carried out at 65oc f or RNA: RNA

hybridisation. Hybridisation to plus sequences of VTMoV

and sNMV was done in conjunction wiÈh Dr. J.L. Mcrnnes.

RESULTS

7-I Plus and minus RNA sequences of the virusoids of
LTSV-Aus and LTSV-NZ

Total viral RNA and partially purified nucleic acid
extracts of plants infected with LTSV-Aus and LTSV-NZ

were glyoxalated and subjected to brot hybridisation
analysis usi.ng plus and minus 32p-1abel1ed 

DNA or RNA

probes prepared from partial length DNA clones. LTSV-Aus

virusoid clones were used to synthesise probes specific
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for both the virusoid of LTSV-Aus and LTSV-NZ, since

these two virusoids share 9B% sequence homology.

The virusoids of both LTSV-Aus and LTSV-NZ gave the

same pattern of an oligomeric series of plus RNA

sequences up to octamers when compared with markers

(pigure 7-IAf C) or by regression analysis as described

by Bruening et a1. (L982) trigure 1-21. The minus RNA

sequences of the virusoids gave an identical pattern

with the same relative abundance to the plus sequences

(rigure 7-IB). This appeared to be due to sone form of

cross-hybridisation effect which appeared to be overcome

by heating the baked filter in water at 90oc for I0 min.

After this procedure the major minus RNA component was

still a form that co-migrated with the monomeric plus

RNA but a regular oligomeric minus series was no longer

discernible (nigure 7-ID).

Both the plus and minus LTSV-Aus and LTSV-NZ

specific sequences disappeared if viral RNA and

partially pur if ied extracts \^¡ere incubated with RNase A

(resutts not shown). The detection of high molecular

weight plus RNA oligomers in virions probably accounts'

as suggested by Kiefer et a1. (1982), for the difficulty

in eliminating satellite RNA sequences, such as the

virusoids of LTSV, from the helper virus by ge1

electrophoresis.

7-2 PIus and minus RNA sequences of the virusoids of

VTMoV ANd SNMV



Figure 7-I Plus and minus species of the virusoids of
LTSV-AuS LTSV_NZ aS detected us both RNA and DNA

Glyoxalated nucleic acid extracts were fractionated
by agarose ge1 electrophoresis, bi-directionally
tSansferred to C,enescreen and probeQrwith partial length
"P-DNA probes in A and B and with "P-RNA probes in C

and D. Filters in C and D' but not in A and B were
washed prior to prehybridisation (see METHODS). Tracks I
and 7, healthy leaf extract; tracks 2 and 8, LTSV
virusoid marker; tracks 3, 9, 14 and 16, extract of
LTSV-NZ infected leaves; tracks 4, I0' 13 and 15' LTSV-
NZ viral RNA; tracks 5 and 1l' LTSV-Aus viral RNA;
tracks 6 and 12, size markers of Bacillus subtilis phage

ÐBPI DNA digested with EcoRr and ffiprra-
"P-dATP (¡me and sizes of restriction fragments in
nucleotide residues kindly provided by Peter Reeves).
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Figure 7-2 Plot of the lqgarithm of the presumed
molecular weight values of the oligomeric series of the
virusoid of LTSV-Àus bands against mobility

Oligomeric virusoid of LTSV-Aus series,
from Figure 7-lA track 5 ) based on molecular
108,000 for LTSV-Aus RNA 2.
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A virusoid of SNMV clone was used to synthesise

probes specific for both the virusoids of VTMoV and SNI4V

since these two virusoids share 938 sequence homology

(Haseloff and SYmons, L9B2) -

similar to the findings of the virusoids of LTSV'

and in accordance with Chu et al. (1983) and Haseloff

(1983) an oligomeric series of plus VTì4oV and SNMV

virusoid RNÀ sequences up to decamerS were detected in

nucleic acid extracts from infected plants as well as in

total viral RNA. In addition to this major oligomeric

series based on the monomeric unit of molecular weight

of l2lr000 (virusoid of vTl4ov) or t25'000 (virusoid of

SNMV) a minor oligomeric series was observed (pigure 7-

3A). This series of 'x' bands is analogous to that

reported for ASBV (gruening et â1., L9B2) but were not

observed for the plus sequences of the Virusoids of LTSV

(Figure 7-rA). It would seem unlikely that this series

of 'x' bands represents a conformational difference

rather than a size difference with respect to the major

oligomeric series since the nucleic acids were fully

denatured by glyoxalaLion (McMaster and carmichael'

Lg77 ) and the marker virusoid RNA (figures 7-IA, track

2¡ 7-3A,, track 4), circular and linear forms of bhe same

RNA migrate as a single band in the agarose gel system.

The dominant minus RNA sequences of the virusoid of

SNI\4V are high molecular weight forms similar to that

observed for the virusoid of VTMoV (Figure 7-38' D) and



Figure 7-3 Plus and minus s ecies of the virusoids of
VTl4oV and SNMV detected b b 1ot rl sation in nucleic
acid extacts o n ecte N c eveLandii ants an n
ota v]-ra RNA

Glyoxalated nucleic acids (e and B) were
fractionated by agarose gel electrophoresis, trq4sferred
to Genescreen and probed"ryith a partial length'"P-DNA
plus probe in (A) and a -'P-RNA minus probe in (B). Non-
denatured nucleic acids (C and D) were denatured after
bi-directional transfer to the filter to enhance bindinq
to the filter and then probed with a partial length szpl
RNA minus probe. Track 1, healthy plant extract; tracks
2 and B, VTMoV-infected leaf extract; tracks 3 and 7 ,total VTMoV viral RNA; track 4, virusoid marker of
VTMoV; tracks 5, 10, 1l and 13, SNMV-infected leaf
extract; tracks 6 and 9t total SNMV viral RNÀ; tracks L2
and l-4, virusoid marker of SNMV.

The bands at the origin of B, tracks 7 and 8 is not
usualry seen and may have been due to overroading of the
sample or non:specific aggregation after glyoxalation as
igaicated by the occassional difficulty in redissolving--P-1abe11ed glyoxalated RNA.
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reported by Chu et aI. (1983). This finding is in marked

contrast to the dominant monomer ic minus RNA form of the

virusoids of LTSV (Figure 7-ID) but Iike the virusoids

of LTSV, the minus sequence disappear upon incubation

with RNase A (results not shown). The presence of high

molecular weight SNMV virusoid minus RNA is supported by

btot hybridisation analysis in non-denaturing gels

whereby a dominant high molecular weight plus RNA band

(rigure 7-3Drtrack 1f) co-migrated with a single high

molecular weight minus RNA band (pigure 7-3D, track f3).

An equivalent high molecular weight plus RNA band could

not be detected by denaturing blot hybridisation

analysis (rigure 7-34, tracks 5 and 6). This indicates

that glyoxalation is able to denature double-stranded

DNA. No prominent high molecular weight plus RNÀ

sequences htere detected by non-denaturing blot

hybridisation of the virusoids of LTSV (results not

shown ) .

7 -3 Bindins efficiency of nucleic acids transferred to

a nylon-based filter (CeneScr een )

A 32n-1ub"11ed RNA transcript comprementary to plus

sequences of the virusoid of LTSV-NZ \,\¡as synthesised by

SP6 transcription of the TaqI cloned insert. It \'ùas

glyoxalated, electrophoresed in a 1.98 agarose, I0 mM

sodium phosphate, pH 6.5 gef and transferred to

GeneScreen. UnIabelled, glyoxalated total viral RNA and

purified virusoid RNA of LTSV-Nz were co-electrophoresed



96

1a
vrith the t"p-IabeIled RNA transcript. After baking at

g0oC for 2 h, the filter underwent prehybridisation'

hybridisat,ion and washings as described in Methods 7-3,

except that no probe was added at the hybridisation

step. Àfter autoradiography, however, not only did the

32p-labe1led RNA transcript give a signal but also the

nucleic acicis in the unlabelled tracks (rigure 7-4).

This result was attributed to the release of loosely-

bound 32n-lub"1led RNA transcript from the filter during

prehybridisation and/or hybridisation which then

hybridised to unlabelled nucleic acids bound to the

f ilter .

rn order to quantify this loss of nucleic acids

from the nylon-based filter during the blot

hybridisation procedure, a 32p-rabelled RNA transcript

as used above was monitored for losses during various

steps of the blot hybridisation procedure (Table 7-1).
aa

of the "p-label1ed RNÀ transcript thab was transferred

to the filter, only 3BU-45å v¡as retained after the final

washing stepi most nucleic acid was lost during

prehybri<lisation. As indicate<1 in Figure 7-4, the

released nucleic acid is available for hybridisation to

complementary Sequences stilI bound elsewhere on the

filter and as such may give rise to misleading

hybridisation signals (see Discussion). Most of the

Loosely bound nucleic acid appeared to be removed by



Figure 7-4 Nucleic acid transfer during blot
hybridisation

32
À P-labe1Ied partial length RNA transcript for

plus sequences of the virusoid of LTSV-NZ was
glyoxalated and gel electrophoresed in I.9å agarose/10
mM sodium phosphate pH 6.5 (track f) together with
unlabelled healthy extract (track 2), infected leaf
nucleic acid extract (track 3) and virusoid marker RNA
(track 4). After transfer to GeneScreen, baking and
prehybridisation, the hybridisation step was performed
without adding probe. Àfter^the washing steps the filter
was autoradiographed at -70"C for L2 h (track f) ancl L20
h (tracks 2-4).
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Table 7-L Bindin efficiencies of a oxalated RNA

transcript trans erred to a ny ased m r ane teron-
1

Gel I Gel 2

Top
Filter

Bottom
Filter

Top
FiIter

Bottom
Filter

Initial binding

After prehybr idisation

After hybridisation
and washings

lr a

69"

5U

15 B

'1 dt6

6Z

I3

5

5

3

z

È

15Z

88

6ã

The binding efficiencies of a glyoxalated 32p 1abelled RNA

plus RNA fiom a pSP6-4 clone with a virusoid of LTSV-NZ
ãoubIe-stranded cDNA TaqT insert were estimated at different
stages during blot hybr idisation (see l'4ethods ) with a mini-
monltor, g-m meter, Mini-Instrument Ptyr Ltd. The percent
efficiencies were calcutated from the two gels as the number
of counts on the filter after treatment (first detected by
autoradiography) divided by the total number of counts
loaded on the gel (esbimated by spotting onto a filter an
equivalent amount of "P-labeIled RNÀ transcript to that
used for loading the gel ) x I00.
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heat ing

l0 min

Ehe filter prior to prehybridisation at 90oC for

in water.

D Ï SCUSS ION

Two problems handicap interpretation of the

hybridisation data presented here. One is the technical
problem of differentiating between plus and minus RNA

sequences and the second is a more theoretical one of

giving temporal significance to the static forms

detected by blot hybridisation and so reflecting the

dynamic nature of the replication process.

The difficulty in distinguishing between plus and

minus RNA sequences may have been due to the inability
to fully denature double-stranded RNA sequences.

However, attrition of apparently greater than 50? of

virusoid-related sequences from the filters during

prehybridisation and hybridisation (Tab1e 7-I) may

provide a more likeIy explanation. There are several

v¡ays thab spurious results may arise due to the

interference of unlabelleci nucleic acid lost from the

f ilter with t-he radioactively labetled probes. For

example, the minus RNA sequences of the virusoids of

VTl4oV and SNMV could not be detected when using u 32n-

labelled DNA probe and no washing of the filter prior to

prehybridisation. It is suggested t.hat this was due to

high concentrations of plus sequences shed from the

filter during prehybridisation thab then formed stable
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RNA:RNA hybrids with filter bound minus RNA. These

hybrids may have prevented formation of less stable

DNA:RNA hybrids with 32p-labeIled DNA minus probe but
')a

not with a '"P-1abelled RNA probe (rigure 7-38; chu et

aI., f 983).

A second possible effect of the reLease of high

concentrations of plus sequences from the filter is

competition with the plus probe in solution.

Paradoxically this could result in the signal detected

on the filter diminishing with the increasing amount of

nucleic acids loaded onto the gel and transferred to the

fi lter .

A third possible effect of the presence of unbound

nucleic acids is 'sandwich' hybridisation. For example'

unbound minus RNA sequences may bind to the abundant,

bound plus RNA sequences. The specific hybridisation of

the minus probe to these minus RNA sequences which are

hybridised to bound plus RNA sequences would give rise

to the appearance of cross-hybridisation. Cross-

hybridisation hampered characterisation of virusoid

minus RNA sequences and has been reported to occur with

both the HSV plus and minus specific probes ( Ishikawa et

â1.,1984) and the minus probe of STobRV (Kiefer et al-.,

1982). Cross-hybridisation may have been mistakenly

attributed to the probes not being highly specific for

one particular orientation, citing the high degree of

self complementarity of these pathogenic RNAs. The true
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cause of cross-hybridisation could be tested by probing

in vitro synthesised plus and minus RNA transcripts that

are transferred to separate filters and to the same

filter. A minus probe that is capable of cross-

hybridising to plus sequences will generate a signal

when hybridised to both the filter with only minus RNA

transcript present as well as to the filter with both

plus and minus RNA transcripts. The 'sandwich' effect

will only give false hybridisation to plus RNA sequences

on the latter f ilter. Possible examples of L.he

'sandwichr effect is the identical pattern detected for

minus and plus RNA sequences of the virusoids of LTSV

(plgure 7-14, B). Furthermore, presumably spurious

monomeric, dimeric and trimeric minus RNA sequences of

the virusoids of VTMoV and SNMV were more readily

detected if the filters v¡ere not washed prior to

prehybridisation ( results not shown) .

rinally, interference by unlabelled nucleic acids

may explain the gap effect described by Branch and

Robertson (1984); Branch et a1. (1985) in which a gap in

hybridisation to minus RNA sequences of PSTV was

observed in the region corresponding to unit length plus

RNA sequences. Similar findings were obtained with

hybridisation analysis of CCCV-related minus RNA

sequences (Hutchins et aI., 1985). In the case of PSTV

this effect was shown to be due to the presence of an

excess of plus over minus sequences. It may have
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resulted from hybridisation of released or partially

released unlabelled unit length plus sequences to nearby

unit length minus RNA sequences. Hybridisation between

same sized molecules may preclude the 'sandwich' effect

described above.

One partially successful solution to misleading

hybridisation included heating of the filters in water

after bakingrbut prior to prehybridisationrto release

loosely bound nucleic acids. Covalent coupling to

chemical-I prepared papers (wahl eb â1. , L979 ) does not

appear to reduce this effect (Rathjen' f9B4).

An alternative approach is the isolation of double

stranded RNA from infected plants by cF-ll celIuIose

chromatography (Owens and Diener, L9B2¡ Branch and

Robertson t L9B4; Branch et aI., f9B5). The lack of

disparity between the levels of plus and minus RNA

sequences avoids most of the above problems and has

allowed detection of unit length minus RNA sequences of

PSTV.

Despite these difficulties the results do suggest

the existence of greater-than-unit-length plus and minus

virusoid-related sequences with similar characteristics

to those found from viroid infections (discussed below).

As such they are consistent with a rolling circle

mechanism of replication. Indeed two cornerstones of

rolling circle replication are supported by experimental

evidence. These include the ability of greater-than -
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unit-Iength sequences to process to unit lengthr âs

demonstrated by specific autocatalytic cleavage of plus

and minus RNA transcripts of the virusoid of LTSV-Aus

(4.C. Forster, personal communication; D.B. 14itchellt

f9B5). Secondly, circularisation of linear RNA forms

that may be carried out by known plant RNA ligases that

utilise 2'¿3'-cyclic phosphodiester groups (Branch et

aI., L982i Kornaska et âI., L9B2). this form of Iigabion

step has been implicated by the presence of a 2' -

phosphomonoester, 3'-5' phosphodiester bond (xiberstis

et aI., 1985) across the postulated processing site of

the virusoids of VTMoV and SNMV (Hasetoff' 1983).

Alternatively the ligation may be autocatalytic as shown

by the reversibility of the cleavage reaction of STobRV

(Prody et a1., I9B6).

Interestingly, the mechanism of replication appears

to differ in some regards between virusoids. The

virusoids of VTMoV and SNMV reveal non-inLegraI

multimeric plus forms in infected tissue ('X' bands)

analogous to those detected for ASBV. No such bands v¡ere

observed from tissues infected with the virusoids of

LTSV. This may have been due to the low levels of'X'

bands in the latter case. A more significant difference

lies in the nature of the major minus RNAs detected from

infected tissue. Virusoid minus RNA of VTMoV and SNMV is

dominated by the presence of high molecular weight

components (2-4 x f06 ) . ïn contrast, unit length LTSV
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virusoid minus RNA is the predominant form together with

1ow concentrations of Iow molecular weight oligomers.

Probes for plus virusoid-related RNA sequences revealed

similar oligomeric patterns in all cases with a

preponderance of monomeric RNA.

The characteristics of the virusoid minus RNAs of

LTSV are more akin to those reported for ASBV and

STobRV. fn common with these latter RNAS' minus RNA

transcripts of the virusoid of LTSV-Aus wilI cleave in

vitro (e.c. Forsterr pêESonal communication). It is

suggested, therefore, that the virusoid minus RNAs of

VTMoV and SNI4V lack recognition signals for processing.

The virusoids of LTSV and SNMV are biologically

simil-ar; they are both supported by viruses of the

Sobemovirus group and are even able to multiply and be

encapsidated by the same helper virus, LTSV, where they

cause the same changes in symptom expression (Jones and

Mayo, I984). Therefore any variation in the mechanism of

replication between virusoids may reflect differences in

virusoid RNA-specific sequences and not a fundamental

difference regarding interaction of virusoids with viral

or host components that might be responsible for their

replication.

One pvzzling finding was the detection of minus RNÀ

sequences amongst total viral RNA (pigure 7-lD'track l5;

7-3B track 7 ) . It seems unlikely to be due to cross-

hybridisation with viral plus RNA sequences since the



103

mobility of minus RNA sequences differs markedly from

the plus RNA sequences ( in the case of the virusoids of

VTMoV and SNMV). One possibility is that the viral

preparations were impure and included non-encapsidated

RNAS.

The model of virusoid replication presented in

Figure 7-5 attempts to account for the existence of the

virusoid-related sequences observed by blot

hybridisation. As such it has several features in common

with models presented for the replicative cycle of

viroids (Bruening et â1., L9B2; Owens and Diener, l-982¡

Branch and Robertsont L984¡ Ishikawa et aI.' l9B4;

Hutchins et âI., 1985). This modeI, however' lacks

temporal and mechanistic information regarding the

generation of each RNA sequence detected by blot

hybridisation. As such the model raises several

quest ions :

f) Do the multimeric forms of pathogenic RNAs observed

by blot hybridisation analysis arise out of inefficient

processing or by reversibility of the l-igation reaction

as suggested by C. J. Hutchins (in Hutchins et â1.'

1985) and shown by Prody et al. (1986) and Buzayan et

aI. (r986a).

2) Are two or more of the plus and minus RNA sequences

detected by blot hybridisation able to act as templates

for replication?



Figure 7-5 ModeI of rolling circle replication for
virusoids

Afber inoculation with the infectious plus RNA
sequences of the virusoid (A) rolling circle
transcription of the template allows formation of
greater-than-unit-Iength minus RNA (B). In the case of
the virusoids of LTSV, these minus forms process to the
monomeric form (c) which is circularised (l) and a1l-ows
rolling circle replication of plus RNA sequences (E). In
the case of the virusoids of VTMoV and SNMV the minus
form is not processed and is of high molecular weight
(C') which aIIows direct transcription of greater-than-
unit-length plus RNA sequences (P'). The greater-than-
unit-length plus sequences are then processed to the
monomeric form (F) and then ligated to return to the
infectious nonomeric circular form (A). The proposed
replication cycJ-e for the virusoids of LTSV is
compatible with the plus and minus forms detected for
ASBV (Bruening et â1,, L982) and STobRV (Keifer et âI.,
L982) .
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3 ) What is the structural nature of the minus template?

The minus RNAs alone of STobRSVT HSV and PSTV do not

appear to be readily infectious. Ishikawa et a1. (f984)

suggest that a double stranded template is required for

transcription of the minus strand since multimeric minus

RNA transcripts of HSV were infectious only in the

presence of a non-infectious form of plus RNA. Howevert

double-stranded RNA of STobRSV is not infectious unless

denatured and the HSV infectivity results may have

arisen by non-specific primer extension.

4) Can the site of initiation of transcription explain

features such aS the anomalous 'X' bands? It cannot be

determined whether this series of 'X' bands represent a

true oligomeric SerieS based on a lower nolecular weight

form (estimated to be 105r000 in the case of the

virusoid of SNMV) or whethet X2 and X3 represent part of

an oligomeric series based on the dominant molecular

weight (estimated to be I25'000 for the virusoid of

SNMV) but wj-th a single low molecular !,Ieight unit of

I05,000 covalently attached. This latter possibility may

be expected to occur if initiation of multimeric

transcripts occurs at a different site to that of

processing.

One of the most promising recent insights into the

possible replicative strategies of virusoids, viroids

and satetlite RNAs is the reports of autocatalytic

cleavage of these RNAs (guzayan et a1.,1986; Hutchins
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et al., f9B6; Prody et aI., 1986; A.C. Forster' PeESonal

communication). As described abover Processing of the

virusoid minus RNAs of LTSV but not those of VTl4oV and

SNMV may explain the differences in minus forms

detected.

These in vitro cleavage reactions may also help to

explain the exact nature of the unusual double-stranded

RNAs isolated by CF-lI cellulose chromatography of PSTV

infected tissue (Owens and Dienert L9B2¡ Branch et al.'

198I, 1985) and STobRV infected tissue (Sogo and

Schneider , l9B2). For example, fu1ly denatured double-

stranded RNAs of STobRV are mainly unit length plus and

minus RNA with low concentrations of circular and l-inear

oligomeric forms. Non-denatured double-stranded RNA

revealed higher concentrations of circular and linear

oligomeric forms as well as the appearance of racket-

shaped structures with a circuLar head (mainly monomeric

in size) and a Iinear tail- of variable size. A model for

the origins of these double-stranded RNA structures

centred on speculation of the minus RNAs having

additional sequences not complementary to the plus RNA

(Bruening, fgBI). A more ready explanation is dependent

upon cleavage site of the minus RNA that has now been

Iocated 48 nucleotide residues away from the cleavage

site in the plus RNA. Hybridisation of the unit length

minus RNA to unit length plus RNA would generate either

single-stranded 5 | overhangs of 48 nucleotide residues
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or 3' overhangs of 3II nucleotide residues. These

together with oligomeric forms (xiefer et a1., I9B2¡

Sogo and Schneider, L9B2) can be used to show the

generation of all- non-denatured double-strancied RNA

forms described by Sogo and Schneider (L982) tr¡.gure 7-

61.

Fina1ly, how closely does the replication cycle of

virusoids mirror that of viroids and the possibly

related STobRV. All of these RNAs appear to be

replicated by some form of rolling circle mechanism.

They all reveal, in nucleic acid extracts of infected

tissue, a series of oligomeric plus-related sequences

with diminishing concentration of the higher molecular

RNAs and complementary RNAs some of which are greater-

than-unit-1ength. Furthermore, there is no evidence as

yet thaL helper viral RNA encoded polymerases are

responsibte for the replication of virusoids or

satellite RNA. Indeed' there are several l-ines of

evidence that suggesL virusoids and STobRV share

replicative strategies distinct from that of their

respective helper viruses. For example. virusoids can be

supported by serologically disLinct viruses (Jones and

Mayo, I9B3) some of which have never been previously

found associated with a satellite RNÀ (f'rancki et af.,

1983a ; Paliwal, L984b). Unlike other satellite RNAs

such as those of cucumber mosaic virus or peanut stunt

virus whose termini mimic that of the helper virus



Figure 7-6 Model for the ori in of double-stranded RNAsof STobRV So o and Sc ne1 er 198

Non-denatured double-stranded RNAs detected byel-ectron microscopy (Sogo and Schneider) may arise asfollowing: overlapping monomeric plus and minus strandscould hybridise to form the major observed unit J_engthlinear form with single-stranded overhangs (a). theÃesingle-stranded overhangs may either form internal
secondary structure (b) or hybridise with itself to forma circle (c) or a larger linear form (d) which may thenarso circularise non-covalentry to form multimeriðcircular forms (e). Hybridisation of a dimeric (for
example, pJ-us ) f orm with a unit length minus (f ) a1l_owsthe possibifity to form racket tike structures (g) witha monomeric rhead' and a tail which is variable inlength (h) depending on the degree of base-pairing withforms such as (a).

Digestion with RNase T.r generates largely monomer icforms which are infectious äfter denaturationl This ispresumabry due to resistance to digestion of the single-stranded overhangs b-y internal secondary structure ru Iand nicking of primarily the minus template of themultimeric forms (closed triangles) to form structuressuch as (i). This could be due to a more accessibleguanidylate residue in the minus strand near thejunction of the plus creavage site if some strandseparation at an A:u base pair at the termini occurs.
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(Gordon and Symonsr I9B3; CoIImer et aI., 1985), the

termini of virusoids and STobRV lack the Iow molecular

weight protein attached covalently to the RNA of their

respective helper virus. LastIy, the helper virus of

Vîl,4oV appears to replicate through a unit length linear

double-stranded form (Cfiu et al., 19B3) and not by a

rolling circle mechanism which requires circular forms.

Whereas circular RNAs h.ave been detected for STobRVt

they are not present in tissue infected with the

satellite RNA of peanut stunt virus (Linthorst and

Kaper, t9B4 ) .

It is the circular nature of virusoids and STobRVt

however, that nay be responsible for functional analogy

rather than functional homology with viroids. v{. Rohde

(personal communication) has observed that cDNA

synthesis of the circular monomeric forms of the

virusoids of VTl4oV and SN¡4V with avian myeloblastosis

virus reverse trancriptase and a specific

oligodeoxyribonucleotide primer can yield oligomeric

transcripts. Thus, it is the circular nature of these

RNAs, rather than the type of polymerase, that could be

solely responsible for determining a rolling circle

mechanism of replication.

Fucntional similarities between the virusoids'

STobRV and ASBV is supported by sequence homology but it

remains to be established that they, together with ASBV,

share a common ancestor that is phylogenetically
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separate f rom the PSTV-l-ike viroids. The ans$/er

in the discovery of the specific viral and host

that these parasitic RNAs interact with.

may lie
factor s
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