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SUMMARY

This thesis ís concerned with various aspects of the

molecular biology and,/or pathology of chrysanthemum stunt

viroid (CSV), the two RNAs associated with the cadang-

cadang disease of coconuts: cadang-cadang RNA-I (ccRNA-l)

and cadang-cadang RNA-2 (ccRNA-2) ' and the avocado sun-

blotch viroid (ASBV) .

1. A procedure \^/as developed for the rapid extraction

of low molecular weight nucleic acids from plantsr âs well

as a protocol for the purification of CSV. A bio-assay

system for CSV was developed using Gynura aurantiaea as a

host

2. Two forms of CSV, a linear and a circul-ar form,

were characterized by electron microscopy, thermal denatur-

ation, nucleic acid hybridization and infectivíty; both

forms of CSV rúüere shown to be equally infecti-ous in G.

aurantiaea. Linear CSV formed in uitro by the magnesium-

ion catalyzed cleavage of circular CSV was found to be as

infectious as circular CSV or "naturally occurring" linear

CSV; 632 of the latter had a Sr-phosphate and could noÈ

have arisen as the result of metal-ion catalyzed cleavage

of circular CSV in uiuo or during the extraction process.

3. A method for the synthesis of complementary DNA

(cowa) to viroids was developed using a viroid associated

with the cadang-cadang d.isease of coconuts, ccRNA-I. The

method involves the partial cleavage of circular ccRNA-l

with nuclease 51, the enzYmatic addition of a poly(A) tract

to 3'-ends so produced, and the slznthesis of cDNA with
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reverse transcriptase using polyadenylated ccRNA-l as

a template and oligo(dT)rO as a primer. The cDNA probe

to ccRNA-I was characterized and shown to be specific
for seguences present in both ccRNA-l and ccRNA-2.

4. The above method was slightly modified to
synthesize cDNA to CSV. The CSV cDlIÀ was shown to be

specific for CSV RNA and sequences present in nucleic
acid extracts from CSV-infected but not healthy plants.
the CSV cDNA did not hybridize to citrus exocortis viroid
(CEV) suggesting little-if-any seguence homology between

these two viroids.
5. The high degree of secondary structure character-

istic of viroids was shown to interfere with the hybrid-
ization reaction between CSV cDNA and CSV RNA, under

conditions used for hybridization of normar single-stranded

RNA molecules. This resulted in the observation of
differenÈ rates of hybridization for circular csv, linear
CSV and fragrmented CSV molecules. Under hybridization
conditions that ensured. the denaturation of all forms of
CSV, circular, linear and fragmented CSV molecules all
hybridized at identical rates. These conditions $/ere used

to determine the Ievel of csv in partialty purified nucleic
acid extracts from CSV-infected. chrysanthemums and G.

a,u?antiaea; the level of CSV in chrysanthemums was approx-

imat,ely L7 times higher than in G. aurantíaea.

6. Analysis of chrysanthemum and G. aunantiaea genomic

DNA failed to reveal the presence of any sequences complementary

to CSV; however, the large genome size of the chrysanthemum

plants may have precluded the detection of CSV seguences
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aÈ the single-copy-or-Iess/genorne level.
7 - A low molecular weight RNA was found in avocado

leaves infected by sunbrotch disease, but not in healthy
avocado leaves. The RNA was'shown to be a viroid; i.e.,
an infecti-ous, single-stranded, covalentry-crosed., circular
RNA with a high degree of secondary strucÈure.

8. cDNA was prepared against ASBV using the method

developed with ccRNA-l and csv. The cDNA to ASBV was

shown to be specific for ASBV sequences and did not hybrid.ize
to either csv, cEV or ccRNA-l and ccRt{A-2. Hybridization
of ASBV cDNA to nucleic.acid extracts from biologically
indexêd healthy and sunblotch infected (symptomed or symptom-

less carrier) avocado trees showed (f) the viroid was

always present in infected trees ¡ (2) the viroid was absent

from almost all healthy trees; two biologi_caIly-indexed

healthy trees had. levels of ASBV at approximately r0-5 z of
the total nucleic acid extract; (3) the level of ASBV

fluctuated widely between different trees and. during
different seasons of the year; and (4', there was no

correlation between high ASBV levels and the symptomless

carrier state vs. the symptomed state; all four possible

combinations were observed.

9. ASBV was inoculated onto chrysanthemum, tomato,

avocado, G. aurantiaea and G. sanmentosaì no symptoms of
a disease were observed on any of the above prants; however,

replication of ASBV was observed in avocado and to a very

slight extent, in G. aurantiaea. It has yet to be shown

that the viroid is the causative agent of sunblotch disease.
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GENERAL INTRODUCTTON
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A. THE STRUCTURE, REPLTCATION AND PATHOLOGY OF VIROTDS.

Viroids are low molecular weight RNAs pathogenic

to some plants (Diener, 1979). They are characterized by

a single-stranded, covalently-closed, circular structure

with a high degree of base pairing (Sänger et aL., 1976).

Un1ike conventional viruses, viroid RNAs appear Èo be

naked with no associated protein (Diener, J-97Ja; Semancik

and Weathers, I972a).

As a class of pathogenic agents, viroids are a

fairly recent dj-scovery. The viroid concept was first

recognized when the infectious agents (thought to be

viruses) of the spindle tuber disease of potato (Diener

and Raymer, L967) and the exocortis disease of citrus
(Semancik and Weathers, 1968) were shown to have unusual

properties for viruses: (1) phenol or other organic

solvents had. no effect upon the infectivity of buffered

extracts from infected plants i (2) no virus particles

could be isolated or demonstrated by electron microscopy;

(3) the infectious agents displayed a resistance to

nucleases or an elution profile off cel-luLose columns

similar to double-stranded RNA; and (4) the infectious

agents were always present in high speed supernatants;

the sedimentation co-efficient was I0 15S. The level

of these RNAs in plant tissue extracts was very low and

the presence of the agent could only be determined by bio-

assay and not spectrophotometrically.
As more detailed knowledge of the approximate

molecular weights and physico-chemical properties of these

two disease agents became available (Raymer and Diener,
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1969; Diener and Raymer, 1969i Semancik and. Weathers,

L970; Diener, L97La; Semancik and lrleathers, L972a) , it

$/as suggested that these two agents were t.he first of

a new class of infectious nucleic acids (Ðiener, l-97l-b¡

Semancik and. Weathers, L972b¡ Sänger, L972) z the term

viroid rÁ/as proposed (Diener, 197lb) and ttrese causal

agenÈs r^rere re-named potato spingle tuber viroid (PSTV)

and citrus exocortis viroid (CEV).

There are at present eight known viroids; the first

two, PSTV and CEV, have already been descnibed.

Chrysanthemum stunt viroid (CSV) was shown to have

a lower molecular weight, different host Eange and greater

sensitivity to digesÈion. by ribonuclease, than PSTV

(oiener and Lawson, 1973).

Cucumber pale fruit disease was suggested as being

caused by a low molecular weight RNA (van Dorst and Peters,

L974)¡ electron microscopy (Sänger et aL., L976) and

physico-chemical studies (Henco et aL., 1977; Klump et

aL., L97B; Langowski et aL., 1978) have shown this RNA

to be a viroid: cucumber pale fruit viroid. (CPFV).

The cadang-cadang disease of coconuts in the

Philippines was shown to have two low molecular weight

RNAs associated with the disease, cadang-cadang RNA-I

(ccRNA-l) and cadang-cadang RNA-2 (ccRNA:z.; Randles, L975') .

Although the evidence that one or both of these RNAs is

the causal agent of a disease leading to the death of

the coconut. tree ("cadang-cadang" means "d;ying-dying" in

a native Philippine dialect) is not yet available, the

size, the high degree of secondary struct¡¡re (Randles et
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aL., L976) , the association of ccRNA-I and ccRNA-2 with

diseased and not healthy plants, the demonstration of

replication of ccRNA-l in inoculated palns (Randles et

aL. , L977 ) and the circularity of both ccRNA-l and ccRNA-2

(Randles and Hatta, L979) may be considered as evidence

for a viroid etiology.
Chrysanthemum chlorotic mottle viroid (ChCMV) was

shown to be pathologically distinct from iSV (Romaine

and Horst, 1975). A non-symptomatic infectious form

of ChCMV (NS-ChCMV) has also been discovered in cultivars

of Chnysanthemum moz,ifoLium (Horst, L9751 ¡ the NS-ChCMV

was not identífied., but was shown to cross-protect

against infection by ChCMV. Physico-chemical studies on

ChCMV (Langowski et aL., 1978: Henco et aL., L9791

suggested ChCMV has a similar secondary sÈructure to other

viroid.s. The host range of ChCMV appears to be límited to

a few Chnysanthemum species (Niblett, personal communication).

Hop stunt disease was recently shown to be caused by

a slowIy sedimenting RNA with a number of properties

similar to viroids (Sasaki and Shikata I I977a) . Symptoms

induced by hop stunt viroid (HSV) on cucumber plants are

identical to those induced by CPFV on cucumbers (Sasaki

and Shikata, I977b; Takahashi and Takusari, \979) ,

prompting the suggestion that HSV may be related to CPFV.

A low molecular weight RNA present in CoLumnea plants

\^ras shown to replicate in tomatoes (Owens et aL., 1978).

PSTV migrated more slowly than the CoLumnea RNA upon poly-

acrylamide gel electrophoresis and shared 33 4LZ (allowing

for mis-matching) of its sequences in common with the
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CoLumnea RNA, indicating that this RNA is a (CoLunneal

viroid related to but distinct. from PSTV (Owens et aL.,

1978).

I. Viroid Structure.

The high degree of secondary structure

characteristic of viroids was first suggested by the

resistance of PSTV to degradation by ribonuclease in

high molarity salt buffers (Diener and Raymer, L967)

and the partial resistance to inactivation by diethyl-

pyrocarbonate of CEV relative to single-stranded viral

RNAs (Semancik and Vleathers, I972a). When photometrically

detectable amounts of both viroids became available,

thermal denaturation studies revealed the presence of a

highly ordered secondary structure in both PSTV (Diener,

1972) and CEV (Semancik et aL., 1975). The viroid

structure produced, a co-operative melting process'

similar to that observed upon denaturation of double-

stranded RNA; however, the Tln of the melting curves of

both PSTV and CEV was approximately 30oC lower than the

Tm of thê melting curve of double-stranded RNA in the

s¿Lme buffer (0.1 x SSc). The overall hyperchromicity of

viroids was 22 242, compared with 32% for double-

stranded RNA (Dj-ener, L972¡ Semancik ¿ú aL., 1975). Thus

viroids r^/ere considered to have hairpin-like structures

with alternating single- and double-strand.ed regions

(Diener and Smíth, L973; Semancik et aL., L973; Sogo et aL.,

L973l'.

The possibility that viroids may be circular was
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first considered by Semancik and Weathers (1970), Diener

(L97Ic) and Singh and C1ark (I97L) , based on the resist-

ance or partial resist.ance of PSTV and CEV (as determined

by infectivity) to digestion by exonucleases. However,

both Singh and Clark (L97L) and Semancik and. Weathers

(L972a) considered this partial resistance insufficient

to postulate a circular structure for PSTV or CEV,

respectively

Electron microscopy of PSTV under partly denaturing

conditions (Sogo et aL., L973) revealed the presence of

only short, double-st.randed, rod-l-ike structures.

Electron microscopy of CPFV (Sänger et aL., L976) , PSTV

(McClements and Kaesberg, L977) and ccRNA-l and ccRNA-2

(Randtes and Hatta, L979) under non-denaturing conditions

also revealed the presence of only rod-like structures;

however, under denaturing conditions the presence of

circular as well as Iinear molecules were observed.

Sänger et aL. (1976) claimed that CPFV' CEV and PSTV hlere

all circular RNAs (although only evidence for CPFV was

presented) with very few linear molecules being present.;

however, McClements and Kaesberg (1977 ) and Owens et aL.,

(1977) have shown the existence of two forms of PSTV,

one linear and one circular.

The results of physico-chemical studies of several

viroids (Henco et aL., L977; Klump et aL., L978; Langowski

et aL., 1978; Henco et aL., L979; Riesner et aL., 19791

have been combined with knowledge of the sequence of PSTV

(Gross et aL., l-978) to produce a secondary structure
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model for PSTV (Gross et aL., L978; Henco et aL., L9791.

Since all viroids show very similar physico-chemical

properties to PSTV (Henco et aL., L979) , they are

considered to share a similar secondary structure (Henco

et aL., L9791 t. viroids apparently have no tertiary sLrueture

folclÍng (Riesner et aL., L979). Some care, hourever, must

be taken in interpreting physico-chemical data which

relies upon comparisons relative to some so-called

standard values. Initially, thermodynamic and kinetic
studies (Henco et aL. , L977 ) suggested the existence of

an uninterrupted double .he1ix of 52 base pairs. This

latter postulate was clearly untenable, since a region of

52 uninterrupted base pairs would confer properties of

double-stranded RNA on viroids; e.g. (f) a Tm of denaturation

30"C higher than experimentally observed (Vizard et aL. ,

1978); (2) render the RNA cleavable by double-strand-

specific .4. coLi RNAse III (which requires 25 or more

base-pairs in an uninterrupted segirnent,' Robertson and

Hunter , Ig75). Since neither PSTV nor 125r-c"v (Dickson,

1976) were cleaved by RNAse IIf, nor was the infectivity

of PSTV reduced by RNAse III (Diener, 1977) , a region of

52 uninterrupted base-pai-rs could not exist. A re-exam-

ination of the thermodynamic parameters of five different
viroids using measured TTn values and enthalpies (Langowski

et aL., L978) suggested that "in their native conformation,

viroids exist as an extend.ed rodlike structure character-

ized by a series of double helical sections and internal
loops. "
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The sequence of PSTV \^/as recently determined, and

a secondary structure model based on chemical as well

as physico-chemical propertíes was proposed (Gross et

aL., 1978). In the absence of tertiary folding (Riesner

et aL., L979) t.he three dimensional structure of PSTV

is one of a rod-like, mis-matched, double-he1ical

circular molecule with loops at both ends.

2. Viroid Replicatio

Subcellular fractionation of viroid-

infected plant tíssue followed by infectivity tests on

these fractions, showed PSTV and CEV to be mostly

associated with nuclei t or more specifically, chromatin

fractions (oj-ener, I97Ia¡ Sänger, L972) . Sub-cellular

fractionation of CEV-infected Gynura aurantiaca (Gynura)

by others (Semancik et aL., L976) suggested the association

of CEV with nuclei and plasma-membrane like components;

the latter association has been suggested as being due

to contamination by nuclear membranes and/or chloroplast

fragments (Diener and Hadidi, I97'1) .

Viroid replication in PSTV-infected tomato leaf

strips was demonstrated and shown to be inhibited by

actinomycin D (Diener and Smith, 1975) . A slow rate of

viroid synthesis v/as also observed in isolated nuclei

from viroid infected plants (Takahashi and Diener, L975) ¡

this viroid synthesis was also inhibited by actinomycin D.

Low levels of viroid replication were observed in proto-

plasts prepared from CEV-infected tomato (Mühlbach et aL. ,

L977a), and protoplasts inoculated with CPFV (¡lühlbach

and Sänger, L977), PSTV or CEV (¡'tühlbach and. Sänger, L97-li
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Mühlbach et aL., J-977b). CEV replication was also observed

in neoplastic tomato ce1l cultures (Semancik et a,L. ,

r978).

The involvement of host messengier RNA (mRNA) and

protein synthesís in viroid replicat.ion has been

suggested by the inhibit.ion of viroid replication by

actinomycin D (inhibiting DNA-dependent RNA synthesis;

Diener and Smith, L975¡ Takahashi and Diener, L975¡

Mühlbach and Sänger, 1979) , cr-amanitin (inhibiting RNA

polymerase II, and thus mRNA synthesis; Mühlbach and

Sänger, l-979) and cyclo-heximide (inhibiting cytoplasmic

protein synthesis and RNA polymerase L, and thus ribosomal

RNA synthesis, Mühlbach and Sänger, 1979). Given the

limíted coding potential for viroids (see below) r the

involvement of numerous host synthetic functions in

viroid bio-synthesis is not surprising.

Complementary RNA (cmle) to CEV, presumedly involved

in its replication, was found to be associated with

nuclei and cytoplasmic fractions (Grill and Semancik,

:-.978), while infectivity was associated only with nuclei

and plasma-membrane fractions (Semanclk et aL., L976) ¡

cRNA to PSTV has also been detected (Dickson and Zaitlín'

personal communication). Thus, the presence of viroid

RNA and cRNA in nuclei, the demonstratj-on of viroi'd

replication to similar levels in leaf strips, protoplasts

and isolated nuclei and the involvement of a nuclear DNA-

depçndent RNA polymerase (II) all suggrest viroid

replication occurs in nuclei.

Low levels of activity of RNA-dependent RNA poly-

merases have been observed in healthy plants by researchers
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studying RNA virus-stimulated RNA polymerases (Bo1 et

aL., L976; Fraenkel-Conrat, I976; Romaine and. Zaitlín,
L978; Ikegami and Fraenkel-Conrat, 1978 ¡ L979¡ Duda,

LgTg). These RNA-dependent RNA pollmerases may be

ínvolved in viroid replication, since these enzlzmes

seem to be cytoplasmic and cRNA to CEV was found in
cytoplasmic fractions (Gri11 and Semancik , L978') .

Furthermore, some viral-induced RNA polymerases have

been found to be membrane bound. (May et aL., L970¡

Hardy et aL., L979¡ ZabeL et aL., L979) , suggesting a

membrane-associated function in virus and possibly viroid
bio-synthesis; CEV was also found to be associated with

membrane fractions (Semancik et aL., L976) . No clear
picture has emerged with any plant viral RNA-induced

polymerase as to whether the same RNA polymerase (i.e.

same single protein or arrangement. of protein subunits)

is involved in both minus RNA (cRNA) strand synthesis and

plus RNA st.rand synthesis. Perhaps both nuclear and.

cytoplasmic or plasma=membrane bound RNA polymerases are

involved in various aspects of viroid bio-synthesis.

Whatever the mechanism of viroid bio-synthesis, the

end product is a linear viroid that must be ligated to a

curcular form; RNA ligases requiring either a 3'-phosphate

and a 5'-hydroxyl(Wolfe, L979) or a S'-phosphate and a

3'-hydroxyl (Sitber et aL., 1972) have been identified.
fn uíuo labelling of PSTV with 32p-orthophosphate has

revealed the initial rapid appearance of circular PSTV

followed by a slow increase in the level of circular
PSTV concomitant with a faster increase in the level of
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linear PSTV (Hadidi and Diener, 1978) suggesting a

conversion of circular molecules to Iinear molecules as

a function of time. However, the different types of

PSTV synthesis observed could have occurred in different

tissues or different parts of the same cell with widely

different nucleotide pools; only a "pulse-chase", which

is not possible in whole plants, would have shown that

linear molecules accumulated as the result of breakdown

of circular molecules.

Circularity of the viroid is not a pre-requisite

for replication, since circular PSTV molecules were

shown to be as infectious as linear PSTV molecules (Owens

et aL., L977'), although this may depend on the method

of isolation of linear viroid molecules. For example,

Morris (L979) isolated an RNA with a similar base-

composition to PSTV, but a different mobilit.y on denaturing

gels and showed this RNA to be essentially non-infectious;

neither electron mícroscopic evid.ence to indicate linearity

of this RNA, nor any other data to identify this RNA as

PSTV was presented. Linear PSTV molecules generated by

magnesium-catalyzed cleavage of circular PSTV (Sänger et

aL., LgTg) were claimed to be 103 104 fold less

infectious than circular molecules.

Attempts to translate PSTV in uitt'o (Davies et aL. ,

L974) or CEV in uítro (HaIt et aL., L974) or in uiuo

(Semancik et aL., L977 ) using extracts from wheat germ'

wheat embryo, E. coLí, Pseudomona.s aeruginosa, BaeíLLus

stearothermophiLus (at 60"C) or in frog oocytes, have

been unsuccessful. Comparisons of (a) proteins isolated
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from PSTV-infected tomato with those isolated from

healthy tomato tissue (Zaitlin and. Hariharasubramanian,

L972), or (b) proteins isolated from CEY-Gynura with

those isolated from healthy Gynura (Conejero and Semancik,

L977), have revealed no evidence of viroid-coded protein

synthesis. Conejero and Semancik (L977 ) observed the

stimultíon of two host proteins in CEV-infected Gynunai

the molecular weights of the two proteins induced. by CEV

in Gynura and Cítz,us medíea were the same, but different

from the molecular weights of two proteins induced by

CEV in tomato and potato (Conejero et aL., L979).

Furthermore, the two "CEV-ind.uced" 'Gynura proteins were

also induced. during the senescence of healthy Gynura

(Conejero et dL., L979), lending support to the suggestion of

the host-specific nature of viroid-induced proteíns. Thus,

there is not evidence for the role of a viroid-cod.ed

replicase or replicase subunit.

Semancik et aL. (1978) have observed viroid synthesis

and the presence of cRNA to CEV primarily in meristem

tissue, tumor tissue and isolated neoplastic cells,

suggesting replication occurs predominantly in metabolically

active dividing tissue. This is supported by increased

Ievels of viroids in plant.s grown at higher temperatures

(Sänger and Ramm, 1975¡ Morris and Smith, L977') . The low

Ievels of RNA-dependent RNA polymerases which are stimulated

by ce1l division (Vlhite and Murakishi, 1977) and the slow

rate of viroid bio-synthesis in non-dividing cells,

protoplasts or nuclei, all reflect the need to use

dividing tissue or protoplasts in order to observe sign-
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ificant viroid replication or to study the effects of
viroids on/in host celIs.

3. Viroid Pathology

Symptoms induced by viroid infections have

been described in detail by Diener and Hadid.i (L977)

and Diener (L979). The most colnmon symptom is the

shortening of the interncdal distance resulting in the

stunting of the infected plant. Leaf size may be reduced

and leaves may display chlorotic or necrotic lesions,

mottles or streaks. Leaves are often curled and. the

plant may have a bushy appearance. The symptoms

resulting from r¡iroid infection have been compared to

abnormal cell d.evelopment produced as the result of hormonal

malfunctions (Conejero and Semancik, 1977) .

The CEV-stj-mulated Gynuz.a proÈein, CEV-PI, has no

binding activity for the phytohormones gibberellin GAI,/GA3

or ß-indolacetic acid (Flores et aL., L978)¡ no change in

abscissic acid levels or auxin-like subst.ances with t.he

properties of índolacetic acid vrere detected in CEV-

infected Gynura, although a new auxin-Iike substance was

formed and decreases in the levels of endogenous gibberellins

GAg and/or GA, were detected (Rodrifuez et qL., 1978).

The association of viroids with nuclei (Diener, L97]-a¡

Sänger, L972¡ Semancik eú al., L9761 , the stímulation of

the synthesis of a hist.one-Iike protein in CEV-infected

Gynura (Conejero and Semancik, 1977) and the replication

of viroids in mitotic tissue, all suggest that viroids
alter host development by causing some permanent change

at the level of host genetic expression. This process
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probably occurs in cerrs of the meristem early in the
formation of the Ieaf. As the Ìeaf emerges from the
shoot tip, the various types of cells and viroid symptoms,

and thus the pathorogicar effàcts of viroid infection,
are already present. Leaf growth and maturation from
this point on consist of division of the various cerl
types and cellular elongation. These ratter processes

seem to be infl-uenced by viroid infection. rn csv or cEV-

infected chrysanthemums, leaf size is greatly reduced.; in
csv or cEV-infected Gynura reaf size is partialry reduced

and d.ifferential growth between upper and lower reaf
surfaces results in leaf cur1.

Pathological effects of viroid infection at the (sub-)

cellular level appear to depend upon both the viroid and

the host: PSTV-infected tomatoes showed a marked hyper-
trophy of nuclei when compared wíth hearthy tomatoes
(Diener, r97rc) . Electron microscopy of cEV-infected
tomatoes showed the presence of large dense bodies within
chloroplasts (T¡Iahn et aL., lg7g) . CEV-infection of Gynuya

resulted in the appearance of prasmalemmasomes in certs
of symptom-bearing tissue but rarely or never in healthy
or slmptomless leaves (semancik and vanderwoude, rg76).
The appearance of these paramural bod.ies or boundary

formations at the cell wall-plasma membrane interface as

well as malformations of the celr wallrs mid.dle ramellae
has also been observed by others (Wahn et aL., l97g) in
cEV-infected Gynura. The appearance of electron-dense
inclusions (thought to be phytoferritin) v/as observed in
chloroplasts of chlorotic tissue in both csv-infected and
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healthy chrysanthemums (Lawson and Hearon, L97Ll;

inclusions were also observed ín chloroplast.s of

palisade and mesophyll ce1ls from green tissue of CSV-

infected but not healthy pfants.

The cytopathological changes in ínfected plants

have not been correlated with a change in host protein

synthesis; CEV-PI appears to be in a post-ribosomal

supernatant fractions (Conejero and. Semancik, L977);

i.e., in the cytoplasm. How viroids induce changes in

chloroplasts or plasma-membranes or how they alter the

genetic expression of a host plant is unknown.

A number of theories have been proposed. as to how

viroids may act as genetic regulators (Diener, L97Lb¡

Semancik and Weathers, L972b; Conejero and Semancik, 1977;

Diener, L977) , as well as to how some of the slow virus

diseases of animals may be caused by (DNA) viroids
(Diener, L972b¡ Sänger, L972; Semancík et aL., L976).

Hopefully, studies on viroid replication, alteration

of host protein metabolism and viroid cross-protection

(Niblett et aL., L978) will elucidate the mechanisms of

viroid replication and pathology. These studies will be

greatly assisted by the use of complementary DNA probes

for viroid sequences in nucleic acid hybridization experi-

ments.
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B. THE APPLTCATION OF MOLECULAR HYBRIDTZATION TO THE

STUDY OF VTROIDS

1. Backg round and General Applications

Mo1ecular hybridization as an experímental

technique involves the determination of the rate and the

extent of the formation of base-paired nucleic acid

duplexes from their component strands. There are

several classes of hybridization reactions, such as:

(1) the reassociation of denatured double-stranded DNA;

(2) hybridization of a nucleic acid species immobilized

on a filter to complementary strands in solution (either

RNA or DNA); and (3) the hybridization of complementary

DNA (cDNA) transcribed in uitro from an RNA template, to

the template RNA or other RNA species. It is the third

class of hybridization reaction that will be applied to

viroids in this thesis. There are several techniques

available for the estimation of hybrid formation (Gillespie

et aL., 1975) , such as the use of single-strand specific

nuclease St (endo, L966; Sutton, L97I) , hydroxylapatite

chromatography and binding to nitrocellulose.

Analysis of the kinetics of hybríd formation will

not be discussed in detail here; this subject has been

thoroughly covered in the literature (e.9. Wetmur and

Davidson, 1968; Bishop, L972) . However, Èhere are two

important points which are relevant to the work described

in this thesis: (1) the rate of a hybridization reaction

is inversely proportional to the analytical complexity of

the reacting species lthe analytical complexity is the

minimum number of nucleotides (or their molecular weight)
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which comprises all the non-identical nucleotide sequences

of the nucleic acid. speciesl; (2) the rate of a hybrid-

ization reaction is directly proportional to the (molar)

concentration of the reacting species.

An est.imation of the analytical complexity of the

concentration of an RNA or DNA species can be achieved

by studying the rate of hybridization of, for example,

an RNA species to an appropriate cDNA (see below), since,

as mentioned above, the rate of the reaction is inversely

proportional to the complexity. In the second case, if

the complexity is known, the concentration of the RNA in

question can be determined from the rate. Thus, viral RNA

in infected cells was quantitated. by Taylor et aL.,(L9771

using this approach to stud.y transcription and replication

of influenza virus RNA.

2. Synthesis Of Complementary DNA

Complementary DNA is usually synthesized.

using the DNA-dependent RNA polymerase (reverse transcriptase)

of retroviruses (Green and Gerard, L974). This enzyme'

like all other known DNA polymerases, requires a primer

which is base-paired. to the template (RNA) and which

has a free 3'-hydroxyl group. For eukaryotic messenger

RNAs which have a 3'-poly(A) 'tail', oligo(dT) can be

used as a primer (Green and Gerard, L974). The method of

Taylor et aL. (1976) can be used with mosÈ other RNAs;

this utilj-zes the random binding of oligod.eoxyribo-

nucleotides, generated by DNAse I digestion of eukaryotic

DNA, to the template RNA to provide primers. The cDNA

can be made highly radioactive by includ.ing radio-labeIIed
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dNTP in the cDNA synthesis reaction mixture.

3. The Use Of Molecular HYbrid.ization rn Viroloqy

Molecular hybrid.ization has been widely

used in the study of anima.l- viruses, particularly in

work on retroviruses (Cillespie et aL., 1975). With

pfant viruses, the random-prjmed synthesis of cDNA has

permitted an examination of the structure of the cucumber

mosaic virus (Gould and. Symons, 1977) and the alfalfa

mosaic virus genomes (Gould and symonsr 1978) ' This

technique has also enabled comparisons between members of

the cucumovirus family (Gonda and Symons, L978) and

tlrmovirus family (Kummert et aL., L978) to be made-

cDNA to a viroid' PSTV' '(Owens I L978) was prepared

using the random-primer technique and was used to compare

PSTV with several other viroids (Owens et q,L., 1978).

Molecular hybridization of cDNA to RNA has several

advantages over the system which uses competitive

hybridization, in which the complementary strand is

supplied by double-stranded RNA, to estimate sequence

homology between the genomes of RNA plant viruses (go1

et aL., 1975; Vandewalle and Siegel, 1976¡ Zaitlin et

aL., Lg77) . These advantages include analytical complexity

analysis, estimates of contamination by other (virat)

RNAs and determination of the stability of the hybrids

formed and have been covered in detail elsewhere (Gonda

and symons , 1978¡ Gonda, L979). Aspects of cDNA and cRNA

synthesis to viroids will be described' in Chapter IV.

The study of the replication of plant viruses has

been greatly facilitated by the use of protoplasts (see
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reviews by Zaitlin and Beachy, L974 and Takebe, 1975).

Optimization of conditions for the infection of proto-
plasts by viruses or viral RNAs is usually determined

by fluorescent antibody staining (Otsuki and Takebe,

L969), wherein antibodies prepared against viruses (coat

proteins) are coupled to a fluorescent dye; the percentage

of fluorescent cells provides an indication of the number

of infected protoplasts. Since viroids have no coat

protein, this approach cannot be used to optimize the

conditions for infection of protoplasts by viroids. fn
situ hybridization experiments (Pardue and GaIl, J-975)

involving triÈiated or iodinated viroid cDNA offer a

feasible alternative to determining the percentage of
viroid-infected protoplastsr âs well as d.etermining the

sites of viroid bio-synthesis and accumulation. The use

of radio-labelled viroid ín in situ hybridization reactions

offers a means of determining the time and place of viroid
cRNA synthesis.

Viroid cDNA and radio-Iabelled viroid can also be used

to determine the level-s of viroid. and viroid cRNA, respect-

ivelyr ërs a function of time post inoculation of proto-
plasts. This latter approach has been used to quantitate
the four cucumber mosaic virus (CMV) RNAs in CMV-infected

co\^rpea protoplasts as a function of time post inoculation
(Gonda and Symons, L979¡ Gonda, L979).

Molecular hybridization of high specific activiLy
viroid cDNA to nucleic acid. extracts of whole plants can

be used to determine the absolute level of the viroid RNA

in the nuclej-c acid extract. Thus, estimations of the
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presence of low or high levels of viroid RNA in different

plants can be mader âs well as the types of tissue or

growth conditions that best support viroid replication.

This would enable the rapid indexing of plants for

viroid or viral diseases and could replace or supplement

time consuming and expensive biological indexation. Thus,

there is a strong need for developing methods of synthesizing

and using cDNA probes to viroids.

C. THE AIMS OF THTS PROJECT

The work described in this thesis has three

maJ_n ar_ms.

1. The establishment of a rapid extraction procedure

for viroids using chrysanthemums infected with CSV and the

purification and characterization of CSV.

2. The development of a procedure for the synthesis

of cDNA probes to viroids, the characterization of the

cDNA probes, the use of cDNA probes to characterize viroids,

and the establishment of a hybridization procedure for

viroids that would enable the level of víroid RNA in

partially purified nucleic acid extracts to be determined.

3. To establish a viroid etiology for the sunblotch

disease of avocado, to charact.erize the avocado sunblotch

viroid (ASBV) and to develop a rapid indexing procedure

for ASBV using cDNA to ASBV in molecular hybridization

reactions.



CHAPTER II

EXTRACTTON, PURIFICATION AND BIO-ASSAY

OF CHRYSANTHEMUM STUNT VIROTD
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INTRODUCTION

Fundamental to the study of the nature of viroid

structure, replication and pathology are (1) the

establishment of a sensitive and reliable bio-assay

procedure for detecting the presence of sub-microgram

quantities of viroid, and (2) the procurement of sub-

milligram quantities of purified viroid.

This Chapter will be concerned wíth the development

of (1) a procedure for biologically indexing the presence

of chrysanthemum stunt viroid ì (2) a rapid extracÈion

procedure for the preparation of low molecular weight

plant nucleic acids; and (3) a polyacrylamide gel

electrophoresis and elution protocol for the preparation

of purified viroid on a large scale.

MATERIALS

Healthy and chrysanthemum stunt viroid infected

chrysanthemums (charm tyPe) were kindly provided by T.C.

Lee, Adelaide Botanic Gardens, via Dr. R.I.B. Francki,

University of Adelaide.

The following reagents were used directly as provided.

by their respective manufacturers, without any further

purification: polyvinylpyrrolidone (sigma PVP-40T), sodium

azide (BDH or Ajax) r sodium diet.hyldithiocarbamate (Sigma) ,

2-mercaptoethanol (Sigma), mercaptobenzothiazole (Eastman

Organic Chemicals), sodium dodecyl sulfate (Sigma or BDH),

DNAse I (Sigma), 4-amino-saticylate (Searle), 8-hydroxy-

guinoline (BDH) and diethlzlpyrocarbonaLe (Sigma) .
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The following chemicals \4tere either re-crystallized

or re-distilled:phenol (M & B or Ajax; both loca1 suppliers),

acrylamide (Sigma) and N,N' -methylenebisacrylamide (Sigma) .

METHODS

A. Plants and Growth Conditions

Chrysanthemums (Cht'ysanthemum sp. Charm t.ype)

and Gynura (Gynuz'a auv'antiaea) were vegetatively

propagated in 15 cm diameter pots in vermiculite and

"University of California" soil mix, respectively. After

3 to 4 weeks, chrysanthemum cuttings vsere transferred to

soil in 25 cm d.ia. pots. Cineraria (Senecío cruentus

cv. Kempi cv. Springtime) was qrown in 10 cm dia. pots

in soil.

Plant.s were grown under one of four sets of

conditions.

1. Glasshouse. The average temperature r^/as 20 25"C¡

supptementary heating and cooling were provided in winter

and summer, respectively, but in extremes of weather the

temperature was often outsid.e this range.

2. Room A. Temperatures ranged from 20 28"C.

Lighting was provided by fluorescent and incandescent

lamps to approximately 6 - 8,000 lux at plant apex height'

during a 14 h photoperiod. .

3. Room B. Similar to Room A, except (1) temp-

eratures ranged from 26 31oC, and (2) light intensity

varied from I - irz,OOO lux. at plant apex height.

4. Room C. The day and nighÈ temperatures v/ere

controlled at 28"C and 22oC' respectíveIy. Lighting
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during the 14 h photoperiod was provided by banks of

15 x 65 w fluorescent tubes and 2 - 4 x 60Vl incandescent

lamps, and the intensity varied between 1.0 20,000 lux.

Relative humidity (not controlled) usually only varied

between 60 65e. (dal) and 80 85å (night).

B. Ext.raction Procedures .

I. Procedure A; Phenol/SDS/ EDTA,/HJ-qh SAlt

Extraction Buffer A: 100 mM Tris-HCI, PH 8.5'

500 mM NaC1, 10 mM EDTA, 0.52 (w/v) SDS.

TEN Buffer: 20 mM Tris-HCI, PE 8.5' I mM

EDTA, I00 mM NaCl.

Extraction and Partial Purificat.ion of Chrysan-

themum Nucleic Acids: Shoot típs and leaves

from healthy or CSV-infected chrysanthemums or Gynuna

h/ere frozen in liquid nitrogen or powdered dry ice and

r^/ere pulverized. Various amounts of f reshly frozen or

frozen and stored (at -15"C) leaf tissue urere extracted

as described below for 100 g of tissue.

One hundred grams of pulverized chrysanthemum tissue

was homogenized at room temperature wit.h 200 ml of

extraction buffer A, 2 ml of 2-mercaptoethanol, 150 mI of

water-saturated phenol and 50 mt of chloroform in a 5

litre Waring Commercial Blendor in short bursts for a

total period of 3 min. The homogenate was stirred at

room temperature for 15 60 min followed by centrifugation

at I5r000 g for 10 15 min at 5 - 10oC; the aqueous

phase was combined with an equal volume of (3:1) water-

saturated phenol:chloroform' mixed in a V'Iaring Blendor

for 2 min and stirred for 10 30 min. Af.ter centrj-fugation
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(as described above), the aqueous phase was combined with
2 volumes of cold ethanol and incubated at -15"C for 3 -
4 h or overnight. The precipitated nucleic acids were

collected by centrifugation at 15,000 g for 10 15 min

at 5 to -lOoC, resuspended in 25 ml of either 1 m¡4

EDTA or TEN buffer (either with or without 1A 2-mercapto-

ethanol), combined with an equal volume of 4 M LíCI and

left overnight at 0oC. Following centrifugation at
151000 g for 15 min at OoC, the supernatant was combined

with 2 volumes of cold ethanol-, stored at -15oC for 3 h
or overnight and the nucleíc acids v/ere collected by

centrifugation at 15,000 g for 15 min at -10oC. The

nucleic acid pellet was dried in uq.cuo and resuspended

ín 4 5 ml of I mM EDTA, pH 7.

Digestion of Partially Purified Nucleic Acid

Extracts with DNAse I: Most preparations of
LiCl-soluble nucleic acids \A/ere incubated at 25"C for
I 1.5 h with I0 Vg/mL of DNAse I in 5 20 mM sodium

acetate, pH 5.0, 10 mM magnesium acetate. The reacLion

v¡as terminated by the addition of 1 2 volumes of

extraction buffer A, 2 - 5 volumes of water and I 7

volumes of water-saturated phenol:chloroform (3:t) .

After stirring for 20 30 min, the phases were separated

by low speed centrifugation at room temperature; the

aqueous phase was extracted one-to-three times with an

equal volume of diethyl ether, the sodium ion concentration

hras adjusted to 0.25 0.3 M with 4 M NaCI, and two

volumes of cold ethanol were added. to the aqueous phase.

After incubation overnight at -15oC, the nucleic acid
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precipitate was collected by centrj-fugation at I - 12,000

g for 10 min at -IO.C. The nucleic acid pellet was

dried in ua.cuo and resuspended in 1/10th the original

volume of 0.1 mM EDTA, PH 7.

Several modifications htere made to extraction

procedure A to inhibit polyphenol oxidase actívity and

increase the yield of extractable nucleic acid.

1) Additions to extraction buffer A: 0.1 0.58

(w/v) diethyldithiocarbamate (DIECA) , LZ (w/v) poly-

vinylpyrrolidone (PVP) . 5Z (w/v) 4-amino-salicylate'

1å (w/v) sodium azide and 0.1? (w/v) 8-hydroxyquinoline

in various combinations.

2l Blending plants with extraction buffer A and

alt the additional components described in (1) above,

followed' by phenol:chloroform (2zL) extraction and

stirring for t h at room temperature. Aft.er centrifugation,

the phenol:chloroform extraction was repeated. twice more

prior to ethanol precipitation of the aqueous phase.

2. Procedure B: DEPC/SDS/vtg2+ (Sol]rmosy et qL., 1970)

Extraction Buffer B: 100 mM Tris-HCI, PH 7.6,

2Z (w/v) SDS, 10 mM magnesium acetate, 72 (w/v) PVP.

Solution A: 15? (w/v) DIECA, 34 (w/v) sodium

azide, L5 mM mercaptobenzothiazole.

One hundred grams of fresh chrysanthemum leaves and

tips was homogenized at 4oC with 250 nrl of extraction

buffer B and 6 mI of díethylpyrocarbonate (DEPC) in a

1 litre Waring Blendor for 2 ' 5 min. Ten millilitres of

solu,tion A was added, the brei was incubated at 37"C for

10 min with occasional stirring, cooled on ice for I0 min
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and centrifuged at 17,000 g for I0 min at AoC. The

supernatant was made 103 with respect to sodium chloride

by the addition of solid sodium chloride, stirred at

37oC for 10 min, cooled on ice for l0 min and cent.rifuged

at 101000 g for 20 min at 4"C. The resulting supernatant

was combined with 2 volumes of cold ethanol, left at -15oC

for 3 h, subjected to centrifugation at 10,000 g for I0

min at -IO.C and the nucleic acid was resuspended in 20 mI

of 0.1 mM EDTA, pH 7.

The suspension was combined with 20 ml of (1:1)

water-saturated phenol (containing 0.1ã (w/v) 8-hyd.roxy-

quinoline):chloroform, shaken for 30 min at room temp-

erature and subjected. to-centrifugation at 2,000 g for

5 min at room temperature. The aqueous phase was

dialyzed overnight against 1 change of I mM NaCI; the

dialyzate was clarified by 1ow speed centrifugation,

made 0.2 M with 5 M sodium acetate, pH 6.0, and combined

with 2 volumes of cold ethanol. After at least 24 h

incubation at -15oC, the nucleic acid was collected by 1ow

spped centrifugation at 4oC, the pellet dried in ua,euo and

resuspended in 0.1 mM EDTA, pH 7.

3. Procedure C: SOS/M\2+/High Salt

Solution A: 0.2 M Tris-HCI, pH 8.5 (at room

temperature), I M NaCl , IZ (w/v) SDS.

Solution B: 25 mM magnesium acetate, 5Z (w/v)

PvP, 2z (w/v) sodium azjd,e, LZ (w/v) DrEcA, 2Z (v/v)

2-mercaptoethanol, I mM mercaptobenzot.hiazole. Solution

B was prepared just prior to use by mixing 20 mI of I M

magnesium acetate, 400 ml of 10% (w/v) PVP plus Aeo (w/v)
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sodium azide (stock solution stored at 4"C) , I g of

DIECA, 16 mI of 2-mercaptoethanol, 8 mI of, 0-1 M

mercaptobenzothiazole in ethanol, and water t'o 800 mI-

Solution C: 0.1 M Tris-HCl, pH 8-5, 0.5 M NaCl,

0.5S (w/v) SDS, IZ (v/v) 2-mercaptoethanol -

Extraction and Partíal Purification of

Chrysanthemum Nucleic Acids: The procedure

d.escribed used 500 g of chrysanthemum shoots, 5 I0 cm

Iong; either fresh material or shoots frozen ín liquid

nitrogen and stored at -80oC were used. Plant tissue was

homogenized at room temperature with 750 rnl each of

Solution A and of Sotution B in a 5 litre Waring Commercial

Blendor in short bursts for a total period of 4 min. The

homogenate was stirred at room temperature for 15 min,

2OO g NaCI was then stirred in over 15 min followed by a

further 15 min stirring. After cooling on ice for 30

min, the homogenate was centrifuged at 201000 g for 20

min at 4"C and the nucleic acids precipitated from the

supernatant by the addition of 2.0 vol. of, cold (-15"C)

ethanol and. standing at -I5oC for one hour. The

precipitate was collected by centrifugation at 20'000 g

for 10 min at -5oC and the peltets dtíed, in uaeuo with an

oil pump for about one hour. The dried pellets were well

suspencled in B0 ml Solution C and the suspension centrifuged

at Ir000 g for 5 min at room temperature to give a bulky

green precipitate (discarded) and a green supernatant

to which was added 20 ml water-saturated. phenol (containing

O.LE 8-hydroxyquinoline) plus 20 mI chloroform. The

mixture was stirred for 20 min then centrifuged at 11000 g
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f or 5 min.

The aqueous phase was dialysed at AoC for t6 h against

4 litres of I mM NaCl, 0.I mM EDTA, pH 7 - 8, with one

change of dialysis solution. Sodium acetate (5.0 M' pH

6.0) or sodium chloride (5.0 M) was added to 0.2 M

followed by 2.0 volumes of cold ethanol and storag'e

at -l5oC for three hours. The precipitated. nucleic acid

r^ras collected by centrífugation at 10,000 g for 10 min

at -5oC, dried. in uq,euo and resuspended in 10 ml of 0.1

mM EDTA, pH 7. The yield of nucleic acid averaged 250

mg/kg of chrysanthemum material, based ot A260 nm of 20

for 1.0 mg/mI.

Nucleic acids were extracted from healthy' CSV-

infected and CEV-infected Gynura aurantiaea in the same

I^74y.

C. Polyacrylamide GeI Electrophoresis (PAGE)

1. Analytical PAGE: Conditions for analytical

PAGE, buffers, percent acrylamide and bis-acrylamide,

and staining procedures are described in indívidual

Figure legends.

2. Preparative PAGE and Electrophoretic Elution:

Nucleíc acids'extracted by procedure C from 500 g of

infected chrysanthemum plants were then fractionat.ed by

polyacrylamide slab geI electrophoresis (De Wachter and

Fiers, I97I¡ Symons, L978) on four 16 x 16 x 0.6 cm 5Z

acrylamide, 0.25å methylene bisacrylamide slab gels using

a buffer of 40 mM Tris-acetate, pH 8.1, 20 mM sodium

acetate, 2 mM EDTA (Loening, L967) . Electrophoresis was
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at 45 ntA/ger for 15 L7 hours. The single bands of csv
(circular plus linear) and host 7S RNA were located by

brief staining (4 min) in 0.058 toluidine blue and destaining
(f 2 h) in water. The stained bands were cut out and

the RNA electrophoretically eruted as described by symons

(1978) except that a larger elution apparatus was used;

each elution barrel was 8.0 cm long with an internal
d.iameter of 2.8 cm while each elution chamber was 3.0 cm

long with an internar diameter of 1.9 cm. Erectroelution
vras at 80 mA/elution tube for 5 h.

Each partly purified RNA was further purified on

either a 16 x 16 x 0.5 cm 5ã acrylamide, O.2S? methylene

bisacrylamide slab ger in the buffer described above

(electrophoresj-s at 40 mL/geL for L4 20 h) or on a

16 x 16 x 0.3 cm 5% acrylamide , 0.L7 ? methylene bis-
acrylamide slab gel in 7 M urea, 90 mM Tris-borate, 3 mM

EDTA, pH 8.3 (Air et aL., 1976). Before loading, each

RNA sample ín 0.I mM EDTA, pH '7, was heated at 'lsoc for
4 min. Electrophoresis was at 65 75 mA/geL for 4.5 h,

RNA bands were located by staining and the RNA electro-
phoretically eluted (Symons, L978) .

D. Bio-assay Of CSV.

Seneeio eruentus (Cineraria ): Half-leaves of cineraria
plants were incolated by placing a drop on one side of a

carborundum-dusted leaf and rubbing the drop over half the

leaf surface with a rubber finger-stal1. One half of
each leaf was inoculated with water, and the other half
with a test solutj-on; a crude nucleic acid extract from

healthy or csv-j-nfecLed chrysanthemum. After inoculat.j_on,
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the leaves were washed to remove carborundum and the

plants were maintained in either a glasshouse or plant

room A.

As the expected symptoms, consisting of distinct
chlorotic spotting, were never observed, the starch-

lesion assay for CSV infection (Lawson, 1968) was

performed 3 - 5 weeks post inoculation. Plants \^rere

placed in the dark for 24 h; leaves were removed, boiled

in ethanol for 2 - 5 min, stained in 2Z KI/o.S>" IZ and

destained in water. Starch-lesions were seen as black

spots on a light green-\^rhite transparent background.

Gynura auz,antlaca: All except the terminal

Ieaves of rooted cuttings of Ggnura aurantiaea utere

removed and the stem inoculated by needle puncture

(Sänger, 1972) using a set of 20 fine needles seL closely
together in a piece of Perspex t ot by stem slashing with

a No. 22 scalpel blade (Semancik and lrleathers, 1970).

P1ants were maint.ained under all the growth conditions

prevíousIy described. Symptoms consisted of stunting

and severe epinasty and appeared from 17 days post

inoculation. Shoot tips from symptomless ptants were

cut. back at 5 weeks post inoculation and new shoots were

examined three weeks later for slmptom development. Unless

otherwise stated, all plants were scored at I weeks post

inoculation.
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RESULTS

A. Development of An Extraction Procedure

1. Procedure A: Phenol,/SDS/EDTA/fligl:. SaIt

This method is similar to rnost other

procedures used to extract viroids (Diener et aL.,

1977; Semancik and Vüeathers, Lg72b; Singh and Sänger,

L976), except that several steps r¡/ere modi.fied or omitted

to shorten the extraction procedure. The plant tissue

$ras solubilized in the presence of a high concentration

of salt, chelating agents and SDS in an alkaline buffer

in the presence of phenol and chloroform. The plant

debris and phenol: chlorof orm phase \^tere removed by

centrifugation; the aqueous phase was re-extracted one-

to-two more times with phenol to remove proteins; nucleic

acids were concentrated by ethanol precipitation and

subjected to lithium chlorid.e partitioning.

Semancik and Weathers (1968) and Raymer and Diener

(f969) had shown that viroids require high salt for their

extraction from plant tissue; Semancik and Weathers (1970)

and Singh and Clark (f971) showed that viroids are LiCI

so1ubIe.

After removal of the LiCl, DNA was removed from the

remaining nucleic acid via treatment with DNAse I and

the nucleic acids were analyzed by polyacrylamide gel

electrophoresis. Figure II-I shows that only 43 and 55

RNAs as well as some darkly staíning material at the top

of the ge1 were visible; no bands in the viroid region

could be seen.



FIGURE II.1

Polyacrylamide slab gel electrophoresis of
(A) E. eoLi tRNA, (B) cSV-inf ected and (c) healthy

chrysanthemum nuclej-c acids prepared by extractiån
procedure A.

Nucleic acid samples (0.4 mg, 3.5 mg and

2.I mg, respectively) hrere heated at 80oC for

5 min, cooled on ice and subjected to electro-
phoresis on a 16 x 16 x 0.3 cin 10? acrylamide,

0.253 bis-acrylamide slab gel (Symons , L978)

in the buff,er of Loening (L967) at 60 mA for

t h. The gel was stained for 10 min in 0.053

(w/v) toluidine bl-ue and destained overnight in

water.
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the nucleic acid extract was highly coloured (dark

brown-to-black) as was previously reported by Diener and

Lawson (1973), due to polyphenol oxidase activity.
various inhibitors (Loomis, r974) of polyphenot oxidases

hrere used (Tab1e rr-1) as well as the cherating agent

and detergent 4-amino-salicylate: separately they had no

effect on colour formation; together, they severely

inhibited the browning reaction at. this early stage.

However, duríng the remainder of the extraction procedure,

the material became darker. Therefore, two forms of
oxidation seemed to be occurring: (1) enzyme-mediated

oxidation (by oxidases) of polyphenols that could be

partially inhibited in the initial extraction proced.ure;

and (2) aerobic oxidation of polyphenols that occurred

slowly throughout the procedure. Thus, 4-amino-salicylate,

sodium diethyldithiocarbamate, sodium azide, polyvinyl-
pyrrolidone and B-hydroxyquinoline were added to inhibit
enzymic oxidation and 2-mercaptoethanol was included in
the extractíon buffer to reduce aerobic oxidation.

Carbohydrates were also extracted from the chrysanthemums

by this procedure; one of the steps used by Diener et aL.

(1977) but. omitted here was the use of methoxy-ethanol

and cetyltrimethylammonium bromide (CTAB) to remove

carbohydrates (Bellamy and Ralph, J.968). This is a long

and laborious procedure and does not remove most plant
polysaccharides (Singh and Sänger, l-976). The solution
of partially purified nucleic acids was highly viscous,
predominantly due to the presence of pectins.

PoÌyphenols could be partially removed by gel

filtration on c-75 Sephadex; however, polyphenols and,/or



TABLE TI-1

EFFECT OF INHIBITORS OF POLYPHENOL OXIDASES ON THE

OXTDATION OT' POLYPHENOLS DURING THE EXTRACTION AND

PURIFTCATTON OF NUCLEIC ACIDS

Inhibítors of
polyphenol oxidases

Colour of
initial extract

Colour of 2 M
LiCl supernatanta

0. tU (w/v) DIECA

13 (w/v) PVP

1? (w/v) sodium azide

IE PVP/0.52 DÏECA

18 PVP/0.52 DIECA/LZ
sodium azide

Brown

Brown

Brown

Yellow-Light green

Yellow-White

Black

Black

Black

Brown

Brown

a All extractions were performed on 4 - 10 g of

CSV-infected plant material as described in

Materials and lt[ethods using extraction procedure

A (with 5Z (w/v) 4-amino-salj-cylate). "Initial
extract" refers to the aqueous phase after the

first centrifugation.
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pectins could not be removed by gel filtration on G-50

Sephadex, chromatography on a diethylaminoethyl-cellu1ose

column, dialysis, adsorption to activated charcoal, the

use of bentonite in the extraction buffer or CTAB

precipitation (results not shown).

Although the modifications (listed. above) to the

extraction procedure and the use of gel filtration

allowed. stainable amounts of an extra nucleic acid

species present only in CSV-infected chrysanthemum nucleic

acid extracts to be detected (Figure 1I-2) on polyacryl-

amide gels, the addition of the above extra steps resulted

in the breakdown and contamination of the extra nucleic

acid species by host RNA; the "backg'round haze" could be

reduced by treatment with RNAse but not DNAse (results

not shown).

An increase in solution viscosity to a gel-state was

also observed. This may have been due to a increase in

the leve1 of extractable pectin from the vegetatively

propagated chrysanthemums as a function of time of growth

under artificial conditions; also observed was a decrease

ín stainable distinct nucleic acid species and an increase

in the stainable background. Rather than introduce a

series of extra steps to remove carbohydrates and poly-

phenols and reduce RNA breakdown, a different extraction

procedure was adopted.

2. Procedure B: DEPC/ SDS/Mq 2+

The extraction procedure of Solymosy et

aL. (1970) was modifÍed for use on fresh chrysanthemum

leaves. The plants were homogenized in a buffer containing



FIGURE TT-2

Polyacrylamide slab get electrophoresis of

(A) E. coLi IRNA, (B) healthy chrysanthemum

nucleic acid extract' (C) and (D) CSV-infected

chrysanthemum nucleic acid extract. Chrysanthemum

plants in (B) and (D) were grown in plant room B;

chrysanthemum plants in (C) were grown in plant

room A. All plants were extracted using the

"modified" procedure A.

The positions marked are. 4S and 55 RNAs and

an extra band found only in (C) and (D) (arrow).

Nucleic acid samples (20 U9r 2.0 mg, 2.5 mg,

and 1.3 mg, respectively) were heated at 80"C for

5 min, cooled on íce and subjected to electro-

phoresis on 16 x 16 x 0.4 cm L23 acrylamide, 0.62

methylene bis-acryalmide slab gels (Symons, L978)

in Èhe buffer of Loening (L967) at 40 mA for 18 h.

The gel was stained for 10 min in 0.052 (w/v)

toluidine blue and destained overnight in water.
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SDS to dissociate cells and to denature proteins, magnesium

to stabilize RNA and diethylpyrocarbonate (DEPC), to

inhibit nucleases. The extraction buffer was modified

to include polyvinylpyrrolidone to inhibit polyphenol

oxidat,ion.

After the initial homogenization and during the

subsequent steps, i.e., the incubation of the homogenate

at 37"C, salting out and removing proteins by centrifugation'

the homogenate blackened. The addition of DIECA,

mercaptobenzothiazole and sodium azid.e, all potent oxidase

inhibitors (Dawson and Magee, 1955; Loomis, L974) , to the

homogenate just after the initial blending had little-

to-no-effect on subsequent blackening, suggesting the

oxidation was aerobic rather than enzymic ¡ 2-mercaptoethanol

could not be added at any step during the initial extraction

because it would inactivate the DEPC.

After removal of salted out proteins by centrifugation,

the crude nucleic acid preparatíon was concentrated by

ethanol precipitation, resuspended in dilute EDTA and

residual proteins were removed by phenol.:chloroform

extractj-on. The nucleic acid in the aqueous phase could

noÈ be concentrated for polyacrylamide gel analysis by

ethanol precipitation, because of the presence of saturating

Ievels of sodium chloride (which co-precipitated. with

nucleic acids). Thereforg, the aqueous phase was dialyzed

prior to collection of the nucleic acids by ethanol

precipitation and centrifugation.

The extraction of chrysanthemum nucleic acid by this

proceclure resulterl. in (1) very little ribosomal RNA in
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the final nucleic acid preparation and (2) a 1ow viscosity

of the nucleic acid solution due to the absence of pectins

(see Discussion).

Analysis of the nucleic'acid extract by polyacrylamide

gel electrophoresis revealed the presence of 45 and 55 RNA

and a darkly coloured smear throughout the 9e1; no bands

were observed in the region of the ge1 where the viroid.

$ras expected (results not shown) .

certain positive elements obtained. from extraction

procedures A and B were combined and modified to form

extraction procedure C.

3. Procedure C: SoS/Mq/H iqh Sa1t

The initial extraction medium contained

polyvinylpyrrolidone, sodium azide, sodium diethyl-

dithiocarbamate, 2-mercaptoethanol and mercaptobenzo-

thiazole to inhibit darkening of the initial extract

(Dawson and Magee, 1955; Loomis, L9741 - Magnesium

acetate was added to inhibit the solubilization of pectins

(Thornber and Northcote , l-96]-¡ Cook and Stoddart, L973).

Sodium dodecyl sulphate was added to inhibit plant

nucleases, to dissociate cells and to al1ow the precipitation

of proteins at 0"C in the presence of a high concetration

of Nacl (Kay et aL. , L952) . Much of the higher molecular

weight RNA was also removed durl-ng this deproteinization

step (Crestfield et qL., 1955). Nucleic acids in the

supernatant were then concentrated by ethanol precipitation

prior to further deproteinization with phenol:chloroform.

This extraction and partial purification procedure has

obviated the need for large volumes of phenol since the
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phenol extraction was done at the second step with small

volumes and not on the large initial extract (Singh and.

Sänger, 1976¡ Diener et qL., L977) as in extraction

procedure A.

After phenol:chloroform extraction, the aqueous

phase was dialyzed to remove salt and the nucleic acids

were concentrated by ethanol precipitation.

A comparison of the spectra obtai,ned from partialJ-y

purified nucleic acid.s extracted via procedure C compared

with nucleic acids extracted via procedures A or B is

shown in Figure II-3. A 260:230 nm ratio of 1.9 2.32L

was obtained using extraction procedure C and there was

less light-scattering due to carbohydrate observed at

greater than 300 nm; the colour of the final nucleic

acid solution was usually light-green to yellow' but was

sometimes white.

Polyacry lamide Ge1 Analysis of Nucleic Acid Extracts.

When nucleic acids extracted from healthy and

Csv-infected chrysanthemums by procedure C were compared

by polyacrylamide tube gel electrophoresis under non-

denaturing conditions, the infected pl-ant extract (nigure

II-48) contained an extra band (CSV-Rr*Ar €ts shown below)

not found in the healthy plant extraet (¡'igure II-44).

Nucleic acids extracted in the same \^iay from Gynura

auz,antiaca inoculated three weeks ear1ier with extracts

from Csv-infected chrysanthemums also contained an extra

band of CSV RNA (figure II'4C) not fou¡,td in extracts

from healthy plants (Figure II-4D) ' a}-though it was

always at a much lower level than found. in extracts from



FIGURE TI.3

Continuous UV spectra of nucleic acids

extracted from CSV-infected chrysa.nthemums by

(A) extractíon procedure A, (B) extraction
procedure B, and (C) extraction procedure C.

The 26Q2230 nm ratios h/ere 1.6:1, I:1

and 2 .2¿L, respectively.
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FIGURE II-4

Polyacryalmide tube ge1 electrophoresis under

non-denaturing conditions of nucleic acids from

various sources. Partialty purified nucleic acid

extract (160 240 ug), prepared as described in

Materials and Methods using extraction procedure

C, from (A) healthy chrysanthemum; (B) CSV-infected

chrysanthemum, (C) CSv-infected Gynura; (D) healthy

Gynura; and (E) CEV-infected Gynuz'a. (r) and (G)

CSV band after electrophoresis on one and two non-

denaturing polyacrylamíde slab gels' respectively

(see Text). Nucleic acid samples \^/ere run on 5Z

acrylamide, 0.L25å bis-acrylamide tube gels (0.ø x

10 cm) in the tris-acetate-EDTA buffer of Loening

(L967 ) at 5 mA,/ge1 for 3.5 h. GeIs were stained with

0.05? toluidine blue overnight and. destained in

water for three days. The positions of host DNA' 4S

RNA and 55 RNA are given.
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infected chrysanthemums. Nucleic acids extracted from CEV-

infected Gynura also showed the presence of a weak extra

band (rigure II-48), but with a different mobility than

observed with CSV RNA. AIl five samples also contained

a host RNA running just faster than CSV, which has been

designated 75 RNA (Sinqh and Sänger, 19761 , as well as a

minor band between 55 and 75 (Figure II-4). DNA present

at the top of the gel, clearly did not interfere with

polyacrylamide gel analysis of the samples and thus no

attempt was made to remove the DNA.

B. Puri-fication Of CSV

Extraction of this extra band from CSV-infected

chrysanthemum nucleic acids subjected to polyacrylamide

slab gel electrophoresis run under non-denaturing

condítions and re-electrophoresis gave the pattern of

Figure II-4F, which shows contamination of the main

CSV RNA band by host 73 RNA. Elution and re-electro-

phoresis of the main band gave a single RNA band (Figure

IT-4G) .

Analysis of the RNAs used in Figure II-4F and IT-4G

on a polyacrylamide slab gel containing 7 M urea gave

three and two RNA bands, respectively (Figure II-54 and

II-58). The major, slowest moving band was subsequently

shown to be covalently closed circular CSV RNA, the middle

band to be linear CSV RNA while the fastest band was host

75 RNA. (The ful-l characterization of these three RNAs

is described in Chapter III. ) These results formed the

basis of the large scale slab gel purification of



FTGURE II-5

Polyacrylamide slab gel electrophoresis under

denaturing conditions of various nucleic acid

samples. (A) CSV band after electrophoresis on one

non-denaturing polyacrylamide slab gel (same sample

as in Figure IV-4F) (B) CSV band after electro-

phoresis on two non-denaturing polyacrylamide slab

gels (same sample as in Figure IV-4c); (C) ' (n),

and (E) samples of circular CSV (CSv") linear CSV

(CSVL) and chrysanthemum 7S RNA, respectively,

obtained after electro-elution of the three RNA bands

found after the second polyacrylamide slab gel

electrophoresis step described in Materials and Methods

[pattern was the same as in (A) ] . RNA samples (2 24

ug) were run on a 5å polyacrylamide urea slab gel as

described in Materials and Methods except that gel

thickness $ras 0.2 cm. Electrophoresis was at 35 mA

for 2.3 h. The gel was stained with 0.05% toluidine

blue in water for 1.0 h and destained in water.
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circular and linear CSV RNA described in Materials and

Methods ín which the partly purified, deproteinizerj

nucleic acid extract of infected chrysanthemums was first
fractíonated by slab ge1 electrophoresis under non-denaturing

conditions. The single viroid band was isolated and re-run

on a denaturing slab gel in the presence of 7 M urea to

separate the circular and linear forms of CSV RNA.

Analysis of the final purified RNAs on a polyacrylamide

slab ge1 in the presence of 7 M urea showed them to be

electrophoretically pure (Figure II-5C and fI-5D). Host 7S

RNA purified in the same way is shown to Figure II-5E.

In the second gel step, the circular and linear forms

of CSV were well separated. The yield of circular CSV

was 200 Vq/kg and linear CSV 35 Vg/kg, based on .r 4260 nm

of 20 for 1. 0 mg/mI. Both forms of CSV gave a t.ypical

nucleic acid spectrum f-rom 220 to 32O nm with.r A260 nm/

AZ'O nm ratio of 2.5'"I.

C. Bio-assay Of CSV

I. Cinerarias

Attempts to demonstrate CSV-induced

chlorosis in cinerarias failed. Therefore, the starch-

Iesion assay of Lawson (f968) was used to indicate the

presence of CSV. Two different local varieties of

cinerarias and a number of preparations of partially
purified nucleic acid extracts (prepared via procedure A)

resulted in the observation of starch-lesions with only

sporatic frequency (Figure II-6).



FIGURE II-6

Cineraria leaves stained with iodine to detect

starch lesions induced by infection by CSV as

described in Materials and Methods.

One half-Ieaf (right,-half) was inoculated with

a nucleic acid extract from CSV-infected. chrysanthemum

(A) or healthy chrysanthemum (B) t the other half-leaf

(left-ha1f ) \^/as inoculated with water. Plants !'tere

maintained as descríbed in Materials and Methods.
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2. GAnuz,a

Gynuna inoculated with partially purified

nucleic acid extracts of CSV-infected chrysanthemums

(prepared via procedure A) developed symptoms in the glass-

house only during the summer months; in plant room B with

a frequency of 50 75"<; in plant room C with a frequency

of 66 1008; but not at all in plant room A. Therefore,

the optimal conditions for symptom development seemed to

involve higher light intensities (present in all but room

A), and not just higher temperatures (present only in room

B and the glasshouse) (Sänger and Ramm, L975).

Symptoms consisted of stunting and severe epinasty,

and sometimes rugosity (nigure T.I-7), but were less severe

than those induced by CEV.

Inoculating plants by needle puncture resulted in a

greater number of plants showing symptoms than inoculating

by razor slashing (results not shown). Therefore, the

needle-puncture method of inoculation was used throughout

all further work.

Treatment of part.ially purified nucleic acid extracts

from CSV-infected chrysanthemums (via procedure A) with

RNAse destroyed all infectivity, whereas treatment with

DNAse had no effect on infectivity (Table IT-21. This

strongly suggests that the infectious agent is an RNA.

Nucleic acid extracts prepared by procedure C also

contained infectious material. Purification of CSV and

55 and 75 RNAs from CSV-infected chrysanthemums by two

cycles of non-denaturing polyacrylamide slab gel electro-

phoresis (wittr CSV as a mixture of linear and circular



FIGURE T1-7

Top: Gynura plants inoculated' with nucLeíc

acids extracted from csv-infected chrysanthemums

or CEV-infected Gynuz'a, ot with water (healthy) '

Plants were maintained in plant room C for 6 - I

weeks.

Bottom: CSV-infected Gynura showing epi'nasty

and rugosity.
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TABLE II-2

EFFECT OF NUCLEASES ON INFECTIVITY TN GYNURA

AURANTTACA OF PARTIALLY PURIFTED NUCLEIC ACID

EXTR.A,CTS OF CSV-INFECTED CHRYSANTHE¡(UMS.

Treatment Number of P1ants Showing Symptoms over
number of plants inoculated

None

RNAse

DNAse

a

b

2/3

0/3

3/3

2/2c

a

c

b

Nucleic acid, partially purified via extraction

procedure A was incubated with 50 Vg/mI of

pancreatic RNAse A and 300 units,/ml of RNAse T,

for 2 h at 25oC. Samples were deproteinized by

phenol extraction and concentrated by ethanol

precipitation. Plants were inoculated and maintained

as descríbed in Materials and Methods. All plants

were scored B weeks post inoculation.

As for "a", except that the sample was treated with

100 Vg/mI of pancreatic DNAse I in the presence of
t-L

10 mM Mgo' instead of RNAses A and Tl.

Sample rrbrr diluted B-fo1d prior to inoculation onto

plants.
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molecules; Figure II-4G and Figure II-58) and bio-assay

on Gynura, showed the infectivity to be associated only

with the CSV RNA (Table II-3). From a number of

preparations of CSV (linear plus círcular) ttre d.ilut.ion

end-point of CSV was between 200 pq/mI and 2.0 ng/mL

(Table II-4); the presence of carrier RNA appeared to

i.r"t".". the specific infectivity.

DISCUSSION

A. Extraction Of CSV

The usual extraction procedures for viroids
(Diener et aL., L977; Semancik and Weathers, ]-972b)

involve the homogenization of plant material followed

by numerous steps to selectively remove different

components (e.9., lipids, carbohydrates, high molecular

weight RNA, DNA and coloured impurities). The viroid

is then separated from low molecular weight RNA by

polyacrylamide geI electrophoresis.

Using this approach, Diener and Lawson (1973) were

able to extract and detect CSV, but only by infectivity

across a gel and not photometrically. In attempting to

shorten the extraction procedure to avoid possible losses

of cSV, two problems arose; (l) chrysanthemums have

highly active polyphenol oxidases, which makes difficult

any subsequent detection of CSV by polyacrylamide ge1

electrophoresis and stainingì (2) chrysanthemums have

high levels of pectins which form gels when nucleic acid

(plus pectj-n) solutj-ons are concentrated prior to poly-

acrylamide gel analysi5. The usual solution to these



TABLE II-3

INFECTIVITY COMPARISON OF CSV AND CHRYSANTHEMUM 55

AND 75 RNAS ON GYNURA AURANTIACA

Expt.
No.

RNA
tested a Number of plants showing symptoms over

number of plants inoculated at an RNA
ofbconcentration (ug /mr)

2 t 0.r 0.02 0. 01

I.

2.

5S

7S

CSV

7S

CSV

0/2

o/3

3/3

o/3

L/3

0/3

2/3

o/3

2/3

0/3

o/3

a RNAs were extracted via extraction procedure C and

subjected to two cycles of non-denaturing poly-

acrylamide ge1 electrophoresis and elution as

described in Materials and Methods.

Infectivity scored at 4 weeks post infection.

Separate preparations of RNA were used in each

experiment.

b



TABLE II-4

INFECTIVITY ANALYSTS OF CSV: DETERMTNATTON

OF DILUTTON END-PO]NT ON GYNURA AURANTTACA

Expt.
No.

RNA
tested

Number o
number o

concen
a

f plants showing symptoms over
f plants inoculatefl at RNA
tration (vg/ml-) of "

10 2 0.2 0.02 0.002 0.0002

1.

2. CSVd

3. CSV

E. coLi
IRNA

CSV

csvc

0/3

3/3

2/3

2/3

L/3

2/3

3/3 r/3 r/3

5/s 3/s 0/5 o/5

a

c

b

CSV RNA was extracted via extraction procedure C

and subjected to two cycles of non-denaturing poly-

acrylamide gel electrophoresis and elution as

described in Materials and Methods.

Infectivity scored at 4, 7 and 4 weeks post-inoculation

in experiments 1, 2 and. 3, respectively.

CSV at the concentrations stated in the presence of

10 tg/ml carrier E. eoLí IRNA.

CSV at the concentrations stated in the presence of

100 Vg/mL carrier E. eoLí tRNA.

d
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problems is the introduction of extra steps in the

extraction procedure, which probably also results in

severe lossös of viroid and increases the degree of

host nucleic acid breakdown, resulting in contamination

of viroid RNA on polyacrylamide gels by host nucleic

acid.

Owens et aL. (1978) have recently extracted low

molecular weight nucleic acids from CSV-ínfected

chrysanthemums using the lengthy procedure of Diener

et aL. (L977) on a larger amount of plant material than

was used by Diener and tawson (1973); Owens et aL.

(1978) were able to detect a band on a polyacrylamide gel

that they designated CSV.

The extraction proceudre of Solymosy eú aL- (1970),

which utilizes DEPC to inhibit nucleases, resulted in

the presence of very Iittle ribosomal RNA in the final

extract, thus obviating the need for LiCt fract.ionation

of nucleic acids. The presence of magnesium in the

initial extract, rather than EDTA, resulted in pectins

remaining in their normally insoluble state in the plant

debris (Cook and Stoddart, L973) and allowed the nucleic

acid sample to be concentrated without gel formation.

Unfortunatelyr âs DEPC and 2-mercaptoethanol are hiqhly

reactive towards each other, they could not be present

simultaneously, and the extracts subsequently blackened

as the result of aerobic oxidation of potyphenols. This

rendered polyacrylamide get analysis for CSV in nucleic

acid extracts impossible.

An extraction procedure was designed around the
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benefits accrued from the Solymosy et aL. (1970) procedure;

i.e., removal of ribosomal RNA during the early steps as

a result of the salting out of proteins and not solubilizrng

pectins, thus avoiding the problem of their subsequent

removal. DEPC was replaced by the addition of a number

of polyphenol oxidase inhibitors and 2-mercaptoethanol to

reduce aerobic oxidation of polyphenols. Under these

conditions, partially purified nucleic acid extracts

containing detectable levels of CSV could reproducibly be

obtained.

Yíelds of chrysanthemum nucleic acid from the three

extraction procedures were l-75 R9, 20 mg and 250 mg/kg

of plants, using procedures A, B and C, respectively.

The yield of Gynura nucleic acid using procedure C was

1-90 mg/kg. Clearly, procedure C is superior in terms of

the qualj-ty of the nucleic acids, the virtual absence of

polyphenot oxidation and the absence of pectins.

B. Purification Of CSV

The method described here for the purification

of the circular and linear forms of CSV has proven reliable

for the handling of 500 to 1,000 g quantities of plant

material. In spite of the marked symptom development on

CSV-infected Gynura aura,ntíaca, the leve1 of víroid was

appreciably lower than that found in infected chrysanthemums

(see also Chapter V) which have therefore been used for

routine purification of viroid. The final purification

step involving the polyacrylamide slab ge1 electrophoresis

of RNAs in the presence of 7 M urea gave a good separation

of the circular and linear forms of CSV. At this staget
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the linear CSV represented about 154 of the total CSV;

the circular and linear forms (characterized in Chapter

III) comigrated during the previous slab gel electro-
phoresis step run under non-d.enaturing conditions.

Our yields of purified. circular CSV of 200 Vg/kg

of infected chrysanthemum are similar to the yields reported

for purified PSTV, CEV and CPFV of 80 to 220 Vg/kg of
tomatoes (Mühlhach and Sänger, 19771. Diener (1972)

obtained a yield of purified PSTV from tomatoes of 15 20

Vg/kg while Semancik et aL. (L975) obtained. purified CEV

from Gynura in a yield of 20 40 Vg/kg. Estimates of
viroid concentration in partially purified extracts of

nucleic acids by polyacrylamicle tube ge1 electrophoresis

followed by scanning of the stained or unstained gels

(e.9., Morris and Smith, ]-977 ) cannot be considered as

yields since they do not represent the final purified

viroid.

C. Bioloqical Properties Of CSV

Infectivity experiments performed with partially
purified nucleic acj-d extracts obtained via procedure A

were not reproducibly capable of inducj-ng starch-lesions

in cineraria. As this response is highly dependent on the

variety of cineraria used (Lawson, 1968) and we did not

have access to the varieties most susceptible to CSV, this
result was not surprising.

Gynura aurantíaea was found to be a susceptible host

for CSV, contrary to a previous report by Hollings and

Stone (1973). The symptoms (epinasty and stunting) were

very much dependent upon growth conditions and this may
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explain the difference between the results presented

here and those of Hollings and Stone (f973).

Infectivity experiments performed on Gynuna showed

that (1) the infectious agent in nucleic acid. extracts

of CSV-infected chrysanthemums was RNA. This ís supported

by the data of Diener and Lawson (1973) who also found

the chrysanthemum stunt disease to be caused by an RNA;

and (2) the dilution end poínt of a mixture of linear and

circular CSV was 0.2 i 2 ng/mL. This will be compared

with infectivity data on other viroids and isolated

linear and circular CSV in Chapter III.

Whether or not the specific acÈivity of CSV was

actually increased by thg presence of other nucleic acids,

cannot be ascertained from the data in Table II-4, since

plants were scored positive for symptoms at different times

in different experiments. However, either non-specific

aggregation of viroid to other RNAs or protection of

viroids against host RNAses by the presence of an excess

of RNA could explain the high infectivity titres of nucleic

acid extracts of PSTV-infected tomato (Raymer and Diener,

L969) and CEV-infected Gynura (Semancik and Weathers, L972a) ,

compared with purified PSTV (Diener et aL., L974; Mühlbach

et aL. , 1977) .



CHAPTER ÏII

CHARACTERTZATTON OF CHRYSANTHEMUM STUNT VIROTD
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INTRODUCTION

The development of an extraction and purification

protocal for CSV (see Chapter II) has allowed the routine

purification of 100 2oo ug of víroíd./kg of infected

tissue; enough RNA to physically, biochemically and

biologically characteríze CSV.

This Chapter describes the identification and

characterization of two forms of CSV (one circular and one

linear) as well as the 75 RNA of chrysanthemum. using the

combined techniques of electron microscoPY, thermal

denaturation, nucleic acid hybridízation, 5'-end-labelIing

and analysis, in uitto translation and bio-assay. The

infecÈivity of circular Çsv, linear csv and linear csv

generated by magnesium-ion catalyzed cleavage of circular

CSV is compared.

The spreading of RNAS for electron microscopy \Àlas

carried out with the generous help of Dr. T. Hatta'

Dept. of Plant Pathology, waite Agricultural Research

Institute, University of Adelaid.e-

MATERIALS

I{heat germ sro was prepared as described by Roberts

and Paterson (l-973) and generously donated by Dr. J.F'B'

Mercer and Dr. R. OrConner of this Department.

[ 
3tt] -t"ucine, I05 Ci,/mmole, I mCir/ml, was obtained'

from Amersham. Purified cucumber mosaic virus RNAs were

prepared as described by Symons (1978) and generously

donated by Dr. R.H. Symons of this Department-

y-32p-arP was prepared by the method of Maxam and
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Gilbert (L977 ) and donated by Mr. R. Richards of this

Department.

CaIf intestinal phosphatase (Sigma) was further

purified as described by Efstiad.iatis et aL. (1977) and

donated by Dr. R.H. Symons.

Hiqh voltage paper electrophoresis was carried out

on an apparatus described by Symons (1975) and obtained

from Paton Industries, Adelaide.

PenieiLLíum eítrínum Pt nuclease, creatine phosphate

and creatine phosphokinase were all obtained from Sigma

and spermidine-HC1 from Calbiochem. All other materials

$/ere from sources described in Chapters II, IV and VI.

METHODS

A. Electron Microscopy Of RNA

RNAs were spread for electron microscopy by

the method of Randles and Hatta (1979). RNA (0.6 Ug/ml)

in 983 (v/v) formamide, 10 mM Tris-HCI, pH 8.5, I mM

EDTA, 0.0033 (w/v) cytochrome c, dL 60oC was spread onto

a hypophase containing 602 (v/v) formamide, I.5 mM Tris-

HCl, pH 8.5, 0.I5 mM EDTA, ât 45"C. Samples were picked

up on parlodion covered grids, shadowed at 5 60 with

platinum-palladium and covered with evaporaLed carbon.

Grids were examined in a Siemens Model I02 electron

microscope at an operation magnificatíon of 10'000 x

or a JeoI electron microscope (100 cx) at an operational

magnification of 20,000 x.
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B. Thermal Denaturation Of RNA

RNAs were subjected to thermal denaturation j-n

0.1 x SSC (f x SSC = 0.15 M NaCl' 0.015 14 trisodium

citrate, pH 7.0). The temperature was increased at the

rate of I.0oC/min using the apparatus described by Randles

et aL. (1976).

C. Nucleic Acid Hvbridization
.32t"-Pl -cDNA to the circular form of CSV was

prepared as described in Chapter lV. Hybridization of

this cDNA to RNAs and the assay of cDNA:RlrtrA hybrids

v/ere as described in Chapter TV. Hybridizations were

carried out in hybridization Buffer B of Chapter V

(I0 m¡l Tris-HCl, pH 7.0,'180 mM NaCl' 2 m¡'l EDTA, 40e"

(v/vl deionized formamide) at 50"C.

D. Infectivitv Of RNA

Infectivity analyses of purified RNAs were

carried out as described in Chapter II. Plants were

maintained in plant room C (Chapter II).

E. 5'-End Labellinq And Determination Of The 5'-Terminal

Residue

Partial digestion of circular CSV bv nuclease

S, was as described in Chapter IV. RNA samples (2 Ug)

from which the 5'-phosphoryl groups had or had not been

removed by treatment with purified calf intestinal

phosphatase (Efstradiatis et aL., L977) were labelled at

their 5'-termi-ni using y-32n-orn and polynucleotide

kinase as described by Bfstradiatis et aL. (L977). The

two samples of labelled linear CSV and two samples of
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Iabetled 7S RNA were then electrophoresed on a thin 6eo

polyacrylamide, 7 M urea ge1 (Sanger and Coulson' 1978)

at 20 mA for 2 hours. The single RNA bands (linear CSV

or 75) were detected by staining with 0.05å toluidine blue

for I0 min and destaining in water; the gels \^/ere then

autoradiographed. The radioactive bands, which corresponded

exactly to the stained bands' hrere cut out and counted by

Cerenkov radiation. RNA in each band was hydrolysed to 5 I -

mononucleotides by incubation with 150 Vg/mL of nuclease P,

in 0.03 M sodium acetate, PH 5, at 37"C overnight. After

centrifugation to remove acrylamide, the mononucleotides

in the supernatant were fractionated by high voltage paper

electrophoresis at pH 4.1 (S1tmons, L975) and the electro-

phoretogram autoradiographed. The labelled bands, rvhich

corresponded. exactly to the marker 5'-mononucleotides,

vrere cut out and. counted to give the relative amounts of

the 5'-terminal residues. Nuclease Sa-dioested circular

CSV after 5'-Iabelling was separated fron unused y-32n-orn

by passage over Sephadex G50 (Gould and Symons, L977).

Samples were digested with 150 vg/mL of nuclease P, at

pH 5 for 2 hours at 37"C and. the relative amounts of the

four 5'-residues determined as described above.

F. Magnesium-Ion Catalyzed Cleavaqe Of Circular CSV And

The Purification Of Magne sium Cleavage Generated

Linear CSV.

The magnesium-ion catalyzed cleavage of circular

CSV to a linear form of CSV was carried out as described by

Sänger et aL.. (1979). Twenty micrograms of circular CSV

was incubated for 2.5 hours at 37oC in 5 mM magnesium
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acetate, 50 mM glycine-NaOH, pH 9.0. The reaction was

stopped by the addition of EDTA, to a final concentration

of 5.6 mM, and freezing.

The magnesium cleavage generated linear CSV was

separated from the uncleaved circular CSV by electrophoresis

on a 15 x 15 x 0.2 cm Seo acrylamide, 0.L7å methylene

bisacrylamide slab gel in 7 M urea, 90 mM Tris-borate, 3 mM

EDTA, pH 8.3 (eir et aL., L976). The 20 U9 of RNA treated

with magnesium acetate at pH 9.0, was loaded onto a 4 x 0.2

cm slot and 10 Ug of l-inear CSV, isolated as described

in Chapter II, was run in parallel on a simílar sized

slot; electrophoresis was at 55 mA for 3 hours. RNA bands

Ì^rere located by staining. and Lhe RNA electrophoretically
eluted as described in Chapter II.

The mobility of the "naturally occuring" linear CSV

and the "magnesium-ion generated" linear CSV coincided.

Yields of recovered RNAs were 50U for both linear CSVs

and 75e" for circular CSV.

G. fn Vítro Translation Of RNAs

The translation of purified RNAs was carried

out in the wheat germ cell free translation system

described by Roberts and Paterson (1973). Each reaction

mixture in a volume of 50 Ul, contained: 26 mM HEPES-KOH,

pH 7.5, 2 mM DTT, 1mM ATP, 0.2 mM GTP, I mM creatine

phosphate, 20 pM of each amino acid except leucine, 10 UCi

of 105 Ci/mmole [3u]-teucj-ne , 20 ug/m1 creatine phospho-

kinase, 24 mM KCI, 66 mM potassium acetate, 3 mM magnesium

acetate, 0.12 mM spermidine-HC1, 1 2 yg of RNA and 10 Ul
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of wheat germ S¡0. The mixture was incubated for 90 min

at 26"Ci 5 Ul samples were spotted onto Whatman GF/A

filters, washed in 200 mI of cold 5U (w/v') TCA/LZ (w/v)

casamino acids at AoC for 20 min, washed twice more in 5Z

TCA/Iå casamino acids for I5min/wash and washed for 10

min ín cold (0'C) ether. Thê filters l^¡ere dried at 105oC

for 30 min; 3 ml of toluene scintillation fluid (3.5 g

PPO, 0.35 g POPOP per litre of toluene) was added to each

filter in a vial and the filters were counted in a Packard

Tricarb Scintillation Spectrometer at a counting efficiency

of 252.

RESULTS

A. Electron Microscopic Analysis Of Purified RNAs

When the CSV RNA of Figure II-5C was spread and

visualized by electron microscopy, mostly denatured.

circular molecules were seen together with some linear

molecules (rigure III-1.A). Some of the latter (not

shown) were much thicker than the circular molecules and

were taken to be undenatured circular molecules. The

longer, thinner molecules were presumably denatured

linea:: molecules formed by the nicking of circular

molecules during the 15 20 min incubation in 903 formamide

at 60"C needed for the spreading.

The faster moving CSV RNA of Figure If-5D and the host

7S RNA of Figure II-58 consisted almost exclusively of

linear molecules (Figure III-18 and IfI-lC) although a

few circular-like molecules were seen on scanning the
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FTGURE TII-1

Electron micrographs of (A) ' circular CSV;

(B), linear CSV; and (C) , chrysanthemum 75 RNA.

Samples were prepared for electron microscopy as

described by Randles and Hatta (1979). RNA (0.6

vg/m:-.) in 98e" (v/v) formamid.e, 10 mM Tris-HCI'

pH 8.5, I mM EDTA' 0.003U cytochrome ct at 60oC

was spread onto a hypophase at 45oC of 602 (v/v)

formamide, 1.5 mM Tris-HCI. PH 8.5' 0.I5 mM EDTA-

Samples Ì^rere picked up on parlodion covered grids'

shadowed at 5 - 60 with platinum palladium and

covered with evaporated carbon. The bar represents

150 nm.
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grids (not shown) .

Contour length measurements of circular CSV, linear
csv and chrysanthemum 7s RNA were made. The mean length
and standard deviation of the mean for circular csv was

136 t 19 nm (rigure ]r.I-2) . The tinear CSV and 75 RNA

molecures showed a much broader distribution of molecular

lengths (eigure llf-2) suggesting the presence of RNA

aggregates. since both linear csv and 7s RNA were taken

as defined size classes from a denaturing (7 ¡,1 urea) gel,
the above aggregation suggests that the erectron microscopy

spreading conditions may not have been completely denaturing.

B. Thermal Denaturation Of purified RNAs

Circular CSV RNA showed a sharp temperature

transition with a T* of 47oc and a hyperchromicity of 2rz

under the conditions used (figure III-3A). The shape of
the melting profile was similar to that usually observed.

with viroid RNA (Diener and Hadidi, L977; Randles et aL.,
L976; Semanclk et aL., 1975). The 7S RNA (figure III-3C)
showed a broad temperature transition with a T* of 42oC

and a hyperchromicity of LsZ, consistent with normal

merting profile parameters observed with single-stranded
RNAs (Semancik et aL., 1975; Mossop and Francki, Lg79').

Linear csv RNA displayed a mixed profile with erements of
both broad and sharp temperature transitions being present
(figure III-3B); the T* was 46"C and. the hyperchromicity

was 18%.



FIGURE TTl-2

Length measurements of (A) circular CSV'

(B) linear CSV and (C) chrysanthemum 75 RNA molecules.

The number of molecules measured was: 85 circular

CSV, 34 linear CSV and 87 75 RNA molecules. The

data were experssed as percentage of total molecules

vs. contour length.

RNA molecules were spread under denaturing

conditions as described in Materials and Methods.

Electron micrographs at an instrument (JEM 100 cx)

magnification of 20,000 were calibrated with a carbon

grating replica (2L60 linesr/mm; Ladd Research Industries

Inc. ). Negatives were enlarged 10 times and molecular

lengths were measured with a Numonics electronic

graphics calculator at a resolution of 0.25 mm.
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FIGURE ITI-3

Thermal denaturation profiles of (A), circular

CSV; (B), linear CSV: and (C) ' chrysanthemum 75 RNA

in 0.1 x SSC (f x SSC = 0.15 M NaCl' 0.015 M tri-

sodium citrate, pH 7.0). The temperature lvas increased

at the rate of l.0oC/min as described by Randles et

aL. (I976).
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C. Hybridization Analysis Of Purified RNAs

The seguence homology between the CSV circular

and linear RNAs was shown by preparing a l32pl -cDNA

probe (as described in Chapter IV) to CSV circular RNA

and hybridizing it to both the circular and linear forms.

The two RNAs hybridized at identical rates with the same

Rot¿ of 3.2 x 10-3 mo1 sec litre-l (rigure ïII-4). The

much slorqer rate of hybridization of the l32pl -cDNA to 75

RNA shorved that there was no sequence homoJ-ogy between

the viroid and 7S RNAs whil-e the Rot¿ of 7 .5 x irl-2 mo1

'1sec litre indicated that the 7S RNA was contaminated

with viroid sequences to the extent of 42 (3.2 x tO-3¡l .S

x LO'2 x lOO%) (see Gould and Symons , Lg77, L}TB; Gould

et aL. , 1978) .

D. 5'-Terminal Labellinq And Determination Of The

5'-Terminal Residue Of Purified RNAs

In view of the recent report on the conversion

of purified circular PSTV to the linear form by treatment

for at. least one hour with 5 mM Mg2+ at 37oc and pH g

(Sänger et aL., L979r, it was feasible that some of the

Iinear CSV found in the presenL work was due to tt'tg2+

catalysed hydrolysis of circular CSV since yg2+ was present

during the initial extraction of plant material. Such

cleaved RNA would possess a S'-hydroxyl and a 2'(3')-

phosphate (Huff et aL., 1964) , as would any RNA cleaved

by plant ribonucleases with a specificity similar to

pancreatic, Tt or TZ ribonucleases. Thusr aDY linear CSV

molecules lvith a 5'-phosphate that were derived from

circular molecules must have arisen by a mechanism other



FIGURE III-4

Kinetics of hybridization of t32pl -cDNA prepared

on circular CSV with circular (o) ', linear CSV (o),

and chrysant.hemum 75 RNA (A) . Hybridization and St

nuclease assays were carried out as described in

Materials and Methods of Chapter IV. The Rot curves

were normalized to a maximum of 1009 to facilitate

comparison. The actual plateau values were 499ø, 642,

and 522 for circular CSV, l-inear CSV' and 75 RNA,

respectively.
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than metal ion-catalyzed hydrolysis.

The 5r-terminal residues were labelled by phosphorylat.ion
a1

using y-"P-ATP and polynucleotide kinase, either with or

without prior phosphatase treatment to remove any 5 I -
phosphaLe. In the case of linear CSV, there was 2.7 times

(L.0/0.37) as much tabelling of the 5'-resid.ues with prior

phosphatase treatment as without (Table III-1). This

indicates that linear CSV contained 372 of its 5'-ends as

5'-hydroxyls and 632 as 5'-phosphates; the latter figure

is a minimum estimate due to the exchange reaction between

y-32n-arn and a 5'-phosphate catallzsed by the bacteriophage

T4 polynucleotide kinase (van de Sande et aL., L973). A

measure of the extent of this exchànge under the conditions

used was obtained by the phosphorylation of circular CSV

after partial digestion with nucl-ease S, whích cleaves

single-strand nucleic acids to give a 5r-phosphate and a

3f-hydroxyl (Ando, 1966). This partially digested CSV

contained a mixture of RNA fragments varyi-ng in size from

full length linear molecules to fragments about 100 residues

Iong (Figure IV-6 ) and 6 .7 Limes ( I0 . ,/0 . 15 ) as much

phosphorylation occurred after removal of the 5'-phosphate

(Table III-1) . This result indicates that 15å of the 5 I -
Iabel1ing oecurred by exchange but the conclusion is

complicated by the possibility that some 5'-hydroxyls may

have been produced during the St nuclease treatment which

requires I mM zn2+ at pH 4.6 for activity. rn spite of

these difficultíes, the results indicate that roughly 72e"

(63? plus 92 correction (0.15 x 0.63) for exchange) of

linear molecules had a 5o-phosphate and the::efore could not



TABLE III-1

LABELLTNG OF 5I-TERMTNI OF LINEAR CSV, NUCLEASE S

TREATED CSV AND CHRYSANTHEMUM 75 RNA VÍITH Y-32n-arn

AND POLYNUCLEOTTDE KTNASE AND THB EFFECT OF PRIOR

PHOSPHATASE TREATMENTA

RNA Phosphatase
Treatment

Relative
32p

Incorporation

5.r -Terminal Residue
(mo1es E )

ACG U

Linear CSV

7S

Nuclease S, )
treated )

circular CSV)

0. 37 35

1.0 34

0. 15 36

42

+

16

L7

19

19

I8

L7

L7

16

16

L7

31

32

+ 1.0
28

23

+

0 .67

1.0

56

58

I

7

20

18

a Experimental details are given in Materials and Methods
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have arisen from circular molecules by metal ion-catalysed

hydrolysis.

Chrysanthemum 75 RNA is a complex mixture of RNAs

(see Figure V-6). Table ïïI-1 shows that at least 432

(372 plus 6eo correction (0.15 x 0.37) for "*"Ìì^n9") of 73

RNA molecules have a phosphate at their 5'-termini and

could not have arisen as the result of metal-ion catalyzed

hydrotysis of- higher molecular weight RNAs.

The nucleotides present at the 5'-termini of the

four types of RNA were determined by complete digestion of

the 5'-32p-nNA with nuclease Pl to the 5'-mononucleotides

which hrere then separated by high voltage paper electro-

phoresis and counted. AJI four nucleotides were found at

the 5'-termini while'the remarkably consistent base

composition (Table III-1) indicates that there is Iittle

specificity at the site of nicking of the linear molecules.

Although the base composition of CSV is not known, the

high proportion of A + U residues relative to G + C residues

for the two types of CSV suggests that linear molecules

vlere produced from circulars by nicking in a poorly base

paired region.

The nucleotides present at the 5'-termini of chrysan-

themum 75 RNA consisted mostly (54 58å) of adenosine

residues (table III-I), irrespective of the presence or

absence of- a phosphate at the 5'-termini.

E. f nf ectivitY Anal]'sis Of Purified RNAs

CSV

The

Two

RNA were

results

separate preparations of

tested for infectivity on

circular and linear

Gynura aurantiaca.

thaL both circularof Table ITI-2 show clearIy



TABLE T.T1-2

INFECTIVITY ANALYSIS OF CTRCULAR AND LINEAR CSV RNAS

ON GYNURA AARANTTACA

Expt

No.

RNA

Tested

Number of plants showing symptoms

over number of plants inoculated at

an RNA concentration (Ug,/ml) ofa

5 r 0.5 0.1 0.05 0.01 0.00s

I

2.

CSV circular

CSV linear

Chrysanthemum 75

CSV circular

CSV linear

4/4

6/6

.= 0/6

4/4

6/6

6/6

3/4

5/6

L/6

4/s

5/5

3/5

3/6

L/6

L/6

a Infectivity scored at 8 weeks post infection. A separate

preparation of CSV RNAs \^¡as used in each experiment.
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and linear forms \^rere equally infectious while the

purity of the RNAs used (Figure rI-5) rules out the

possibitity that the infectivity of the linear CSV RNA

was due to contaminating circular RNA. The chrysanthemum

75 RNA was infectious at 5 yg/ml but not 0.5 Vg/mI; since

this RNA contained 4Z CSV RNA sequences (Figure III-4) '
equivalent to 0.2 Vg/mL CSV RNA, this infectivity is not

surprising.

Linear CSV molecules were also generated by treatment

with magnesium ions at high pH (Sänger et aL., 1979).

These were separated from intact circular CSV molecules

by denaturing polyacrylamide slab ge1 electrophoresis.

These linear molecules vrere called "magnesium-íon cleavage

generated" linear CSV, to differentiate them from the

"natural" linear CSV molecules d-escribed earlier.

Infectivity tests on both types of linear RNAs showeC

them to be equally infectious (Table rrr-3). Both linears

were as infectious as the circular CSV molecules remaining

inLact after incubation at high pH with magnesium ions.

Extraction of symptom-bearing Gynura plants and analysis

of the nucleic acid on a denaturing (l M urea) ge1 revealed

the presence of linear and circular CSV in Gynura inoculated

with either circular CSV, linear CSV or magnesium-ion

cleavage generated linear CSV; regardless of the type of

CSV used in the inoculum, ât least 902 of the CSV in the

inoculated Gynura htas circular (results not shown).

Contamination of the linear molecules by circular

molecules appears unlikely in view of the following.
(1) Extensive destaining of the gel track containing



TABLE III-3

TNFECTTVITY ANALYSIS OF CTRCULAR, LINEAR AND MAGNESÏUM-

ION CLEAVAGE GENERATED LTNEAR CSV RNAS ON

GYNURA AURANTIACA

Expt.

No.

RNA

Testeda

Number of plants showing symptoms over

number of plants inoculated at an RNA

concentration (vg/m1) ofb

s 0.s 0.05 0.005 0.000s

I CSV linear

CSV-M9-linear

CSV linear

CSV-M9-linear

CSV circular

CSV linear

CSV-Mg-linear

5/5

4/s

2/5

4/s

4/5

4/s

5/s

sls

s/5

0/6

4/6

L/s

4/5

4/5

3/5

4/5

L/6

2/6

2/5

3/s

3/5

L/s

L/s

L/6

0/6

2

3

a RNAs purified as d.escibed in Methods. CSV-Mg-linear =

circular CSV treated hrith Mg2+ to generate linear

molecules. CSV linear = Inaturally occurring' linear

CSV RNA.

b Infectivity scored at 8 weeks post inoculation. The

same preparation of CSV RNAs was used in all three

experiments.



55.

10 Ug of "natural" linear CSV molecules did not reveal

any trace of circular CSV; conditions under which 0.5 Ug

(54 contamination) could easily have been detected.

(2) Circular CSV and "magnesium-ion cleavage generated"

linear CSV were separated by 5.0 cm on the slab gel.

(3) "Natural" linear CSV was as infectious after re-

electrophoresis on a second urea gel (Table III-3) as after

electrophoresis on only one urea ge1 (Tab1e IlI-2)¡ i.e.,

the urea gel used to initially separate "natural" linear

CSV from circular CSV (Chapter II, Materials and Methods

and Figure II-5).

F. In Vttr.o Translation Of Purified RNAs

Attempts at translating linear CSV, circular CSV

and chrysanthemum 75 RNA into proteins in the wheat germ

ceII free system were unsuccessful (tab1e III-4). The

conditions chosen for the translation reaction \^rere

found to be near optimal for animal mRNAs (Crawford et aL. ,

L979; Powe1l and Rogers, 1980), bacterial mRNAs (O'Conner,

1978) and plant viral RNAs (Schwinghamer and Symons , L977 ¡

Palukaitis, results not shown). Und.er these conditions,

neither circular CSV, linear CSV, chrysanthemum 75 RNA nor

avocado sunblotch viroid (ASBV; see Chapter VT) were capable

of stimulating the incorporation of [3H]-leocine into TCA

precipitable cpm above the background endogenous level
(which was not due to protein synthesis, but was due to the

precipitation of [3H] -len-tRNA, since no steps were taken

to remove or degrade the aminoacyl-tRNAs; results not shown).

Under the same translation reaction conditions, the

coat protein mRNAs (RNA 4) of three strains of cucumber



TABLE III-4

AM INO ACID TNCORPORATION IN I^IHEAT GERM EXTRACTS
a

3
RNA Incorporation of t

Gross Net

Hl -leucine
z

Activitydb
cpm cpm

c

None

CSV linear

CSV circular

ASBV circular

Chrysanthemum

7S

SAT-CIVIV

e-cw¡
M-CMV4

P-CMV4

Q-CMV4

r.o ug

1.1 ug

1.1 uçI

1.0 ug

1.0 ug

1.6 ug

0.8 u9

0.8 u9

I.2 ug

L2 ,7 0o

14,850

13,500

12,900

L5,200

33,750

135,800

98,550

L2g ,500

140,100

0

2,L50

800

200

2,500

21,050

123,100

85,850

116,800

L27,400

0

1.69

0. 63

0. 16

L.96

16.5

96 .62

67.39

91. 68

100.00

a RNAs incubated in the wheat germ cell-free extract as

described in Methods wíth r0 uci of [3H]-terrcine (105 ci/

mmole) in 50 uI.
b "Gross cpm" is the cpm obtained per 5 uI of sample acid

precipitated.

c ,'Net cpm" is the radio-activity above the control without

viral RNA.

d "8 Activity" is the percentage of incorporation due to Q-

CMV RNA 4.
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mosaic virus (Q-, P- and M-CMV) ' RNA 3 of the Q-strain

of CMV and a satellite RNA of CMV (SAT-CMV; Gould et aL''

l,}TB) were capable of stimulating the incorporation of

[3n]-t"r, into acid. precipitable cpm (Tab1e rrr-4) '

Analysis of the protein synthesis reaction mixtures

of circular CSV, linear CSV and chrysanthemum 75 RNA by

electrophoresis on a discontinuous 202 acrylamide, 0.L22

bis-acrylamide slab gel containing 0.2e" SDS (Laemmli'

L}TO) and. fluorography at -80"C (l,askey and Mi11s, 1975)

revealed no products (bands or smears) for any of the above

RNAs, whereas the viral RNAs all produced the expected

products (schwinghamer and symons , L977 ¡ results not

shown)

DTSCUSSION

A. Physical And Biochemical Characterization Of CSV

The two RNAs obtaíned after polyacrylamide

gel electrophoresis of csv in the presence of urea

(Figure II-5) were characterized and were shown to be

two distinct forms of the same RNA.

The identifícation of the electrophoretically faster

migrating RNA on urea gels as the tinear form of csv was

made by electron microscopy and molecular hybridization.

The latter procedure confirmed the identity of sequence

between the slower migrating circular and the faster

migrating linear forms and removed the possibility that

the linear form was a second infectious agent unrelated to

CSV.

The size of the circular form of CSV (136 t 19 nm) is
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similar to the sj,ze of PSTV (140 t 10 DITIr McClements and'

Kaesberg:, L977', L25 ! 13 rllnr Owens et aL', L977 ) as

determined by electron microscopy. since the three size

estimations were made under completely different spreading

conditions, a direct comparison to establish the molecular

weight of csv relative to PsTV is not possible. The broad

distribution of the lengths of linear viroid molecules

(f igure III-28) \^ras also observed. by Owens et aL. (L977)

for linear PSTV and was thought to be due to different

degrees of renaturation of linear molecules'

The sharp melting profiÌe found here (rigure III-3)

for circular CSV is similar to that reported by Langowski

et aL. (1978) for CSV and four other circular viroids.

These authors concluded, on the basis of physical

measurements, that circular viroids exist as an extended

rod-like structure characterized by a series of double-

helicat sections and internal loops. The appreciable loss

in sharpness of the melting profile in going from the

circular to the linear form of CSV (Figure III-3), índicates

a reduction in the co-operative melting process; it can

be predicted that the exact change would be dependent on the

position of strand cleavage. Thermal denaturation of

linear PSTV generated by magnesium-ion catallrssfl cleavage

of circul-ar PSTV (Sänger et dL., 1979) produced a similar

change in melting profile. The appearance of an extra'

Iower temperature melting component in reoeated' thermal

denaturations of circular RNA preparations of several

viroids has been attributed to the generation of nicked

molecules (Klump et aL., 1978).
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The inability of linear or circular CSV or circular

ASBV to act as messenger RNAs in an ín uitt'o translation

system, is consistent with the inability of CEV (ttatl

et dL., 1974) or PSTV (Davies et aL., 1974) to be trans-

Iated in uitro in a number of eukaryotic or prokaryotic

ceII free systems; CEV was also non-L::anslatable ín uíuo

in frog oocytes (Semancik et aL., 1977). Furthermore,

the sequence of PSTV (cross et aL. , L97B) contaíned no

AUG initiation codons, but did contain multiple termination

codons in all three reading frames making it unlikely

that PSTV could function as a mRNA. To determine whether

or not viroids are negative strand virusesr âs has been

recently suggested (Mathews, L979) , will require the

isolation of the negative strand of a viroid and its

subsequent translation. Negative strands for viroids

have been found for both CEV (Grill and Semancik, I97B)

and PSTV (Dickson and Zaitlin, personal communication).

Analysis of in uíuo or ín sítu radio-labelled proteins

from infected and non-infected plants has not revealed the

presence of any ne\,v 1ow molecular weight viroid-encoded

proteins for PSTV (Zaittin and Hariharasubramanian, 1972)

or CEV (Conejero and Semancik, 1977¡ Conejero et aL.,

Le79).

The chrysanthemum 75 RNA' used as a control RNA in

the course of this work, was shown to be linear, single-

stranded, non-infectious, non-translatable and unrelated

to CSV by seguence. This RNA co-migrates with an RNA

from Gynuna (rigure rr-4C-E); the latter has been shown

to have a sedimentation co-efficient of 7s (Sänger et aL-,



1976). The origin of this RNA and its role in the

infectious process' if ânY, remain unknown.

B. Biolog ical Characterization Of CSV

Using Gynura aurantíaca as an assay host the

relative infectivities of circular and linear CSV were

compared. Both linear and circular CSV gave an IDSO

of about O.O5 Vg/mL in this hosti no other data on the

infectivity of purified CSV has been publíshed. In fact'

the only infectivity data published for any purified

viroid is for PSTV on tomato and the results have shown

enormous variation. The statement (no data) by Sänger

et aL. (L976) that 50 100 molecules of PSTV are needed

to produce symptoms in 10% of inoculated toma-to seedlings

is a fáctor of about 109 lower than the tDsO of between

2 Vg/mL and 0.2 Vg/mL for purified PSTV on tomato reported

from the same laboratory (Mühlbach et aL., 1-977b) . Likewise'

I*lorrís and Smith (L977) reported an ID'O of between 1-6

and 160 fn/mI (g .6 x 104 g .6 105 molecules/m1) for

59.

x

purified PSTV on tomato but the data of Morris (1979) gives
4

an ID50
of about O.I ng/ml¡ oY a factor of about I0 higher,

6and no infectivity at I Pglml (A x 10 molecules,/ml).

Diener et aL. (L974) reported an Io5O of O-2 2.0 nq/ml for

purified PSTV on tomato and 10 20% of the plants were

infected at 20 pg/mL.

The dilution end-point for circular csv was below

5 ng/mI (Table III-3) and the end-point for linear CSV was

0.5 5 ng/mL (Table III-3). This compares with a mixture

of circular and. linear CSV (Chapter II) rvhere the dilution
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end-point was 0.2 2 ng/m]-. These small differences

may be due to the normal variations inherent in bio-

assays.

The infectivity of the linear as well as the circular

form of CSV (table III-2) is intriguing as a sj-milar

result has been obtained for PSTV by Owens et aL. (1977).

Morris (L979) found. only one infectious species in his

preparations of PSTV but this was not characterized so

that it is difficult to compare his results with those

of owens et aL. (1977). Further, it is also difficult

to interpret the infectivity of linear PSTV produced
)-L

by Mg'*-catalysed hydrolysis (Sänger et aL., L979) since

infectivity of control circular PSTV was presumably not

done at the same time). If the circular form represents

the true viroid, then the linear form is presumably

ligated to the circular form in uíuo after infection.

Further, whatever mechanism of viroid replication is

proposed, the end product would be linear and circular

ligation must occur. If an RNA tigase exists in plants

with a comparable specificity to the bacteriophage T4

RNA ligase (Silber et aL., L972) , then tigation of nicked

circular CSV molecules with a 5'-phosphate and a 3'-hydroxyl

would most likely occur and the nature of the residues on

either side of this nick would not be important. Hence'

on the basis of these considerations, the infectivity of

linear CSV reported here and of linear PSTV (Owens et aL.,

L977) would be exPected.

The fact that "natural" linear CSV was as infectious
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as "magnesium-ion cleavage generated" linear CSV may

indicate that Gynuna aurantiaca has a greater abílity

to repair nicked viroid. RNA than does Lyeopetsíeon

eseuLentum. This is supporteà by the presence of

predomínantly circular CSV in symptom-bearíng Gynuna

inoculated. with either of the two types of línear CSV

or with circular CSV.



CHAPTER IV

SYNTHESIS AND CHARACTERIZATTON OF COMPLEMENTARY

DNA PROBES TO COCONUT CADANG-CADANG

VIROID AND TO CHRYSAI{THEMU}T STUNT VIROÏD.
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TNTRODUCTION

Questions related to the time, pIace, rate and mode

of viroid replication can be answered by the use of

complementary RNA or DNA probes to viroid sequence in

Iiquid, fj-lter or in situ hybridizations.

An RNA probe to PSTV was synthesized by Owens and

Diener (L977 ) using the replicase of the RNA phage Oß.

Although this probe was specific for PSTV sequences, there

was no apparently simple method of separating the cDNA from

the template; a necessary step if the probe is to be used

to detect viroid sequences in plant tíssue nucleic acid

extracts.

The synthesis of a complementary DNA probe to PSTV

\^ras reported by Hadidi "; aL. (L977) i however, this cDNA

may have been made to a plant nucleic acid contaminant in

the PSTV, since it hybridized to preparat-ions of the

satellite RNA of tobacco ringspot virus (TRSV) to the same

extent as it did to PSTV.

More recently, Owens (1978) synthesized a cDNA probe

to PSTV that was shown to be specific for PSTV and did not

hybridize to healthy plant nucleic acids or to the satellite

RNA of TRSV.

In this Chapter, I will described (1) attempts at

synthesizíng cDNA probes to two viroid lcocanut cadang-

cadang associated RNA-I (ccRNA-l) and CSVI by the technique

of Taylor et aL. (L976) which uses random oligodeoxyribo-

nucleotides to prime cDNA synthesis and which has been

successfully applj.ed to make cDNA to high molecular weight

RNAs (Gould and Symons , L977 ¡ I97B) but not to low molecular

weight viral RNAs (Gould et. aL., L97B) or 55 rRNA (rayIor et
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aL., L976) ¡ this technique \das not successful with CSV,

ccRNA-l or ASBV (see Chapter VI) as the template, but was

successfutly applied to the synthesis of PSTV cDNA (Owens,

1978); (2) an al-ternative approa"r, developed with ccRNA-l

and applied to CSV and ASBV, which was to (a) cleave the

circular viroid with the single-strand specifj-c nuclease

Slr (b) polyadenylate the Sr-cleaved RNA; and (c) use the

polyadenylatedr Sr-cleaved viroid RNA as a template and

oligo(dT)10 as a primer to synthesize cDNA to these viroids;

and (3) the characterization of the viroid probes to

ccRNA-l and CSV

All work involving the cadang-cadang viroíd was carried

out in collaboration wit-h Dr. J.W. Randles, Department of

Plant Pathology, I,rlaite Agricultural Research Institute'

University of Adelaide.

MATERIALS

lo-32nlATP (80 cilmmol-e) , Io-32p] dcrP (30 cilmmole) ,

and [o-32p]dATP (20 Cilmmole) were provided by Dr. R.H.

Slrmons and synthesized by the method of Symons (L977).

ts-3ul dcrP (15, 5 or 25 ci/mmole) , provided by Dr. J.'14I.

Randles, and [2,8-3H] afp (26 Ci,/mmoIe) were obtained. f rom

Amersham. Actinomycin D was a generous gifL from Merck,

Sharp.and Dohme Research Lab., Rahway' N.J.

Salmon sperm DNA was obtained from Sigma.

single-strand specific nuclease st from AspergíLLus

oyAzae lsas prepared by the method of Vogt (1973) up to and

including the DEAE-ce11ulose chromatographlz step' starting

with a Takadiastase powder. The st units used were as
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described by Vogt (1973).

Coconut nucleic acids, ccRNA-I and ccRNA-2 vüere obtained

from Dr. J.I{. Randles and were prepared as described by

Randles et aL. (1976).

PoIy (A) polymerase from E. eoLi B was prepared as described

by Sippe1 (1973).

Avian myelobtastosis virus reverse transcriptase was

kindly provided by the Office of Program Resources and

Logistics, Viral Cancer Progrram, Division of Cancer Cause

and Prevention, National Cancer Institute' Bethesda, MD.

A CEv-inoculum \¡/as provided by Dr. R. van Velsen,

South Australian Department of Agriculture, and the viroid

maintained in Gynura aurqntiaca. CEV was transmitted to

Gynura by needle puncture using crude nucleic acid

extracts as described for CSV in Chapter II.

All other materials were obtained as described in

preceeding Chapters.

METHODS

A. Partial Digestion of Viroid RNA by Nuclease S
1

1. Nuclease S Digestion of CSV

One to two micrograms of CSV was dried down,

resuspended in 18 UI 0.03 M sodium acetate' 0.05 M NaC1,

0.00I M znSon, 52 (v/v) glycerol, PH 4.6, combined with 6 u1

of nuclease St (3.9 units,/ut) in 0.02 M Tris-HCl, pH 7.5,

0.2 M Nacl, 1 x 1o-4 M znsoo, 5% (v/v) glycerol, and

incubated in the dark at 25oC for 2 hours. The reacti-on

was terminated by the addition of EDTA to a final concentration

of L7 mM and the RNA was purified by one phenol:chloroform
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(1:1) extraction, three ether extractions and one ethanol

precipitation. The RNA was collected by centrifugation

at 1Ir000 g for I0 min at room temperature or at 15'000 g

for I0 min at -5oc, dried.rrà di""olved in 50 uI of

sterile water.

2. Nuclease S, Digestion of ccRNA-l

ccRNA-I (2 ug) was dissolved in 10 ul of

0.03 M sodium acetate, 0.05 M NaCl, I mM ZnSOn, 5% (v/v)

glycerol, pH 4.6. Two units of nuclease St (f UI) vtere

added and the mixture vlas incubated at 45"C for 30 min

before adding I UI of 0:2 M EDTA and 3 volumes of ethanol

to terminate the reaction. After standing overnight at

-l5oC, the ethanol preci.pitate was collected by centri-

fugation, washed once with ethanol, dried and resuspended

in 40 50 uI of sterile water.

B. Polyadenylation of RNA

Nuclease St treated viroid RNAs (in 40 50 uI

of water) were heated at 80oC for 3 min or 100oC for l mj-n,

chilted and used directly in the polyadenylation reaction.

RNAs \^rere polyadenylated by a m.odification of the

procedure described by Devos et aL. (L976). RNA (f 3 ug)

rt/as incubated at 37oC for:40 min in 100 UI of 50 mM Tris-

HCl, pH 7.9, I mM dithiothreitol, 10 mM magnesium acetate'

2. 5 mM MnC1, , 0. 3 M NaCl, O. t mM [o-32p] ATP ( 50 mcirzmmole)
)

or 0.1 mM ['u]arp (100 mCi/mmole), and 13 ug of the peak

phosphocellulose fraction of the poty(A) polymerase. The

polyadenylated RNA was separated from unreacted ATP by gel

filtration on a Sephadex c-50 column (1.5 x 15 cm). The

RNA was eluted with either 10 pM EDTA, PH '7 | or water;



3O-drop fractions \^tere collected

fraction v/ere counted. The peak

RNA were t.hen lyophilized.
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and samples of each

fractions of polyadenylated

C. Oliqo (dT) -Primed Synthesis of cDNA

Complementary DNA to each RNA, polyadenylated

as described above, was synthesized by the method described

by Kemp (1975). Reaction mixtures of 50 Ul contained 50 m¡I

Tris-HCl, pH 8.3, I mM dithiothreitol, I mM magnesium

chlorÍde, three non-raclioactive dNTPs, each at 0.67 mM

and one radioactively l-abeIled dNTP (either Io-32p]¿ATP

(20 Cilmmole) , tS-3Hl dCTP (15.5 or 25 Ci,/mmo1e) or
a1

lcr-'oPl dcrP (30 ci/mole) ) , 100 vg/mL actinomycin D, r 2

Ug of RNA, I 2 yg of oligo(dT)tO, and 10 units of avian

myeloblastosis virus reverse transcriptase. Incubation

was at 37"C for 2 hours. The reaction was stopped by the

addition of 50 ul water, l-00 ul 1å (w/v) SDS' and 300 uI

0.5 N NaOH. After incubation for 3 hours at 37oC or over-

night at room temperature to hydroJ-yze the RNA template,

the cDNA was separated from the low molecular weight material

by passage through a 1.5 x 15 cm column of Sephadex G-50

in 0.1 M NH4Hco3. The t32plcDNA (or [3u]coNe) was recovered

by freeze-drying after the addition of excess Lriethylamine.

cDNA \¡¡as either dissolved in hybridization buffer (A or B;

see Chapter V) t ot water.

D. Random-Primed Synthesis of cDl'{A

Complementary DNA to each RNA was prepared

essentially by the methods of Taylor et aL. (1976) and Kernp

(L975) as described by Gou1d and Symons (1977). This
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procedure was as described above for oligo (dT) -primed

cDNA synthesj-s, except that salmon sperm primer DNA

(Taylor et aL., L976) at 2.5 mg/ml was used instead of

oligo (dT) I0.

E. Lenqth Determination of cDNA Probes
32The size distribution of t Pl cDNA was estimated

by electrophoresis in 52 acrylamide, 0.63 bisacrylamide

992 (v/v) formamide tube gels (Staynov et aL., L972; Gould

and Slrmons, 1977). The molecular weight markers were E.

eolí tRNA (2.2 2.g x 104) , csv (1 x to5) , the satelrite

RNA of cMV (I.15 x 105), cMV RNA 4 (g.s x ro5) and l6s

rRNA (5.5 x tO5). RNAs were located by staining with 0.05%

toluidi-ne blue for 10 min and destaining in water. The gel

was cut up into 2 mm slices and counted. by Cerenkov radiation.

F. lilucleic Acid Hybridization

one microlitre of t32pl - or [3tt] coxa at 2000

cpm/pl was added to 40 U1 of appropriately diluted RNA or

crude plant nucleic acid extracts (partially purified as

described in Chapter II) in hybridization Buffer A (0.I8 M

NaCl, 10 mM Tris-Ilc1, pH 7.0, 0.052 (w/v) SDS, I mM EDTA)

in a siliconized test tube. After thorough mixing, the

solution was transferred to a siliconized capillary tube

(f00 Þ1), sealed at both ends, boiled for 3 - 5 min and

incubated at 60o (for CSV cDNA hybridizations) or 65oC (for

ccRNA-I, cDNA hybridizations) for the appropriate length of

time. Hybridization was terminated by chilling the capillaries

on ice.

The sealed capillaries were opened and the contents added
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to 420 Ul of either nuclease St assay buffer A (30 mM

sodium acetate, pH 4.6, 50 mM NaCl, 1 mM ZnSOn , 5% (v/v)

glycerol containing 40 vg/mI denatured calf thymus DNA)

or nuclease St assay buffer B (30 m¡1 sodium acetate, PH

4.6, 3OO mM NaCI, f ** ZnSOn, 5% (v/v) glycerol containing

40 vg/mL denatured calf thymus DNA). Two samples, each

of 2OO Þ1, rdere taken and to one vras added 2 or 10 units

of nuclease Slr the other 200 UI served as a control. Both

samples were then incubated for 30 min at 45oC or 45 min at

37"C. Digestion was terminated by the addition of 1.0 m1

10% (w/v) TCA; bovine serum albumin (100 uq) \^Ias added as

as carrier. After 30 min at OoC, the TCA-precipitates

were coll-ected onto (I,trhatman) eg/n filters, washed four

times with 5 mI 5Z TCA and twice with 5 nl ether. The cDNA

retained by the filters wds counted by Iiquid scintillation

spectrometry. The hybrid formation \^/as calculated from a

comparJ-son of the duplicates incubated either in the

presence or absence of nuclease S1.

G. Thermal DenaLuration of cDNA:RNA llybrids

The melting profiles of cDNA:RNA hybrid.s were

determined. as follows. Ho¡nolog.ous hybridization reactions

were set up as previously described and the reactions

allowed to proceed to a Rot of I.0 or greater to ensure

complete hybrid formation. Capitlary tulles containing

the hybrid mixtures \,vere then heated for 5 min at the

designated temperature (range: 60 100"C), chilled on

ice and the percent hybrid formation IVas determined as

described above.
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RESULTS

A. cDNA Probe to ccRNA-I

1. Random-Primed cDNA Synthesis

cDNA made to ccRNA-I by the random-primer

method of Taylor et aL. (L976) showed a nuclease St

resistance of 29 55å and saturation hybridization values

to ccRNA-l of only 32 362 after correction for this back-

ground nuclease SI resistance (results not shown).

Furthermore, transcription of cDNA was inefficient with

approximatley 0.6 ng cDNA synthesized./Vg of untreated

ccRNA-l template (Tab1e IV-I).

2. oliqo (dt) -Primed cDNA Svnthesis

a Nuclease S cleavaqe of ccRNA-1:I

Preli4inary attempts at synthesizing

cDNA using purified ccRNA-I as a template by the poly-

adenylation-reverse transcription procedure of Gould et

aL. (1978) were largely unsuccessful. The circularity

(Randles and lJatta, L979) and unusual molecular conformation

of ccRNA-l (Randles et aL., 1976) may have prevented or

strongly inhibited the attachment of either poly (A) poly-

merase or reverse transcrj-ptase to initiation sites. Thus,

nuclease S, was used to cleave ccRNA-l at its presumed

single-stranded regions (Randles et aL., L976). Nuclease St

has been shown to cleave single-stranded regions of IRNA

(garada and Dahlberg, I975¡ Rushizky and Mozejko, L977) .

It has already been shown that ccRNA-l was partially

digested by nuclease St in the presence of 0.15 M NaCI

(Randles et aL., 1976). Figure IV-l shows that in 0.3 M



a

b

c

d

e

f

TABLE IV-I

Hybridization to ccRNA-l in hybridization Buffer

A at 65oC

No pre-treatment; no polyadenylation; random-primed

cDNA synthesis

No pre-treatment; polyad.enylation is as Figure IV-24;

oligo (dr),O-nrimed cDNA synthesis

ccRNA-I heated in water at 100"C for 3 min and poly-

adenylated at 54oC as in Figure IV-28; o1igo (dT) IO-
primed cDNA synthesis

Nuclease St cleaved ccRNA-l, polyadenylated' as in

Figure ÍV-2C; oligo (dT) I'-Primed cDNA synthesis

Nuclease St cleaved ccRNA-l, heated j-n water at 100oC

for I min and polyadenylated as in Figure I\I-2D¡

oligo (dr) f6-primed cDNA synthesis

Oligo (dr) r'-nrimed cDNA synthesis by the method of

Kacian and Myers (1976)

h Nuclease St cleaved ccRNA-l, heated in water at BOoc

for 3 min and polyadenylated as described in Materials

and. Methods; oligo (dT) l0-primed cDNA synthesis.

g



TABLE IV-l

THE EFFECTS OF PRE-TREATMENTS OF CCRNA-I ON THE EXTENT OF POLY-

ADENYLATION, CDNA SYNTHESIS AND ROtå OF HYBRIDTZATION OF THE CDNA

PRE-TREATMENT

OF ccRNA-I

None b

POLYADENYLATION

TEMPERATURE (.C)

PERCENT (U)

POLYADENYLATÏON

PERCENT (%)

cDNA SYNTHESÏS

YIELD OF CDNA

(ng/L ug RNA)

RoEb

(mol s t -1)'

4.5

2.8

8.5

13-I5

68.5

0. 01b

0 .024

0. 011

0.031

0.155s

0. 5-1. 0

6

4

0

I
2xl0
1x10

-3

-1
Nonec

Iteltedd

Sr-cleavede

S., -cleaved)
)

and melted)

S, -cleaved)r)
and melted)

37

54

37

37f

h

7

0.6

1.8

gg

19-5 I

î
1x10r

-?cf1x10JJ

-?I-2x10r

E. coLi IRNA

(No pre-treatment)

37

37



FIGURE IV-1

EffecÈ of salt concentration on the kinetics of

the sequential digestion of ccRNA:l wj-th nuclease St

and RNAse A. Substrate was at a concentration of

1.5 Vg/mI in nuclease St assay buffer A (wittt 0.05 M

NaCl) or nuclease St assay buffer B (with 0.3 IÌ,I NaCI).

Nuclease St (5.5 unitsr/ml) was ad.ded at zero time;

RNAse A (1.4 Vg/ml-) was added at the time shown by

the arrow.
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NaCl, ccRNA-l was more resistant to nuclease St digestion

that in 0.05 M NaCI, probably reflecting the influence of

secondary structure on the availability to the enzyme of

sj-ngle-stranded regions. Incomplete hydrolysis occurred

at hoth salt concentrations, âs shown by the residual

hyperchromicity obtained upon the addition of ribonuclease

A (n'igure IV-I) .

The time course of digestion of ccRNA-I in an un-

fractionated coconut nucl-eic acid extract in nuclease Sl

assay buffer A analyzed by polyacrylamide geI electrophoresis,

showed the digestion \^/as complete by 30 min (results not

shown) .

b. Polyadenylation of ccRNA-I:

A comparison was made of the extent of

polyadenylation of ccRNA-l after it had been subjected to

various pretreatments. Polyadenylation was compared on the

basis of the proportion of [o-32p]ATP in the reaction

mixture incorporated into the RNA.

Table IV-1 and Figure Iv-2 show the effects of various

treatments of ccRNA-l on the extent of polyadenylation.

Untreated ccRNA-I (rigure IV-24) and ccRNA-l melted and

chitled immediately before adding the reaction mixture and

incubating at 54oC (Figure IV-28) gave 4.52 and 2.8% incorpor-

ation, respectively (rab1e IV-1). Nuclease St treated

ccRNA-1 (Figure IV-2C) and nuclease St treated, then melted

and chilled ccRNA-l (Figure Iv'2D) gave 8.53 and 7Z

incorporation, respectivety (Table IV-1) ' in this experi-

ment. Polyadenylation was far less efficient than for

E. coLi LRNA compared in the same experiment (68.5%; Figure



FTGURE TV_2

Elution profiles of polyadenylated ccRNA-I on

G50 Sephadex columns, showing the relative sizes of

the peaks containing polyadenylated RNA (leading

peak) and the unreacted Io-32p]ATp precursor.

Substrates were: (A) 2 Vg untreated ccRNA-l,

polyadenylated at 37oC as described j-n Materials

and Methods; (B) 2 Vg ccRNA-I {in 40 pl water),

heated to 100oC for 3 min and polyadenylated at 54oC

as described in Materials and Methods; (C) 2 Vg

ccRNA-I d.igested with nucleaSe 51, ethanol precipitated

and (D) as for (C), except that after ethanol pre-

cipitation, the RNA was heated (in 40 ¡r1 water) to
l00oC for I min, chilled and polyadenylated at 37"C¡

(E) 4 Vg E. eoLi IRNA, polyadenylated at 37"C as

described in Materials and Methods.
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rV-2E; Table IV-l).

c. cDNA synthesis to ccRNA-l:

The ccRNA-l's polyadenylated as described

in Figure IV-2 were used as templates in the cDNA synthesis

reaction. The efficiency of cDNA synthesis \^¡as again

compared on the basis of the proportion of the radioactive

substrate incorporated into cDNA (Tab1e IV-l). The kinetics

of hybridization to untreated ccRNA-l were assayed for each

cDNA, plotting percentage hybridization against the Rot

(moles of ribonucleotide/litre x time of hybridization in

seconds) value for a series of samples diluted four-fold with

respect to ccRNA-1 concentration (results not shown).

$Ihen untreated, polyadenylated ccRNA-l (¡'igure IV-24)

was used as a template, 0.0242 of the imput radioactivitlr

\^ras incorporated into cDNA (Table rV-l) . Hybridization

kinetics showed a Rotå (midpoint of inflection of the Rot

curve) above 0.1 mol sec litre-l; approximately l-0O-fold

higher than expected for an RNA the size of ccRNA-I (Gould

et aL., 1978). Using Sr-pretreated, polyadenylated ccRNA-I

(Figure IV-2C) | 0.0I1? of the imput radioactivity was

incorporated into cDNA (Table IV-I). The hybridization

kinetics d.id not show a sigmoidal pattern and no Rot-la value

\^7as obtainable. Sr-Pretreated ccRNA-1, which had been

melted and rapidly chilled before polyadenylation (Figure

IV-2D) , stimulated the incorporation of 0.03IÍå of the radio-

label and showed a Rotå of about t x 10-3 mol sec litre-l

(Table IV-l) . For al-I the studies described below, cDItA

r¡ras synthesizecl by the procedure and its hybrì-dization

kinetics characterízed before use.
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The maximum yield for cDNA produced, when Sr-cleaved

RNA heated to 100"C for 1 min and rapidly chilled prior

to polyadenylation was used as the tempJ-ate (Figure IY-2D¡

7Z polyadenylation; l.B ng of cllNA,/pg of RNA) ' \^/as

increased at least 10-fold when Sr-cleaved RNA was instead.

heated to BO.C for 3 min and rapidly chilled prior to

polyadenylation (1¡ 15tå polyadenylation results not

shown; Table IV-l); the yield of cDNA was 19 58 ng/p,g of

RNA (Tab1e IV-l).

cDNA was also synthesized to nuclease St treated ccRNA-I,

polyadenylated as in Figure IV-2D, using the method of Kacian

and Myers (1976), which contains no actinomycin D in the

reaction mixLure. The efficj-ency of cDNA synthesis was

increased (g ng cDNA/pg RI{A) and upon hybridization, the

Rot % value was 1 x 10-3 mo1 sec litre-I, but the nuclease

St resistance of the cDNA was high (45 55U ) and maximum

hybridization values of only 16 232 were obtained. The

high nuclease Sl resistance was apparently due to 'snap

back' anneali-ng of the cDNAr âs melting and rapidly chilling

the cDNA had no effect on subsequent nuclease St resistance.

3. Characterization of cDNA to ccRNA-l

à. Size of the cDNA probe:

The size distribution of cDNA-ccRNA-l

v/as determined on denaturing polyacrylamide-formamide ge1s.

The majority of the cDNA fell- into the 45 size class (rigure

IV-3); some of the cDNA was fuIl length. The size distribution

is similar to that of CSV-cDNA (see below) and PSTV-cDNA

(Owens, I97B). Although the molecular weight of ccRNA-I is

similar to that of the satellite-RNA of CMV, it has not been



TTGURE TV-3

Size distribution of l,32pl cDNA on a denaturing

5E acrylamide-998 formamide gel, thown in relation

to marker RNA species (1) 16S rRNA (5.5 x tO5);

(21 cMV RNA 4 (S.S x tO5); (3) satellite RNA of
ci\,ïv (1.15xr05)¡ (4) ø. eoLi tRNA (2.2 2.g xlo4)

The ge1 was cut into 2 mm slices t.hat were

counted by Cerenkov radiation.
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accurately determined and thus was not included as a

molecular weight marker with the other RNAs.

b. Spe cificity of the cDNA probe:

, That the cDNA probe was specific for

ccRNA-l and ccRNA-2 sequences is shown in Table lV-2.

Other smalt RNA species (including CSV) viral RNAs and

nucleic acids extracted from healthy coconut palms (Table

fV-3) show no significant homology with the cDltIA when

hybridized to Rot values at least twenty times greater than

the Rot value for homologous hybridization. Although nuclease

S, digests ccRNA-2 (Randles, personal communication) e
I - -KI\.â-¿ \.flc[llU-LeÞ r PË! Þ(J.tIcl.-L (-\JltullulllvqwLvtL I r "I

resistance sequences remain which hybridize to a maximum

value of around 36% (Tab1e fV-2). ccRNA-I can be detected

in unfractionated nucleic acids from diseased palms (Table

IV-3), prepared either by the 'PEG procedurer (Randles et

aL., L976) or by the 'total nucleic acid extraction

procedure' (Randles et aL., L976).

The presence of sequences complementary to PSTV in

host DNA has been shown bv Hadidi et aL. (1976). In this

study, the absence of homology with DNA from healthy or

diseased palms at this Cot value (fable IV-3) precludes

the possibility that any presumptive high frequency ccRNA-I

copies in the DNA might interfere with the cletection of

ccRNA-l or -2 in total nucleic acid extracts. I¡Thether

such sequences do in fact exist in the host DNA at low

copy numbers, remains to be determined.

c. Thermal stabifitv of cDNA-ccRNA-I:ccRNA-I

hybrids:

Hybrids formed between cDNA-ccRNA-l and



TABLE IV-2

HYBRIDI ZATION SPECIFICITY OF cDNA TO ccRNA-I

Nucleic Acid Concentration Rot

1uslmr )

z

Hybrid-
ar_zatl_on

None

ccRNA-1

ccRNA-l (Sf treated)b

ccRNA-2

ccRNA-2 (S1 treated.) b

Chrysanthemum stunt viroid

Cucumber mosaic virus RNA

CMV satellite RNA

Tobacco ringspot virus RNA

Tobacco mosaic virus RNA

Yeast LRNA

0.9

I

I

I

I

I

I

5

l.4.4

20

0.2

0.2

0.7

0.7

0.2

0.2

0.2

1.0

3.0

4.1

6.7

43 .9

46 .0

sI. 9

35.7

5.2

3.6

5.5

5.4

4.L

3.6

a Hybridization was carried out at 65oC in hybridization

Buffer A (see ¡,taterials and Methods). Nuclease St assay

of hybrids formed was carried out at 45"c for 30 min as

described in Materials and Methods in nuclease SI assay

Buffer B.

b Treated with nuclease Sl aS described. in Materials and

Methods; concentration is that of RNA before St treatment.



TABLE TV-3

HYBRIDIZATION OF cDNA TO ccRNA-l- I.IITH NUCLEIC

ACTDS OF DISEASED AND HEALTHY PAL}4S

Palm Nucleic Acid Preparation z

Hybrid-
arzataon

bDiseased A

Diseased A

Healthy

Diseased A

Diseased B

Diseased C

Diseased D

Healthy

Diseased A

Healthy

Purified ccRNA-1

PEG procedure,

PEG procedure,

Total, phenol

Total, phenol

Tota1, phenol

Total, phenol

Total, phenol

Total DNAe

Total DNAe

unfractionatedc

unfractionatedc

extractedd

extractedd

extractedd

extractedd

extractedd

46

56

10

45

46

31

61

3

0

0

a Hybridizations and nuclease St assays as in Table IV-2 -

Hybridization percentages corrected for self-hybridization

of cDNA (7 Z¡ .

I{eterologous ccRNA-1, Rot 0.48 mol sec litre -1b

c Nucleic acids from I g of leaf

15. 5 -hours. I PEG procedure' is

aL. (1976).

tissue; hybridization time

as described by Randles et

d Nucleic acids from 0.1 g of leaf tissue; hybridization time

68 hours. 'Total phenol extraction procedure' is as

described by Randles et aL. (1976).

e cot = 185 mo1 sec ritre-l.
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ccRNA-l melted. sharply in hybridization Buffer A with . T*

of 87"C (Figure IV-4). The melting profile closely

resembles that obtained from other homologous hybrids

formed in the same buffer (Gou]d and Symons , L977 ¡ Gould

et aL., I97B), and hybrid formation was therefore apparently

specific with no evidence of mismatching. The thermal

st,ability of cDNA-ccRNA:l:ccRNA-2 hybrids was not determined.

4. Hvbridi-zation AnalYSis of ccRNA-1 and ccRNA-2.

Figure IV-54 shows that kinetics of hybrid-

ization of cDNA-ccRNA-I against the homologous ccRNA-I.

The curve showed the expected sigmoid shape, but maximum

hybridization values rarely exceeded 50%. This low

maximum may have been due to ccRNA-I retaining considerable

secondary structure under these hybridization conditions;

however, varying the temperature and salt concentration and

including formamide in the hybridization buffer failed to

increase the maximum hybríd.ízation values obtained, making

this an unlikeJ-y explanation (results not shown) . The Rotå

value of t 1.5 x 1O-3 mol sec litre-I for the hybridization

of the cDNA with ccRNA-I is close to that obtained by GouJ-d

et aL. (Lg7B) for the satellite RNA of CMV (1 x 10-3 mo1

_t Ã

sec litre-f, M, = I.l5 x IO') but slower than that obtained

for the same RNA in Chapter V (l x 10-4 mol sec litre-I).

ccRNA-1 therefore has a nucleotide complexity similar

to that of the uníque RNA species, satellite RNA of CMV'

and close to its estimated molecular weight of approximately
tr

I x IO' (Randles , L975).

The hybridization kinetics of cDNA with the homoloctous

ccRNA-I preparation from which it was transcribed (Figure IV-



FIGURE TV-4

Thermal denaturati-on of the cDNA-ccRNA-IrccRNA-t

hybrid in hybridization Buffer A, performed as

described in Materials and Methods.
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FIGURE IV-s

Kinetics of hybrídízation of t

to (A) homologous ccRNA-I and (B).

32 Pl cDNA-ccRNA-1

ccRNA-2 extracted

from another diseased palm. The Rot curves have been

normalized to 1003 to facilitate comparison of the

Rotå's. The plat,eau values for (A) and (B) r¡rere 538

and 542, respectively.
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5A) r^/as compared with that obtained when the cDNA was

hybridized with ccRNA-2 (f igure IV-58) . The similarities

of the shapes of the curves, the rates of hybridlzation

and the maximum hybridization values indicate that there is

a high degree of homology between these RNAs.

The Rotå of the cDNA-ccRNA-I:ccRNA-2 hybridization

was approximately 4 - 4.5 x 1o-3 mol sec litre-l. rt

seems j-mprobable that contamination of ccRNA-2 with ccRNA-I

could account for such homology, because more than 33?

contamination would be required to give such a Rotå value.

Re-analysis of ccRNA-2 on polyacrylamide gels both with

and without prior treatment in 4 M urea at 60oC for 15 min

ancl staining in both ethidium bromide and toluidine b1ue,

showed no detectable ccRNA-l at a threshol-d of detection

of around 5Z of the ccRNA-2 concentratj-on (Randles,

personal communication) .

Since the hybridization assay has the limiLation that

a maximum of approximately 50? of the cDNA has hybridized

in all cases, it cannot be concluded that ccRNA-l and -2

have identical nucleotide sequences. Nevertheless, ccRNA-l

sequences to which the cDNA hybridizes are found in both

ccRNA-l and -2.

B. cDNA Probe tO CSV

1. oliqo (dT) -Primed cDNA Synthesis

The approach used to synthesize a cDNA probe

to CSV \^¡as: (1) partial cleavage of CSV by nuclease SI;

(2) enzl.mic addition of a poly (A) tract to the 3'-end

of the Sr-treated CSV; and (3) synthesis of cDNA with

reverse transcriptaser using polyadenylated, Sr-treated



76.

CSV as a template and oligo(dT)rO as a primer.

This is the same approach used for the synthesis of

cDNA to ccRNA-I (see above); however, the conditions for

S,-cleavaqe were changed. The conditíons had to take accountl-

of the lower T* of CSV relative to ccRNA-l (Randles et

aL., L976; Chapter III Results), but also had to ensure

sufficient nicking of the RNA. To accomplish this, the

temperature of the digestion was clecreased, but the

concentration of nuclease St and the time of incubation

were increased.

5r-end labelled Sr-cleaved CSV (with and without prior

treatment with calf intestinal phosphatase) subjectecl to

electrophoresis on a deneturing (l M urea) polyacrylamide

gel revealed a number of minor fragments in the range of

I00 340 residues (figure TV-6C and D); the latter values

is the approximate size of the Ij-near CSV molecule when

compared to the satellite RNA of CMV (335 residues; Richards

et aL., L978) by electrophoresis on d.enaturing (l M urea)

polyacrylamide gels (results not shown). A large proportion

of the label was associated with ful1 length linear CSV

(nigure IV-64 and B) suggesting that some of the RNA is

only nicked once. The nick is probably specific and the

product contains a 5r-phosphater âs would be expected after

cleavage by nuclease St (ando, 1966) . Radio-active bands

appearing in the absence of phosphatase treatment (I.igure

IV-6C) probably reflect random breakdown (possibly Zn2*

catalyzed) of Lhe RNA during the two hour nuclease St

digestion, or they could reflect digestion by a contaminating

nuclease in the S I



FIGURE TV-6

Denaturing polyacrylamide geI electrophoresis

and autoradiography of RNAs labelled at the 5'-end
)a

by l\-"P l ATP and polynucleoticle kinase. Samples:

(A) and (B) linear CSV; (C) and (D) Sr-treated

circular CSV. Samples (B) and (D) vrere pre-treated

with calf intestinal phosphatase prior to labeIling

with polynucleotide kinase and ty-32"lATP. Phosphatase

and kinase treatments and denaturíng (l M urea) t.hin

geI electrophoresis (Sanger and Coulson, I97B) were

as described in Chapter IIf Materials and Methods.

Positions of marker RNAs (4S, 55, 75, linear CSV)

are given. A number of faint'bands were visible in
(C) on the original autoradiogram (not visible here),

but there was no band corresponding to fuII length,

linear CSV.
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After treatment with nuclease SI, Lhe extent of poly-

adenylation of CSV RNA increased such that up to 70e¿ of

the imput ATP was incorporated into poly(A) tails, compared

with 53 obtained without nuclease S1 treatment (results not

shown).

Table IV-4 shows that only the addition of a poly (A)

tail and an. oligo (dT) 16 primer resulted in any appreciable

cDNA synthesi-s. Sr-cleaved CSV was not capable of self-

priming cDNA synthesis and did. not appear to contain any

natural oligo (A) or oligo (U) sequences capable of binding

to the oligo(dT) or poly(A) tails, respectively, which

could then prime cDNA synthesis. cDNA yields were increase

above the leve1s shown in Table IV-4 (about 5 - 10 fold)

by heating the Sr-cleaved RNA at BOoC for 3 min and rapidly

chilling prior to polyadenylation.

cDNA coul-d al-so be made to polyadenylated linear CSV

that had not been pre-treated with nuclease Slr however,

the yield of cDNA was low (5% of that obtained with prior

nuclease St treatment) and this cDNA proved to be unsuitable

for hybridization purposes (results not shown).

cDNA to CSV could not be made using the random primer

method. of Taylor et aL. (L976) (results not shown). This

is similar to the sj-tuation with ccRNA-l (this Chapter)

and ASBV (Chapter VI), but different from PSTV (Owens, L978).

2. Characterization of cDNA to CSV

a. Size of the cDNA robe:

The cDNA to CSV was heterogeneous in

size (rigure IV-7) with most of the cDNA j-n the 20 100,000

molecular weight range. Only a small proportion of the cDNA



TABTE TV-4

CONDTTIONS FOR CSV CDNA SYNTITESTS

RNA Template otigo (dT) lg-primer ng cDNAa

Sr-treated CSV

Polyadenylated,

Sr-treated CSV

+

0

0.23

0. 71

7 .02+

a Sr-treated CSV was either used directly for cDNA

synthesis, or r,.ras first polyadenylated; both as

described in Materials and Methods. The RNA

(0.8 Ug) was divided into two fractions, to one

of which was added 2 vg oligo(dr),0. cDNA yield

is expressed in ng of cDNA synthesized/[OO ng

CSV RNA template.



FIGURE TV_7

Size estimation of t32pl cDNA to CSV by electro-

phoresis on 992 formamide:58 acryl.amide tube gels

as described by Gould and Symons (L977). The gel

was cut up into 2 mm slices and counted by Cerenkov

radíation. RNA markers \¡rere (1) 16s rRNA (5.5 x tO5)

(2) cMV RNA 4 (¡.S x tO5); (3) cSv (approximately

1.1 x fO5); and (4) E. coLi tRNA (2.2 2.g x 104).
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was full length (100 L20,000) . Thís dietribution of

fragments of cDNA to CSV is similar to that observed for

ccRNA-I (earlier this Chapter) and PSTV (Owens, l-97B)

and may reflect difficulties in synthesi zrng cDNA to RNAs

containing appreciable secondary structure.

b. Specificity of the cDNA probe

The cDNA specifically hybridized only

to CSV RNA (Table IV-5) and not to any of the plant viral

hNas tested or to E. coLi IRNA. Therefore, not only was

the cDNA probe specific for CSV, but CSV appears to have no

sequence homology with the RNAs of AMV, B¡,ÏV, CMV or TMV.

The specificity of the probe \^ras further demonstrated by the

ability of the cDNA to find complementary sequences only j-n

partially purified nucleic acids extracted from CSV-infected

chrysanthemums and Gynura, but not from healthy chrysanthemums

or Gynura or from CEV-infected Gynura (Table IV-5).

c. Thermal stability of cDNA-CSV:CSV RNA hybrids:

The low maximum leveI of hybridization
(50 642) could be due to the secondary structure of the

RNA (as was proposed for ccRNA-l) or could be due to the

short size of some of the cDNA (1S 30,000 mol. wt. range).

cDNA of shorter size and./or lower G:C content forms less

stabl-e hybrids; both f actors lower than T* of a hybrid

(Gillespie et dL., 1975). The latter possibility was

supported by the thermal denaturation profile of the hybrid

(rigure IV-8) wherein the curve obtained was broader than

one obtained with the satellite RNA of CMV and its cDNA

(Goul-d e.t aL., L978) and the T¡n was lower (81"C cf . 87oC).

However, the shape of the melting curve was not as broad



TABLE TV-5

SPECIFICITY OF CSV cDNA

Nucleic Acid Concentration

(mg,/mI)

Rot

(mol sec

-1litre -)

%

Hybrid-
at_zatr_on

csv

None

E. eoLi t.RNA

Alfalfa mosaic virus RNA

Brome masaic virus RNA

Cucumber mosaic virus RNA

Tobacco mosaic virus RNA

Healthy chrysanthemum

CSV-infected chrysanthemum

Healthy Gynura

CSV-infected Gynuz'a

CEV-infected Gynura

0. 0r

L.25

L.25

L.25

I.25

I.25

2.0

2.0

2.0

2.0

2.0

320

320

320

320

320

100

100

r00

100

100

2.5 64.7

6.6

6.8

6.8

8.2

9.3

12.3

L2.3

48 .9

10. 6

6L.2

L2 "8

a Hybrid formation and nuclease St assay of hybrids formed

was as described in Materials and Methods using nuclease

St assay buffer B at 37"C for 45 min with 10 units Sr/assay.



FIGURE IV-B

32Thermal denaturation of t PIcDNA to CSV:CSV

RNA hybrids in hybridization Br.rffe.r Ar performed

as described in Materials and Methods.
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as the melting profiles obtained from hybrids that were

greatly mis-matched (Gillespie et aL. , L975; Gonda and

Symons, I978) , indicating little if any mis-matching.

DTSCUSSION

Attempts at making cDNA to three different viroids (CSV'

ccRNA-l and ASBV) via the random primer technique of Taylor

et aL. (l-976) were unsuccessful. An alternative technigue

for the synthesis of cDNA to viroids was developed, based

on the following. (I) Gou1d et aL. (1978) had shown

that oligo (dT) l.-primed cDNA could be synthesized to non-

poly(A)-containing, low molecular weight RNA after in uitz'o

polyadenylation. This reaction, however, is dependenL on

the presence of a 3'-hydroxyl on the RNA, and the circular

structure of viroids prevents polyadenylation of the RNA.

(2) Randles et aL. (I976) demonstrated the resistance of

PSTV and ccRNA-l to total digestion by the single-strand

specific nuclease 51, and digestion of CSV by nuclease St

produced a number of fragments including full length linear

viroid (Figure IV-6), suggesting that the high degr:ee of

secondary structure protects viroids from being degraded

even under vigorous digestion conditions. Furthermore,

the RNA fragments produced by nuclease St digestion have

3'-hydroxyls (Ando, L966). Therefore, the approach developed

with ccRNA-l and applied to CSV was to (I) partially cleave

viroid. RNA with nuclease Sl; Q) polyadenylate the SI-

cleaved RNA fragments; and (3) using polyadenylated, Sl-

cleaved RNA as a template and oligo(dr)tO as a primer,

synthesize cDNA to the viroids.



80.

cDNA synthesized to CSV was shown to be dependent on

both the polyadenylation of Sr-cleaved RNA and the presence

of oligo(dT) as a primer. The cDNA synthesized was

specific for the viroid to which it was made; the cDNA

hybridized to neither healthy host nucleic acj-ds nor to

the other viral RNAs tested.

The cDNA made to ccRNA-l showed that the two RNAs

associated with the cadang-cadang disease of coconuts,

ccRNA-I and ccRNA-2, are related by sequence and that

ccRNA-l is unrelated to CSV.

The CSV-cDNA probe showed that CSV sequences \,vere

present only in the RNA of infected and not healthy plants

and that CSV is unrelated by sequence to CEV.

The possibility of the existence of some small

sequence relationship (homol-ogy) between these viroid

cannot be ruled out, as there is no real estimate of the

'representivityi of the probes; i.e., whether all the

viroid sequences vrere copied into cDNA and whether all

fragments were copied to the same extent.

cDNA could also be synthesized to polyadenylated' SI-

treated CSV using all three specific primers' d(pTtG)'

a(pTgC) and d(pTrA) , albeit with different eff iciencies,

(resutts not shown) suggesting initiation of cDNA synthesis

was occurring on a number of different Sr-digestion fragments.

Some of these fragments were full length' aS was some of the

cDNA. The secondary structure present in long CSV fragments

may have interfered with cDNA synthesis by reverse trans-

criptase, resulting in the low yields of cDNA often obtained.

The size distribution of the cDNA to CSV was similar to
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that of the cDNAs to ccRNA-I, the satellite RNA of CMV

(Gould et aL., l-97B) and PSTV (Owens, I97B)¡ all highly

base-paired RNAs. OnIy approximately 503 of the cDNA

(for PSTV, ccRNA-I and CSV) was capable of hybridizing.

Owens, (1978) showed that the majority of the cDNA

incapable of hybridizing was less than 25,000 in molecular

weight; a large proportion of all three cDNAs (CSV,

ccRNA-l and PSTV) was 25,000 of below in moJ-ecular weight.

A discussion on the rates of hybridization of vj-roids will

be presented in Chapter V, where the secondary structure

characteristic of viroids will be shown to have an effect

on the rate of hybridízation.



CHAPTER V

HYBRIDIZATION ANALYSIS, QUANTITATION OF

CSV LBVELS IN EXTRACTS OF TNFBCTED PLANTS

AND ANALYSIS OF PLANT DNA FOR VTROÏD

SEQUENCE HOI{OLOGY
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INTRODUCTION

Hybridization analysis of labelled complementary DNA

(cDNA) to RNA can be used to determine the molecular

complexity and the concentratj-on of a particular RNA in a

nucleic acid extract. This reaction is dependent upon the

ability of bases in the cDNA to form hydrogen bonds with

complementary bases in the RNA; i.e-, the two strands

must be complementary and the bases must not be involved

in other stronger hydrogen bond formations. In the case

of single-stranded RNAs, hybridization conditions are

chosen that enable duplex formation to occur and remain

stable, but do not permit stable intramolecular hydrogen

bonding of small, rand.omly oriented complementary seguences.

Und.er conditions used for the hybridizatíon of normal'

single-stranded RNA molecules (e.g., those of Gould and

Slrmons, L977; Taylor et aL., 1976), viroid RNA molecules,

with their high degree of ordered secondary structure may

not be fulty denatured and thus not show the expected

kinetics of hybridization. If viroid RNA j-s not ful1y

denatured during the hybridization reaction with its cDNA,

then the cDNA may (1) not hybridize to the RNA; (2) hybridize

at a much slolver rate by hybridizing with partially denaturecl

molecules; or (3) hybridize only to fragments of viroid R¡lA

with no secondary structure. Thereforer attempts to

quantitate the levels of viroid RNA in plant nucleic acid

extracts by hybridization, must be carried out using

conditions under which no viroid secondary structure remains

and the rate of hybridization is dependent on only the total

concentration of viroid sequences and not on the physical
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nature of the RNA; i.e., circular, linear t ot fragmented.

In this Chapter, the rate of hybridization of CSV

under different conditions is investigated, with the

development of a method that permits the quantitation of

viroid sequences regardless of the physical nature of the

RNA in plant nucleic acid extracts.

PSTV was shown to have some sequence homology with

CSV (owens et qL., L978) as well as with several plant

genomes (Hadidi et aL., L976). In order to determine

whether CSV sequences are also present in host DNA,

hybridizatj-on studies involving the chrysanthemum and

Gynura a,ura,ntiaca g'enomes were initiated. The analysis

of these two CSV host genomes for the presence of Sequences

complementary to CSV is described in this Chapter as well

as a comparison of m1z results with those of Hadidi et aL.

(Le7 6) .

MATERTALS

All materials used have previously been described.

in Chapters II IV.

METHODS

A. Condj-tions of Hybridization

Hybridizations were carried out in either of trvo

buffers; Buffer A: 0.18 M NaC1, 10 mM Tris-HCI' 0.05U

sodium dodecyl sulphate, I mM EDTA, PH 7.0¡ Buffer B: 0.IB

M NaCl, 10 mM Tris-HCI' pH 7.0, 2 mM EDTA, 402 (v/v) form-

amide. The nuclease sl assay of t32plcDNA:RNA hybrids was

carried out as described in Chapter IV



B. Thermal Denaturation of CSV

Viroid RNA was melted in either I

Na CI, 0.0I5 M trisodium citrate, pH 7.0) or

containing 402 (v/v) formamide as described

x SSC

inl

84.

(0.15 r{

x SSC

in Chapter III.

C. Thermal Denaturation of cDNA:RNA Hybrids

The thermal denaturation of cDNA:RNA hybrids was

carrj-ed out as described in Chapter IV. Hybrids formed in

hybridization Buffer A were denatured over the temperature

range 60 I00oC; those formed in Buffer B were denatured

over the range 55 95%. Nuclease St assays of hybrids

were carried out as described in Chapter IV.

D. Preparation of Chrysanthemum and G1¡nuna aurantíaca

DNA.

Partially purified nucleic acids extracted via

procedure C (Chapter rI) from healthy or CSV-infected,

chrysanthemums or Gynura' rr\rere sonicated, treated with 0.3

N NaOII at 37"C for 24 hours to digest RNA, neutralized with

acetic acid, dialyzed overnight against I mM EDTA, PH 7,

at  oC to remove low molecular weight material and

concentrated by ethanol precipitation. The DNA was collected

by centrifugation and dissolved in water or hybridization

Buffer A.

E. Preparation of cDNA to Chrvsanthemum DNA

Í,32plcDNA to hearthy chrysanthemum DNA was prepared

by the method. of Taylor et aL. (1976) as described by Gould

and Symons (1-977 ) r except that denatured, sonicated chrysan-

themum DNA was the template, and actinomyci.n D was left out
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of the cDNA synthesis reaction mixture.

F. Hybridization of cDNA to Genomic DNA

Hybridization of l,32pl.DNA to cSV, chrysanthemum

7S RNA or healthy chrysanthemum DNA against healthy or

CSV-infected chrysanthemum or Gynura DNA was carried out

in hybridization Buffer A at 60oC as described in Chapter

IV; Materials and Methods.

RESULTS

A. Analysis of Hybridization Conditions

t. Factors Rel-evant to the HYbridization AnalYsis

of CSV usinq Labelled cDNA

a. Hvbridization buffers used:

Two buffers have been usecl' one (euffer

A) with a monovalent cation concentration of 0.19 M which

we have used extensively for work with plant viral RNAs

(Gou1d and Symons, 1977, I97B; Gould et aL', I97B\, and

another (Buffer B) which was essentially the same as Buffer

A but also contained 4OZ (v/v) formamide, a concentration

found suitable for other hybridization work (Fried'rich and

Feix, L972¡ Hutton, 1977). In terms of cation concentration,

Buffer A and Buffer B are essentíalIy equivalent to I x SSC

(0.15 M NaCl, 0.015 M trisodium citrate, PH 7.0) '

b. Melt rofiles and T values:

The melting profiles of circular and

l-inear CSV in I x SSC and circular CSV in I x SSC containing

4OZ (v/v) formamide are given in Figure V-14 to V-lC'

respectively" Circular CSV showed a co-operative melting



FTGURE V-I

Thermal denaturation profiles of circular and

linear CSV.

(A) Circular CSV in 1 x SSC 'i

(B) Linear CSV in 1 x SSC;

(c) Circular CSV in I x SSc containing 402 (v/v)

formamide.

The temperature was increased at the rate of 1.OoC,/min

as described in Materials and Methods (Chapter III).
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profite (Langowski et aL. , I97B) in both solvents with T*

values of 62"C and 44"Cr r€spectively (Table V-1). On

the other hand, linear CSV, which is assumed to be the

complete CSV molecule with a single nick since it is as

equally infectious as the circular form (see Chapter III'

Results), gave a broad melting profile in 1 x SSC with

only a small region of co-operative melting and a T* of

approximately 57oC (Figure V-1B, Table V-1).

The melting profiles of circular CSV: t32plcDNA hybrids

in Buffers A and B are given in Figure V-2. Sharp melt]ng

profiles \,vere obtained in each case with T* values of Bl"C

and 60oc, respectively (Table V-I).

In view of these results, the usual procedure of

carrying out hybridizations at a temperature of Tm - 25oC

(Wetmur and Davidson, 1968; Huttcn, L977) was considered

unsuitabte for the formation of CSV: t32plcDNA hybrirls

since this temperature would then be below the T* of the

CSV in both Buffers A and B (Table V-1). Hence, in most

experiments described below, hybridizations in Buffer A

ì,Vere carried out at 60oC aS these were conditions already

used extensively in this laboratory (Gould and Symons, 1977,.

I97B; Gould et qL. , L97B) , while hybridizations in Buffer

B were carried out at 50oC.

c. Preparation of labelled cDNA:

This was by the previously describecl

method (Chapter IV) which j-nvolves the partial cleavage of

circular CSV wj.th nuclease 51, the enzymic addition of a

poly(A) tract to 3'-ends so produced, and the synthesis of

cDNA with reverse transcriptase using the polyadenylated



TABLE V-l

T VALUES OF VARTOUS FORMS OF CSV AND

32 aOF CSV: I P] cDNA HYBRIDS

bExpt. No Nucleic Acid Buffer T
m

( "c)

I. Circular CSV

Línear CSV

Circular CSV

2 csv: l32pl cDNA hybridc
32CSV: I P I cDNA hybricl

IxSSC

IxSSC

lxSSCin

402 (v/v)

formamide

Buffer A

Buffer B

62

57

44

B1

60

a

b

1- values taken from Figure V-I for Expt. 1 and
m

from Figure V--2 for Expt. 2.

SSC, 0.15 M NaCI, 0. 0I5 M trisodium citrate ' PII

7.0i Buffer A, 0.18 M NaCl, I0 mM Tris-HCl, 0.05U

sodium dodecyl sulphate' I mM EDTA, PH 7.0¡ Buffer

B, 0.18 M NaCl, 10 mM Tris-HCl, PH 7.0,2 mM EDTA,

40% (v/v) f ormamide.

circular csv: î32p1 cDNA hybrids were formed as

described j-n Figure V-2.

c



Ì

FTGURE V-2

Thermal denaturation profiles of circular CSV:

t32pl cDNA hybri-ds. csv (1.5 uglmI) was hybrictized

with 3 ng/mL l32pl cDNA to a Rot of 4 x I0-1 mo1 sec

litre-l in Buffer A at 6OoC ( o ) or in a Buffer B

at 50oC ( O ). The thermal denaturation of the

hybrids in the same buffers and nuclease St assay

of the percentage hybrid remaining were carried out

as described in Materials and Methods.
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CSV as template and oligo(dT)f0 as a primer. This method

was successful because of the substantial resistance of

CSV to nuclease St and it provided cDNA with hiqh specificity

probably because any contaminating host RNA sequences v¡ere

degraded during the nuclease St treatment. It is

important to appreciate that the cDNA contained a mixture

of linear DNA fragments of varying sizes and that it had

a relatively low degree of secondary structure as indicated

by its 1ow resistance to the nuclease St treatment used

during the assay for DNA:RNA hybrids (Chapter IV).

2. Comparison of Ilvbridization Rates of Different

RNAs in Two Hybridization Buffers

Initial experiments to test the hybridization
aa

of l"PlcDNA to RNA in Buffers A and B at 60"C and 50oC,

respectively, were carried out using E. eolí 23s RNA (Mr

r.07 x 106; st.anley and Bock, 1965) and cMV sateltite RNA

tr
(Mr 1.15 x 10'; Richards et aL., 1978; Gould et aL-, 1978),

both of which had been polyadenylated at their 3'-ends

ín uitro príor to the oligo(dT)-primed synthesis of l,32pl-

cDNA using reverse transcriptase. Identical hybridízation

curves were obtained for each Rl{A (Figure V-34) in the two

buffer systems with a Rotå of 7 x I0-4 mo1 sec litre-I for

cMV satellite RNA and of I.5 x 10-2 mo1 sec litre-I for

E. coLi 235 RNA (Table V-2). It was hoped, therefore, that

cMV satell-ite RNA could be used as a molecular weight

stanclard to determine the mol-ecular complexity of CSV RNA

by hybridization analysis

However, hybrid.izatj-on analysis of csv t32plcDNA to

the circular and li-near forrns of CSV RNA rn the two buffer



FTGURE V-3

Rot curves of the hybridization of t32plcDNAs

to their homologous RNAs in Buffer A at 60oC and' in

Buffer B at 50oC. Hybrids were formed and assayed

with nuclease St as described in Materials and Methods

(Chapter IV) .

(A) cDNA;E. eoLi 235 F{NA in Buffer A ( O ) and in

Buffer B ( O ); cDNA:CMV satellite RNA in Buffer

A (o) andinBufferB (n);

(B) cDNA to circular CSV:circular CSV in Buffer A ( n )

and in Buffer B ( ¡ ); cDNA to circular CSV:linear

CSV in Buffer A (O) and in Buffer B (O);

(C) cDNA to circular CSV:nuclease Sr-treated CSV in

Buffer A (O) and in Buffer B (O).

The Rot curves were normalized to 1004 hybrid formation

to facilitate comparison. The actual plateau 1evels

were:

(A) (O) 792, (C) B9Z, (o) B2eo, (r) 79c-.¡

(B) (o) 742, (O) 64eo, (a) 642, (l) 50%;

(c) (O) 4s%, (o) 452.
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TABLE V-2

ROtå VALUES FOR THE FORI'IATION OF VARIOUS

RNA: Í,32p] cDNA HYBRïDSa

-1Expt.

No.

Source of RNA RNA from which

l,32pl cDNA

prepared

Roiut (mol s 1 )

Buffer A

(60'c)

Buffer B

(50.c)

I CMV satellite RNA CMV satellite

RNA

E. coLi 235 rRNA E. eoli 23S

RNA

Circular CSV Circular CSV

Circular CSVLinear CSV

Nuclease S I -treated
circular CSV

-47.0 x 10 7.0 x l-0

-21.5 x 10 I.5 x 10

-2

-4

2 2.0 x 10

5.5 x 10

3.3 x 10

3.3 x 10-3

-?

-3

3

-4Circular CSV 8.0 x 10 2.3 x 10 -3

a Rotå vafues taken from data of Figure V-34 for Expt. I and

from Figure V-38 and V-3C for Expt. 2. Buffers A and B were

as in Table V-1.
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systems gave the curves of Figure V*38. The same Rotå

of 3. 3 x l0-3 mol sec litre-l \^/as obtained for both

circular and lj-near CSV in Buffer B but two higher and

appreciabty different Ro|ul., values were obtained in Buffer

A (Table V-2). By comparison with the Rotå of CMV

saLellite RNA, which has essentially the same molecular

weight as CSV (Richards et aL. , I97B; my results not shown) ,

these CSV Rotå values were 5 to 30 times greater. It woul-d

appear, therefore, that residual secondary structure in

the viroid. had an appreciable inhibitory effect on the rate

of hybridization, especially in the case of Buffer A at 60oC.

l{hen the hybridization analysis was carried out against

circular CSV RI\A partial.Iy cleaved with nuclease St (tfre same

material from which the l32pl gDNA tüas prepared) , the hybrid-

ization curves of Figure V-3C were obtained. In Buffer A,

a RoEb value of B x 10-4 mol sec litre-l was obtained, and

in Buffer B, a Rotå of 2.3 x 10-3 mo1 sec litre-l (Tabte V-2).

Since the RotL value obtained for nuclease Sr-tr:eated CSV

RNA in Buffer A is essentially the same as the obtained for

CMV sateltite RNA (Table V-2), it appears that the molecular

complexity of CSV is equivalent to its molecular weight' a

conclusion consistent with the fingerprint data on CSV

(Gross et aL., 1977) . There is at present no explanation

for the 3-fold slower hlzbridization rate in the formamide-

containing Buffer B as compared to Buffer A (rigure V-3C'

Table V-2); CMV satellite RNA did not show this difference

(Figure V-34, Table V-2) .
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a Rate of Ilybridization as a Function of Temperaturq

of Hybridization

The results of Figure V-3 were obtained with

hybridization in Buffer A at 60oC and in Buffer B at 50oC

and the variation in Rotå values strongly suggested that

the residual secondary structure of CSV was responsj-ble

for variations observed in the rate of hybridization.

This was tested by carrying out hybr-idizations at 5 different

temperatures in both buffer systems, the rnaximum temperature

of hybricLization selected being governed by the T* of the

DNA:RNA hybrids formed in that system (figure Y-2, Tab1e V-I) .

Temperatures chosen ranged from 5oC to 25oC belo'¿ the T* of

the hybrids. The results from these hybridization curves

(Figure V-4) have been plotted as the log Rott vs Tm - Th,

where T- is the temperature of hybridization (Figure V-5A,);n

a l-inear relationship for both buffer systems as the hybrid-

ization temperature increased from 25oC to 10oC below the

T_ was ol¡tained. There was no further change in going from
m

10"C to 5oC below the Trn in the case of Buffer B, but there

was a further increase in rate (lower Rotå) for Buffer A.

By contrast, when the same experiment was carried out with

CMV satellite RNA (Figure V-68) and chrysanthemum 73 RNA

(Figure V-6A.), the more usual bell-shaped curves (Hutton,

1977 ; I{etmur and Davidson , 19 6 B ) were obtained (rigure V-58

and -5C). Further, there \t/as only about a 3-fo1d change in

RoLL for these two latter RNAs over the temperature range

used compared with a 50 100-fold change for CSV. The

marked difference in results between CSV and the two other

RNAs clearly inclical-es the importance of secondary structure



FIGURE V-4

32Rot curves of the hybridization of t P] cDNA

to circular CSV: circul-ar CSV at di fferent temperatures

in Buffer A (A) or Buffer B (B). Hybrids were formed

and assayed with nuclease St as described in Materials

and Method.s (Chapter IV). The t*'" of the hybrids

formed in Buffer A and Buffer B were (A) 81oC and

(B) 60oC, respectively. The temperatures of hybrid-

ization \^rere :

(A) (o) 76"C, (l) 7r"C, (O) 66oC, (a) 61"C, (¡) 56oC;

(B) (c) 55oC, (l)50oC, (O) 45"C, (a) 40oC, (O) 35oC.

The Rot curves were normal-ized to 1003 hybrid formation

to facilitate comparison. The actual plateau levels were:

(A) (C) '62o, (r) 64%, (O) 69eo, (¡) 6geo, (n) 682¡

(B) (o) 5Leo, (¡) 542, (o) 6L%, (¡) 662, (o) 60%.
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FIGURE V_5

The effect of temperature of hybridization of

î32p1cDNA to RNA on the rate of hylcridization as

measured by Rotå. I{ybridizations were carried out

in either Buffer A or Buffer B at five temperatures

ranging from 5 to 25oC below the T* of the hybrids

formed in that buffer system (see Tabl-e V-I and

Figures V-4 and V-6). The Rotå of each Rot curve

(Figure v-4 and V-6) was plotted on a log scale as

a function of the Tm - th" where Tn was the temp-

erature of hybridizat.ion.

(A) cDNA to circular CSV;circular CSV hybridized in

BufferA (O) orBuffer'B (O);

(B) cDNA to chrysanthemum 7S RNA:chrysanthemum 75

RNA hybridizecl in Buffer B (¡);

(C) cDNA to CMV satellite RNA:CMV satellite Ri{A in

Buffer a( a ).
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FTGURE V-6

Rot curves of the hYbridization of
')a

(A) ["P]cDNA to chrysanthemum 7S. RNA:chrysanthemum

75 RNA in Buffer B and
î,l(B) ["P]cDNA to cMV satellite RNA:CMV satel-lite RNA

in Buffer A.

Hybrids \^/ere formed and assayed wíth nuclease SI as

described in Materials and Methods (Chapter IV). The

T* of the t32plcDNA to chrysanthemum 75 RNA:chrysan-

themum 75 RNA hybrids in Buffer B was 64"C (results

not shown) ; the T. of the l,32plcDNA to CIr{v satellite

RNA:CMV satellite RNA hybrids in Buffer A \das BB"C

(Gould et qL., 1978). The temperatures of hybrid-

ization \^/ere:

(A) (O) 59oC, (l') 54"C, (O) 49"C, (a) 44oC, (tr) 39oC;

(B) (O) B3oC, (¡) 78"C, (O) 73"C, (¡) 6BoC, (O) 63oC.

The Rot curves \^rere normalized to 100ã hybrid formation

to facilitate comparison. The actual plateau levels were:

(A) (O) 5OZ, (¡) 692, (O) 522, (¿) 803, (n) 672¡

(B) (c) 47so, (¡) B4Z, (o)702, (a) 65e"t (o)82%.
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in these hybridization reactions.

B. Quantitation of CSV Levels in Plant Nucleic Acid

Extracts

In view of the preceding results, hybridi.zation

analyses using t32pl cDNA to determine the level of cSV

sequences in partially purified nucleic acid extracts were

carried. out in the formamide-containing Buffer B at T* -
IO.C (50"C) sj-nce, ãt this temperature, the maximum rate

of hybridization was obtained (rigure V-5A') and the RoLL

values for the circular, linear and partial St nuclease-

cleaved. RNAs of CSV were essentially the same (Table v-2).

In addition, a temperature of 50oC in Buffer B rat.her than

a temperature of 76"C in' Buffer A (Tm 5oC) \^tas considered

better suited to prolonged incubations as less RltrA break-

down would be expected (Friedrich and Feix, I972¡ l{utton,

Le77).

Figure V-7 shows the Rot curves obtained when the
).)

L"Pl cDNA probe was used to determine the leveIs of CSV

RNA in partially purified nucleic acid extracts of CSV-

infected chrysanthemums and Ggnut'a¡ Ror L values of 5 x 1O-1

and 7 mol sec litre-I, respectively, were obtained. When

these values were compared to the RoLt value of 3.3 x 1O-3

mol sec Iitre-l for the purified viroid determined under

the same conditions (Table V-2), it vras calculated that

CSV RNA constituted 0.66% by weight (3.3 x tO-3/S x I0-1,

x 100U ) of the CSV-infected chrysanthemum nucleic acid

extract, and 0.05% (3.3 x IO-3/7, x 1Oo%) of the csv-infected

Gynura nucleic acid ex{-ract. The 13-fo1d difference in the



FTGURE V-7

32Hybridization at 50oC in Buffer B of t P ] cDI.IA

to circular CSV alone ( A ), or against partially purified

nucleic acid extracts (Cha-pter II, Materials and ltlethods,

extraction procedure C) from healthy chrysanthemums ( O ),
CSV-infected chrsyanthemums (O), healthy Gynuz,a (o),

or CSV-infected Gynura ( r ). Hybrids were formed and

assayed with nuclease St as described in }4aterials

and Methods (Chapter IV), except that the nuclease Sl

concentration was 50 units/ml. Rot curves were normal-

ízed to 100å hybrid formation to facilitate comparison.

The actual values for CSV-infected chrysanthemums and

CSV-infected Gynura \,rere 36? and 402, respectively.
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level of CSV in the two extracts is consistent with the

qualitative difference already noted (Chapter II) when

these extracts were analysed by polyacrylarnide 9e1 elecl-ro-

phoresis. Since we routi-nely obtain 250 mg of nucleic acid

(DNA and low molecular weight RNA) in the partially purified.

nucleic acid extract from chrysanthemums and 190 mg of

nucleic acid from Gynura per kg of plant material using the

procedure described in Chapter II (procedure C) ' these

values represent 1.65 mg and 0.095 mg of CSV per k9'

respectively.

When the CSV l,32pl cDNA was hybridized against part-ially

purified nucleic acid extracts prepared from healt.iry

chrysanthemums and Gynura, Do hybridization l/\tas found up

to a Rot of 103 mol sec litre-I (Figure v-7). This result

not only indicates the purity of the cDNA probe by the

virtual absence of sequences complementary to host Rt{A,

but it also provides an upper estimate of the presence of

CSV sequences in the partially purified nucleic acid extract

of healthy plants. If such sequences \.^lere present, then they

must represent appreciably less than 0.00033% by weight
-? ?(3.3 x LO-'/L x IO', x 1002) of the nucleic acid extract.

C. Analysis of P1ant DNA for the Presence of CSV Sequences

I. Hybridization of CSV cDNA to Chrysanthemum and

Gunur.a DNA

2Pl cDNA, prepared against the circular form

of CSV, was hybridized to sonicated, tlenatured healthy and

CSV-infected chrysanthemum and Gynura DNA in hybridization

Buffer A at 60oC (under these hybridization conditions, any

3
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linear viroid Ona sequences present in the host genome

would not be expected to exhibit any secondary structure

that could affect the rate of hybridization). As can be

seen in Figure V-BA, no-to-negligible (62¡ hybridization

occurred against all four sources of DNA even at a Cot

(concentration of host DNA in moles of deoxyribonucleotide

per litre x time of hybridizaLion in seconds) value of
tr -.. -1I x 10' mol sec litre Under these same conditions of

hybridization, [32n].oto to chrysanthemum 75 RNA hybridized

to Csv-infected chrysanthemum DNA with a CoLü of 30 mol

-'tsec litre ! (Figure V-BA) "

2. Determination of the Size of the Chrysanthemum

Genome

Whether the above hybridization reactions

of CSV cDNA to host DNA were carried out in cDNA excess

or single-copy gene excess over the cDNA, could not be

determined without knowing the sj-ze of the chrysanthemum or

Gynura genome. Since the DNA content/diploid cell varies

enormously between chrysanthemum species (Baetcke et dL. ,

L967), the size of the "Charm type" chrysanthemum genome

was determined from reassocj-atj-on kinetics of chrysanthemum

DNA by comparison with similar data from the tomato genome

where the DNA content/diploid cell vüas known. The re-

association curve of chrysanthemum DNA (Figure V-BB; using
2.)

["P] random-primed chrysanthemum DNA as a "tracer" of the

hybridization reaction between the two complementary

chrysanthemum DNA strands) was triphasic; the CoLL values

t0 15, 250 and 1.3 x I04 mol sec litre-I probably reflected
the reassociation of highty repeated, intermediate repeated



FIGURE V-B

Hybridization to genomic DNA-

(A) Hybridization of l32plcDNA to CSV against healthy

chrysanthemum DNA ( o ), csv-infected ihrysanthemum

DNA ( r ), healthy Ggnu'r'a DNA (O) ' Csv-infected

Gynut,a DNA (o) and l32pl cDNA to chrysanthemum 7s

RNA against. CSV-infected chrysanthemum DNA (a).

(B) Re-association of chrysanthemum DNA and t32pl

chrysanthemum DNA (O) .

Hybridizations and. nuclease Sr-assaYS \^lere carried out

as described in Materials and Methods. cot curves for
al 1',

lt'plcDNA-7s RNA:chrysanthemum DNA and ["P] cDNA-

chrysanthemum DNA:chrysanthemum DNA were normalized. to

100% hybridization; Cot curves for {32plcDNA-CSV:host

DNA were normalized relative to t32plcDNA-7s:chrysan-

themum DNA hybrids (i.e., the same correction factors

\^rere applied) . The actual plateau or maximum hybrid-

ization values h/ere:

(A) (n) 6eo, (p) 6% , (o) 4z , (e) 62 , (a) 38?.

(B) (o) 6Lz.
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and unique (single-copy) sequences, respectively. A

comparison of the CoL!'s of the unique sequence DNA from

chrysanthemum (I.3 x 104 mol sec litre-l) and tomato

(2 x 103 mol sec litre-I; Hadidi et aL., Lg76) with the

DNA content/diploid cell of the tomato genome (3.9 pg;

Rees and Jones, I972) suggested the DNA content/diploid

ce1l of the chrysanthemum genome \^/as 25 pg (1.3 x 104 x

3.9 + 2 x 103) and the molecular weight of the chrysanthemum

genome was r.5 x 1013 (6.023 x ro23 x 2.5 x ro-rr). The

proportion of haploid, single-copy, double-stranded DNA of

molecul-ar weight 1 x 105 is 2.7 x 10-B l,Q strand.s/n x

I x ro5) + (1.5 x 1013 + 2n)l and thus the amount of single-

copy, single-stranded DNA of nrolecular weiqht I x 105 present

in the 200 Ug of DNA used/hybridization point was 2.7 pg

(200 ug diploid DNA = I00 ug haploid DNA x 2.7 x 1O-B).

Therefore, the CSV cDlrIA (22 pg) v¡as in an B-fold excess

over the amount of single-copy sequencer/haploid genomic DNA

and the hybridization was carried out under cDNA excess

cond.itions.

DTSCUSSTON

A. Optimization of Hybridization Conditions

The ability of residual vj-roid secondary structure

to decrease the rate of hybridization of viroid RNA to its

cDNA was demonstrated here with CSV; this effect was not

observed by Owens (1978) in the hybridization of PSTV-cDNA

to PSTV. Ilowever, as will be shown below, analysis of the

data of Owens (1978) does indeecl shorn¡ an effect by residual

PSTV secondary structure on the raLe of- hybr-idization of
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PSTV_cDNA tO PSTV.

Rot analysis of cDNA-PSTV:PSTV (Owens, L97B) produced

a Rotå of 6 x 1O-4 mol sec litre-I. owens (Ig7B) claimed

that this Rotå was consistent with the e><pecte<l complexity
tr

of PSTV (Mr I.2 x 10'; Gross et qL., 1978) based on a

comparison of the Rotå and rnolecular rveight of PSTV with

the Rotå (I.7 x I0-3 moI sec litre-I) and molecular weight
5(4 x I0") of the satellite RNA of tobacco necrosis virus

(S-TNV RNA); the Rotå of S-TNV RNA was determined by

Taylor et aL. (1976) in the same hybridization buffer used

by Owens (1978). on thís basis of this comparison, Lhe

expected Rotb of PSTV was 5. I x 1O-4 mol sec litre-I

(L.2 x r05 x L.7 x 10-3 + 4 x 105). This value was consid.ered.

to be in good agreement wíth the observed Rotå of 6 x 10-4

mo1 sec litre-I.

However, Rot values in Table fII of Taylor et aL.

(L976) had all been corrected for salt concentration

(0.6 14 Na+ to o.1B t oq.*) , i.e., "a correction factor of

5.0 for salt concentration was used" (p . 326 of Taylor et aL. ,

L976). Therefore, the actual Rotå of S-TNV RNA in the

hybridization buffer of Taylor et aL. (I976) containing

0.6 M Na* was 3.4 x 10-4 mol- sec litre-l (r.7 x 1o-3 + 5)

and the expected RoLb of PSTV would have been 1.0 x 10-4

mol sec litre-I (r.2 x r05 x 3.4 x 1o-4 + 4 x 105) (Table v-3).

Thus, PSTV was hybridizing to its cDNA at a rate 6 times

-a. -4(6 x 10 = + 1 x 10 -) slower than expected-

I{hen PSTV-cDNA \,vas hybridized to PSTV in a buffer

containing 0.15 M Na+ at the same temperature as above

(68"C) , a two-fold d.ecrease in the pe¡4¡ was observed (Owens,



TABLE V-3

a obser:ved Rotå

b Expected RoLZ

c Exoected T of PSTV

Äs Th = Temperature of hybridization = 68oc

e varue rrom Gross et aL. (1978)

f values from Taylor et aL. (1978)

g val-ues from owens (1978)

h Derived as described in Discussion (Chapter V)



A COMPARISON OF THE T

lNa

OF PSTV AND THE RoIå OF

*l rco¡rpr,ExrrY

TABLE V-3

Exp. RoLbb Obs. Rotå

-1) (mol sec litre Exp. notå

CDNA-PSTV:PSTV HYBRTDS AT TWO DIFFERENT

ESTIMATES OF PSTV RELATTVE TO S-TNV RNA

RNA Mr

PSTV L.2 x 10

S-TNV 4 x 10

-I

li.ta' 1

0.15 M

0.6 M

0.15 M

0.6 M

obs. Rotåa

(mo1 sec litre-I

Exp. T c'm
('c)

d
T T

m h
)

5e -39

-49

-4h

-4t:'

r.7

6.0 75

h

h

66 -2

+7

L-2 x 10

6.0 x 10

3.2 x 10

1.0 x 10

f h
5 -32.4 x 10

f-43.4 x 10
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1978). Under these conclitions, the expected Rotå for $-TNV

RNA would have been 2.4 x I0-3 mol sec litre-l t3.4 x l0-4 x

7-fold correction factor (Britten and Smíth, I970) l - Under

these conditions, the notå of PSTV was L.7 times t(6 x tO-4

x 2) + (r.2 x 105 x 2.4 x 10-3 + 4 x r05)l hiç¡her than

expected (rable V-3).

That the above results were caused by the effect of

residual secondary structure present in PSTV on the rate of

hybrid.ization, can be shown (see below) by determJ-ninq the

T of psrv j.n 0.15 M Na* and 0.6 M Na*, ancL comparíng these
m

T-'s to the temperature of hybridization (68"C) -
m

The determination of the T* of PSTV at different salt

concentrations, is based on the following relationships.

(f) Cordeiro-Stone and Lee (L976) demonstrated the

exístence of a linear relationship between the T* of satellite

(doubl-e-stranded.) DNA and the log of the ionic strength

( twa+1 ¡ of a buffer. This relationship is expressed by the

equation

T- T-^ = 18.7 x (1og U1 log ;u2), Equation ImI m2

where uI and v2 are the ionic strengths which produce t*,

and T_ , respectively. The slope value, LB.7 j-s true for
m2'

double-stranded DNA.

(2) The slope for double-stranded RNA can be calculated

from values in Figure I of Friedrich and Feix (1972) ¡ the

slope is 13.6 (derivations not shown) .

(3) The slope for víroids can be calculated from a

comparison of the t*'" of circular CSV in I x SSC (T* = 62"C)

and in 0.1 x ssc (T* = 47oc). The slope derived from the

T 's of CSV is 15
m

Í (62"c 47oC) + (1og 0. I95 - log 0.0I95) I '



96.

(4) The slope for viroids can also be calculated

from Figure 3 of Langowski el; aL. (1978), where a linear

relationship between the T* of CPFV and the 1og of the

sodium ion concentration was demonstrated. The slope

derived from values in Figure 3 (Langowski et a.L., 1978)

is 13. Therefore, the avelîag'e viroicl slope (and the one

used. in the calculations below) is L4 and is simil-ar to the

slope for double-stranded RNA.

(5) Since the T* of eSTV in 0.1 x SSc (0.0195 l.t tqa+)

is 54oC (Diener and Haclidi, L977), the T* of PSTV in 0'6 M

NA+ should be 75"C [54"C + L4 (1og 0-6 log 0.0195) =

54oC + L4 (-0.22 - -1.71) I and the T,n of PSTV in 0'I5 M

Na* should be 66oC [54oC + 14 (1og 0.15 1og 0.0195)]'

Thusr âs can be seen from Table v--3, in a hybridization

buffer containing 0.6 t4 Na* the T*. of PSTV is 7"c above
nì

the temperature of hybridízation (69oC) and in a hybrid-

ization buffer containing 0.15 M Na* the T* of PSTV is 2oC

below the temperature of hybridization. Therefore, under

the former set of conditions, PSTV would be expected to

hybridize to its cDNA at a rate much slower (observed rate

= 6 times slower) than expected, and under the latt'er SeL

of conditions, PSTV would be expected to hybridize to its

cDNA at a rate only slight slower (observed rate = I'7 times

slower) than expected, since the RNA is in a more denatured

state. Hence, the hybridizaLton of PSTV cDNA to PSTV (Owens,

LgTB) and the demonstratj-on of increasing levels of PSTV i-n

PSTV-infected tomatoes as a function of ti-me after i-noculation

(Ov¡ens et aL., LTTB) were not carríed out under optimized

hybridiza.tion conclitions. This is in contrast to t-he situation
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with csv-cDNA hybridized to partially purified nucleic

acid. extracts from Csv-infected chrysanthemums and Gynura'

(see below), where the rate of hybridízation was optimized'

The above cal-culations for PSTV were based on an

assumption that most of the RNA was the circular form of

PSTV; the results of Owens et aL. (L977 ) suggest that only

18? of the RNA is the circular form. This may affect the

above cal-culations to the extent that the T* of PSTV in

0.6I{ Na* wiII be lower by a few degrees (cf. circular CSV

vs linear CSV).

B. Quantitation of CSV Levels in Plant Nucleic Acid

Extracts

A comparison of the level of CSV in partially

purified nucleic acid. extracts (1.65 mg CSV/kg chrysanthemums)

with the yield. of purified csv (r0o 2oo vcJ/kg chrysanthemums)

suggests a recovery of 6 - L2Z of the csV present in the

partially purified nucleic acid extract. As the efficiency

of electro-elution of CSV was 50 752/gel (see |ulaterials

and MeLhods, chapter III), the expected yield of csv was

4OO 900 vg/kg chrysanthemums. The reason for the observed

Iow recovery is not known, but it is feasible that fragmented

CSV may account for some of the RNA to which the t32pl cDNA

hybridized; this fragmented RNA would be removed during the

purification process. The 13-fold lower level of CSV in

GynuTa cf. chrysanthemum could not be correlated with a

yield of purified CSV from CSV-infected Gynuna, since CSV

was never purifj-ed from this host.

In determining the levels of csv in partialJ-y purified

nucleic acid extracts, it must be remernberecl that the values
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quoted are minimal estimates, since the efficiency of

nucleic acid extraction is not known. It should be

feasible, however, to determine the efficienclz of extraction

by re-extracting all phases (e.g., plant debrìs) by either

the same or different extraction procedures and quantitating

the leve1 of CSV in them.

rn surnrnary, the hybridization kinetics of t32pl.DNA

to csV have been investigated and the results have led

to the development of a suitable method for the accurate

and specific estimation of CSV sequences in nucleic acid

extracts of infected. plants. The approach and methoclology

used. here should be applicable to other viro j-ds.

C. Analyzing Plant Genomes for Viroicl Sequences

No sequence homology between CSV and either the

(healthy or CSV-infected) chrysanthemum or Gynura genomes

was observed. This is similar to the results of Branch,

Dickson and Zaitlin (personal communications), who observed

no Sequence homology between PSTV and tomato DIJA' but is in

contrast to the result of Hadidi et aL. (1976) wherein

sequence honrology between PSTV and DItrA from several plants

including non-hosts of PSTV was observed-

In the case of CSV cDNA hybridized to chrlzsanthemum DNA'

the hybridization reaction was carriecl out in cDNA excess

over a single-copy gene of M, t x 105 (as calculated from

the specific activity of Lhe gDNA; see Results). The Dot

value (Dot = concentration of gDNA in moles of dNMPr/Iitre

x time of hybridization in seconds) for the hybridization

was 1.1 x 10-3 mol sec litre-l (22 Pg/40 ul x 7 days).

At this Dot value (comparabl.e to the Rot value of Sr-cleaved
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CSV RNA against CSV cDNA in the same hybridization buffer

(r,igure v-3c) , since the T* of cDNA j-s lower than the T*

of RNA), approximal,ely 60 70 z o1 the maximum amount of

possible hybridization could. have occurred'- As I2Z of the

CDNA(2.7p9single-copyDNA+22pgcDNACsV)isthemaxi-

mum amount that could have been protected, then the observed

percent hybridization at this Dot value should have been

7 ^ B% (L2s" x 60 Toea). This value is not significantly

above the variable background of the cDNA alone (Z 5%)

to be able to clraw any conclusions from the 62 hybri-dization

of csv cDNA to chrysanthemum DNl\ observed in Figure v-BA.

Hence, in order to increase the leve1 of hybridization to a

significant percentage value (10 2Oeo or more), it would

be necessary to reach higher Dot values. However, this

could only be carried blz increasing the time of hybridization

and./or decreasing the volume of. the reaction; increasing

the amount of cDNA would. result in a lower maximum level of

possible hybridization to single-copy genes (see above).

The above calculations assume csV and other viroids

are represented by only one-copy/haploid genome. From

Figure I of l{adidi et aL. (Lg76) , the excess of RNA ( tl25rl-

PSTV) over a single-copy gene in the DNA can be calculated

(Table V-4) for both the tomato and the bar]ey genomes.

The Rot value for PSTV under the conditions describecl by

Hadidi et aL. (ir976) would have been I x I0-3 mol sec litre-I

(20 pg J25rlpsrv/10 ur x 336 hours). From Table v-4, it

carr be seen that the amount of lL25tl PSTV hybridized exceeds

the amount expected if only one copy of PSTV exist-ed/haploid

genome. These values are further complicated by the observat-ion
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TABLE V_4

Values derived from Results and Discussion,

Chapter V.

Values derived from Hadidi et aL. (1976)

DNA content/diploid ce11

Value obtained from F1avell et aL. (L974)

Ir{-- of diploid genome: DNA conLenL/2C x 6.023 x 10r
23

tr

Proportion of single-copy DNA of M, I x 10- = single-

stranded M-- x 2 strandsr/haploid genome + M- ofr"r
haploid genome.

Amount of single-copy DNAr/hybridizati-on = amount of

haploid DNA/hybridization X proportion of single-copy

DNAofM Ix1O5.r
tr

Assuming I copy of a gene with an M, of I x LO'/

haploid genome = 9 x amount of diploid DNA/hybrid-

ization + 2.

Cot value (for genomic DNA) or Rot and Dot value (for

l125rl PSTV and l32plcDl.IA-csvf respectively) giving

rise to the "Observed Percent Hybridization".

b

c

d

ô

f

g

h

l_



TABLE V-4

A COMPAR] SON OF VALTI]]S RELEVANT TO THE HYBRIDIZATION

OF' VIRO ID PROBES AGAINST PLANT GENOMIC DNA

Relevant Value

Chrysanthemuma

DNA Source

Tomatob Barleyb

DNA conLen|/2Cc
ô

M, of 2C genome"

Proportion of single-

copy DNAf

Amount of diploid DNA/

hybridization

Amount of single-coPY

DNA,/hybridization9

Amount of probe/hYbrid-

ization

Percent Hybridization

Expectedh

Percent Hybridization

Observed

Cot value (mol sec

-tlitre ')'

Rot or Dot value

(mol sec titre-l) i

2.5 x 10

1.5 x 10

2.7 x

2 xI0

2.67 x t0

3,9 x 10

2"3 x t0

g 1.3 x I0

8.0 x 10

-11

13

g -12

L2

I

-1Iug
I2

ro-710- B -BL.7 x 5.0 x 10

-4

-L2

-5g 5 x10 95x -q1o -q

-12

-112.2 x 10 --g

-12g 4.25 x 10 g I.25 x 10 g

-11 -112.0 x I0 q 2.0 x10 g

2 li/.
28'Z 6%

35e 138

2 x 10 4

L2%

6Z

I x10

I.I x l0

4 rt.10'2x

-3 _?
10r -38.1 x 8.1 x I0
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L25that only I7e" and 60% of the t Il PSTV could hybridize to

the barley and tomato genomesr respectively, ât an infinite

DNA/RNA ratio (Hadidi et oL., L976). Furthermore, iL is

difficult to understand how PSTV could be represented by

single-to-a-feh,'-copies/haploid ger¡ome, when a hybridization

reaction (perforrned to determine the thermal stability of

psTv:genomic DNA hybrids; Figure 3 of lladidi et aL., L976',)

containing 500 ug of genomic tomato DNA and 5 ng of t125tl -

PSTV was in a 200-fo1d RNA (PSTV) excess over single-copy

genes tS x l-0-9 g PSTV + (5 x 10-4 g diploid DNA + 2 n, x

L.7 x 1O-7 x 602 maximum hybridization), i.e., 0.5% of the

lL25rlPSTV shourd have hybridized/singre-copy gene (2-5 x
-1 1 -qlg-tt g/5 x l-0-' g, x 100%) I and the observed percent hybrid-

izatj-on was 46 4BZ (Table I, Hadídi et aL-, 1976) -

cIea.rly, there are discrepancies in the data supplied

by Hadi<1i et aL. (L976) anrl the possibility that the above

results may be d.ue to the hybridization of contaminating

host RNAs, present in the PSTV preparations, to the genomic

DNAs should be examiued. Such a possibility is further

strengthened by reports of the non-hybridization of PSTV

to tomato DNA, but the hybridization of ccntaminating host

RNAs, present in some PSTV preparations, to tomato DNA

(Semancik, IgTg; Branch and D|ckson' personal communication) .



CHAPTBR VI

AVOCADO SUNBLOTCH VIROTD



TNTRODUCTION

The avocado (Persea amerícancr) is a fruit-tree of

New Wor]d origin. At present, it is a tree of econorn-ic

importance in a number of sub-tropical countries (Gustafson'

Ig76) subject to two main disease: (1) avocado root rot,

caused by the fungus Phytophthora cinnamomii and (2) a

"viral" disease called avocado sunblotch disease'

The avocado (from the Aztec: Ahuacaquahuitlr of its

contraction, Ahuacatl) wa5 first described in "'¡TeStern

Iiterature" during the conquest of Mexico by cortez (de

Enciso, 1519). As a fruit tree, it was well known to

Aztec, Mayan, Incan and. Pre-Incan civilizations (Gustafson'

1976l , but it was not cuftivated by these people. The

avocado was introduced into the u.s. in either 1B4B

(Gustafson, Lg76) or 1B5B (Poole and Poole, 1961) and nol-

grolfn commercially until 1900 (Poo1e and Poole, 1967) .

Sunblotch, as a disease (or syndrome) affecting avocados

was first recorded in I9L4 (Whitsell, L952) in Southern

California. The syndrome was also observed in Pal-estine in

Lg24 (Whitsell, Lg52) in avocado trees of Cal-ifornian orj-gin.

Coit (Ig2B) first d.escribed the disease (deformation of Iimbs

and some fruit) and attributed the symptoms he observed to

sunburn of the bark. Horne and Parker (1931) ' however,

showed the disease to be transmissible and suggested a virus

\^ras Lhe causal agerrt of the disease and not the environment.

The sunblotch clisease of avocado has since been observed

in Fl-orida (Stevens , L939) , Mexico (Trask, L94B) , Chile

(Magdahl , L95B), Peru (Zentmyer, 1959), South Africa. (Loest

and stofberg , I959), Israel (Comelli, L960) , West Indies (as
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Azteca disease; OIson, L963), Australia (Trochoulias and

Allen, I97O) and Venezuela (nondon and Figueroa, L976) -

Symptoms of the sunblotch disease have been described

on the leaves and- the trunk of infected avocados (Horne

and Parker, 1931; Horne et qL. , I94l-; I'Vhitsell, 1952) ¡

however, there was no consistent leaf symptom (i.e., (1)

leaves show white, yellow or grey-green variegation; a

mottled condition varying from faint light spott-ing to large

spotted areas sometimes causing abnormal leaf development

and resulting in a ruffled or distorted appearancei (2)

leaves show a warped, curled t or crinkled appearance) and

slrmptoms on the bark (described by Horne et qL . , L97 4 ) of

the trunk occur only late, íf at all, in the development

of the disease.

Sunblotch symptoms on the fruit consist of long and

narrow, shallow, longitudinal grooves or depressed, smooth

streaks near the stem end of the fruit. The colour of the

fruit streak (or blotch; hence, the name "sunblotch") is

white-to-yellow in gireen fruit and red-to-purple-red in

purple fruit (Horne and Parker, 1931). However, the percent-

age of infected fruit on sunblotch infected trees is highly

variable (Horne et aL., 1941).

The only consistent sunt¡lotch symptoms are on the green

stem (l{hitse11, 1952) , where yellow or light'coloured (pink)

streaks develop ot1 the bark of the younger green limbs and

shoots. On young seedlings, yellow or red streaking on the

green bark of the trunk may appear. The streaking may be

depressed. in the wood, sometimes just under the leaf stem.

Infectecl avocado trees are generally less productive
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than healthy trees and the infected trees grow into a low

flattened shape with the limbs bending toward the ground

(tr{allace, 1958) . Some infected trees set fewer fruit,

reducing the yield, and streaking of the fruit further

reduces the marketable Yield.
unLil recently, the only known means of spread of the

sunblotch disease was by grafting healthy buds or budwood

onto infected rootstock (or infected buds onto healthy

rootstock) or seed transmission (Wallace and Drake, L962).

It had been suggested. that transmission of sunblotch also

occurred by natural root grafting (WhitseIl, L952)¡ however,

the evidence was highly circumstantial. Insect transmission

of sunblotch was ruled out on the basis of the poor, natural

spread of the d.isease in the field (I^lhitsetl-, L952).

However, ít has recently been demonstrated that sunblotch

disease is pollen transmissible (Desjardins et aL., L979)

and that bees are involved in the pollination of avocado

trees (Papademetriou, L976¡ Desjardins et aL., L979) '

Sunblotch-infected avocado trees are Jcnown to exist

in two separate states: (1) the "symptom-bearing" State and (2)

the "symptomless carrier" staLe (l^Iallace and Drake, 1962) .

In the symptom-bearing state, seeds from sunblotch-

infected trees (the trees displaying the symptoms descriþed

above) produce two kinds of seedlings: healt'hy and sunblotch

infected. The rate of this type of seed transmission is very

low (o 5.5u ). However, there is a high rate of graft trans-

mission when buds or budwood from healthy trees are gr:afted

onto infected rootstock (vlallace and Drake, 1962) .

In the symptomless carrier state, the rate of seed
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transmission is high (80 100?), yet seedlings never

display symptoms, even after three success|ve generations

([Va1lace and Drake , 1962) . The symptomless carrier seeds,

when grown into (symptomless) seedJ-ings and grafted to

healthy avocado tnaterial (buds, budwood or rootstock), cause

the heatthy material to become infected and develop sull-

blotch symptoms; i.e., enter the symptom-bearing state.

Sunbl-otch disease symptoms cannot be induced in symptomless

carrier seedlings by grafting to sunblotch-infected (symptom

bearj-ng) avocatlo material, i.e., there is complete protection

by the sunbl-otch agent. already presenL in the symptomless

carriers against symptom development (I¡7a11ace and Drake,

L962) .

The causal agent of the sunblotch disease (symptom

bearing or sympt.omless) has not been identified; however,

the absence of any detectable viruses and the slol rate

of symptom development (2 mo 4 yr; Wallace and Drake'

L962) suggested to us the possibility that the sunblotch

disease of avocado was of viroid etiology.

In this Chapter, I will describe the analysis of low

molecular weight nucleic acid extracts from healthy and

sunbl-otch-infected avocados; the purification of, character-

ization of and cDNA synthesis to a low molecular weight,

viroid-like RNA; and the association of this RNA with sun-

blotch-infected, but not healthy avocados.

Although direct evidence that this viroid-1ike RNA is

the causal agent of the sunbl-otch disease has not yet been

obtained, it wil-I l:¡e referrecl to aS avocado sunblotch viroid

(ASBV) .
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some of the work clescribed here was carried out in

collaboration with Mr. A. Rakowski of this Department,

Dr. R.N. Àllen of the New South Intrales Department of

Agriculture, and I4r..D.McE. Alexander of the c.s.I.R.o.

Division of Ilorticultural Research.

MATERI/TLS.

Avocado Isolates

The avocado isolates were obtained from three maj-n

sources:

I) "ex Merbein,'i i.e., provided by lr{r D. McE. Alexand-er'

C.S.I.R.O., Division of Horticultural Research,

Merbein, Victoria.

2) "ex I{ollongbar"; i.e., provided by Dr. R.N' A1len,

Agricultural Research Centre, I¡tro1longbar, Neur South

Wal-es.

3) "ex Northfield"; i.e., provided bv Dr. R. van Velsen,

SouLh Australian Department of Agriculture, Northfield'

South Australia.

Other avocaclo sources are given below.

Isolate 1: A Mexican seedling field tree (av 1);

biologically indexed sunblotch negative; ex l'{erbein.

Isolate 2: A Duke (7) avocado; biologically indexed

sunbl-otch negative; ex lVoolongbar.

Isol_ate 3: A Ilass field tree; biologically indexed

sunblotch negative; ex Wollongbar.

Isolate 4: A Maoz seedling; biologically ind.execl sun-

blotch negative (by Dr. Ben-Yakov, Volcani Institute); ex

Northfield.
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Isolate 5: A Zutano (L-I) seedling; biologically

indexed sunblotch negative; ex Northfield.

rsolate 6: A Todd', symptomless carrier seedling;

biologically indexed sunblotch positive; ex Merbein. The

parent of Isolate 6 was. Isolate IB, ex lnlollongbar.

Isolate 7 z A Mexican seedling (Av 1) graft-inoculated

with LIass sunblot.ch (Ilass SB-1) material; biologically

indexed sunblotch positive; ex Merbein.

Isolate 8: A mixed lot of Mexican seedlings graft-

inoculated with Hass SB-1 (see Isolate 7) i biologically

indexed sunblotch positive; ex Merbein.

Isolate 9: A Zutano (Av 35) field tree; biologically

indexed sunblotch positiye; ex Merbein (Coomealla farm;

Row 4, Tree 6) .

Isolate 10: A Hass (Av 45/Av 1) fietd Lree; biologically

indexed sunblotch positive; ex Merbein.

Isolate 11: A Zutano (Av 1I9) seedling; biologically

inclexed sunblotch negative; ex Plerbein.

Isolate L2z A Hass (Av I30) seedling; biologically

indexed sunblotch negative; ex Merbein.

Isolate 13: A Fuerte (Av 118) seedling; biologically

indexed sunblotch negative; ex Merbein.

Isolate l_4z An Edranol seedling; biologically ind-exed

sunblotch negative; ex Ìrlollongbar.

Isolate 15: A graft-inoculated Ganter seedling; expected

to become sunblotch positive, but at present unindexed; ex

Merbein. This was the only biologically non-indexed isolate

of 37 non-indexed isolates that was ASBV-positive by hybrid-

izatiorr (see Results) .
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Isolate 16: A Bacon (Av 57) tree; biologically

non-indexedr €X li[erbein.

Isolate L7 t A symptom-bearing seedling graft-

inoculated with a Todd symptomless carrier (Isolate 18);

ex Wollongbar.

Isolate 1B: A Todd symptomless carrier; biologically

indexed sunbloLch positive; ex tr{ollongbar; the parent of

Isolate 6.

Isolate 19: An avocado seedling originally obtained

from Merbein and graft-in-oculated at Merbein with SB-1

(see Isolate B); biologically indexed sunblotch positive;

ex Wollongbar.

fsolate 202 A Zutano field tree (Av 35/Av 2) t biologically

indexecl sunblotch positive; ex Merbein (Coomealla farm; R'ow

8, Tree 9).

Isolate 2Lz A Iluerte seedling obtained fro¡n the

C.S.I.R.O. Division of Horticultural Research, GIen Osmond,

South Australia; apparently sunblotch negative.

Isolates 22, 25, 27 and- 2Bz These isolates Ilrere

seedli-ngs, the same as Isotate 1; biologically indexed sun-

blotch negative; ex Merbein.

Isolate 23t An unclassified seedling obtained as a seed

from Mr. R.H. Lloyd of Paringi, N.s.I{., and gro\^/n by Dr. R.H.

Symons; biologically non-indexed.

Isolate 24= A llass seedling obtained from the source

of Isolate 2L.

Isolate 262 A Rincon seedling obtained from the source

of Isolate 2I.
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Isolates 29 and 30; Mexican seedlings; the same as

Isolate 7, but biologically non-incl-exed; both isolates

had. bee¡r graft-inoculaLed with sB-I in Merbein and were

brought to Adelaide by Dr. R'H' Symons'

AIl 0ther materials were obLained from sources

described in Preceding ChaPters '

METHODS

A. Extraction and Purification of ASBV

Nuclei.c acids \^¡ere extracted and partially purified

from heatthy and sunblotch-infec'ted avocados by Extraction

procedure c of chapter II, Materials and Methods, with the

following modifications:- (1) The volume (of solution A *

solution B) to weight of plant material ratio was increased

from 3:1 to 4zL¡ Q) the ratio of B0 mI of solution c to

nucleic acids from 500 cJ of plant material was not maintainerl

for smaller amounts of plant material; e.9., I0 m1 of

solution c/Io 25 g of plant material and 20 ml of solution

C/25 50 g of plant material, was used'

Circu].arAsBVwaspurifiedfrompartiallypurified

nucleic acid extracts of. sunblotch-infected avocados by one

cycle of non-denaturing polyacrylamide gel electrophoresis

and electroelutiot'ì, and one cycle of denaturing Q M urea)

polyacrylamíde 9e1 electrophoresis and electroelution,

exactly as described for the purification of circular csv

in Chapter IT, I4ateri.ats and Methods '

B. Electron Microscopy

The erectron microscopic anatlzsis of ASBV was carried'
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T. Hatta, Department of Plant

Institute, University of

RNAs \^Iere sr¡read for electron microscopy by the method

of Randles and Hatta (L979) as described in Chapter IT,

Materials and Methods.

C. Thermal Denaturation

RNA was subjected to thermal denaturation

temperature was increased at the rate of

the apparatus described by Randles et aL.

in 0.1 x

r.0"c/
(re76).

D. cDNA Syn thesis, Hybridization and the Thermal Stabilit

of Flybrids.

Random-primed cDNA synthesis to ASBV was carried

out by the method of Taylor et aL. (L976) as describecl for

ccRNA-l- in Chapter IV, Materials and Methods, wit'h the

following modification: RNA (ASBV or CSV) was heated at 70"C

for I min with the random primer and all-owed to cool to room

temperature before the other components of the cDNA synthesis

reaction mixture v/ere add.ed.

Oligo (dT) Ig:prlmed cDltrA synthesis to ASBV was carried

out essentially as described in Chapter IV, Materials and

Methods for the preparation of oligo (df),g-Primed cDNA to

CSV, except that (1) the preliminary nuclease St cleavage

of ASBV was carried out with either 250 units/ml of nuclease

st for t hour at 25oc or 1000 units/n'rl of nuclease sI for

2 hours at 25"C, and (2) the radioactive triphosphate was
?') 

.)1

either lo-rtPl dcrP (100 340 ci,/mmore) or Icr-'"P] dGTP

(180 350 Cilmmole).
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The formation of l,32plgDNA:RNA hybrids in hy'bridization

Buffer A at 60"C, the determination of the thermal stah¡ility

of t32pl.DNA;RNA hybrids and the assay of 1-he exl-ent of

hybrid formation by the resistance of t32plcDNÀ to digestion

by nuclease S, were as described in Chapter IV, J\{aterials

and Ir4ethods with the following modifications: (I) tne

nucfease St digestion vvas at 37oC for 45 min in nuclease Sl

assay Ìruffer B (Chapter IV, Materials and Methods)'ì (2)

nuclease s, was used at a concentration of 100 units/ml with

1 or 2 mg/mL of nucleic acid. in the hybridization solutions,

at 200 units/mI for 5 mgrlml, atrd' at 50 units,/ml for purified

viroict or no added viroid.

Hybridizations , for the purpose of indexing nucleic

acicl sarnples for the presence of ASBV, were carlied' out in

hybridization Buffer A at 60oC for 72 hours with partialJ-1'

purified. nucleic acid samples at 5 mg/ml and the l'32p)cDNA-

ASBV at 150 Pg/mL.

E Pl-ant Inoculation Procedure

Lu cop ersieon escuLentum (tomato): Tomato plants

(cv. Rutgers) were inoculated at the two-Ieaf stage of

development. Twenty-five microlitres of either water or

1 Ug/mL of purified ASBV was placed on a carborundum-dusted

cotyledon ancl rubbed, over the surface of the entire cotyledon

with the aid of a rubber finger-stall. Both cotyledons on

each tomato plant \,vere inoculated in this manner.

The plants were maintained in plant room c (chapter II'

Materials and Methods) aud harvested B weel<s post inoculation

(p. I. ) . The individual ASBV-inoculated tomato plants v/ere

combinedr âs v¡elîe the inclividual water-inoculated tomato
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plants, for extraction Purposes.

GAnura: Gynura aura.ntíaca and Gynuna sarmentosa

were inoculated with 30 Ul/plant of either water or I Ug/m]

of purified ASBV as describea in Chapter If, Materials and.

Methods.

Gynuna aurantiaea plants hlere maintained. in either plant

room B or plant room C and Gynura sa.Tmentosa plants were

maintained in pJ-ant room C (Chapter II, Materials and

Methods). All plants \^/ere harvested at B weeks P.I.; the

ASBV-inoculated G. auz,antiaca plants h/ere combined.¡ âS

were the ASBV-inoculated G. sarmentosa plants' for extraction

purposes.

' Chv'usanthemum:. Chrysanthemums (Charm type) were

inoculated with 1 Ug/mI of purified ASBV by the procedure

of Niblett et aL. (1978). Plants were maintained in plant

room B and harvested at B weeks P.I. and cornbi-ned for

extraction.
Persea amev'ícana (avocado) : Avocados (var. Hass,

Fuerte, Rincon, Mexican seedlings) were inocul-ated by

removing 5 - 6 leaves just below the qrowing tip of young

seedlings at the stem-petiole axis, placing 20 30 UI in

several drops/plant on the stem at the former stem-petiole

juncture and the stem inoculated by needle puncture as

described for the inoculation of G. auz'antiaca in Chapter If,

Materials and Methods.

The plants were maíntained in plant rooms A, B or c and

the terminal leaves \,'üere harvested at 3 - 4 months P.I.

Graft inoculations of sunblotch-infected budwood to

healthy avocado seedlings were carried out by Mr. D. McE.
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Alexander of the Division of Horticultural Research,

C" S. I. R. O., lvlerbein, Victoria. The graft-inoculated

seedlings were brought to Adelaide by Dr. R.H. Symons and

\^/ere maintained in either plant room B or plant room C.

RESULTS

A. Analysis of Partiallv Purified Nucleic Acid Extracts

by Polyacrylamide GeI Electrophoresis

When examined by electrophoresis on 52 poly-

acrylamide tube ge1s, a partially purified nucleic acid

extract from feaves of one isolate of sunblotch'-infected

avocado contained an extra band (Figure VI-ID) not fr:und

in simil-ar extracts from either healthy avocado leaves

(Figure VI-IC) or another sunblotch-infected avocado plant

(Figure vI-lB). This extra band was shown to be a viroid

(see below) and will be referred to as avocado sunblotch

viroid (ASBV) . Its mobili,ty v\¡as appreciably greater than

that of CSV present in a nucleic acid extract of infected

chrysanthemum (¡'igure VI-14) which j-ndicates that it :rìost

likely has a lower molecular weight.

ASBV was extracted and purified by the two-step

acrylamide gel procedure (Chapter IT, Materials and ltfethods)

used for CSV and obtaj-ned in a yield of 32 Ug from 250 g of

infected avocado leaves. The two-step procedure involved

one cycle of non-denaturinq and one cycle of denaturing

(7 rq urea) polyacrylamide slab gel electrophoresj-s. The

purified viroid gave a single band on tube gel electro-

phoresis (rigure vI-IE) -



FTGURE VT-1

Polyacrylamide tube ge1 electrophoresis under

non-denaturing conditions of nucleic acids from

various sources. Partially purified nucleic acid

extract (Materials and Methods) from (A), CSV-

infected chrysanthemum (230 Ug); (B), ASBV-infected

avocado (rsolate 9) (325 ug); (C), healthy avocado

(Tsolate 1) (3fB U9); (D), AsBv-infected avocado

(Isolate 8) (150 ug) . (E) , purified ASBV (1.6 ug)

after the two-step polyacrylamide gel electro-
phoresis purification procedure described in

Chapter TI, lvlaterials and Methods.

Nucleic acid samples were run on 5% acrylamide,

0.L25e" bisacrylamide tube gels (0.6 x 10 cm) in the

Tris-acetate-EDTA buffer of Loening (L967 ) at 5 mA/gel

for 2.5 hours. GeIs were stained in 0.05? toluidine

blue for 1.5 hours and destained in water overnight.
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B. Physical Characterization of ASBV

Thermal denaturation of ASBV i-n 0.I x SSC

(SSC, 0.1-5 M NaCl, 0.015 M trisodium citrate, PII 7.0)

produced an absorbance-temperature profile with a sharp

transition typical of víroids (Langowski et aL., I97B) , a

hyperchromicity of 2IZ and a T* of 38oC (Figure VI-28 and

Figure III-34) and implies that ASBV can be denatured

under less extreme conditions than CSV.

Exami-nation of ASBV and CS\¡ by electron microscopy

under pa::tly d-enaturing conditi-ons showecl a mixture of

circl.es and rod-like structures for ASBV (pigure VI-34)

and almost exclusir¡e1y rod-Iike structures for CSV (Figure

VI-38). Vühen spread under completely denaturing conditions,

mostly circular molecules rllere seen in both cases (Figure

VI-3C anC D). The better spreading of- ASBV circles under

the partly denaturing conditions is consistent with its

lower thermal stability (Figure VI-2). That ASBV consisted

of- RNA was shown by spreading ASBV and CSV in the presence

of the single-strand circular DNA of phage 0X174 after

treatment with DNase I (Figure VI-38 and F) or witlt pancreatic

RNase (Figure VI-3G and H) . DNase trea-tment deq::aded the

phage DNA but. had no effect on the viroids while the reverse

occurred with the RNase treatment.

Length measurements of 100 molecules of ASBV and CSV

spread under the completely denaturing conditions of Figure

VI-3C and D (results not shown) showed that the average

length of ASBV was 0.80 that of CSV; this is consistent with

its faster electrophoretic mobility (¡'igure VI-f).

Parti.ally purífied nuc.leic acid extracts of CSV-infect-ed



FTGURE V1_2

Thermal denaturation profiles of (A), circular
ASBV; and (B), circular CSV, in 0.I x SSC (f x SSC =

0.15 M NaCI, 0.015 M trisodium citrate, pH 7.0). The

temperature rvas increased at the rate of 1oC,/min. The

profile for CSV (B) was taken from Figure IfI-3.
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FIGURE VI-3

Electron micrographs of ASBV and circular CSV,

prepared essentially as described by Randles and

Hatta (1979) " (A) and (B), ASBV and CSV spread under

parti-aIly denaturing conditions. RNA ( 0. 6 Ug/mI) in
40e" (v/v) formamide, 10 mM Tris-HCl, pH 8.5, 1 mM EDTA,

0.003? cytochrome c at room temperature was spread.

onto a hypophase at room temperature of I0% (v/v)

formamide, 1.5 mM Tris-HC1, pH 8.5, 0.15 mM EDTA.

Samples were picked up on parlodion covered grids,
shadowed at 5 - 6o r'¿ith platinum palladium and

covered with evaporated carbon. (C) and (D), ASBV

and CSV spread under fu11y dehaturing conditions as

for (A) and (B) except that the hyperphase contained
g9e" (v/v) formamide at 60oC and the hypophase contained

60? (v/v) formamide at 45oC. (E) and (F), ASBV and CSV

were mixed with 0.1 Vg/mL of phage þXL74 single-strand
circular DNA (a gift from Dr. J.B. Egan) and treated
with 50 vg/ml of DNase I for 15 min at 2O"C in the

presence of ttg2+ before spreading as in (C) and (D).

(c) and (H) , as for (E) and (F) except that the DNase

treatment was replaced by treatment with I Vg/mI of
RNase A for 5 min at 20oC prior to spreading. The bar

represents 250 nm.
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chrysanthemum were shown to contain linear (about 10

15U of tota-l) as well as circular viroid molecul-es

(Chapter ffI, Results). The possibility that linear ASBV

molecules \,vere present in partially purified nucleic acid

extrac'bs of avocado leaves was not investigated, since no

band with the expected mobility of the linear form of

ASBV was visible after staining a urea gel to detect (and

purify) circular ASBV.

c. cDNA Synthesis to ASBV

As previously stated, attempts at synthesizing

cDNA to ccRNA-l and CSV by the random-primer method of

Taylor et aL. (L976) were largely unsuccessful (ChapLer IV).

When the random-primer method was applied to ASRV , 6.7 ng

of cDNA was synthesized./pg of RNA. This is similar to

the amount of cDNA synthesized by the same technique with

CSV as the template. cDNA was also synthesized to ASBV by the

three step procedure t (1) partial nuclease St cleavage of

the RNA; (2) polyadenylation of the Sr-cleaved RNA; and

(3) oligo (dT) -prjmed cDNA synthesis to the poJ-yadenylated,

Sr-cleaved RNAI descrj-bed in Chapter IV for the synthesis of

cDNA to ccRNA-I and CSV. The yield of cDNA to ASBV by this

method was 18 ng/pg of RNA. This was about one-half the

yield of cDNA to CSV synthesizecl under the same conditíons

(results not shown) and two-to-three-foId more than the

yield of rand.om-prj-med cDITA synthesizeð, to ASBV (see above).

Hybridization kinetj.cs of the random-primed cDNA

synthesized to ASBV \^rere not examined; all- hybridization

analyses were carried out wit-h oliqo(dT)-primed cDNÀ to
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ASBV (see below).

32D. Hvbridization Analvsis with t P] cDNA tO ASBV

1. Rot F¡a lysis
32Hybridization of ASBV t Pl cDNA against

ASBV and of CSV L32pl cDNA against CSV producecl. the Rot

curves shown in Figure Vf-4. For ASBV, the ¡1el/¡ was

7.0 x t0-4 mo1 sec litre-I (Figure Vr-4e') and the Rot

curve was appreci-ably sharper than that obtained for CSV

(Figure Vr-48) with a Rotå of B.O x 10-4 mol sec litre-I;

the latter RotL requiretl the use of CSV partialI1' cleaved

with nuclease St (Chapter IV) . These RoLb values \üere

similar to those obtained under the same conditíons for

the satellite RNA of cucumber mosaic virus and its cDNA

(Rotå 7.0 x 1O-4 mol sec litre-l; Mr I.2 x I05; Chapter V,

Results). These results indicate that ASBV is a single

species of RNA rather than a population of molecules of

similar síze.

2. Thermal Stability of cDNA:RNA Hvbricls

Hybrids formed between cDNA-ASBV and. ASBV

melted sharply with a T* of 72"C (Figure VI-54). The

melting profile was similar to that obtained for cDNA-CSV:

CSV hybrids (Figure VI-58) ' but the T* of the cDNA-ASBV:

ASBV hybrids was 9oC lower than the T* of cDNA-CSV:CSV

hybrids (Bl-"C; Table V-1) . The lower T* of ASBV-cDNA:ASBV

hybrids cf. CSV-cDNA:CSV hybrids is consistent with the

lower T- of ASBV in 0.1 x SSC (3BoC; Figure VI-24) compared
m

with CSV in 0.1 x SSC (47"C; Figure VI-28); i.e., a difference

of 9oC. Therefore, in spíte of the lower T* value for ASBV-



FIGURE VI.4

Rot curves of the hybridization of ASBV (A) and

csv (B) to their homologous t32plcDNAs. The hybrid-
ization buffer was 0.IB M NaCl, 10 mM Tris-HCl, 0.052

sodium dodecyl sulphate, I mM EDTA, pH 7.0, and incubation

h¡as at 60oc. Hybrid formation hras assayed wÍth nuclease

St as in Chapter IV, Materials and Methods. The data

for CSV (B) was taken from Figure V-3C. The Rot

curves were normalized to 100? hybrid format,ion to
facilitate comparison. The actual plateau levels \^rere

702 for ASBV (A) and 45? for CSV (B).
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F']GURE VT-5

Thermal denaturation profiles of circular ASBV:
2) ).

["p] cDNA-ASBV hybrids (A) and circular csv: lt'plcDNA-
CSV hybrids (B). ASBV (0.5 Vg/mL) was hybridized with

')a
0.5 ng/mL lstplcDNA-ASBV to a Rot of I x 1O-l mol sec

litre-I in Buffer A at 60oC. CSV (1.5 vg/m]_) was

hybrídized with 3 ng/ml [32pl cDNA-CSV to a Rot of
4 x 10-I mol sec litre-l in Buffer A at 60oc. The

thermat denaturatíon of the hybrids in the same buffer
and nucrease sl assay of the percentage hybrid remaining

were carried out as described in Chapter fV, Materials
and Methods.
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cDNA:ASBV hybrids (which may merely indicate a lower G:C

content in ASBV; the size distril¡u't-ion of ASBV-cDNA

(results not shown) was similar to t.hat c-¡f CSV-cDNA),

the hybrid formatj-on was apparently specific with no

evidence of mismatching.

3. The Specificity of cDNA-ASBV: The Use of cDNA

for Indexinq

since t32plcDNA to ASBV hybridized to ASBV

with the expected Rotå for an RNA of M, approx. 1 x 105

(Figure VI-4A') in hybriclization Buffer A at 60oC, this

implies that under the above conditions there was no

secondary structure present in ASBV Lhat -was interfering

with the hybridization of cDNA-ASBV to aSeV. This was

unlike the situation observed with CSV (Chapter V), but was

consistent with the lower T,n of ASBV compared with CSV

(see above). Therefore, the use of a hybridization. buf :Eer

containing formamide to ensure denaturation of ASBV v¿as not

required, and all hybridizations invo-lving ASBV-cDNA were

carried out in hybridization Buffer A at 60oC.

The specificity of the ASBV t32plcDNA was determined

by hybridization against purified ASBV in the presence and

absence of E. coLí ribosomal RNA, and agai-n.st CSV and the

RNAs of alfalfa mosaic virus, cucumber mosaic virus and

tomato aspermy virus (Table Vl-l). Significant hybridization

was ob'Lained only against ASBV.

The hykrridization of ASBV l32plcDNA agairrsL partially

purified nucleic acid extracts of healthy ancl CSV-infected

chrysanthemum and healt.hy and CtrV-i.nfected Gynura aurant'Laca

gave 5% orî less hybridization (Table vI-2). Hence, there



TABLE VI-l
32SPECTFICITY OF HYBRIDIZATION OF T P] cDNA OF ASBV AGATNST

ASBV, CSV, AND PLA}{T VIRÀL RNASA

Nucleic acid Concentration of

viroid or viral

RNA during

hybridization

Rot of Extent of

assay hybridization
(mol s r-r) of Í32nlcDNA

(?)

None

ASBV 1

ASBV plus 1 mglml

E. coLi ribo-

somal RNA 1

1 mglml E. coLi

ribosomal RNA

CSV (circular) 5

Alfalfa mosaic

virus RI.TA 50

Cucumber mosaic

virus RNA 50

Tomato aspermy

virus RNA 50

(24 hours)
-'l2.7x10L

2.7 x I0 2

2.7 x I0 2

L.4

13. 5

13. s

13. s

pg/mL

vg/mL

vg/mr

vg/mr

vg/mL

vg/mr

0,5

55

66

0.9

0.3

0.5

0.9

1.1

a
Experimental details are given in ltÍaLeria1s and Methods.



TABLE VÎ-2

32
HYBRIDTZATION OF t P] cDNA OF ASBV AGAINST PURTFIED ASBV AND

PARTIALLY PURIFIED NUCLETC ACTDS FROM AVOCADO PLANTS INDEXED

AS NEGATIVE OR POSTTIVE trOR SUNBLOTCH DÏSEASE IJEALTHY AND

CSV-INFECTED CHRYSANTHE¡1UM AND HEALTHY AND CEV-INFECTED

GYNURA AURANTTACA
a

Nucleic acid

ASBV or part-

ially purified

nucleic acid

extractb

Concentration

of nucleic

acid during

hybrid.ization

Rot of Extent

assay of
-1(mols1') hybrid-

ization
(3)

Viroid

band

visible

on tube

gel.

None

None

Purified ASBV

Healthy avocados

Isolate I

Isolate 1

Isolate 2

Isolate 3

Isolate 4

Isolate 5

Sunblotch infected

avocados

Isolate 6

Isolate 7

Isolate B

(24 hours)

(72 hours)
_)6.1 x 10 '

2

I

230 ng/ml

2 mg/ml

5 mg/ml

5 mglm1

5 mg/mL

5 mg /mL

5 mglm1

3 mgrlml

L mg/ml

I mglml

2.0 x

8.1 x

1.6

4.0

4.0

4.0

4.0

4.0

103

103

103

103

103

103

5

11

9

L2

11

9

72

69

69

89

No

No

No

No

No

No

No

Yes

x

-x

x

x

x

x

103

r02

L028.1 x Yes



Isolate 9 2 mg/mL

Isolate 9 5 mg/mL

Isolate 10 5 mg/ml

Healthy chrysanthemum

2 mg/mL

CSV-infected

chrysanthemum 2 mg/mL

Healthy Gynura

auvantiaea 2 mg/ml

CEV-infected Gynura

aurd.ntiaca 2 mg/mL

TABLE VI-z cont..

I.6 x 103

4.0 x l-03

4.0 x 103

1.6 x 10 3

1.6 x 10 3

1.6 x 10 3

I.6 x t0 3

I6

73

B9

No

No

No

No

Yes

No

Yes

1

I

5

3

a

b

Experimental details are given j-n Materials and Methods,

Chapter IV and this Chapt.er.

Avocado isotates are described in Materials of this

Chapter.
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appears to be no detectable Sequence homology between ASBV

and either CSV or CIIV; this agl:ees with the l-ack of homo-

logy with purified CSV in Table VI-I.

when ASBV t32pl cDNA was hybridized aEai-nst various

partially purified. nucleic acid extracts from healthy and

infected avocados, the results of Table Vl--2 were obtainecl.

From five isolates of avocado which had been indexed (tVa1lace

and Drake, L962; Burns et aL., 1969) as negative for sun-

blotch disease, 5 L2Z hybridization to a nuclease 51-

resistant form was found. and this was taken as the l¡ack-

ground level under the conditions used; it is not known why

this level- was higher than the maximum of 1. tÍå obtained in

a different experiment (Table VI-I) using the same conditions.

Of five avocado isolates indexed positive for sunblotch

disease (four were showing positive symptoms; one \^/as a

symptomless carrier), a viroid band was visible on poì-y-

acrylamide tube geI electrophoresis of the nucleic acid

extracL of two of the isolates and a high IeveI of hybrid-

ization was obtained (Tabl-e VI-2). In the three isolates

where a viroid band was not visible, the presence of the

viroid was shown using a high concentration of nucleic acid

(¡ 5 mg/mL) and hybridizíng for 72 hours to give Rot values

of 2.4 4 x 103 mol sec titre-I (Table vï-2).

The t32plcDNA to ASBV was further tested by hybridization

to seven more avocado isolates biologicali.y indexecl sunblotch

negative, Seven more avocado isolates biologically indexed

sunbl-otch positive, and 37 biologically non-indexed isolates

(Table Vf-4 and results not shown); in the latter instance,

the hybridizatj-on to l32pl cDNA was being used as a method of
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indexing for sunblotch; i.e., cDNA-indexing. A comparison

of the cDNA-indexing results with the biologically indexi-ng

results (Table VI-3) revealed the following.
(1) All twelve biologically indexed sunblotch-infected

isol-ates were ASBV-positive by hybridization.
(2) Of twelve biologically indexed sunblotch-free

isolates, B were indexed ASBV negative by hybridization
(results not shown); one vùas indexed sunblotch positive
(35 BIU hybrid.ization, Isolate 11, Materials); and three

isolates (Isolates 12, 13 and L4, Materials) showed hybrid-

ization plateau values of 16 302, L2 32eo, and 26 29eo¡

respectively, for a number of hybridizations invol-ving three

separate extractions of fsolates 12 and 13 and one extraction

of Isolate L4. Therefore, these last three isol-ates remain

uncertain viz. cDNA indexing.

(3) Only one of 37 biologically non-indexed isolates

was found to be ASBV positive by hybridization (93e", Isolate

15, Materials,' results not shown) ; one isol-ate (16, Materials)

showed 23q." hybrid-izaLíon and thus remains uncertain (i.e.,

non-indexed); and 35 isolates were clearly ASBV nega'tive

by hybridj-zation (Table VI-3, results not shown) . Not one of

the 37 non-indexed isolates was showing sunblotch symptoms.

4. Quantitation of ASBV Level-s in Partially Purified

Nucleic Acid Extracts

Since polyacryalmi.de gel electrophoresis of

partially purified nucleic acid.s extracted from sunblotch

positive avocados showed the presence of a stainable band

with the mobility of ASBV in 7 out of 12 isolates (pigure

VI-I and results not shown) , a1I 12 of which \^rere ASBV positive



TABLE VI-3

A COMPARISON OF THE RESULTS OF BTOLOGICAL INDEXATTON

FOR AVOCADO SUNBLOTCH DTSEASE ITIITH THE RESULTS OF

cDNA INDEXATTON FOR THE PRESENCE OF ASBV

cDNA Indexati-on for ASBVa

+ASBV -ASBV UnKnown

bBiological Indexation

for Sunblotch

Sunblotch infected

Sunblotch free

Non-indexed

(+)

(-)

(?)

L2

I

0 0

3

II

I

35

a

b

cDNA Indexation by hybridization as described in Methods.

Biological Indexation as described by lr7allace and Drake

(L962) and. Burns et aL. (1969).
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by hybridization, the l-evel of ASBV present in partially

purified nucleic acids was obviously variable. The extent

of this variability could be determined by quantitating the

level of ASBV in nucleic acids extracted from a number of

sunblotch-infected avocados.

Quantitation of ASBV levels in partially purified

nucleic acid extracts was carried out by Rot analysis as

described f.or the guantitation of CSV levels in partially

purified nucleic acid extracts (Chapter V, Results); i.e.,

by determining the Rotå of the hybridization of t32pl cDNA-

ASBV against infected-plant nucleic acids and comparing this

Lo the Rotå of t32pl cDNA-ASBV against purified ASBV (l x 10-4

mo1 sec litre-'I). The value obtaj-ned is expressed as the

percent of the infected-plant nucleic acids consisting of

ASBV sequerlces. Table VI-4 shows the values obtained from

the Rot curves (not shown here) expressed as the percent of

ASBV in the total nucleic acid extract. The results can be

summarized as follows.
(I) The level of ASBV is highly variable. The percent

ASBV ranges from 0.2 to 2.3 x l0-5% of the nucleic acid

extract for partially purified nucleic acid extra.cts from

different isolates taken from different locations at different

times of the year. Part of the variabilit.y may be due to

sample selection (see below).

(2) There was a 25-fold

ASBV (expressed as the amount

nucleic acid and not per leaf

and old. leaves of Isolate 20,

of Isol-ate 9 taken during the

difference in the level of

of ASBV per weight of

weight) between young

whereas young and o1d

winter showed. similar

leaf

Ieaves

leaves

1evels of



TABLE VI-4

a

b

c

Hybridizations were carriecl out as described

in Methods. The percent hybridization is at

the plateau of the Rot curves for all isolates

except Isolates L2 and 13 where no plateau was

obtained.

Percent of ASBV in total nucleic acid extract.

No slzmptoms; b-iologically indexed sunblotch

free.

I\tro symptoms; symptomless carrier.

Old leaves of Isolate t harvested in sufirmer (,lan.

L979).

Old leaves of Isolate t harvested in winter (Aug.

r979\.

Young leaves of Tsolate t harvested in winter
(Aug. L979) .

OId leaves of Isolate 20 harvested in autumn

(uar. L979) .

Young leaves

(Mar . L97 9) .

Approximated

ization was

of Isolate 20 harvested in autumn

percent, since a plateau of hybrid-

not reached. Percent hybridization

d

e

f

g

h

l_

)

values

in the

represent the maximum observed percent

Rot curve.



TABLE VI-4

0UANTITATTON OF ASBV LEVELS IN PARTIALLY PURIFIED

EXTRACTS OF SUNBLOTCH-INFECTED AVOCADOS BY Rot
32ANALYSIS: HYBRIDIZATION TO t P ] cDNA-ASBV

Avocado

isolate

number

Symptoms of

sunblotch

disease

Viroid band

visible on

tube gel

Percent

Hybrid-
al-zatsaon

Concentration

of ASBV (% by

weight) b

I

9

Yes

Yes

Yes

Noc

Noc

Noc

YeS

uod

Yes

Yes

Yes

No

No

No

No

No

No

No

No

Yes

Yes

No

No

892
ô

7 39o"
E

3 0%r

44Zg

89Z

35%

232

3296

432

522

572

B5?h

65?i

0.22

2.3 x
2.2 x
2.2 x
3.5 x

1x
<lx

<1 x

1.8 x

2.2 x

0.22

1.5 x

6x

-hl0 u9o

4

-?t9o

-)10 "z

10

TI

L2

13

L7

1B

I9

20

IO

10

10

IO

10

10

10

-4

3

I

z

z

-11'o-

_r r"j

-s zj

10 z

10 z

-3

-5
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ASBV; the level of ASBV in old leaves of Isolate 9 was

IO-fo1d less during the summer than during the winter.

However, to draw any co¡tclusious about the effect of temp-

erature or season or the effect of leaf age on ASBV levels

would require a much larger sample selection than presented

here. Furthermore, it is not known íf all leaves in a

particular sample are equally infected; i.e., have similar

Ievel s of ASBV. Fluctuations in the level of ASBV in

different leaves, in different parts of the tree, during

different Seasons, etc., may explain the variability observed

in (1) and above

(3) One sunblotch positive symptomless carrier isolate

\,vas obtained from two sources (Isolates 6 and IB) and the

level of ASBV in the two isol-ates was dissimilar. No ASBV

could be seen as a band on a gel with Isolate 6 (result not

shown) , but could be seen with Isolate 18 (Table VI-4). Thus,

symptomless carrj-ers show similar variations to those

observed with symptom--bearing plants in (2) above; possibllz

for similar reasons.

(4) of three ísolates (I1, L2 and 13) biologically

indexed sunblotch negative, but showing either hì.gh levels

(Isolate 11) or 1ow levels (Isolates 12 and 13) of hybrid-

ization, only one (Isolate 11) showed a plateau of hybrid-

ization upon Rot analysj-s (notå = 7 x 102 mol sec litre-I)

for which a level of ASBV could be determined (l x tO-  /
) -a7 x IOo, x 1003 = 1 x l0 'Z¡ Table VI-4). No plateau of

hybridization was observed for Isolates 12 and 13, and if these

isolates were indeed sunblotch infected, then the Ievel of ASBV

must be less than 1 x fO-52. This value represents the timit
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of detectability of AStsV sequences by hybridization under

the conditj-ons described in Chapter IV and this Chapter,

Irfaterials and Methods, since 5 mg/ml of partially purified

nucl-eic acid. containÍng ASBV at I x I0-5? hybridized for

72 hours would show a Rot value for AStsV of 4. O x 10-4 mol

-1sec litre ! (5 mg/ml x t x 10-5a x 72 hours); i.e., below

the Rotå for ASBV (7 x 1O-4 mol sec titre-l).

(5) Since the average yield of nucleic acid from sun-

blotch-infected avocados was J-00 mg/kg, the range of ASBV

concentrations (0.22 to 2.3 x fO-52) in the partially purified

nucleic acid extracts would represent 200 Ug to 0.02 Ug of

ASBVrzkg of avocado f eaves.

E. Transmission Studies with ASBV: Replication of ASBV

Purified ASBV, mechanically inoculated onto tomato,

chrysanthemum, Gynura aur(tntiaca, G, sav'mentosa and avocado,

did not incluce the development of any disease symptoms; all

ASBV-inocul-ated plants resembled water-inoculated (control)

plants.

Extraction of nucleic acids from the above ASBV-

inoculated plants and hybridization to ASBV-cDNA (Table VI-5)

showed the presence of ASBV in G. aurantiaca and two

avocados. There was no replication of ASBV in tomatoes,

chrysanthemums, ot G. sarmentosa. Quantitation of the ASBV

levels in G. a.ur,a,ntíaca and the two ASBV posi-tive avocados

showed the presence of a very low level- of ASBV in one

inoculated. avocado and t.he inoculated G. aura.n.tiaea, and

the preserìce of a higher leve1 of ASBV in the second ASBV

posit.ive avocado (Table VI-5); however, this high level of



TABLE VI-5

TIYBRIDTZATTON ANALYSTS OF PARTIALLY PURIFTED NUCLETC

ACID EXTRÃCTS FROI4 PLANTS INOCULATED I^IÏTH ASBV.

Partially Viroid. band

purified nucleic visible on

acid extract" tube ge1

Approximate leve1 of

ASBV (Z by weight)

in nucleic acid
.bextract

Extent of

hybrid-
al_zatr-on

Healthy chrysan-

themum No

ASBV-inoculated.

chrysanthemum No

Healthy tomato No

ASBV-inoculated

tomato No

Healthy G.

aurantiaca No

ASBV-infected

G. aurantiaca No

Healthy G.

sa.Tmento sa No

ASBV-infected.

G. satmentosa No

ASBV-inoculated

Avocado seedlingsd

Isolate 2L No

Isolate 22 No

B%

35 Ac -Á, 
I2x I0'2"

L9Z

I5?

4Z

6Z

6Z

6Z

15U

722 L.4 x 10 -2 z



Isolate 23

Isolate 24

fsolate 25

Isolate 26

Isolate 27

Isolate 28

Sunblotch (graft)

inoculated Avocado
d

seecf J- rngs

Isolate 29

Isolate 30

TABLE VI-5 cont..

83

8B

32e"

9Z

9Z

8U

772

25e"

No

No

No

No

No

No

-h2x10ueo

Yes

No

-'t2.8 x 10 -eo

a

b

Plateau of hybrid.ization of Rot curve or maximum leve1 of

hybridization at a Rot of 4 x 103 mol sec litre-I.

Determined by dividing the Rotå of the Rot curve (of t32pl-

cDNA-ASBV against partially purified plant nucleic acid)

by the Rotå of ASBV (l x 10-4 mol sec litre-l) and

multiplying by 100U.

c 2 -1Hybridization value at Rot of 3 x 10

g ASBV is based on a Rotå of 3 x LO2

Isolates described. in Materials.

mol sec litre

mot sec litre-1
d
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ASBV was still below the l.imit of detectability as a band

on a gel.

The two avocado seed-lings inoculated with ASBV and showing

detectable level-s of ASBV were maintained in plant room B

(Chapter II, Materials); i.e., ât 30oC. Thus, five of the

ASBV-inoculated avocado seedlings with no detectable levels
of ASBV \iüere re-inoculated with ASBV and maintained in plant

room B (at 30oC). After 4 months, nucleic acids were extracted

from each of the five re-inoculated seedlíngs and analyzed

for the presence of ASBV by hybridization to t32plcDNA-ASBV;

no ASBV was detected in any of the five inoculated (and

symptomless) seedlings (results not shown).

Thus, while there is evidence for the replication of

ASBV in G. auyantiaca and two avocado seedlings, albeit to

very low Ievels, no symptoms of the sunblotch disease have

been observed on ASBV-inoculated seedlings even after 7

months post j-noculation Ia graft-inoculated seedling, developed

symptoms on the stem (yellow streaks) during the same time

period (4 months in plant room B; this seedling (Isolate 29)

showed a high level- of ASBV (Table VI-5) l. Therefore, it
yet remains to be shown that ASBV is the causal agent of the

sunblotch disease of al.ocados.

DISCUSSION

A low molecul-ar weight RNA was found to be associated

with some isolates of avocados infected by the sunblotch

disease. This RNA was absent from other isol-ates of sun-

blotch-infected arrocados and from healthy avocados (figure

vr-l).
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The low mol-ecular weight RNA was purified and shown

to be circular and to possess a high degree of secondary

structure; these are the physical properties characterisl-ic

of a viroid (Diener and Hadidi, L977), and suggesl- that the

sunblotch disease of avocados is caused by a viroid:avocado

sunblotch viroid (ASBV) .

The suggestj-on that the sunblotch disease of avocados

is caused by a viroj-d has also been independently proposed by

two other groups (DaIe and A1len, L979; Thomas and tr{ohamed,

L979), who have reported a 1ow molecular weight RNA' present

in partialty purified nucleic acid extracts of sunblotch-

infected avocados, but absent in similar extracts of healthy

avocados. However, neither of these two groups purified the

RNA or charactert-zed it.

A cDNA probe \^Ias (1) prepared to ASBV , (2 ) shown to be

specific for ASBV and for ASBV seguences present in sunblotch-

infected but not healthy avocado plants, (3) used to quantitate

ASBV levels in sunblotch-infected avocados, and. (4) used to

index avocados for the presence of ASBV.

Results of the hybridization analysis of nucleic acj-ds

extracted from sunblotch-infected and healthy avocados,

showed the following.
(1) The l-eveI of ASBV in nucl-eic acid extracts, and

probably the plants used as the nucleic acid source, varied

widely (10,000-fo1d); some of this variation may have been

due to sample selection (e.g., tissue type and age of tissue,

avocado variety) or seasonal variation.

(2) Nucleic acids extracted from symptom-bearing pJ-ants

v/ere of two types: those containj-ng an ASBV band on a gel and
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those without a visible ASBV band. However, all types

of nucleic acids from symptom-bearinq plants showed high

levels of hybridization.
(3) Symptomless carrier plants produced the same results

as symptom-bearing plants; i.e., ASBV levels were present

at both high and low levels in nucleic acid extracts of

symptomless carrier plants. This is in contrast to the

results of (a) Thomas and trlohamed (1979), who suggested

that detectabl-e levels of ASBV by gel analysis of nucleic

acid extracts could not be obtained from symptom-bearing

Ieaves, but could be obtained from symptomless carrier

leaves (implying that symptomless carriers have a much

higher level of ASBV tha¡ symptom-bearing plants), and (b)

I,rlallace and Drake (L962) , who suggested that the level of

sunblotch rvas higher in symptom-bearing p.lants than in symptom-

less carriers. My results suggest that both situations can

occur.

(4) There was a complete correlation between the

presence of ASBV and the presence of sunblotch clisease

(Table VI-3).
(5) Point (4) made it feasible to test apparently

healthy, but biologically non-indexed, glasshouse and field

avocados for the presence of sunblotch. Of 37 such isolates,

one (Isolate 15) was ASBV-positive (a sunblotch graft-inoculated

recipient), one was showing low levels of hybridization to the

ASBV-gDNA and remains non-indexed, and 35 isolates were inclexed

ASBV-negabive.

Therefore, if the cDNA-ind.exing procedure was to be used

to index for the presence of sunblotch, the time required to
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test a prospecLj-ve candiclate could be reduced from a mini-

mum of 2 yr (tqall-ace and Drake, L962; Burns et aL. , 1969)

to 5 days (two days for the extraction and three days for

the hybridization). A time-saving of this naLure could be

of great economic importance.

In order to replace the present biological indexing

technique with a cDNA-indexing technique, it is necessary to

conclusively establish proof that ASBV is the causal- agent

of the sunblotch disease. Such proof requires the inoculation

of ÄSI3V onto avocados with the subsequent development of the

characteristic sunblotch symptoms. Such an experiment is

underway with the expectation that symptoms may take at least

one year to develop (ItTaIIace and Drake , L962; Burns et aL. ,

re69).

That the sunblotch agent is a nucleic acid and is

mechanically transmissibl-e has been shown by Mohamed and

Thoma-s (Mohamed, personal communication) , v¡ho were able to

transmit sunblotch disease to 4 out of 10 avocado (Hass)

seedlings in 4 mo by using a total nucleic acid extract from

sunblotch-infected avocados.

The results of attempting to transmit sunblotch to

avocados by inoculat-ing avocados with purified ASBV (shown

here in Results) have so far shown the following.
(1) After 7 mo post inoculation, not one of B inoculated

avocados has shown the symptorns of sunblotch disease.

(2) Ilowever, 1ow levels of replication of ASBV have

been detected (by hybridization analysis) in two avocado

seedlings and in Gynura aurant'Laca, a host-plant of a number

of viroids (niener and Haclidi, L977; Niblett, personal conm-
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unication; Results, ChaPter II) -

(3) Neither symptoms nor the replication of ASBV

was observed in several other plants that are known viroid

host-plants; i.e., tomatoes, chrysanthemums and Gynura

sarmentosa (Table VI-5). At present, the only known hosts

of avocado sunblotch disease are the avocado (Persea sp.)

and the cinnamon plant (c¿nrlamomun zeyLanicumi da Graca,

L979) ¡ there are no known herbaceous hosts of sunblotch

disease (or ASBV) .

In summary, establishment of proof that ASBV is the

causal agent of the sunblotch disease of avocados will

enable the cDNA-indexing procedure to replace the costly'

Iaborious, and time consuming biological indexing procedure

for sunblotch disease. EventuaLLy, the cDNA-indexing

technique should replace biological indexing for a large

number of viroid-induced (e.g., PSTV in potatoes and cEV

in citrus) and viral-ind.uced , (e.9., potyviruses and luteo-

viruses) plant diseases.
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