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ABSTRACT 
~ 

Barley stripe mosaic virus (BSMV), tobacco mosatc virus 

(TMV) and genomlcally masked virions consistlng of TMV-RNA in 
a 

BSMV protein were detected in doubly Infected barley plants 

grown at 30°. Methods which completely separated BSMV and 

TMV from artiflclal mixtures failed to remove aIl TMV infectivity, 
~ 

or TMV-~A, from BSMV derived from natural mixtures. Such BSMV 

contained no TMV proteln, and the TMV Infectivity associated with 

It was neutrallzed by BSMV-antlserum but not by T~V-antlserum. 

As much as 8% of the RNA with~n BSMV-like particles From doubJy 
t 

Infected Black Hulless barfey leaves was TMV-RNA. Genomic masklng 

was detected only in leaves wh{ch contained more TMV th an BSM~. 

Most cel1s of these leaves were doubly infected. No genomic 

masklng of BSMV-RNA ln TMV proteln was detected in these leaves. 

BSMV, but not TMV, was transmltted through ~eed collected from 
, ' 

doubly Infected plants. 
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RESUME 
Il 

Une i~fectlon mixte du virus de la mos~lque du tabac (VMT) et 

du virus de la striure dlorge (VSO) fut établie chez des plàntes 

d'orge culdvées à 30) On découvrit chez ces plantes des virions 

du VMT et du VSO, ainsi que des virions se composant de IIARN du 

VMT et de la capside du VSO. Des mét~odes qui séparent totalement 

ces deux virus mélangés !~ vitro ne réussissent pas à enlever tout , 

l'ARoN de VMT du VSO provenu' de mélanges produits .!.!!. vivo. De telles 
\ 

populations du VSO ne contiennent aucune protéine du VMT et leur 

capacité 'de provoquer une Infection typique du VHT est éliminée" 

uniquement par l'antlsérum~du VSO, et non pas par celui du VMT. 

Jusqu'à 8% de l'ARN des virions, en apparence du VSO, extraits de 

feuilles d'orge Black Hulless Infectées par les deux virus est de 
l' 

l'ARN du VMT. Le masquage du gén6me viral du VMT par la capside du 
~ 

VSO se découvre uniquement chez les feuilles qui contiennent plus de 

VMT qu~ de VSO. Chez les mêmes feuillés, l'ARN du VSO ne se trouve 
1 

jamais masqué par la capside du VMT. Le VSO est transmissible par la 

graine des plantes ~fectées par ces ~,ux virus. Ce n'en est pas le 

ctas pour le VMT. 

(1 Il) 
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1 NTRODUCT 1 ON 

A common a'im when lnvestigating plant diseases Is to el iminat~\~ 

as many variable parameters asl possible, includlng pathogens other ~ 

than the one under investigation. Whlle th"f-.s is necessary for many \'\'" 

kinds of problems, diseases in the field are not restrlcted to single 

pathogens, partiGularly on vegetatively propagated or perennial crops. 
1 

Although the study.of interactions between more than one pathogen has 

not been neglected by plant pathelogist~·; Tt is certainly not a COrlTllOn 

problem for investigation. This is more the pitYI slnce uAexpected 
. , 

results often emerge from such studies~ , 

The double Infection investigated in the present study is a case 

in point. Tobacco mosaic virus (TMV) replicates poorly in inoculated 

leaves of barley plants, and can be detected' rarely and with difflculty 
.t. 

in systemically Infected leaves. Infected plants look normal. When, 

however, barley plants are inoculated with both bar,ley stripe mosalc 

virus (BSMV) and TMV, massive quantitles of TMV are produced in the 

systemically infected leaves. The additlonal synthesis of TMV ln 
, .. 

doubly infected plants does not alter the symptomatology associated 

wlth the BSMV infection. The effect of BSHV on the repllctlon of TMV 

in barley was the subject of an earlier thesls (Dodds, 1972). 

The present thesis concerns another aspect of thls unique double 

Infection, that of the encapsulation of some TMV-RNA by BSMV prote!n 

(I.e. genomic masklng). Section 1 ls an investigation of barley leaves 
., 

doubly infected with BSHV and THV at the ultrastructural level, to 

J 1 , 

\ 
\ 

/ 
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d~termine the frequency and nature of double Infection of single 

• cells. If~ells are not doubly infected, the chances of structural 

Interaction between BSMV and TMV are minimal. Section Il 15 an 

-analysis of the distribution and amount of genomic masking in doubly 

infected plants. A more genera' problèm ls the development of 

methodologies whlch copclu5ively prove the phenomenon. Section III 
, 

Is an attempt to lnvestlgate the possible slgnlficance of genomlc • 
'> 

masking to the ·transmission of TMV through seed froml~oubly lnfected 

p'lants. ., .-
,i 

\ 

.. 

. , 

/ 

, , 

.... 
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llTERATURE REVIEW 

1 . TH E V 1 RUS ES 

The two viruses used in this double infection study were 

barley stripe mosaic vjrus (BS~V) and tobacco mosaic virus (TMV) . 

. Since most properties of these two viruses are different, there is , -

no reason to suppose' they are blologlcally relat.ed, although there 
~ . 

Is a structural similartty between them, both having rigid, tubular 
Q ~... , 

rod-snaped particles. 

\ A. ) Physical Propertles 

( The physical properjies of BSMV and TMV are glven in table 

and their appearance Is Illustrated dla~ramatically in f!pure,l •. 

ln commen ~Ith most plant vlruses, both BSMV (molecular welght 

26 x 106 daltons) and THV (molecular welght 39 x 106 daltons) 

are nucleoprotelns, each composed of rlbonucleic acld (RNA) and 

proteln. 

The morphology of the particles of both viruses is that of a 

short rigld rod, but BSHV has shorter and wider partlcles than 

TMV. The dimensions of TMV rods are 300 nrp by 18 nm; ,for BSMV 

the rod length is 

130 nm and 150 nm 

1 

variable wlth three rnod" lengths of 112 .nm, 

(Harrison et al, Î96S) knd a dfameter of 20 nm. 
1 
! 

The rod llke structure Is a consequence ~f the hellcal aggregatlon 

of a 'Proteln subunlt with the RNA embedred 

rod, at a dlarnéter of 8 nm for THV andin 
1 

/ 
.J 

helically ln the proteln 

nm for BSMV, as 111ustrated 

) 

.. 



) 

( 

- 4 -

Table 1. Physleal and ehemieal propertles of BSMV1 and THV2 

• 

Nucleoproteln 

Molecular weight 

Morphology 

Length 

Wldth 

A-260/t-- 280 
, EO. 1 % 

260 
SedImentation coefficient 

Isoelectrtc point 

Suoyant density 

Proteln 

Holecular weight 

Ami no aci ds 

RNA 

Percentage 

Ho 1 ecu 1 a r we 1 ght 

Base rat i 0 

Guan 1 d t ne 
Aden Ine 
Cytosine 
Urae Il 

" 

BSHV 

26 x 10
6

d 

tubular I"lgid 

130 nm 
(112 nm) 
(150 nm) 

20 nm 

1.05 

2.6 

185 S 

pH 4.5 

1 .309 g/cm3 

21.5 x 103d 

187-190 

3-4% 
6 1. 4 x 10 . . 6 

1.17xl0 

1.04 x 10 

20 
31 
19 
30 

~ 

~/ 

TMV 

39 x l06d 

rod 

300 nm 

18 nm ,. 

1. 19 

3.2 

187 S 

pH 3.L! 

1.324 g/cm3 

5% 
2.05 x 106 

24 
28 
20 
28 

1. Data taken from Atabekov, 1966, 1971, Flneh, 1965, Jackson 
and Brakke, 1913. 

2. 1 Data taken from Matthews, ~ 1970. 
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Table 2. Structural orientation of RHA and protein in BSMV and XliV virions. 

,? BSMV THV 

Structura 1 parameters 

A. length 130 nm 300 nm 

B. H. Wt. , par t i el e 26 x 106ci 39 x I06d 

C. H.Wt. , RNA 1.1 x 106d 2.05 x 106d 

D. H.Wt. , prote in subunit 21.5 x 103d 17.5 x 103d .. 
<---

E. Piteh 2·5 nm 2.3 nm 

F. Average H.Wt. of a nue leot ide 322 d'" 322 d 

Caleulations 
0 

G. Protein, total H.Wt. (a-c) 24.9 x I06d 36.95 x 106 
d 

H. Numb~ of subunfts (G/D) 1 ,163 'l. 2 , III 

(AIE) 52 131 1. Number of turns tp' hel lx 
\" , 

J. Number of subun 1 ts/turn of hel lx (H/t) 22.3 16.2 

K. Humber of nucleotides (C/F) 3,416 6.366 

L. Humber of nucleotides/subunit (KlH) 2.94 3·01 

. , 

• 
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ln figure 1. From the values glven 10 .~le 2 It can be , 

calculated that for both ~SMV and TMV there are three 

nuc 1 eot 1 des assoc i ated w,i th each subun i t, and that, whe1"eas 

there are ~~mately 16 ;ubunits ln each turn of the 

structural hel lx of TMV, for BSMV there "are approxlmately 22 

subunits per turn. 

The rod ~haped particle of either virus 15 in fact tubular, 

as Illustrated ln figure 1. Thl!- Is demonstrated by the, ability 

of ~egative st~ln to penetrate the hol1ow central canal. For 

both virus partfcles the diameter of this canal 15 about 4,nm. 

ln other rod shaped vlruses, the ratio of 

e of" u.v. Iight at 260 nm to that at 280 nm 15 low; 

r BSMV and 1.19 for TMV. This 1 ndlcates a Jow percentage 

of RN in the vlruses, ln fact 3-4% for &&MV and 5% for TMV. 

When the s~dlmenting propertles of .th,e t~o particles are compared -" 

by analytical ultracentrifugation or by denslty gradient centri

fugation an unfortunaté colncidence is observed slnce both 

partlcles co-sediment, the sedimentation coefficients at Infinite 

dilution belng 185 Sand 187 S respect.ively for BSMV and TMV. 

This prec1udes rate zonal denslty gradient centrifugation as a 

\ direct t001 for separatlng the vlruses, a point whlch will be 

ref~rred to later. However, there Is a dlfference in buoyant 

, , 
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FIgure 1. Structure of BSMV and TMV 

1. BSMV 

2. TMV 

} .. ,.. .. ~-
A. Cross section of the tubular rod \.bbWlng: 

" .-' 1. the dlameter of the central cenal, the diameter 
of the RNA hellx, and the outer diameter. 

2. the nûmber of subunits per turn of the p(oteln helix. 
3 •. the number of nucleotldes per subunit (black dots). 

B. Face vl~of part of the tubular rod showlng the hellcal 
arrangement of the protein su~untts. Flve (BSMV) and 
th"ee (TMV) complete turns of the hel lx separate 
superlmPQsed subunlts. 

t, 
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density between these t~o viruses (1.309.g/ml for BSMV, 

.1.~24 g/ml for TMV) , which means that they can be separated 

by equilibrium density gradl~nt centrifugation. Theyalso 

\ha've different eiectrophoretlc rmbilltles, eSMV belng more 

e'lectro-negative than TMV at neutral pH, so they can be 

separated by electrophoresls. 
" 

80th viruses have only one che~al protein subunit, the 
. , \ 

BSMV molecule (21,500 daltons) belng ~eavier than the tMv 

molecule (17,500 daltons). 
l' ' 

The la1ger slze of the BSMV subunlt 

Is reflected in the highér number of amino acl~ resldues (1 

from whlch it Is composed, compared to the TMV proteln (158 

acld residues). The blological unrelatedness of BSMV and TMV 

Is enforced by a lack of serological relatedness between them. 

Each TMV rod contains a single molecule of RNA of molecular 

,l' 

" 

1 

welght 2.05 x 106 daltons. BSMV, on the other, hand. has p~pulatlons 

of virus partlcles contalnlng dtfferent slzes of RNA, with molecular 

weights of approxlmatelY 1.0, 1.2 and 1.4 x 106 daltons . 
... 

The 
. 

ba$e ratios of TMV-RNA and BSMV-RNA are dlfferent. 

81010glcal properties 

The natural hosts of BSMV are bariey and wheat, but the vlrus~ 
" . 

infects many other Gr~mlnae experlmentally. Outslde of'the 
'>J 

Gramlnae the only lxper'~ntal .hosts are species of Chenopodium, 

!!!! and Splnacea. 

c' 
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Symptoms are dependent on the barley vaniety and BSMV 

isolate, but ln Qth~ comblnatlon use<! in f~ls, study t~o stages, , . . 
chronic, were recbgnis~d (McKinney arfd ~reeley, 1955). 

t ; 

The acute symptoms were observed on the leav~s that were maturing 
• 

at the tfme they we>re infected and on the inoculated mature 

'Ieaves be'low them. Complete chlorosis ~nd SUbSeqUe~t necrosls 

" . 
were typical acute symptoms. Cnr9nlc symptoms'developed on leaves 

that were leaf initiaIs or meristems when infected. ' These 

deveJoped alt~rnate dark green, light green and white strlpes 

along their loength. Infected ba;ley. plants were al'so badly, 
'f 

,P 

stunted. Ylelds of BSMV f~om Infected barley4are. quite high, 

up to milligram quantitles per gram of t'issue . 
""-

An Important property of BSMV Is 1 ts .Ity to be .~eed 

transmlttéa, and also p6IJen born (Bennett, 1969). ,ORates of , 

t~ansmlssion as hlgh as 90% ar~ not uncommon, and the mechanlsm 

involves direct infectton~of the embryo (Carroll, 1972)L ~o 
• ; , . 

'i:latural vector is known for the virus (Chlko, 1973) • . 
Many sttalns of tM'V are recognlsed on the basls of the 

r , ' 

divergent hosts from whleh vlr.uses ~hh the general propertles of • 

THV have be~n !solated. Apart from solanaceous hasts Ilke tobacc,o, , 
~ -

t~to, pepper and potato, TMV-Ilke vlruses ha~è been Isolated from , 

cucurblts, legumes, g~apes, ash, apple and pear trees, orchlds, 
1/ • ( 9 

cactl and plantalh, but not from"cereals. The experlmental host 

" 

" 

. . . 1 
~ 
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range 'of TMV "!s enormous, tak1ng in at least 150 genera, and 

- ""neludes eere~ls (Hamilton an~d Dodds, 1970) . .. 

{ 

Th~ mast common.symptom in tobaeeo is stuntln9 and the 

appearanee" of mo~t led d~rk ?~een and .llgh~ green areas Cn leaves 
, . 

whlch beeame 'system{eally infected .. ,The dark·'green areas often 

have a bllstered appearance. Yi~ld~ of ~HV'from tobacco are,very 
" 

~ 

high, several mill igrams per gram of leaf tissu~, ~~t Jhere are 
, 

~ , 

also hosts in whleh subliminal infèctlons Occur (Cheo and Gerrard, 

1971). Barley'is 'one of these (Dodds,.1972): 

Unlike BSMV, TMV l~ not, as a rule, seed transmltted, although 

Ilow rat,s of transmission ~have been detectéd from apple, pear. 

grape and tOfll;àto seed (Bennett, 1969). 1 t Is uncertaln' whether 

embryo infect! n takes place in any of these examples. ' It Is not 

(.) Inefficient 

aphfds. 1 n ......... 

natural vectors of THV mlght be, If any, but 
\ 

ansmission has been achleved wlth grasshoppers and 

th cases the rneehanism is probably quite mechanlcal 

(Mat th~ws, 1 

PLANT VIRUSES , li ( 
The ~sual dpuble Infections of vlruses in plant 

to study the effeets of double Infections on.the 
.' 

host compareèl 0 elther sIngle 'infection. a~d the effects of elther 
\ , 

v 1 rus or distribution of the other. Results of 
. 

these klnds experlmèn'ts for the êfouble Infection of BSMV and THV"-

ln presented ln an ear~ler tbei'~ (Dodds, 1972), where 
.1" ' 

" 

, , 

Q . 

l~ 
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the pertinent literature was revlewed in detail. In this thesls, 

it will be sufficient to mention four stùdies which illustrate some 

of the possible effects of double infections; potato virus Y (PVY) . 
and potato virus X (PVX) in tobacco (Rochow and Ross, 1955), eowpea 

chlorotic mottle virus (CCMV) and southern bea~ mosaic virus (SBMV) 

in eowpea (Kuhn ana Dawson, 1973), barley stripe mosale (BSMV) and 

brome mosaie virus (BMV) in barley (Peterson and Brakke, 1973) and 

BStiV and TMV in barley (Dodds, 1972; Dodds and Hamilton, '1972). 

ln the flrst three interactions, there was a synerglstie response 

ln the host, but this was not correlated with changes ln virus 

concentration: PVY infection enhanced PVX synthesis up to 10 f~ 

CCMV infec~i-on depressed SBMV synthesis by half, and the synthesis of 

both eSMV,·and BMV was depressed in double Infections .. 

The fourth system, also the one used in the present study, 15 more 

extreme than the others, because TMV replicates very poorly ln singly 

Infected barl~y plants. In those leaves of barley plants doubly . ;. 

lnfected wlth BSMV and TMV that showed acute symptoms (the Inoculated 

.,leaf and the next youngeH leaf),~no;enhancement of THV synthr,sis was 

l' det'ected. In chronleally Infected leaves, however, there was up to 

7 times ~s much TMV syntheslsed (7 mg/g) as BSMV-~ mg/g). This 

represents a massive enhancement compared to the amount ofnTMV 
. , " fi' 

syntheslsed ln equlvalent 'slngly Infec.ted plants (0.01 - 0.1 mg/g) , 

whlch appeared healthy. These results can,be compared to the PVY/PVX , 

system. In that system, because PVX repllcates weil ln s1ngly infected 
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plants, the enhancement in the double infection was not as great 

as the enhancement of·TMV synthesis by BSMV infection. Also, in 
, .. 

that system enhancement was greates.t in tobacco leaves that were 

rapidly elongating when infected, and less in those infected when 

they were leaf initiaIs, the reverse patt&rn being true for TMi 

enhancement in barley. The massive synthesis of TMV in doubly • 
infected barley did not alter the symptoms of BSMV infection. This 

enforces the Implication made earlier that changes in virus concen-

trations in response to double infections are not necessarily 

reflected ln the reactlon of the host. 

Single plants can obviously support the synthesis of two 

unrelated viruses, and most cells of such plants are probably also 

doubly Infected. Alternatively, the repllcation of the two v~ruses 

could be separated Inter-cellularly. Evidence for the former 

situation will be re~ewed since It is pertinent to the first section 

• of thls thesis. 

, 

Uslng an optlcal microscope, McWhorter and Priee (1949) observed 

cytoplasmlc crystalline inclusions, assoclated wlth TMV infection, 

together wlth nuclear crystalline Inclusions, characterlstlc of 

tobacc6 etch virus (TEV) infection, ln single cells of doubly infected 

tobacco plants. FuJlsawa et al (1967) conflrmed thls observation at 

the ultrastructural level. TMV crystal 1 Ire InclusIons were intimately 

mlxed wlth the plnwheel Inclusions characterlstlc of TEV Infection in 
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the cytoplasm of the majority of cells from doubly infected 
" 

1 

tobacco plants. Large crystalline Inclusions of TMV particles 

not disrupted by prn-whee~ inclusions were also seen alongside 

areas of mixed inclusions. 

The ultrastructural effects seen in tobacco cells doubly 

i nfected wi .th TMV and cucumber mosa i c vi rus (CMV) have been 

studied by Honda and Matsul (1968, 1969. 1971). They showed that 

the chloroplast abnormalitles assocfated with CMV infections were 

much more Frequent in doubly infected plants. In addition, CMV 

crystallised in the cytoplasm and the cell ~acuole in doubly 

infe~ed cells, a feature not seen in singly Infected plants. A 

notlceable consequence of t~is,double infection was t~e frequent 

locatiori of TMV particles wfthin the nucl~us, especlally in cells 

from etiolated leaves. TMV was rarely found ln the nuclei of singly 

infected tobacco cells. Again in this st~dy, the majorlt~of cells 

showed evldence of being doubly Infected. 

Another system Investigated by the Japanese team (Kamel et al, 

1969) was the double infection of turnlp mosale virus (TuMV) and 

caullflower ~c vi rus. (CaMV), ln Brass Ica pervl dis. The maJori ty 

of cells in doubly infected leaves contarned pln-wheel inclusions 

characterlstlc of TuMV infection together with granular Inclusion 

bodies and associated virions characterlstlc of CaHV Infection. 

" 
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This study is especially interesting because it demonstrated 

that an RNA virus and a ONA virus can repllcate together ln a 

sin g 1 e ce 11 . 

These three systems provide clear evidenC'~ that single cells 

can support the co-repllcatlon of two unrelated viruses. indeed, 

in systemlcally ;nfected leaves thé maJorlty of cells are doubly 

lnfected. The results described were, however, for cells which 

became infected with both viruses at about the same tlme. The 

authors also showed that if leaves already infected with one virus 

were challenge lnoculated with the second virus. few~ells. if 

any, became doubly infected. 

Another approaçh to thls general problem has been to isolate 

protoplasts fn~m"doubly Infected plants, then label them with 

fluorescein conjugated antibody specifie to one or the other virus 

Involved in the double infection. Uslng this technique, Goodman and 

Ross (1973) showed that the majority of celts from plants singly 

infected wlth PVX, were infected. The frequency of PVX infection 

was equally h'gh ln cells from plants doubly Infected with PVX and 

PVY. Therefore aIl the cells also infected wlth PVY were doubly 

Infected. An ultrastructural analysls also indicated that the 

maJorlty of cells w~re doubly Infected. 

Si:hce viruses can ~stablish dou'ble infections in cells as weil 

as .lh plants, it Is not surprlslng that one virus can affect the , , 

6iologlcal properties of the other. Changes ln elther the amount 
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of virus synthesised or the site of intracellular'accumulation 

,of particles have already been described. Another important 

effect recently reviewed by Rochow (1973) concerns several 

examples of transmission of non-vectored viruses from plahts also 

Infected wlth a virus normally transmitted by the aphid. Two of 

the mechanisms proposed to explain this phenomenon have been 

examined experimentally. Kassanis and Govier (1971) showed that 

potato aucuba virus was unexpectedly transmltted from plants also 

lnfected with PVY. In addition, if aphids were flrst fed on plants 

singly infected with PVY, then on plants singly lnfected ~Ith potato 

aucuba virus, the latt~. was again unexpectedly transmitted, since 

potato aucuba virus was not transmltted from singly infected plants. 

The authors suggest that the prior 111:t. .. ractlon of PVY with aphid 

stylets allow the stylets to adsorb potato aucuba virus, whlch~they 

normally do net do. 

The second mechanism Involves structural interaction between 

two Isolates of barley yellow dwarf virus ln doubly Infected plants 

(Rochow, 1971). A small amount of the genome of the non-transmitted 
/ 

Isolate became encapsulated ln the shell of ~he transmltted virus. 

The hybrld partlcle was then acqulred by'the vector. Rochow (1973) 

has a1so shown that sequentlal feedlng of aphlds on plants singly 

Infected with one or ether virus is not sufflcient to break down the 

vector speciflclty of barley yellow dwarf virus • 

1 
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ln addition to the above effects on transmission, a less . 
~ extreme consequence of double infection can be the alteration of 

rates of transmission either by aphlds (Hampton and Sylves\er. 

1969) or by seed (Kuhn and Dawson, 1973). 

The intlmate association of differen.t virus particles in the 

same cell introduces the posslbility of genetic interaction between 

them, particularly if the two vlruses are related strains. Hull 

and Plaskitt (1970)have illustrated that alfalfa mosalc virus strains 

can occur together in a single cell. A property of severat groups 

of viruses, of which alfalfa mosaic virus ls one, ts that the viral 

genomes are divided amongst several particle classes (van Kammen, 

1972). By mixing particle classes from different strains ln vitro. 

infectlous viruses have been produced wlth new or shared biological 

and physieal properties. Such genetie reassortment could easily occur 

ln doubly infected cells, and vectors feedtng on sueh eells eould 

aequire and trànsmit new stralns. Genetle recomblnqtion between 

stralns. of pnlmal vlruses wlth a single undivlded RNA genome has 

beên adequately documented(Fenner, 1970), but thls has not been 

detected uslng plant viruses. 

The final consequence of viruses Interacting in doubly infected 

cells, and the one wlth which thls thests is concerned, 15 the 
, ~ 

possible modification of virus structure. The normal physlcal and 

structural propertles of BSMV and TMV were revlewed ln sorne detail 

for thls rea50n. Structurt~·lnteraction between viruses ln doubly 

Infected plants 15 the subject of the next section. 

t 

)' 
~ 
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3. STRUCTURAL 1 NTERACT IONS BETWEEN "RUSES 

The production of single stranded RNA vi ruses involves the 

synthesis of single stranded viral RNA from a double stranded RNA 

replicative form under the direction of a virus specifie replicase 

enzyme (Matthews. 1970). The single stranded RNA product can then 

function as messenger RNA in the synthesls of virus specifie proteins 

Includlng coat protein, or it can assemble with coat protein to form 

mature virus particles. In doubly infected cells, two populations 

of both viral RNA and viral protein are synthesised. Unless virus 

maturation Is a specifie event. hY9rlds might be formed ln such cells, 

eontaining the RNA of One virus ln a shell made up wholly or partly 

of the proteln of the other virus. 

A. In vitro reconstitution 

ln vitro studles have glven sorne Inslght Into the ~deal 
\' 
i 

conditions required and the speclflcities Involved in the 

reassembly of viraI nucleié aeid and proteln. The model systems 

include the spherical viruses brome mosaic virus·, bacterlophage 

MS 2 and bacterlophage fr and the rod shaped vlruses bacteriophage 

fd, tobacco rattle virus and TMV (Fraenkei-Conrat. 1970). The 

latter will be revlewed. The original diseovery was the Ideal 

.!.!!..ti.!.!:.2. conditIons (0.1 M pyrophosphate" neutra1 pH) ln whlch TMV 

proteln assembled wlth TMV-RNA to form Infectlous, stable hellca1 

rods undlstrngulshable From TMV ~Fraenkel-Conr~t and Williams, 1955}. 
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This tandmar~ study has since been refined in three Important 

ways. The first of these is the observation that reconstitution 

Is polar, protein first associating with the 5/ - hydroxyl end 

of the TMV-RNA (Stussi et al, 1969, Ohno et al, 1971, Thouvenal 

et al, 1971). The second Is that thirty four protein subunits 

aggregate into 20 S stacked dises at the optimum condition for 

reconstitution (neutral pH and Ionie ,trengths up to 0.4) 

(Durham et al, 1971). Thirdly, it is these dises, rather than 

much smal1er aggregates, whlch flrst assoclate wlth the S/ -

hydroxyl end of TMV-RNA, and thls initial association is a 

biospeclfic event (Butler and King, 1971; Klug, 197~i Richards 

and Williams, 1972; Rodionova et al, 1973). Atcording to Klug 

(1972) there Is a sequence of about 50 nucleotldes at the 5/ -

hydroxyl end of TMV-RNA which recog~ises a bfnding site on the 

surface of the 20 S proteln dise. In this partlally reconstltuted 

Initiation complex the proteln subunlts are re-arranged into a 

hetlcal state under the Influence of the RNA. Elongation then 

occurs by the addition of more protein. elther in the form of 

20 S discs (Butler and Klug, 1972) or small aggregates (Richards 

and Williams, 1972). Rodionova et al (1971, 1973) have also 

provlded evldence that TMV reconstitution Involves twc dlfferent 

'steps, Inltlatlo~ and elongation, and they have deflned conditions 

whlch prevent elong.tion beyond the InitIatIon step. In addition, 

-,1 
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they have indlcated that 8 S heptamer proteln aggregates:~s , 
, 

weIl as the larger 20 S stacked dises, can associate with THV-RNA 

to form an initiation complex. This would suggest that the number 

of nucleotldes Involved ln recognition may be fewer than the 50 

suggested by Klug (1972). 

The,specifie Interaction of RNA and protein as a first step 

ln reassembly should be an Important control mechanism to ensure 

homologous assembly and ta prevent encapsulatlon of host nucleic 

'acids, and thls has been demonstrated for THV (Fritsch et al, 

1973). The ~bservation that proteln of BSHV (Atabekov et al, 
1 _ ~ " 
1 

1968, Gumpf and Hamilton, 1968) and tobacco rattle virus (Morris 

and Semanclck, 1973) can aiso be assembled- int~ stacked dises 

indlcates that a slmf~ar specifie mechanism is involved in the 

assembly of these rod shaped viruses. 

Despite the predIction that assembly of rod shaped viruses 

• 
should be specifie, there are many examples ln the llterature 

of heterologous assemblies. Several of these involve the 

assembly of structural hybrlds from type THV proteln and RNA 

of other TMV stralns (Fraenkel-Conrat and Singer, 1957; Holoubek, 

1962; Kado and Knlght, 1970; Atabekov et al. 1970; R~dionova et al, 

1973). Alternatlvely, protelns from strains of TMV, or related 

viruses. have been assembled around type THV-RNA (Atabekov et al, 

1970; Okada et al, 1970; Onda. 1972). Rods have also been assembled 
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From TMV protein and PVX-RNA. BSMV-RNA (from rod shaped 

viruse~) or BMV-RNA (from a spherical virus) (Breck and 

Gordon, 1970; Atabekov et al, 19!t). AIl these heterologous 

assemblies were done in conditions Ideal for h0ffi910gous TMV 

reconstitution, but in the absence of competit~ve homologous 

RNA or prote in. Infectivity of the reass~mbled product, when 

tested, was generally resistant to rlbonuçlease. 

TMV protein has also been assembled into rods wlth RNA 

from the spherical virus TYMV (Matthews, 1966) and from the 

spherlcal phage MS 2 (Sugiyama, 1966) bu~ the RNA within these 

assembled products was s'usceptible to ribonuclease. Yeast RNA 

(~art and Smith, 1956) and the polynucleotides poly (1) and 

poly (A) (Fraenkel-Conrat and Singer, 1964) have a1so been 

assembled~t~ rods with TMV protein. Stable 'spherlcal partlc!es 

have been assembled from protelns of the bromovirus group (aIl 

n>herical vi ruses) and TMV-RNA) (Verduln and Bancroft. 1969; 

Grouse et al, 1970). Finally, rods formed by the reconstitution 

of BSMV proteln and TMV-RNA have been il1ustrated by Atabekov 

et al (1970). These partlcles are partlcularly slgnificant for 

this thesis. From aIl these studies, a general conclusion i$ 

that heterologous reconstitutIon 15 possible but the process 15 

not as efficient as homologous reconstitution. Efficiency is 

\ \ 
~ . 
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loosely correlated to the degree of relatedness between the 

two lnteracting viruses. 

A second aspect of heterologous assembly is the degree to 

whlch it occurs ln the preseMce of an homologous interaction 

e.9. A-RNA"A proteln and B protein or A-RNA, B-RNA and A 

proteln. The first of these possibilitles has been examiAed 

uslng type TMV-RNA. type TMV protein and cucumber green mottle 

virus (C~MV) protein (Okada et al, 1970) or bean form TMV 

protein (Onda, 1972). CGMV is a virus related to TMV. Okada 

et al first formed a heterologous partially reconstltuted 

partlcle (the initiation step descrlbed earller) wlth type TMV-

RNA and CGMV prote!n. This complex would only elongate lnto 

stable, lnfectlous partlcles with the p~oteln alreqdy attached, 

CGMV prote ln, even in the presence of type TMV protein, the 
~ 

homologous protein. No elongation of the heterologous partially 
, 

recon$tituted product occurred wlth type TMV protein alone. 

Contrary to these results. Onda demonstrated that the heterologous, 

partlally reconstituted product of type TMV-RNA and bean form 

TMV proteJn would elongate efficlently wlth type TMV pr~eln. 
~ 

This particle, wlth one segment of type TMV-RNA coated in bean 

form TMV proteln and the remafnder in type TMV proteln, was 

Infectlous and as reslstant to rlbonuclease actlvity as homologous 

partlcles. The proteln from dlstantly related spherlcal vtruses bave 

a1so been assembled Into ml~ed capslds (Wagner and Bancroft, 1968, 

1971). 
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... ' Tht:; second competitive situation outllned above has been 

éxamlned D'y Fritsch et al (1973). They fi rst demonstrated th'at 
) 

RNA from the spherlcal virus TYMV would reconstitute wlth TMV 

protein into infectious rods in conditions (0.1 M pyrop'hosphate, 

pH 7.2) ideal for homologous TMV reconstitution, particularly 

when TYMV-RNA was in excess. Efficiency was not as high as in 

homologous reconstitution. The yield was increased to a maximum 

13% as the ratio of TYMV-RNA to TMV proteln was increased from 

1 :22 to 10:22. 1he infectlvity of the product was r-esistant to 

ribonuclease. 
~ r 

ln 0.1 M pyrophosphate, pH 6.0, heterologous and 

homologous reconstitution were both efficient, but full length 

rods were not formed. When a mixture of TMY-~NA, TYMV-RNA and 

TMV protein ln the ratio 1 :10:22 was reconstltuted at pH 7.0, the 

heterologous assembly was not depressed, and consequently the yield 

of homologousproduct was less than It would have been (32% Instead 

of 47%). In effect, about 40% of the reconstltuted product contained 

TYMV-RNA and 60% corytained TMY-RNA. In similar experiments done 
:r 

at pH 6.0, whlch results in efficient homologous and heterologous 

partial assembly, the corresponding values were 90% for TYMV-RNA 

and 10% for TMY-RNA, indlcatlng that, at thls pH,hOfOOll1ogous 

speclflclty WBS effectlvely absent when the heterologous RNA was 

present ln excess. 

ln summary, reconstitution of rad shaped vlruses prob~bly 

involves two steps, an Initiation stage, wl'\lch Involves specIfie 

recognition of RNA and proteln, and,an elongatlon stage whlch 
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", :-!llëiY be 1 es s s p-ecl fic. The s pect fi ct ty tlpes not, howeve r , 

1 prevent heterologous reconstitution between related and also 

unrelated viruses, even in conditions Ideal for, homologous 
, ' 

assembly and presumably homologous specificity. Heterologous 

assembly is less efficient than homologous ,a~sembly in conditions 

,ideal, "for homologous assembly. In conditions less favourable 

for homologous reconstitution, specificity is lower, since 

heterologous assembly can be much more efficient than in ideal 
\ ,. 

conditions. In conditions Ideal for homologou5 assembly, and 

even more 50 ln less favourable conditions, heterologous and 

homologous assembly can occur together, partlcularly when the 

heterologous RNA is ln excess. 

~. .!.!!. vivo genomlc masking and phenotypic mixing 

Since heterologous assembly can occûr ~ vitro, even in 

, , 

the presenc~ of nomologous components, it is not surprlsing that 

simllar Interactions also occur ~~ ln aoubly infected cells. 

Several kinds of interactions can be envisaged. In singly infected 

cells the possibillty exists t~at host nuclelc acid may be 

encapsul~ted in viral ~roteln shells, or capsids. Transduction of~ 

bacterial genetlc Information by temperat~\phage~ is the classical 
J 

ex~mple of thls phenomenen. Slmilar encapsulatien of host ONA or 

RNA has been detected with some animal vi ruses and wlth THV 
1; 

(see Siegel, 1971}. No genetlc functi~n equlvaleni te transduction 

has been asslwned to these pseudovlrlons, ~ut thls possibility 
o 1 

.' 
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cannot be rul~d out becaute phe~omena resembling transduction 

have been' reported in systçms Invelvlng animal cells (Merril, 

TGe 1 er and Petrl'cci an i, 1971), plant cel Ps (Doy, Gresshoff and 
• 0 

~olfe, 197}) andwhole plants (Hess, 1973). 
, " 

A s~cond type of Interaction, comparable to heterologous 

assembly ~ vitro, is the encapsulatlon of the genome of "one 

virus in~the capsld of a different virus. This phenomenon Is 
• t 

known as t.ra~scapsidat'Ion (Rapp and Melnlck, 1966; Rochow, 1972) 
1. ' 

or, more commonly, genomlc masklng ,(Yamamoto ~nd Andèrson, 1961) 

because the genome of one v i rus 1 s phys 1 ca l '1 y mas ked 1 n the 

proteln capsid of the interacting virus. f 

~n alternate phenomenon Is the e~capsulation of the genome 

of one virus ln a capsld oassembled from t'he protein of both the 
~ , 

Interactlng viruses, a phenomenon knowfl as phendypic mlxlng 

(Strelsinger~ 1956) because 'the protein capsid, the phenotype 

o of a virus, is mixed. ,In this revlew, the term genomic masking 

Js used to describe papers in which the term phenotyprc mlxlng 

was used loosely to descrlbed the Interaction deflned above as 

genOm,1c mélsk 1 ng. {' 

One exper fmenta 1 approach to genomlc masklng has been to 

Interact pairs of viruses, one of whlch Is unable to produce , , 
mat~re virions I~ single Infections. Examples Involve either 

double stranded ON~ lambdold phages (Kayajahian, 1971), single 
J 

• 
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~ 

stranded RNA enteroviruses ~u~h as pol iovlrus and coxsackle 

Bl v.irus (Holland and Cords,J964;'Wecker and Lederhllger, 

1964) or single stranded RNA plant viru~es e.g. stralns ~f 

TMV (Atabekov et al, 1970; Sarkar, 1969; Kassanis and Bastow, 

1971 a,b; Kassanls and Conti, 1971). 

Under non-permissive conditlons in single infection, If 

any coat protein Is synthesised by the defective v~rus, it is 

unable to assemble with viral RNA to form virus partlcles, 

and extracts from singly Infected hosts are poorly lnfectlous. 

ln double Infections with a related competent virus, the RNA 

of the defective virus matures Into complete particles util islng 

the proteln of the IIhelper" virus. This genomlc masking 1eads 

to the rescue of the infectivlty of the defective virus i~ 

extracts from doubly Infected hosts. ~ 
A slmllar experlmental situation lnvolves the separa~ , 

components of stralns of vlruses wlth a dlvided genome (Van 
, 

Kammen, 1972), whlch can be mixed to produce new virus strains. 
vi' 

ln experlments with strains of tobacco rattle virus (Sanger, , 

1969) bean pod mott1e virus (Moore and Scott, 1971} alfalfa , 

mosalc virus (Van Vloten Ootlng et al, 1968) or pea enatlon . 
mosalc virus (Hull and Lane, 1973) and wlth the related brome 

mo~ic .nd cowpea chlorotic mottle viruses (Bancroft, 1972), 
(( , 

the new s,rafns madé l!l vitro pro,duced vi rions with coat proteln 

~ 
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determined by only one of the parental strains. Th is she 11 

enclosed the RNA pieces that made up the genome of the new 

strain. Since these were derlved from the heterologous strain 

as wel1 as the homologous stratn, the RNA from the heterologous 

strain was ili ef,feet genomfcally masked, although thls terminology 

has not been used ln this situation. 

Two natural examples ean be compared to the experlmental 

systems describe~ above. The first involves Rous sarcoma virus 

whlch is a naturally defective virus because, although it can 

replicate its single stranded RNA in single infections, no 

membrane bound particles are produced. In double ~nfections 

wlth other competent membrane bound leucoviruses, Rous sarcoma 
~ 

virus is enclosed in the membrane specifled by the helpet virus 

(Hanafasu et al, 1964). The second exampte fnvolves the 

satellite virus of tobaccb ringspot virus (Schneider, 1971) . 
• 

The low molecular' RNA fragments of the defective"satf'lI ite 

virus can only multlply in plants also Infected wlth tobacco 

rlngspot virus. \~ult;Ple strandstof the satellite virus RNA 

become encapsula~~ in tobaeco ringspot virus caps id, the " 

satellite virus havlng no apparent capsld proteln of its own. 

All the experimentaJ examples of genomic masking de~crlbed 

above Involved interactions between related viruses, one of whlch 

was defectlve. In this situation onJy one protein is avaiJable 
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to coat both viral genomes, and because of this, the 

heterologous encapsulation of nucleic acid takes place in 

the absence of any competitive protein. 

Phenotypic mlxing of both viral genomes, however, is the 

most frequent structural interaction between strJcturally 

similar, related vlruses when nelther of them is defective . 

Examples include pairs of single-stranded RNA, spherical 

bacteriophages (Mlyake and Shiba, 1971) 0; animaI pol ioviruses 

(Ledlnko and Hirst, 1961; Spru~ et al, 1955), slngle-stranded 

RNA membrane bound'animal myxoviruses (Hirst and Gotlleb, 1953), 

paramyxovlruses (G(anoff, 1959) and leucovlruses (Vogt, 1967), 

slngle-stranded DNA, spherlcal bacterlophages (Hutchinson et al, 

1967), double-stranded DNA tailed bacteriophages (Strelsinger, 
\ 

1956) or spherical animal adenoviruses (Alstein and Dodonova, 1~68; 

Norrby and Gollmar, 1971). 

ln sorne studles It is dlfflcult to distlnguish between 

phenotypic mixlng and genomic masklng (Burge and Pfefferkorn, 1966; 

Novlck and Szilard~ 1951; Valentine and linder, 1964; Applèyard 

e,t al, 1956). In others, genomic masking as well as phenotypic 

mlxing, was de,tected (Holland and Cords, 1964; Hutcl,lnson et al, 

1967; Miyake and Shlba, 1971; Wecker and lederhllger, 1964). 

ln some stu~es between pairs of fully competent related 
~ 

vlruses, whi.ch, however, were unrelated serologlcally, only 

genomic\naSking was' detected. These irncluded pairs of doubl-e

stranded DNA talled bacteriophages (Ikokûchl and Ozeki, 1970; 
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Uetake and Hagiwara, 1972; Yamamoto and Anderson, 1961), 

single stranded RNA spherical animal enteroviruses (Trautman 

and Sutmoller, 1971) or isoletes of barley yel10w 'dwarf virus 

(Rochow, 1970). 
~ 

In'tnese studles, because the pairs of v; ruses 

were not serologlcal1y related, it is possible that thelr coat , ( 

proteins were too dissimllar to assemble into mfxed shells. 

It would be unwfse to equate serologfcal dffferences between 

vfruses wfth the Inabllity of thelr protelns to form phenotypically 

mixed partictes, however, for these were readtly formed between 

pairs of serological1y unrelated potloviruses (ledinko and Hirst, 

1961; Sprunt et al, 1955) or leucovlruses (Vogt, 1967). 

It can be generalfsed, however. that ff the protelns of 

two fnteractlng vlruses are able to assemble lnto phenotyplcally 
'-. 

mtxed particles, genomic masklng represents the extreme example 
'" 

of a series of possible capslds. The shell- can be 100% homologous 

protein (normal virus), varyfng percentages of both homologous 

and hete(ologous protein (phenotypic mlxfng) or 100% heterologous 

protefn (genomic masklng). The result in a glven system will 

depend upon 'the avallabllity of viral RNA and protein components 

in the pool from which these components are drawn when vlruses 

are assembled. This ls partlcularly true 'In systems in which one 

of the vlruses Is at a dls.dvantage, .Ither because one vIrus ~ 
repllcates slower than the other, or because the tnoculum potentlal 
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, , , 

of one was less than ,tha~ of thefoth~r, or because one virus 

/ ~~as a defective mutant. As demonstrated and discussed by 

Niyake and Shiba (1971), if one of a pair of related interacting 

viruses is disadvantaged, its genome is more likely to be 

involved in structural interactions and more likely to become 

genomically masked than in a system where both vlruses are 

produced equally weIl, which favo~rs equal amounts of phenotypic 

mixing. This point ls emphasised by the interaction between the 

temperate bacteriophage À and ~80 (Ikokuchi and Ozeki, 1970). 

Phenotypic mixing can be demonstrated .!.!!. vitro, but only ger'lomically 

masked particles are produced ln doubly infected cells, and then 

only unilaterally.with ~80 DNA. In doubly infected cells, phage À 

matures faster than ~80 and lysis occurs when 1 ittle ~80 protei,"" 

has been produced. The lack of ~80 proteln probably explaln the 

.. 

above result. In other systems, however, genomtc masking may be the' 

only possible Interaction if the proteins of the two vlruses are 

unable to assemble into mixed capsids. In this case genomlc 

masking is not an extreme of phenotypic mixing, slnce phenotypic 

mixing is Impossible. 

When two vlruses are structurally disslmllar and unrelated 

this last situation ls almost certain to be the case, and there 

are some reports of genomic masking, but not phenotyplc mlxlng, 

between such viruses. These Inetude interactions between the 

6tngl-e. stranded DNA bacterlophages fd, a rod shaped vi rus, and 
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</lX174,a spherical virus (Knippers and Hoffman-Berltng, 1966); 

between the double stranded DNA animal viruses SV-40, a 45 nm 

spherical virus, and adenovirus, a 70 nm spherical virus 

(Easton and Hiatt, 1965; Rapp and Melnick, 1966); and between 

the single stranded RNA plant viruses BSMV, a rod shaped v~ 
and brome mosaic virus, a spherical virus (P~terson and 8rakke, 

1973). The system studled in this thesis falls into thls 

category slnce It involves BSMV and TMV, two unrelated rod shaped 

viruses wlth differer'lt dimensions. 

Noneof the structurally dissimilar tfrelated viruses just 

descrlbed are enclosed in a membrane,~ ~~en this is the case 

both genomic masklng and 8henotypic mixlng can be detected Jn 

certain double infections (Choppin and Compans, 1970; Zavada et al, 

1971). This would suggest that the protein determinants from two 

unrelated viruses are more readlly Incorporated into a single 
, 

membrane than into a single pro~ein caps id. 

ln summary, ln addition to the formation of two interactlng 

vlruses ln double infections, phenotyplc mixing and/or genomlc 

masking can occur. Phenotypic mlxlng is the more common 

phenomenon between fully competent related vlruses, but it can 

occur together wlth genomlc masking, or genomlc masklng can 

occur without phenotyplc mlxing. Sorne of the possible situations 

whlch could lead to these alternatives have been descrlbed. The 

amount of structural interaction between related viruses can be 

as hlgh as 100% phenotyplc mlxing (Ledinko and Hirst, 1961), 
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with little production of normal virus of either kind, or 

as low as no interaction at aIl. Lack of interaction has 

been detected between pairs of stnueturally similar bacterial 

(Ling et al, 1971), animal (Pringle, 1969) and fungal (Bozarth 
.( 

~t al, 1971) viruses, even though, in the flrst example, 

heterologous assembly was possible ~ vitro. Genomic masking 

is the only interaction detected between structural ly dlssimilar 

unrelated vlruses whleh lack a membrane. Such particles form 

a small ptoportion of the total virus produced. Sorne studies 

have fai led to detect structural interaction between unrelated 

viruses. (Burge and Pfefferkorn, 1966; Kassar,ls afld Conti, 1971; '. 
Kayajanian, 1971; Morris, 1971). 

• 
Structural interactions are slgnlficant wherever the phenotype 

of a.vlrus determines Its properties. Thus Rochow (1970, 1972) 

has shown that genomie masklng of the RNA of one isolate of barley 

'yel1ow dwarf virus in the shell of another isolate leads to the 

tran'smisslon of the first isolate by the aphid vector normally 

specifie for the other lsolate. This indlcates that the basis 

for veetor speciflclty lies in the viral shell of barley yellow 

~warf virus. Simllarly, genomlc mas,king of poliovirus-RNA in 
: 

the shel lof coxsackie B, virus all~s poliovirus to Infect 

mice, which it normal1y cannot do (Cords and Holland, 1964). 

Since coxsackle BI virus, and a150 poliovlrus-RNA, can infect 

mice, the basis for host speeiffclty must 1 le ln the recognition 

of' the v i ra 1 s he 11 by ml ce ce Ils . -
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Unstable forms of plant vlruses can be isolated from 

naturally infected plants along with stable forms. It has 

been suggested (Kassanls, 1968; Kassanls and Bastow, 1971) 

that these unstable forms survive in double Infections with 

a competent strain, from which they were probably derived by 

mutation, because they are eRcapsulated by the shell of the 

competent strain. Other examples in which structural inter-

action was the mechanism whereby a dependent virus relied on 

a helper virus for its survival were described earller. 

Another theoretical signlficance is the possible use of 

structural interactions to detect relatlonshlps between viruses 

(Klyâke and Shiba, 1971). 't has been establ ished that genomic 

masking occurs between unrelated viruses, 50 it is an unrellable 

guide to relatedness. Phenotypic mixing, however, is largely 

restrlcted to related viruses, even if they are not serological1y 

related. 

The detection of genomically masked and phenotypically 

mixed partlcles is normally based on thelr expected properties. 

Either type of par"ticle is first detected fol10wlng a physlcal 

separation of the two Interacttng vlruses A and 8, produced ln 

doubly infected cells. Techniques which separate the lnfectlvlty 

of vif'uS A and virus 8 fram in vitro mixtures of the vlruses fait ----
to do so from mixtures derived from doubly lnfected cells. 
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The methods whieh have been used to separate virus A 

from virus B inelude rate zonal density gradient centrifugation 

ln sucrose (Peterson and Brakke, 1973), equil ibrium denslty 

gradient centrifugation in cesium chloride (Ik~kuchi and Ozeki, 

1970; Knippers and Hoffman-Berl ing, 1966), electrophoresis in 

varlous media (Hutchinson et al, 1967; Miyake and Shlba, 1971), 

selective inactivation of virus A or B by pH (Trautman and 

Sutmoller, 1971), temperature (Burge and Pfefferkorn, 1966), 

specifie antiserum (Valentine and Zinder, 1964) or ribonuelease 

(Atabekov et al, 1970; Kassanis and 8astow, 1971r, a, b; Kassanis 

and Conti, 1971; Sarka~, 1969)', or bl~logical agents which 

selectively adsorb,virus A or B such as vectors (Rochow, 1970) 

or specifie hosts (Novlek and Szilard, 1951; Uetake and Hagiwara, 

1972). • 

ln the case o~ ~enomic masking, particles with virus A 

,Infeetivity cannot be separated from the population of virions 

that should be only virus B. In the case of phenotyple mixing, 

wher-e the separatory tool is usual1y eleetrophoresis, particlés 
, , 

with the infectiv~ty of virus A or B have an electropnSretlc 

mobllity between those of the two interacting viruses. 

To confirm genomic masking or phenotypic mixing, the 

fol10wing techniques have been used. Genomical1y masked partlcles 

will infect specifie hosts of the coat donor, but are unable to 

infect specifie hosts of the genome donor (Cords and 'Holland, 

1,964; Uetake and Haglwara, 1972). Phenotyplcally mixed pal"tleles 

, . 

" 
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c~n infect the specifie hosts of elther virus A or B 
~ ~ 

(Vogt, 1967) l These tests cannot be used for plant viruses 

because the capsld does not contrlbut~ ta host speciflcity. 

The infectivlty of genomically ~ked particles is 

neutralised by antibody specifie for the capsid donor, but 

not by antlbody .speciflc for the genome donor. The Infec~ivity 

of phenotypically mixed particles is neutrallsed by antlbody 

specifie to both the capsid donor and the genome donor. This . 
neutralisation test has been used in most studies. 

Norrby (1970) was able to visualise phenotypically mixed 

adenOviruses. Both short fibres from strain A and long fibres 

~rom straitl B were seen at the vertices of single phenotyplcally 

mlxed particles. 

C. A mode 1 experiment to detect genomic masking 
t .-

An idèal experlmental system to detect genomic'masking 

should have the following features. Two serologically unrelated 

vlruses A and B should be used. The two viruses should have 

specifie vectors. Methods should be available to separate 

the two virus particles, the two viral nucleic acids and the 

two viral protelns from each other. There should be a propa"gative 

host in which both virus A and B will repllcate efficlently in 

double Infections, each produclng viral RNA, viral proteln and 

virus par~}cles. Double Inf~ction of single cells should be 

demonstrated to occur at a hlgh frequency. There should be 

specifie assay hosts for eaeh virus and 'the assay of one virus 
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should not be affected by the presence of the other virus. 

If a commen host is used to assay both vtruses, Interference 

could be a problem since genomlcally masked nucteic acid is 
, 

c 
usually only a small proportion of the~tot&l Inoculum dose 

(Peterson and Brakke, 1973). 

.../" 
has occurred, the population of virus B-like particles, separated 

from the mixture derived from doubly infected cells, should infect 

not only the host specifie for virus B, but also the host 

spec,lfic for virus A. It should ~e demonstrated that the virus A 

Infectlvlty assoclated with the virus B population ls neutratlsed 

by antlbody specifie for virus e, but not by antlbody specifie 
~ 

for virus A. The virus e pppulation wlth the infectivlty of both 

virus A and virus B should contaln virus B nuclei~acid and virus 

A nuclelc acid, but ont y virus B proteln. The specific vector 

of virus B shçuld transmit both virus B and virus A from doubly 

infected plants, If the basls for vector specificity Is the 
..i$ 

nature of the ~apsld. 

Flnal1y, upon fnoculatlon of the genomlcally masked genome 

of virus A to a host susceptible to virus A, under conditions of 

sln~le Infection, the blologica1 and physlcal propertles of the 
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virus produced should be lndistinguishable from normal virus A. 

This final test dlstlngulshes structural Interactions from , 
,> 

genetic recombinatfon, and has been used ln nearly aIl t .... e \ 
. 

studles described. Another,deslrable experiment wO,uld be the 

demonstratl~n that the genomlcal1y masked particles detected ln 

~ could also be assembled .!.!l vitro from the heterologous 

components. This Ideal experlmental system was the basls for 

the experiments descrlbed in section Il of this th~s. 
~ J 

.' 

, 
<', 

1 

! 

( 
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SECTION 1. UlTRAS~RU(TURE OF BARLEY LEAVES DOUBLY , 

1 N'FECTED WI.TH BSHV J(ND THV 

1 NT RO'oUCTION 

Because both BSMV and TMV occur ln high concentrations in doubly 

Infected barley leaves.~howing chronic BSMV symptonls, I~ is~likely that . 
many indivldual cells~of these leaves contain both viruses. If the 

1-è 
alternative "cel1ular distribution occurred, the exclusion of one virus 

by the other, there would'be 1 ittle cha'nce for structural interaction 

between BSHV and TMV. -An analysis of thin sections by electro~ microscopy 

was therefor& undertaJ<en to determlne the cellular distribution of BSMV 

and ;rMV ln chronlcally infected barley leaves. 

A~ immediate problem was the possible difficulty of distlnguishing 

between two different rigid rod-shaped viruses ln thin sections, without 

using ferrltin-conjugated antibody or some other labelling technique. , 
The morphology of THV in tobacco was flrst ascertalned by analysis of 

leaves doubly infected witt; brome mosalc vi rus (BMV) and TMV. S ince 

BMV Is a spherical virus, the elongated particles of TMV were easily 

recognlsed. The dimensions of TMV, particularly in cross section, were 

then determlned and compared to tHose of the elongate partlcles found 
Il 

in cells of leaves doubly infected with BSHV and TMV. The appearance of 

organel les and virus-specific Inclusions, and the morphology and distribution 

of virions ln doubly Infected cells are compared wlth those ln singly 

Infected cells. D~scriptlons of ultrastructure in single infections 

were taken from Pal iwa 1 (1970) for 8HV in' barley, Shalla (1966), Gardnerf 

(1967) and Carroll (1970) for "BSHV ln barley, and Esau (1968) and Matthews 

(1970) for TMV 1 n tobacco. -
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MATERIALS AND METHODS 

Barley plants (Hordeum vulgare var. Black Hulless) were Inoculated 

at the one leaf stage with BSMV or BMV alone or together with TMV, thén 

grown to' the fourth leaf stage at 30° (see sect ion Il). Leaves at the 

fourth leàf stage were eut Into small piece~ 1 mm x 5 mm. Tissue pieces 

were Hx~d and embedded according to the following scheme: 

1. Fixation was in 5% glutaraldehyde in 0.1 'M phosphate buffer 

pH 7.2 for 60 min. 

2. Washlng was in two changes of 0.01 M phosphate buffer for. 

30 min. 

3. Post-fixation was in 1% osmium tetroxide ln Palade ' s buffer 

• (Palade, 1952) for 90 min. 

~. Dehydration was in the fol1owlng graded alcohol series: 

5<>% 15 min 

70% 15 min 
, l' 

... 
95% 15 min, twlce 

10P% 15 mi n, twlce r. 

'" 5. Final dehydratiQn ~as 1:1 propylene oxlde/, 100% alcohol, an~ 

then in propylene oxlde, 30 minutes each. 
, . 

6. , InfiltratiQn was in 1:1 propylene oxide/ Epon overnight and 
Il 

final embedding was in Epon which was cured for 2~-36 hr at 

60°. The Epon mlxtùre was as follows; equal parts Epon A 
, 

(100 parts Epon 812 + 62 parts dodecyl, suc,cinlc anhydride). 

and Epon B (100 parts Epon 81~ + 89 parts meth'yl nadlc 

anhydride), 1.5% DMP (tridimethylamlnomethyl phenol) . 

•. 

\ 
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The Epon-embedded leaf pleces were sectJoned wlth glass, knlves on a 
, 

Reichert OM U2 ultramlcrotome. Thin sections were 'plcked from the 

water bath with a clean slot grid and placed on 100 or 200 mesh grids 

coated with carbon-supported collodion films. The sections were first 

stalned with 5% uranyl acetate ln 50% methanol for 20 min, washed wlth 

water, then stained wlth lead citrate (Reynolds, 1963), diluted 1:5 

wlth 0.01 M NaOH for 10 min, then rewashed. Stained sections were 
) 

examined with a Philips EM 200 electron microscope operated at 60 KV. 

Electron micrographs were recorded on 35 mm film. 

RESUl T5 

The electron micrographs selected for presentatlon,are col.lected 
;; 

together ln 18 figures at the end of thls section. Only parenchyma 

cells from fourth leaves were examlned. 

The appearance of healthy cells Is shown in figure 2. Oval 

chloroplasts were dlstributed around the cell perlphery wlthln a thin 

layer of cytoplasm. Cytoplasmlc Inclusions were occaslona.1ly observed 
'/ -

wlthin them. Mltochondria were often foundlnext to ~hloroplasts. 

... 

ln cells doubly infected wlth BMV and TMV chloropla~ts and mltochondrla 

were normal. The layer of cytoplasm next to the cell wall was some~hat 

thlcker than ln healthy ce'lls and thls was because of the large 

accumulation of BMV-llke partlcles i,n the cytoplâsm., large "bulges", 

bounded by the tonoplast an,d containing massive aggregates of THV in 

seml-crystal llne array, wêre comman. Two of these are shown in figure 3. 

" 
\ ,;' 

• " 
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An approxlmately 10nsltudinal orientation of TMV is shown in figure 

3-A, and a cross-sectional view in figure 3-6. Also found in the 

cytoplasm were amorphous inclusion bodies, or X-bodies, which, along 

with the crystal1 ine aggregates of TMV particles, are characterlstic 

of TMV infections in sevetal hosts. The inclusion bodies will be 

described later. 

The sharpness of the boundary between the TMV crystalline aggregate 

and the cytoplasm is shown at higher magnificat ion in figure 4-A. The 

cytoplasm was full of spherical particles about 24 nm in diameter with 

a promin~nt central cavlty. The~ partlcles filled the entire cytoplasmic 

layer around the cells and were assumed to be BMV virions rather than 

ribosomes, which dld not occur at such a high concentration ln healthy , 
cells, nor did t~ey have a central cavity. Failure of the 6MV partJcles 

to crystal lise, even though they were in high concentration, was also 

observed by Paliwal (1970) in barley, but crystal lisation did occur in 

oats. 

ln cel1s which dld not have massive TMV aggregates, small aggregates 

were cOlll11only found next to the rounded ends of oval chloroplasts. ' Two 

such aggregates are shown ·In figure 4-8, -C, with the partfcles ln 

long i tud 1 na 1 and cross-sect i ona\1 vi ew respect i ve 1 y. 

The length and diameter of TMV partlcles in barley also infected with 

BMV (s shown at high magnlficatlon ln figure 5. The partlcles ln the 

clearly resolved middle flle in figure 5-A had an average length of 295 nm, 

~y close to the actual value of 300 nm. Two paraI leI dark llnes, the 



/ 

- 41 -

RNA core, can be seen in some particles, embedded in a more trans-

lucent protein matrix. In cross section (figure 5-B), the RNA core 

was revealed as a darkly stained ring wlth a poorly stalned circum-

ference of protein external to it. The diameter of the partlcles in 

cross s~ction was 14-16 nm, less than the actual value for TMV of 

18 nm. 

Because BSMV protein stained better than TMV prote in, the cross-

sectional view of BSMV particles from singly infected barley (figure 

5-C) showed more detail external to the darkly stained RNA core. The 

diameter of BSMV particles in thin sections was 20-22 nm, slmilar to 

the actual value of 20 nm. Therefore, in stained thln sections, the 

2 nm dlfference' in rod diameter between BSMV and TMV was accen'tuated 

to 4 nm or more beeause TMV proteln stalned poorly, whereas BSMV proteln 

stained well. This fo~tuitous difference made the recognition of BSMV 

and TMV partleles in doubly infected eells mueh easler. Although not 

always illustrated, evidence for double Infection was found in the sections 

of all the cells about to be descrlbed. 

Abnormal chloroplasts were very eommen in eells fram leaves doubly 

lnfected wlth BSMV and TMV (figure 6-A). They were frequently rounded 

rather th an oval ~nd appeared arnoebold, in that cytoplasmic areas became 

enclrcled by projecting ~rms, whlch could be sufficlently distant from 
o 

the bulk of the chloroplast to appear disconnected. These projections 
, 

dld not always rejoin the chlofoplast (figure~6-C). CytOplasm1c pockets 
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were also commonly found ln invaginations wlthin the chloroplasts. 

The chloroplast llmiting double membrane formed a boundary around . \ 
o 

either kind of cytoplasmic entrapment. BSMV virions were commonly~ 

found ln these cytoplasmlc areas. 
. 

ln cells doubly Infected with BSMV and TMV, another chloroplast 

abnormality was the presence of vesicles 60 nm wide, bounded by a unit 

membrane and containing fibrillar material, ln swollen areas of the 

perlplastidial space. Thése are Illustrated ln figure 7. One to many 

vesicles could be found in sueh separatio~of the chloroplast llmlting 

double membrane, and the vesicles were commonly attached by a thln neck 

to the outer of the two chloropl,ast membranes. The association of the 

veslcles wlth the outer membrane is clearly shown in figure 7, B-E, 
-

which are alternate seriaI sections of a single rounded chloroplast 

containing several starch grains. In two places the outer membrane, wlth 

many vesicles attached to lt, has bllstered away from the chloroplast. 

The membrane of each bl I~ter can be traced to the point where It is a 

normal component of the chloroplast and no longer has veslcles attached 

to it. 

Virions of BSMV were conslstently assoclated wlth chloroplasts, often 

formlng a nearly contlnuous layer around them. The virions were perpen-

dicular to the chloroplast llmiting membrane, with one end touchlng the 

outer membrane (figure 8). The length of these particles was commonly 
0;,/ 

120-160 nm, the expected range f9r BSMV. One of the best examples found 
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of' the_attachment of virions to the chloroplast outer membrane is 

shown at high magnificat ion in figure a-Co The particles had the 

typical wldth of BSMV (21 nm) but were longer (300 nm) than the 

expected range. Such particles will be di~cussed later. TMV- like 

virions were not found attached perpendicularly to chloroplasts. 

The three main features relating to chloroplasts, amoebold 
,. 

behavlour, vesiculation in the periplastidial space and attachment 

of BSMV virions perpendicular to the outer illtrane, are aIl 

characteristic effects of BSMV in single infections, and appear 

unaltered in double infections with TMV. Another characteristlc of 

BSMV infections Is the location of virions in the nucleus, and this ~as 

also very common in doubly infected cells (figure 9-A). The virions 

usuallyappeared in areas of the nucleus·devoid of chromatin. The 

cross-sectlonal diameter of these particles' (figure 9-8) was 20 nm, 

conflrming that the vidons were BSMV .. No TMV virions were detected 

ln nuclei in doubly infected cells. 

ln addition to the slgns of BSMV Infectlo~. many Indlvidual cells 

of leaves doubly infected with BSMV and TMV also contained Inclusion 

bodies typlcal of TMV infections (X-bodies) (figure 10), often wlth 

sm?ll aggregates of TMV at their edges. These bodies were assemblages 

o endoplasmic reticulum, ribosomes, darkly stained wlde bands, and TMV 

articles. Slmllar bodies were not found ln leaves infected with only 

1 BSMV. 

1 
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Large cytoplasmlc bulges into the vacuole, bounded by the 

tonoplast, were a common feature ln cells of leaves doubly infected 

with BSMV and TMV. Six examples are shown in figure Il. Figure 11-A 

indicates the general size of these bulges in relation to a whole 

cell, and ~he other micrographs show that these bulges were fil1ed 

wlth virus-like particles. Two of these mlcrographs (figure II-C,-E) 

~e shown at higher magnifi~ion to 

BSMV and TMV ln these areas (figures 

illustrate the distribution of , 

12, 13). The particles ln these 

two bulges are mostly in longitudinal view. 

ln figure 12-A, next to the cell wall the cytoplasmic area around 

and between the abnormal chloroplasts was full of short, thick BSMV 

particles, often surroundlng the chloroplasts. The enlarged cytoplasmic 

areà above the chloroplasts was also filled with rod-shaped virus 

partlcles (figure 12-B). In the central region, the majority of these 

were thln TMV particles in very long aggregates. Around the periphery, 

however, there was a substantial accumulation of BSMV and some TMV 

particles, neither in crystalline array. This mlxlng is illustrated 

ln the inset (figure 12-C), in, which the different diameter of the two 

partlcles was clearly revealed ln cross section. 

ln figure 13 a slmilar distribution of BSMV and TMV was observed. 

ln the area beneath and to elther slde of the cytoplasmlc bulge (figure 

13-B), there were mostly BSMV partlcles arr~nged ln short files packed 

together at various angles. A mixture of loosely organised BSMV and TMV' 

~particles was dlstrlbuted around the perimeter of the cytoplasmlc bulge 

J' 

/ 
" 

/ 

\ 
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(figure 13-A). Wlthin the pertmeter, there was a targe and small 

aggregate of TMV in longitudinal view separated by an aggregate of 

particles in cross-sectional view. This latter aggregate is shown 

at higher magnificat ion in f~gure 14-A, which Indicated that the 

centre of the bulge contained a swlhl of particles 20 nm in diameter 

(SSMV) surrounded by partlcles 16 nm in diameter (TMV). A part of 

the cytoplasmic bulge shown earlier in figure 11-0 is also shown at 

higher magnificat ion in figure 14-8. Most of the particles were seen 

\ in cross section and towards the centre the majority were the narrow 

T'MV particles. Around the perimeter there was a mixture of TMV 

particles and the thtcker BSMV particles. 

A picture emerges of TMV aggregates expandlng into large bulges -

surrounded by, and sometimes penetrated by, cytoplasm in which BSMV 

has accumulated. Mlxing of particles occurred where the two viruses 

adjoined. 

ln other cells, massive accumulation of both viruses occurred 

wlth far more mixing than descrlbed above. One such area is shown in 

figure 15, where It is very difflcult to dellmlt the two vlruses. 

ln figure 16, a part of a cell 15 shown ln which the maJorlty of 

partlcles were BSMV whfch had crystall Ised into files, one partlcle 

wlde. In the bottom right hand corner of this micrograph, however, 

,there are flve files of THV partlcles stacked t0gethe~. They are shown 

at higher magnificat ion ln figure 17-A. The orientation of the shorter 

BSMV files seem~ to have been Influenced by the arrangement of the TMV 

.. 
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files, in that each had a comman base wlth the TMV file to which 

it was joined laterally. Another small aggregate of TMV particles 

in the midst of BSHV particles is shown in figure 17-B. The three 
1 

superimposed files to the left of this aggregate are interesting since 

the' upper two files were comprlsed predominantly of TMV particles, but 

the 10wer file contalned wider particles which nevertheless had the 

length of THV. Similar unusual partlcles can be found elsewhere on 

this micrograph and also in figure l7-A at the points of fusion between 

the B5HV files and TMV files. 

Unusual1y long particles wlth BSHV width were in fact commen in 

doubly infected tissue, particu1arly in massive mixed aggregates like 

the one shown in figure 18, where, however, their 1ength was dlfflcult 

to deduce. In thls figure, there is a change from TMV particles to 

BSMV particles between the upper left and lower right diagonal in the 

centre of the micrograph. Many of the BSHV-l ike particles ln the centre 

of thls diagonal are longèr than the normal 1ength BSMV partlcles elther 

to the r.l,ght of them or below the chloroplast in the upper part of the 

mlcrograph. A similar comparlson between a file of TMV partic1es below 

-a flle of long BSMV parttcles can also be seen ln the lower rlght hand 

corner of the mlcrograph. 

Unusually long particles were not observed ln leaves infected wlth 

BSMV a1one, although partlcles of variable length, aIl far longer, than 

those described here, have been described by Gardner (1967) ln singly 

Infected tissue. 

1 
1 
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ln the final micrograph (figure 19) supporting evidence for 

the long particles ls pres'entéd. In three cases ttTey are shown 

attached to th~ chloroplast outer membrane. In each case, normal 

length BSt1V partlcles are shown next to the long particles·. Features 

of these particles are their near unfform length of about 300 nm, a 
r~,\ 

width of 20 nm, a detectable darkly staining core (RNA) no evldence 

for any mld length disjunctlon. AlI these features are Illustrated 

in figure 8-C shown earlier. 

CONCLUSIONS 

Evidence for both BSt1V and Tt1V infections were found ln the majority 

of cells from fourth leaves of doubly fnfected barley plants grown at 

30°. C~loroplast abnoçmalities, descrlbed below, and the presence of 

virions in the nucleus, whlch are characteristlc of single infections 

with BSt1V,' were found in cel1s which contalned amorphous inclusion bodies 

(X bodies) characteristic of Tt1V Infections. The signs of one virus 

infection dld not seem to be altered by co-infection with the other virus. 

The chloroplast abnormalitles were as follows; cytoplasmic areas 

were found wlthin rounded amoeboid chloroplasts, whlch also sent out 

protrusions into the cytoplasm; there were areas on the surface of 

chloroplasts ~here unit membrane bound veslcles were attached by narrow 
~ ... 

necks to the Inner surface of the outer of the two llmiting chlor~plast 

membranes; files of BSMV virions were attaGhed perpendlcularly to the 

chloroplast outer membrane. 
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, 
TMV particles ~ere not difficult. to dlstinguish from BSMV particles 

because TMV proteln stained poorly, resu1ting ln a minimum 4 nm 

difference in width between the two particles. 

TMV particles were commonly found as massive crystal1 ine Inclusions 

whlch formed bulges protruding into the cel! vacuole. These inclusions 

were surrounded by an irregular layer of BSMV particles which sometimes 

penetrated the TMV cryst~llin~~ggregate. Large BSMV aggregates,., 

assoclated with abnormal chloroplasts, together with smal1 TMV aggregates, 

were normally found in the cytoplasm between-the bulges and the cell wall. 

Alternatively, the two viruses crystaliised together and large 
~ 

cytoplasmic areas were filled with files of bath viruses. The presence 

of ftles of one virus could affect the orientation of files of the othe( 

virus. 

Unusually long partlcles wlth the wldth of BSMV were commonly observed 

where TMV files merged lateral1y wlth BSMV files. Similar partlcles were 
? 

also found attached to chloroplast membranes where they could be more 

easlly measured. They were 300 nm long anp 20 nm wlde, nad a darkly 

stained RNA core, and did not appear dlsjointed at thelr midpolnt. 

1 
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Figures 2-19 

ABBREVIATIONS . 

8 BSMV 
BM BMV 
CH Ch 1 orop 1 as t 
D Dlctyosome 
I-MB Chloroplast Inner 1 Imltlng membrane 
M Ml tochond rI on 
N Nucleus 
O-MB Chloroplast outer 1 iml t i ng membrane 
ST Starch grain 
T TMV 
TO Tonop1ast 
VA Ce 11 vacuo 1 e 
VE Veslc1e 
W Ce 11 wa 11 
X X-body, TMV amorphous Inclusion body 

, ln low magni~lcation mtcrographs (x 17,000 or less), a 
bar representing 1 micron ïs shown. , 

ln hlgh magntflcation mtcrographs (x 19,000 or more), a 
bar representlng 300 nm (the length of a TMV partlcle) 
Is shown. 

NOTES ON TECHNIQUE 

FIgures 2-19 are aIl electron microscope ~icrographs. They 
represent thln sections of parenchyma cells from barley leaves 
samp1ed 20 days af'ter Inoculation. Tlsstle was fixed in 

. glularaldehyde~osmium tetroxlde and sections were stalned wlth 
uranyl acetate and lead citrate. 

l 
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Figure "2. ,Healthy barley cells ..• , 

A. 

8: 

,-

Oval chloroplasts~re embedded in a thln parietal 
layer of cytoplasf. The cel1 vacuole is large. 
Mitochondrla are ~oclated with the chloroplasts. 
x'll,250. --

" 11 

As ln ~ Sorne chloroplasts contain small cytoplasmic 
Inclusl6ns (arrowed). x 5,250. 

The bar represents 1 micron . 
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Figure 3. ~Cells doubly Infected wlth BMV and TMV, 1 • 

, 

C' 

.. 

l' 

.. , 
Massive crystalline aggregates ofoTMV ~artlcles 'bulge 
into the cell vacuole. ~e bulges are bounded by the 
tonoplast. 

A. 

, J 

TMV particles are ln longitudina~ray. A TMV 
amorphous intlusJon bodY,j(X-bodYJ is present. The 

" . parietal cytoplasmlc layer Is thlcker than ln healthy 
cells: Thé junc~lon between the TMV crystal 1 ini 
aggregpte and the cYjoplasm is shown"in figure 4-A. ~ 
xJ 7,050. ~ 

~ 

• B. TMV pârtlcles are in cross-sectiona! view, and are 

" 

shown at higher magnlfication ln figure 5-B. This 
crystalline aggregate fused with the cytopl~~m in' 
subsequent sections. x 7~050. 

The bar represents 1 mic~. 
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Figure 4. Cells doubly Infected wlth BMV and TMV, Il. 

A. A clear demarcation betweer. the TMV crystalllne 
aggregate and the cytop1asm is evident. The ~ 
cytoplasm Is packed with 22-24 nm spherfcal 
particles with a poofly stalned core. These were 
assumed to be BMV partlcles. x 55,850. 

B. A smal1 aggregaté of TMV partic1es arranged 
1ongltudlnally, next to a chloroplast. x 50,100. 

C. A smal1 aggregate of TMV partlc1es, some ln cross
sectional vlew, next to a chloroplast. x 50,100. 

The bar repr~sents 300 nm. 
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Cells doubly Infected with SMV and TMV, III (A,S). 
Cells singly Infected wlth SSMV (C). 

Partlcle morphology of TMV and BSMV. 

A., Three files of TMV particles next to a chloroplast. 
,Sorne particles can be resolved as two darkly stalned 

1 Ines ln a 1 ighter matrix. Partlcle length Is about 

B. 

C. 

300 ·'nm. ' x l!fq, 150. ' .. 

TMV particles ln c~oss section. A darkly stalned ring 
around an"empty core Is surrounded externally by a Q 

Ilghtly stalned clrcumferenc~. Partlcle dlameter Is 
14-16 nm. x 164,150. 

') 
BSMV partlcles ln cross section. The materlal 

~ 

external to the central r;ng has stained better than 
ln the TMV partlcles. Part Icle dlameter is 20-22 nm. 
x 164,150. 

The bar represents 300 nm. 
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Figure 6. Cells doub.ly infected with BSMV/and TMV, L 

.... 

\ 

Chloroplast abnormal Itles: det9~ation. 

A. Rounded chloroplasts appear amoebold, an,d large 
pockets of cytoplasm are occluded wlthin them. 
Arms projectlng from the chloroplasts can appear 
free in the cytoplasm (arrowed). x 5,250. 

8. A poeket of eytoplasm near the periphery of a 
chloroplast. The occluded eytoplasm ls separated 
from the stroma by a normal chloroplast ,double 
membrane {arrowed}. BSHV particles are present 
ln the oeeluded eytoplasm. x 38,250 . 

• 
C.' P!projecting arm has falled to fuse wl'th the body 

of the chloroplast (arrowed). ~ 38,250. , 

The bar represents 1 micron (A) or 300 nm (B and C) • 
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Figure 7. Cel1s doubly infected wtth BSMV and T~V, Il. 

.~ 

Chloroplast abnormalities: veslculatlon. 

A. Vesicles within the perlplastldlal space àre 
jolned by narrow necks to the outer of the two 
membranes which surrounds the chloroplast. The 
veslcles contain flbril1ar mat~rtal: x 94,800. 

1 

B-E Alternate se~ial sections of a rounded chloroplasi 
full of starch gralos. The small letters "0" and 
"X" mark two areas on the surface of the chloroplast 
where the outer membrane, ltne8 with vesiGles, has 
bllstered away from the body of the chlproplast. 
x 16,600. 

The bar repres~nts 300 nm (A) or 1 mlcrpn (S-E). 
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Ffgure 8. Cells doubly fnfected with BSHV and THV, III. 

, ., 

Attachment of BSHV particles to the"chloroplast. 

A. A chloroplast almost comp1ètely surrounded by a 
single layer of BSHV particles açranged perpendicular 
to'its surface. x 27,400. 

8. The attachment of many particles to the outer 
chloroplast membrane can be seen. x 56,050. 

c. Unusually long BSHV-llke partlcles are attached to 
the outer chloroplast membrane. x 166,600-.. 

The bar represents 300 nm. 
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Cells doubly infected wlth BSHV and THV, IV. 

BSHV partlcles wlthln the nucleus. 

A. Virus partlcles are present in an area of the 
nucleus free of chromatln. )( 19,550.-

B. The salllè 'partlcles at higher magnlficatlon. 
Partlcle dlameter ls at least 20 nm. x 164,150. • 

o 
Figure e can be located ln figure A by superimposing 

ç 'the abbre.viat ion "B" in each figure'D' 

The ba~ ~epresents 300 nm. 
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Cells doubly infecren wlth BSMV and TMV, VI. 
, t 

Six examples of crystàlllne aggregates bulging into 
the cel! vacuole. ~ 

A. Relationshlp of a bulge to the whole cell. x 2,400. 

B. Higher magnificat ion of the bulge shown in A. 
x 7,412. 

C. 

D. 

E. 

This bulge and the adjoining cytoplasm are shown 
at hlgher magnlficatlon in figure 13. x 5,800. 

Partlcles ln thls crystal! ine aggregate are~n 
cross-sectional view, and are shown at higher 
magnlflcatlon ln figure 14-A. x 9,750. 

Another cell selected for more detalled ana1ysif 
ln figure 12. x 5,800 . . 

F. A TMV amorphous Inclusion bod~ next to a crystalline 
aggr,egate,. x 16,350 . 

~ 

THe bar repres~nts micron. 
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Figure 12. Cells doubh il1fected with BSMV'and TMV, VII. 

• , 

' . 

.. 

L 

Distribution of BSMV and TMV. 

A. The cytoplasm around and ~etween the vesiculated 
chloroplasts contains BSMV particles, the majority 
of which'are assoclated with the chloroplasts. 

, B. 
'. . 

x 21,600. 

The crystall ine aggregate above the chloroplasts 
i~ comprised of TMV particles. It is surrounded 
by unorganised BSMV particles, mlxed with 'TMV Î 

particles in sorne areas. x 21,600. 

C. At higher magnification, the par'ticles seen In"c;oss 
section within the inset in B are shown to be both 
BSMV and TMV. x 56,050. 

Figure A and B can be joined by superimposlng the 
abbrev 1 at ion "CH" 1 n each figure. 

The bar represents 300 nm. 
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figure 13. Cells doubly Infected wlth BSMV and TMV, VIII. 

l . 

• 

.,. , 
'-

" 

1 • 

Distribution of BSMV and TMV. 

A. Crystall ine aggregates of TMV are enclosed withln 
a bulge, whi~h is bounded by the tonoplast. 
Unor9anised BSMV and TMV partic1es surround the 
crystall ine a~regate. The particles in tross
sectlona1 view b tween the large and small . 
longltudinat ar y of TMV particles are shown at 
higher magnificat ion in figure 14, x 19,550. 

BSMV partlcles are found'between the 
near to the çrystalline aggr~gate la 
small group,of TMV partlcles Is also 
x :.19,550, 

chloroplasts " 
the bulge. A 
present. 

" 
• 1 ~ 

Figure A and B can be. jolned by superimposlng the 
abbreviatlon "CH" in each figure. 

The bar repres~nts 300 nm. 
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Figure 14. Cells doubly Infected wiJh BSHV a~d THV, IX. 

" 

. . 

DIstribution of BSMV and TMV. ~' 

A. Wlda particles (BSMV) at the edge of the bulge 
shown ln figure 11-0, surround thl~ner partlcles 

B. 

(TMV) • x 164,150. 

The area between the two aggregates of 
ln figure 13-A Is comprlsed of a swlrl 
partlcles (aSMV) surrounded by thlnner 
(TMV). x 164,150. ' 

The l'ba r rep rese~ ts 300 nm. 
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Figure 15. Cells dOubly~infected wlth BSMV and TMV, X. 

• 

r 

Distribution of BSMV and TMV. 

A thlck layer of cytoplasm Is packed with rod-shaped 
vi rU$ pa rt 1 c 1 es. 1 n places, both BSMV and TMV aggrega tes 
can be recognlsed but there is no clear separation o~ 
one f rom the othe r. ), 1 n mos t a reas 1 t i s dl ff 1 cu 1 t to 
dlstlngulsh between BSMV and TMV. x 23,850. 

The bar represents 300 nm. 
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Figure 16. tells doubly infected wl th BSMV and TMV, XI. .......... 

Distribution of BSMV and TMV. 0 

,t 
The eytoplasm around the ctùDroplast eontains BSMV , 
par.tieles in long files. ln one area Jbottom rj ght) 
a sma II ag!regate of TMV'partieles is p·r~sent. This 

<·agg rega te Is shown at hlgher magnifi.eatlon in ,figure 
17: x 21,050'. 
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Cells doubly infected with BSMV and TMV, XII. 

DistrJbution of BSMV and TMV. 

A. Five files of TMV particles packed side by slde 
are surrounded b'y files of shorter BSMV partic1es. 
Some partlcles (arrowed) at the edge of the THV 
fll~s appear as long as TMV but as wide as BSHV 
partlcles. x 66,500. 

'. 

B. Another sma1,,1 aggregate of TMV partlcles surrounded 
by BSMV partlLles~ (gain unusual1y long partlcles 
{arrowed.} with,BSHV particle wldth are present. 
)( 60,350. 

The bar represents 300 nm. 
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Figure 18. 
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Cells doubly infected wlth BSHV and THV, XIII. 

Distribution of BSMV ànd TMV. 

. 
Unusual1y long particles (arrowed) wlth the width 
characterlstlc of BSMV are found ln the area between 
~aggregate of THV partlc1es and normal BSMV partlcles. 

- x 56,050. r 
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The far represents 300 nm. 
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Figure 19. Cells doubly infected wlth BSMV and TMV, XIV. 

. . . 

• Unusual partlcles approxlmately 300 nm long and 20 nm 
" wl de. 

A-C. Unusual partlcles (arrowed) are seen attached to 
chloroplasts along-slde normal· length BSMV 
partlcles. x 75.400. 

o. Unusual partlc1es (arrowed) ln the cytoplasm. 
x 75.400. 

J 

Th~ bar represents 300 nm. . 
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SECilON Il. 'GENOMIC MASKING BETWEEN BSMV AND TMV 

IN DOUBLY INFECTED BARLEY PLANTS 

INTRODUCTION 

ln the literature review, an Ideal experimental mode 1 for the 

detection of genomic masklng.was described. In this section, the 

results of those kinds of experiments will be described for the BSMV/TMV 

system in barley. Essentially there were two experiments, which are 

outlined in figure 20. 

The first experimental approach was originally described in an 

earl ier thesis (DOdds, 1972) but is re-presented here so that aIl 

experiments on genomic masking between BSMV and TMV can be found in a 

single thesis. This approach was to de.ermine whether TMV infectivity 

could be separated from BSMV infectivity following, a physical separation 

of BSMV and TMV antigen from real and artificial mixtures of the two 
\ 

vlruses. A real mixture is defined as a mixture of BSMV and tMV prepared 

from doubly infected plants. An artlficial mixture is prepared by mlxing ~ 

the two viruses ln vitro so as to be quantitatlvely equivalent to a real 

mixture with which it is being compared. S'eparation in thls case involved 

retentlon of BSMV left ln suspension following precipitation of TMV fr,om 
Jr 

mixtures with TMV antibody. This was coupled with an analysis of the 

susceptibllity to neutral isation by elther BSMV antibody or TMV antlbody 

of any resldual Infectivity ln the BSMV population retained . 

. The second experlmental approach was to determine whether TMV-RNA or 

prote'n could be detected in BSMV antlgen-antlbody preclpltates col1ected J 

from mixtures of BSHV and TMV. 
1; 
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Figure 20. Outllne of experiments to deteet genomte masklng ~ 
between BS~V and THV ln doubly Infeeted barley plants. 
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Flnally, since genomic masking of TMV-RNA in BSMV protein was 

detected, the bfologfcal properties of the genomlcally masked TMV-RNA , 

Isolated by the second experiment were examined. 

MATERIALS AND METHODS 

1. The vlruses 

The barley stripe mosafc virus (BSMV) used for this work was 

derived from the V-l isolate (Gumpf ami Hamilton, 1968) which, 

however, no longer produced local les ions on Chenopodium amaranttçolor. 

The tobacco mosaic virus (TMV) used was originally derived from the 

U-l straln and dld produce local le~lons on ~. amarantlcolor, and, llke 

the U-l 

(Siegel 

straln, Inducejla systemic infection 

and Wildman, ~54). 

in Nlcotiana sylvestris 

Both viruses were maintained ln stock plants grown under greenhouse 

conditions; barley, Aordeum vulgare var. Black HuI less was the propagatfve 

host for BSMV, a~d tobacco, Nicotlana tobacum var. Samsun, or var. 

Haranova, for TMV. Vlruses were transferred by mechanlcal Inoculation 

at 2 to 3 week intervals from Infected plants to young healthy plants. 

2. Antisera 

Throughout thls thesls the term antibody 15 used loosely to mean 

antlserum. Normal rabblt serum, BSMV antlbody and TMV an~lbody were 

provlded by Dr. R.I. Hamilton, Department of Plant Pathology, Macdonald 
\ d 

College, Quebec. Both the BSMV antlbody and the THV antlbody had a 

r,clprocal tItre' ln the mlcroprecfpltfn test (descrlbed on p. 73) of '. " 

\ 
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between 512 and 1024, when titred agalnst specifie antigen at 0.5 

mg/ml. At a 10% antibody concentration, complete precipitation of 

specifie antlgen at a concentration of up to 2.0 mg/ml was achieved 
J 

(Dodds, 1972). This was indlcated by the absence of sçPimenting 

virus when, following removal of antigen-antibody precipitates" 0.2 ml 

of the supernatant was analysed by sucrose density gradient centrifugation 

(10-40% sucrose gradients in 0.01 M phosphate buffer pH 7.2, 0.1% Igepon, 

40,000 rpm for 90 min in a Beckman SW 4Q rotor). Centrlfuged gradients 

were scanned with an ISCO UA-2 absorbance monitor ln the range 0-0.25' 

absorbance units at 254 nm. 

3. Inoculation and Maintenance of Experimental Plants 
4 

The experimental host for these double infection studies was barley, 

Hordeum vulgare var. Black Hulless\ Seeds were sown in pasteurlsed soil 

ln 9 cm pots, and allowed to germinate at room temperature. Plants 

emer~d three days after seeding and were then transferred to' control1ed 
1· 

environment cabinets malntained at 30 0 with an 18 hour photoperiod. Seven 

days after seeding, when the second leaf was beginnlng to emerge, the 

number of seedl ings in each pot was trimmed to ten or less, $~lected 

for unlformlty. These were either singly inoculated with BSMV or doubly 

inocuyat1d with BSMV and TMV and then returned to 30 0
, at which temperatore 

they ~'ned for the duratlon of the experiment. Usually about 100 

seedl'~gs were Inoculated with each treatment. 

For the propagation of TMV for purification, young Samsun or 

Haranova tobacco plants were Inoculated wlth TMV, then malntalned ln 

the greenhouse for ~4 days~ at whlch tlme infected leaves were harvested, 

~assed throug~ a meat'grlrider, and the pulp froz~n untl1 requlred • 
. ~ 
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" 

. 
The followlng fnocul~ were used: 

, 

,. 
1. 8SMV Inoculum. Young narley leaves recently infected with BSMV 

were removed,from 

These weTe ground 

stock pl~n{s maintained in' the gre~nhouse •. ' 
,..., 

in 2 ml of 0.01 M phosphate buffer pH 7.2 for 

each 1 ~ of leaves, wlth a mortar and pestle. The 1 iquid extract 
\ 

was stralned Into a tube and Celite was added as an abrasive to 
\ 

, \ 
facil itate inoculation. 

ii. TMV inoculum. Young tobacco leaves recently infected witH TMV 

were ground in 4 ~l of 0.01 M"phosphate buff~r pH 7.2 for each 1 g' 

of leaves, then Celite was added, 

, 

~ Iii. Mixed Inoculation. TMV infected tobacco tissue (1 g) and BSMV 

4. 

infected barley tissue (2 g) were ml,xed, then ground in 4 ml of 

0.01 M phosphate buffer pH 7.2 and ~hen Cellte was added. 

Barley plants were Inoculated by flrst Soaking a sferilised gauze 

ln fno~uTum, containing Cellte, then drawing the f.frst leaf of a plant 

between thumb and fin~ wrapped in the soa~ed gauze. The whole of the 
. 

fi rst l~af .was evenly lnocul ated by two such motions. 
• 

Selection of Infec~ed ~lants 
! 

" 
" Except in those experiments where selected leaf posltlon~ were 

examined, singly and d~blY Infected barley plants were harvested 2Q 

after Inoculation, by whlch tlme the fourth leaf was fully elongat~d. 
\ 

days 

The plants were cut from the pots at 5011 level and the dehydrated flrst 

and second leaves removea. The remainlng tl'ssue",was used as a sourJe of , 

virus for purification. 
, 

\. 

o' 

, " 
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When separate analyses of first, second, third and f~wrth leaves 
\ 

were done, the sampling dates were 7, 'p, 14, and 20 days after 
'.' 

Inoculation re~pectlvely .. 
n 

An aisay for' the presence of TMV in doubly lnfecied plants was 

adopted as a routine procedure. ,This.involved samplin~Othe basal 
1 

quarter of the fourth leaf of 20 o~ the 100 doubly Infected p1ànts. 
, . 

o 

\ Each piece, of tls~ue- was extracted ... in l,ml of 0.02 M ~2HP04 and; the 
If 

Ilquld extract was heated',at 40 0 for 1 hour, then centrifuged at 

5,000 9 for 20 minutes. The supernatant or "heat clarïfied sapll From 

èach 1 eaf samp 1 e was then, used as 'a test ant 1 gen and reacted wt th , '. 

~ormal serum, BSMV antibody and TMV ~tlbody ln the micropreclpltin 
\. , 

test (van,~logteren, 1954). ,This test was performed by first deposlting' 

-
a s~al 1 drpp of a~tiserum enta the surface of a plastic petri Qish, then· 

an equally smal1 drop of test antigen (heat c1arified sap) wB$ placed 

on~top of.the antlser,m drop. This was repeated for aIl sarnples and· ' 
, , 
l , 

then the"petrl dlsh was flooded w,ith mineral "Oil untl1 the drops w~re 

covered. This ~evented evaporatlon frqm the drops during the subsequent 

1 hour Incubation ~t 40 0 in an oven. The drops were then examlned f9r 

visible precipitates wlth a stereo microscope. 
. 

A preclpltate-lndicated 
•• r 

a positive reactlon white the absençe of a preclpitate was Interpreted 

" as a negatlve reaction. 
-, 

TMV CPul~ easily be,detected with TMV antlbodv 
',L 

1n extracts prèp~;ed from small par,ts' of lnd1vldual leaves from doubly' 

infected plants • 

.. ... 
---. ' ~ 

" 

'b . -

p 

.'/ 

r 0 

, . 

• '1 
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Virus p~rlflcatlons 
( 

1 .A 

A. 
, 

\. 

'prepa~a.t lon of 'cladfled sap\ from barley, 

Sl~gly or, dôubly infected tissue was welghed. A mortar 

and pestle~was used to grind samples less th~n 10 g, but for 
.. . 

larger'wei,ghts the tissue was passed ~hrough a meat grlnder 

- into twice its weight (1 9 • 1 ml) ,of O.O~ M K2HP04. This 

mixt~re wàs ,then blended'f6r a 'few minut~s at top speed ln a 

Waring Blendor. The extract, after berng strained through two 

lay.ers of -çheesècloth. was\ heated (or 1 hour at 4Qo,. Following 

. this I~cubation,: the extract was centrifuged for 20 minutes at 

5,000'g. The'supe~natant ~olutio~, or "heat'clarlfied sap", 

was col1ecte~ and t~e gr~en pellet dl~carded, 

For the second ~xperimental approach described in the 
, . 

intrOduction, the heat clarified sap from thé BSMV Jrifected 
f • 

. ~ 

.plants was the starting material for the construction of an 

, artificial mixture of BSMV and TMV. For the first approach. 

~t!le heat cJarified sap from singly'or doub'ly infected tissue 

was subjectéd to o~e cycle of 'dl-fferentlàl ce~trifugation (next 

section, steps 1-3) before the artificial mixture was made. 
, ' ' , , ' " '" 

B. °F.urther puriflêation of viruses f;om barle'{" 
" , 

The steps tnyolv~d are outlineG bel~: 

• 1 •• The heat clarifled extract' was 
1 • 

3Ô,000 rpm ln the' Beckman Type 
.~ ('~ ,.>. 

the' virus. ~O ,000 g) to pellet 

, . 

~ . ' 
superoatant was dfscarded. 

-.) 

. , -

-'.\ 0 

. " 

1 

çen tr 1 fuged for) '1'.5 hr at . 
" 30 rotor: {approx'imately 

Aft~r c~ntrl~g~tlon the 

" 

" 

..\ 

.( 
l' 
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2. T~e pellets were covered with 1-2 ml of 0.02 M tris 

(hydroxymethyl) amino metha,ne -0.0064 M citrate buffer 

(0.02 M Trls-citr~te buffer) pH 6.5. then left overnlght 

to soften and resuspend. 

3. Resuspension of the pellet was completed'by stlrrlng the 

suspension and then Igepon T-73 was added to a concentration 

of 0.1%. This anionlc detergent helps to pr.~vent and 
" .. 

reverse BSMV particle aggregation (Brakke, M.K., 1959). 

The solution was then centrlfuged for 20 minutes at 5,000 9 

and any pe Il et obta 1 ned was di scarded. Ir /' . 
4. 2 ml of the supernatant virus suspension were layered over 

5 ml of 45% sucrose, dissolve~ ln 0.02 M Tris-citrate buffer 

pH 6.5, 0.01% Igepon T-73, in a ~ellulo~e ~itrate tube 

deslgned for the buckets of the Beckman SW 25 or SW 27 rotor. , 
The tube was then filled with mineraI 011 to prevent it from 

"\ 

collapslng during centrifugation. 

5. The prepared tubes were centrifuged for 5 hrs at 25,000 rpm 

(27,000 rpm) in a Beckman SW 25 (SW 27) rotor. 

6. After centrifugation the mineraI oi'l and ,suçrose were discarded 

and the virus pellet was resuspe;ded in 0.02 M Tris-citrate 

buffer pH 6.5, 0.1% Igepon T-73 as in steps 2 and 3. 

7. The partlally purlfled virus was stored at 4° wlth a drop,~f 

chloroform added to prevent mlcroblal growth. 
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) 
C. Purification of TMV from tobacco 

1. Frozen pu1p from infected plants was thawed ln twlce Its 

wefght (1 g=l ml) of 0.02 H K2HP0 4 contalnlng 1% mercapto-

ethanol. The mi'xture was blended for a few minutes at high 

speed in a Waring blender, then the extract was squeezed 

through twç 1ayers of cheesec10th . .. 
2. 10 9 of activated charcoal (Norlte A) were added to the 

extract for every 100 9 of original tissue, and the extract 

was stirred for 30 minutes. 
" 

3. The extract was c1arifled by two consecutive low speed 
,,' 

centrifugations for 20 minutes at 7,700 9, dlscarding the 

black pellet each time. 

4. The clear supernatant was centrifuged for 1.5 hrs at 30,000 

rpm in the Beckman Type 30 rotor (approxlmately 80,000 g) 

t to pellet the vi rus. 

S. After centrifugation the supernatant was dlscarded and the 

virus pellets coyered with 0.02 M Trls·cltrate buffer pH 6.S: 

and 1eft overnlght at 4°. 

6. The pellets were resuspended by stirrlng, then centrlfuged at 
~ , 

low speed to remove any remain/ng charcoal, as In.step 3. 

7. The v~rus was further purlfléd Dy centrifugation through a' 

cushlon of 45% sucrose às descrlbed ln steps 4, 5 and 6 of the 
, ~ 

purification scheme for vlruses from barley. 

8. fThe virus pe11et was resuspended ln Trls·cltrate buffer pH 6.5 

and stored at 4° wlth a drop of chloroform added. 

. ' 
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The concentration of partlally purifled vi~us preparatIons 

was determined by spectrophotometery at 260 nm. Su~penslons 

(1 mg/ml, 0.1%) of either BSMV, TMV or mlxt~es of the two were 

assumed to absorb 3 Op units of 1 ight at a wavelength of 260 nm 

(OD~6~% = 3.0). Spectrophotometers used included a Beckman DU 

and a Unicam SP BOOA. , 

6. C6nstruction of artificial and reaT mixtures of BSMV and TMV 

7 
/ 

Elther the heat clarifled sap fram doubly infected~ plants (2nd 

approach), or the suspension after one cycle of differential centri-

fugation (lst approac~) contained both viruses, BSMV and TMV, at an 

unknown concentration and in an' unknown -ratio. To quantify these 

mixtures the~ng method was used. It is predisposed upon the 

fact that "both viruses co-sediment during sucrose density gradient 

centrifugation. The val idity of the method was established in an 

earller thes is (Dodds, 1972). 

From the total volume (usually in excess of 50 ml) of clarlfied 

sap From doubly infected plants, 3+ml were removed. This was divided 

into three equal portions and to each was added 0.1 ml of either normal 

serum, BSMV an~ibody or TMV antlbody. After a 1 hour IncubatIon at 

room temperature, the three samples were stored at 40 overnight. Any 

antigen-antibody precipltates whlch formed were removed by low speed , 
, . 

centrifugation. A small volume (0.2 ml) of sample was floated onto 

the surface of a 10-40% sucrose denslty gradient ln 0.01 M potassium 

phosphate buffer pH 7.2, O. 1 % Igepon, preformed' 1 n a Beckman SW40 or SW41 

cellulose nitrate centrIfuge. tube. An equal volume (0.2 ml) of puriffed 

TMV at a known concentration (O.S mg/ml) was floated onto the surface 
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of a fourth gradient. The four gradients were centrlfuged at 40,000 
~ 

rpm for 90 minutes (SW40) or 45 minutes (SW41) in a Beckman SW40 or 

~W41 rotor. Aftêr centrifugation each gradient was pumped from~the_ 

centrifuge tube with 45% sucrose through the Iseo UA-2 or UA-4 

absorbance monitor coupled to a chart recorder. This combinat Ion 

graphically recorded absorbance at 254 nm through the length of the 
/ 

centrifuged gradient column. The position of any virus band in the 

gradient was Indicated by a peak on the chart. The amount of virus 
~ . 

ln the gradient was a function of the area under the peak. The four 

results obtain~d for the sap from doubly lnfected plants were; the 

total amount of BSMV and TMV together (sap + normal serum), the amount 

of BSMV after re~oval of TMV (sap + TMV antibody) , the amount of TMV 

after r~moval of BSMV (sap + BSMV antlbody) , and the peak area from a 

known concentration of TMV (0.5 mg/ml). If these four values were 200, 

50, 150 and 100 arbitrary area unlts (calculated by counting graph 

paper sq~ares) respectlvely, then the comblned concentration of BSMV 

and TMV in the mixture was.calculated as: 

0.5 mg/ml x 200 - 1.0 mg/ml, of which 
100 

0.5 mg/ml x 
100 

50 * 0.25 mg/ml was BSMV 

-
0.5 mg/ml x 150 - 0.75 mg/ml was TMV. 

100 

and 

A flfth sample, 0.2 ml of the clarlfied sap from BSMV Infected plants, 

was ana~ysed concurrently wlth the others by the above method, to estimate 

the concentration of BSHV ln the sap from singly Infected plants. Sufflclent 

1 
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partial1y purified TMV, from a 20 mg/ml stock, was then added to the 

clarlfied sap from BSMV Infected plants to make an artiflclal mixture 

in which BSHV aAd TMV were in the same amount and ratio as in the real 

mixture to which It was belng compared. Wh en partlally purlfled virus, 

ïnstead of clarified sap, was the starting material, the same procedure 

was adopted as above, except that a suitable dilution of a small sample 

was used for antlbody incubation followed by quantitative sucrose denslty 

gradient centrifugation. 

An altJrnative method of constructlng an artiflclal mixture was 

used in some experiments. This method was based on the observation that 

the concentration of BSMV in singly and doubly infected plants is -~ 

approximately the same and that the concentration of TMV in fourth leaves 

of doubly infected plants rarely exceeds 5 mg/g of tissue, third leaves 

containing less (Dodds, 1972). The starting material for these experiments 
~

-' 
was usually pooled third and fourth leaves and 50, in some experiment~, 

5 mg of TMV for every 1 g of BSMV infected t~ssue was added to the 
. 

clarified sap from singly infected plants. This ensured that there was 

at least as high, If not a higher, ratio of TMV to BSMV in the artiflclal 

mixture compared to the real mixture. The usual aim was to remove THV 

from BSMV, so If the separatory method was successful for 5uch ~n artificial 

mixture, It, would certalnly be successful for the real mixture. This 

alternative method for preparlng an artiflcial mixture was only adopted for 

some experlments uslng the second experimental approach. 

> 
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7. Separation of components from mixtures 

A. First approach: removal of TMV with TMV antibody 

Equivalent artificial and real mixtures (5-10 ml of partially 

purified virus at 7.0 mg/ml) were made 10% wlth TMV antlbody and . , 

0.8% with NaCI and incubated for 1 heur at room temperature on a 

mechanical shaker. The lncubated mixtures then stood overnight at 

4°. The TMV antigen-antibody precipitate which form~d was removed 

) by low speed centrifugation and the supernatant was relncubated wlth 

TMV antibody twice more, removlng the precipltate each time. The 
\ 

final supernatant was centrifuged through a cushion of 45% sucrose 

at 27,000 rpm in a Beckman SW27 rotor for 5 hours. The virus pellet 

was resuspended in 0.02 M Tris-citrate buffer pH 6.5\ 0.8% NaCI, and 

re-Incubated with TMV antibody until no more pellet, Indicative of 

an antlgen-antibody precipitate, was obtained upon low speed cJntri-

fugatlon. One incubation was usually sufficient. The virus in the 
.. 

supernatant was again centrifuged through 45% sucrose and the final 

pellet was resuspended in 0.02 M Tris-citrate pH 6.5. The concentration 

of virus was adjusted to 0.5 mg/ml. The above procedure was designed 

to ful'y exploit the capaclty of high tltred TMV antibody to remove 

TMV from suspension. The final resuspended pellets should have been . 
essenttally BSMV, one suspension derlved from an artlflcial mixture 

and one fro~ a real mixture of BSMV and TMV. 

B. Second approach: precipitation of selected antlgen wlth specifie 

antlbody 

Statea simply, 8SMV was collected from clarlfled sap by 

precipitation with Its specifie antlbody, I.e. BSMV antlbody. The 
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BSMV antlgen-antlbody preclpitate was'washed free of contaminating 

TMV pârticles with 0.01 M phosphate buffer pH 7.2, 0.8% NaCI 

(phosphate buffered saline, PBS). TMV was similarly collected free .. ~ 

of BSMV by precipitation with TMV antibody. The RNA and proteln 

components of the washed antlgen-antibody precipltates were then 

ana lysed. 

The quantitative details ln the preparation of the washed antigen-

antibody prec,ipitates are described in greater detall bêlow. The 
~ 

details are for one of several experiments but can be taken as typlcal. 

The steps are outllned in table 3. 

The real mixture was made by extractlng 40 9 of doubly infected 

tissue in 80 ml of 0.02 M K2HP04 resultlng ln 100 ml of heat clarifled 

sap. ~e artificlal mixture was made by adding 200 mg~f TMV to the 

100 ml of clarifled sap from 40 9 of BSMV infected leaves (equivalent 

ta 5 mg TMV!g of tissue). The expected recovery of BSMV from both 

singly and doubly infected tissue ts 1 mg!g of tissue, so there would 

be 40 mg of BSMV in 100 ml of extract or 0.4 mg BSMV/ml. The maximum 

expected recovery of TMV Is 5 mg/g, so there would be a maximum of 

200 mg of TMV in 100 ml of the arttftctal or real mixture, or 2.0 mg/ml. 

Flve ml of elther mixture (10 mg of TMV) was dl1uted to 15 ml wlth 

0.01 M phosphate buffer pH 7.2 (0.65 mg TMV/ml), and was made 10% 

with TMV antlbody and 0.8% NaCl. Upon standing, the la, mg of TMV 

became complexed ln the form of a TMV antlgen-antlbody preclpltate. 

Similarly, 15 ml of elther mixture (6 mg of BSMV) was made 10% wlth 

BSMV anilbody'and 0.8% NaCl, whereupon thè 6 mg of BSMV became complexed 

" 
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Table 3. Collection of washed antigen-antibody pt'f#Jpitates from 
artificial and real mixtures. ' 

BSHV infected 
leaf 3 + 4 

BSHV/TMV Infected 

40 g 
80 ml 
1 

100 ml 
10, ml 
o ml 

1 
110 ml 

A~ICIAL MIXTURE 

r , 
5.0 ml 15.0 

10.0 ml - buffer 
1.~' ml - 8% NaC 1 - 1.5 

- BSHV Ab - 2.0 
2.0 ml - TMV Ab -
1 1 

THV Ag"Ab BSMV 

0.02 H K2HP04 

Heat clarlfied sap 
THV at 20 mg/ml 

buffer 

1 
ml 90 ml 90 ml 

Partially 
ml purlf 1 ed 
ml 

Ag-Ab 

1 
15.0 ml 

1.5 ml 
2.0 ml 
-
1 

leaf 3 .... 4 
40 g 
BO ml 
1 

100 ml 
o ml 

10 ml 
1 

110 ml 
REAL MIXTURE 

- buffer -
- B% NaC 1 -
- BSMV Ab -
- THV Ab -

BSHV Ag-Ab 

1 
5.0 ml 

10.0 ml 
1 .5 ml 

2.0 ml 
1 

TMV Ag-Ab 
preci p 1 ta te pree i p 1 tate preclpltate preclpltate 

washed 
, TMV Ag-Ab 

preclpltate 
f rom art i fie 1 a 1 

mixture 
ln 5 ml PBS 

washed 
BSI1V Ag-Ab 

prec i p i ta te 
f rom art 1 f 1 cl a 1 

mixture 
1 n 5 ml PBS 

6 washes 
wl th 9 ml 
PBS each 

tlme 

washed 
B'sHV Ag -Ab ' 

prec ip 1 ta te 
from real 
mixture 

in 5 ml PBS 

Ag-Ab preclpltate ln 
5 m',PBS 

, 
.~ , 

4 ml 
1 

Ag"Ab pellet 
1 

3 ml RNA 
dtssoclatlon buffer 

1 
RNA sample 

• 1 ml 
1 

Ag"Ab pellet 
. 1 

3 ml protein 
dissociation buffer 

1 
prot.t" iample 

( 
.. 

• 

washéd 
THV Ag-Ab 

preclpltate 
from rea1 
mixture 

ln 5 ml PBS . 
pio 

\\ 
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in the form of a BSMV antlgen-antibody precipita~e. The remaining 

80 ml of both mixtures was subjected to the purlflcfatlon scheme 

outlined on p. 74 and the partially purifled virus was retatned for 

possible future use. 

After an overnight, incubation at 4° the four antigen-antibody 

precipitates were collected by low speed centrifugation (S,DaO 9 for 

20 minutes). Taking the BSMV antigen-antibody precipitates as an 

example, the majority of the TMV, which was originally mixed with 

t~e BSMV, was discarded with the supernatant. Within the p~lleted 

BSMV antigen-antibody precipitate, however, there would still have 

been some non-specifie occlusion of TMV particles. To rid tffe pre-

cipitate of thls TMV, it was resuspended ln 9 ml of PBS using a , 

pasteur pipette. This resulted in the trapped TMV partlcles belng 

released from the pelleted preçipitate and going into suspension. , 
The BSMV, however, stayed in the form of an antigen-antibody precipitate, 

now dispersed. On standing ai 4° this preeipi tate settled out again 

and was colleeted by low speed centrifugation. The THV left ln 

suspension was discarded. Eaeh preclpltate was washed at least five 

times using 9 ml of PBS each time. After each resuspenslon, a minimum 

period of five hours was allowed to elàpse to ensure that complete 

bindlng of BSMV and BSMV antibody re-occurred •. It was noted that 

quicker wash cycles resulted in a rapld'reduction in the slze of the 

antigen-antibody pellets. THV antlg~n-antlbody pellets were slml}arly 

washed wHh PBS ta free them of BSMV'; 
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At the end of the treatment, there were four washed antigen-

antibody precipltates dispersed in 5 ml of PBS and containing 

a) BSMV from the real mixture, b) TMV from the real mixture, 

c} BSMV from the artlficial mixture and d) THV from the artificlal 

mixture. Between 6 and 10 mg of virus was trapped in each precipitate, 

assuming no loss during the washing procedure. The method by whlch 

t~e precipitates were analysed is described in the second part of.~e 
~~ 

next section. 'q~ 

8. Analysls of separated component~ 

A. First approach: neutralisation of infectivity by specifie antibody 

BSHV, at 0.5 mg/ml, derived from artificial or real mixtures 

was split Into four 1 ml allquots. To each of these was added 0.1 ml 

of either 0.02 M Tr,is-citrate buffer pH 6.5, normal serum, BSHV antibody 

or TMV antibody. After an overnight incubation at 4°, any antigen-

antlbody precipitates which formed were removed by low speed centri-

fugation. Cellte was added to the supernatants which were then 

inoculated to assay hosts. 

Purlfied TMV at 0.1 mg/ml was similarly treated and aeted as a 

control to establlsh how normal TMV infeetlvity responded to the 

different antlbody treatments. 

The assay hosts specifie for THV werè Chenopodium emaranticolor 

and Nicoti.na glutinosa, both of whlch develop. loçal lestons when 

Inoeulated with THV but remeln symptomless when Inoeulated wlth the 
~ 

BSHV isolate used in these experiments. The number of leaves was 
1 

trlmmed to four per plant and eaeh semple was Inoculated to elch of 

the four lesf positions spread over different plants. The Issay host 
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specifie for BSMV was Black Hulless barley which develops a 

systemic chlorosis upon inoculation with BSMV but remains 

symptomless when iaoculated with TMV. Each sample was Inoculated 

to 25 barley seedlings. AlI assay plants were malntained ln a 

greenhouse. Lesions were counted 7-10 days after ino\ulation and 

systemic symptoms were scored 14 days after" inoculation. 

B. Second approac~: RNA and protein analysis of washed antigen-

antibody preclpitates 

1. Sample preparation 

Severa 1 single phase buffers haNe been described which 

will dissociate vi~uses into their native RNA or protel~ 

components. There is no reason to expect that BSMV or TMV, 

held ln the form of an antigen-antibody precipitate, cannot 

be similarly dlssociated. 

The IIRNA dissociation buffer ll used was essential1y that 

which -has been descrlbed by Brakke and hls co-workers (Brakke 

and van Pelt, 1970b, Prlng, 1971). It consists of 0.02 M Tris 

pH 9.0, 1% sodium dodecyl sulphate (SOS), 0.001 M disodlum 

ethylenediamlnetetraacetate (EDlA) and bentonite at 0.5 mg/ml. 

The bentonlt'e was graded and treated wlth EOTA as descrlbed by 

Fraenkel-Conrat (1961). 
~ , 

Antlgen-antlbody preclpltates were collected by low speed 
\ 

c~ntr Ifugatlon. The supernatant was discarded and the pellet 

was drainèd., BetweeM< 0.5 ml and 1.0 ml of RNA dissociation 
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• 
buffer was then added fQr every- 1 mg of v'i rus trapped ln the 

pel1eted antlgen-antibody precipltate. The pellet was resus· 

pended in the RNA dissociation buffer wlth a pasteur pipette 

and allowed to stand first at room tempera.ture for! hour and 

,. then overnight at 4° in ofder to release the RNA.' 

;,: . 

To prepare a proteln sample for antfysls, pel1eted, 

drained antigen-antibody precipitates :;sere suspende~ in "protein 

dissociation buffer"; 0.1 H sodium phosphate buffer pH 7.2, 
, 

24% urea, 1% SOS, 1% mercaptoethano1. After suspension, the 

sample was placed in a boil ing water bath for 90 seconds to 

release the ~roteln. 

Both BSMV and TMV are mostly proteln and only 5% RNA or 

less, 50 this was a factor in preparlng these samples. As a 

'standa,rd approach, the washed antigen-antibody precipitates 

.1 

~ere final1y resuspended in 5 ml of PBS, and this was split 
ll' 

Into two aliquots~ one of 4 ml and one of 1 ml. The preclpltate 
, 

'. coll ec ted From the 1 arger aIl quot was resuspended in RNA"' 

dissociation buffer and that collected From the smaller allquot 
i ... 

ln an equal volume of proteln dissociatIon buffer. The volu~. 

of etther extraction buffer used was qualitatlveJy assessed. 

Ideally, If 2 mg ~f virus was thought to he trapped ,In the 
• 

anttgen-antlbody preclpitate before It WBS split into a 4:1 
" '/ 

ratto. then 1 ml of dissociation buffer was used. This had tO 
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be-balanced against the possi-b.le 1055 of ,virus duri.ng\the 

washlng procedure~and so t~ size of the fi~a~ antig;n-antlbody 

pellet was taken into account. The.procedure described above 
t ; 

re~u'ted ln four times as much virus, ln the form of an antlgen.. 
antibody precipitate, being used to prepare an RNA sa~ple as was 

) used to prepare a' prote in, sample. 
~ 

Purlfied virus was also used as a sourée of RNA a~d protein 

for use as standards. 
, . 

For thls purpose, BSMV and TMV were 

dl1uted from a 20 mg/ml stock to 2.0 mg/ml wlth RNA dissociation 
, 

buffer and to 0.5 mg/ml wlth protein diss~ciation buffer; tbe , 
'f 

same 4: 1 rat i 0 descr i bed above fop the div 1 ~ i on of t~e.. an t i gen-

antlbody precipitates. The 4 RNA molecules of brome mqsaic virus 

with molecular w~i9hts of 1.09 x 106d , 0.99 x Jlo?d,.~5 x I06a- .. 
6' '~" and 0.28 x 10 d (Lane and Kaesb~r9, 1971) were'\Jsed 'as RNA ~tandards , ' , 

for molecu1ar ;"eigtit determinations. The proteins used as molecu\ar 

welght standards were bovine serum albumln (62,000 d), ovalbumin , 

(46,000 d), aicohoi dehydrogenase (37,000 d), carboniè 'anhydrase 

(29,000 d) and myog1Qbin (17,50Q d) (OIlnker and Ruecker~, 1969,1 , . 
Weber and Osborn, 1-969). RNA and proteln moJ-ecu1ar welght standards 

, 
were provlded by Shirley Blevings, technlctan, CDA Research Station, 

~ 

6660 N.W. Harf~e Drive. Vancouv~r, B.é . 

. 2. Analysls of RNA and proteln samples by pOlyacrylamlde geT 

el ectrophores 1'5 

\,' ., 

, , 

~ '. 
\ ' 

') l 
, , 
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ft. cyl indr.lcal gel cast from polyacrylamide proiVides an 
, 

idea1 matrlx for the &Iectrophoresis of macromolecules such 

:as RNA and ~rotelns. At-a suitable gel concentratlqn~ these 

molecules can be si~ved by e'Jectr-ophoresis according to th~.h 

molecular size, but only If each different sized molecule has 

the same charge. 
, 

RNA malecuJes have 'approximately the same 
• 

1 
net negative charge ànd in the presence o~th~ aniGnic detergent 

" ~ 

\sodiym dod~cyl sulpha~e (SOS) mast protein molecules assume the 

same net negative charge. Under these conditions, electrophoretic 
f, 

, mobility shows a lInear rela~tlonshtp wlth the 10garHhm of the 
1 • '\ 

molecular wlfght of the mlgratlng molecule. This, of course, is 

a generalisation and is affected by conformational differences 

between molecules and, the degrees by whlch the intrinsfc charge 

of different protein molecules can affect mobility. 

The use of~polyacrylamide gel electrophoresis for the 
( J • 

~ysls of vifal RNA (Adesnik, 1971) and SOS· polyacylamlde gel 

electrophor~sis,for the analysfs of vi~~l protelns (Haize!, 1971) 

has peen reviewed. In this study RNA ~~~pJ~s were an~Jysed on 

2.4% pOI,V,èryJamide gels ln 0.0'36 M Trfs, 0.0) M NaH2P04 pH 7.8, 

0.1.% Sr>S, 0.001 H EOTA (Loening, 1969). Proteln salnplès were 

. analys~d on 5% 'polyacrylamid'e gels. in 0.1 M sodium phosphate 

pH 7.2,0.1% SDS, 0.1% mercaoptoethanol ,,(Agrawal and Treml!lltn~, 1972) • 
. , 

+' 'iii 
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" ... ..-.. 
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The quantittes and types of butfers and reagents used for 

polyacrylamide gel electrophoresis of RNA and protein are 

glven in tables 4 and 5. 

Gels were cast by dispensing 1.8 ml of freshly mixed 

gel solution into glass tubes 12 cm long with an internai 

diameter of 0.5 cm to produce a gel 9 cm long. Before the 

gel set, a small volu~e of water was layered on top of the 

gel solution to ensure a fiat gel surface. The bottom ends 
1 

of the tubes were sealed with a rubber stopper resembling a 

small serum boltle stopper. 
». 

When the gels were set, (30 minutes) the stoppers were 

removed and the glass tubes inserted through holes in the base 

of an upper cylindrincal electrophoresls chamber, made from 

Perspex. The bottom ends of the tubes were immersed ln l ,000 

ml of ~~rophoresis buffer in the lower electrophoresis 

chamber. The upper chamber was then fi lIed wlth 1,000 ml 'of 

electrophoresis buffer. 

Samples were applied to the top of the gel with a lambda 

pipette attached to a Macrostat dispenser to control the flow. 

The pipette was lowered through the buffer in the upper chamber 

o and into the gel tube until the, tip of the pipette was,Just 

above the gel surface. The sample volume (25pl or 50pl) was 

then carefully layered onto the surface of, the gel. To ensure 

that the sample would not float away, a drop of tracker dye 
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Solutions and buffers for analysrs of RNA samples by 
polyacrylamlde gel electrophoresrs. 

, ~ Electrophorests buffer. (0.036 M Tris, 0.03 M NaH 2P04, pH 7.8, 
0.001 M EDTA, 0.1% SOS.) 

10 X Stock ~ ----- M. Wt. Concen tra t ion g/1 pH 
J 

'Tris 121 0.36 M 43.6 7.,8 
NaH 2P04 · H20 138 0.30 H 41.4 
N82EDTA 372 0.01 M ~ 3.7 
SOS 1.0% 10.0 

HlO to 1 ,000 ml 

Diluted 200 ml to 2,000 ml for electrophoresis buffer. 

! Splutions and volumes for 12 X 2.4% gels. 

Vol umes (ml) 

1. ~O% acrylamtde 3.0 
1% bis-acrylami~e 

2. 11.4 ml of 10X electrophoresis 21. 75 
buffer, pH 7.8 1 1 
0.2 mf Temed (N,N,N ,N -

88.4 ml H20 
Tetramethyl-ethylenediamine) 

3. 10% ammonium persulphate 0.25 
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Table 5. Solutions and buffers for 'analysls of proteln samples 
by polyacrylamide gel electrophoresls. . . 

~ Electrophoresis buffer. (0.1 M sodium phosphate pH 7.2, 0:1% SOS 
0.1% mercaptoethanol) 

la x Stock 

M. Wt. Concentra t (on g/1 

Na2HP04 7H2O 268 "\ 
1.0 M 193 7.2 

NaHl04·H20 138 38.6 
sos 

:i 
10 

mercaptoe thano 1 10 ml 

Oiluted 200 ml to 2,000 ml for chamber buffer. 

B Solutions and volumes for 12 X 5% gels. 

Volumes (ml) 

1. 20% acrylami de 6.0 
0.6% bis-acrylamfde 

2. H20 6.0 

3. 0.2 M sodium phosphate, pH 7.2 12.0 
0.2% SOS 1 1 
0.2% Temed (N,N,N ,N 

Tetramethyl-ethvlenedlamlne) 

4. 10% ammonium persulphate 0.12 

• 

""" . 
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(1% bromophenol blue in 10% glyeero11 was added to eaeh'sample 

before it was pipetted. Electrodès were placed in the upper and 

lower chamber and the eurrent was applied. Twélve gels could 

be electrophoresed concurrently. RNA gels were pre-eleetrophoresed l 

et 6 mA/gel for 30 minutes before layering the sampI es. For 12 

RNA gels, eleetrophoresis was at 75 mA and 90 volts until the 

~racker dye reached the end of the gel (1.5 hr). For 12 protein 
, 

gels, electrophoresis was at 75 mA and 40 volts until the traeker 

dye migrated 3/4 of the length of the gel (3.5 hr). 

After electrophoresis, the gels were removed from the glass 

tubes by rimming them with a long hypodermie needle from whleh 

water flowed steadlly. RNA gels were stained overnight in 0.03% 

toluidine bJue in 40% ethylene glycol mono-methyl ether (methyl 

cellosolve) . destained and stored ln water. 

Destainlng took days and several changes of water. Proteln 

laced in 20% triehJoroacetlc Icid (TCA) for 30 

minutes ln order to preeipltate the proteins ln the gels. They 

were stalned overnlght in 0.075% coomassle brllliant blu~ ln 

12.5% TCA, then destalned for 24 hours in 10% TCA and then stored 
. // 

ln 7.5% acetlc aeld. Stalned gels were stored and photographed 

in plastic tubes. 
~ 

As an alternative or ln addition to stalning gels, gels were 

cast ln 

254 nm, 

tubes of 3 ln length. These could be scanned at 

electrophoresls, wlth an ISCO UA-4 absorbance 

monitor eoupled to a llnear transport devlce and a ch~rt recorder. 
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3. Analysis of RNA samples by centrifugation through linear log 

sucrose densfty gradients 

Although cylindrical polyacrylamide gels are excellent for 

resolving size classes of RNA molecules by electrophoresis, as 

a preparatlve tool they are less than ideal. Only small 

quantities can be layered on the gel and recovery of RNA from 

,the gel matrix after electrophoresis is difficult, particularly 

with such a labile molecule as single stranded viral RNA. 

Centrifugation of RNA through 1 inear 0-20% sucrose gradients 

will separate different sized RNA molecules, but with poor 

resolution. Resolution can be improved through the use of 

linear log sucrose density gradients (Brakke and van Pelt, 1970a). 

but not to the degree achieved with polyacrylamide gel electro-

phoresis. However,< much larger quantitie5 of RNA can be 10aded 

onto sucrose density gradients, the RNA can be réadily recovered 

from the centrifuged gradient by fractlonatlon and the recovered 

RNA can be directly inoculated to an assay plant. A ctear 

separation of TMV-RNA and BSMV-RNA was obtained after centrifugation 

on linear log sucrose density gradients and 50 these were used to 

recover genomically masked TMV-RNA ln an Infectious forme They 

were also used analytically ln experiments carried out at the 

start of thls proJect (see section 111). 

Linear log sucrose densfty gradients were constructed 

• 
manually by layering dlfferent volumes of varlous concentratIons 

of rlbonuclease-free suc rose one on top of the other, beglnnlng 
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wlth the MOst dense. The exact volumes and concentrations 

for SW40 and SW41 cellulose nitrate centrifuge tubes are shown 
J 

in figure 21. Sucrose was dissolved in 0.015 H sodium citrate 

pH 7.0, O. 15 M~sodium chloride (SSC). The concentratIon gradient 

was establ ished by allowlng the sucrose to diffuse overnight at 

10°. The top 0.5 ml of a gradient was carefully removed and 

replaced with 0.5 ml of RNA sample. Gradients were then centri-

fuged at 40,000 rpm for 5 hr at 14°. Temperature was important 

since at 50 the SOS in the sample crystallised and spoiled the 

run . 

. The centrifuged gradient was pumped out of the centrifuge 

tube and through an Iseo UA-2 or UA-4 absorbance monitor coupled 

to a chart recorder and a fraction collector. The absorbance 

profile of the centrlfuged gradient was traced on the chart paper, 
. 

along wlth witness marks indicating the 1.0 ml samples collected 

by the faction collector. Alternatively, at the same time that . ' 

an absorbanee peak registered on the chart, the eorresponding 

fraction of the gradient was eollected manual1y. 

9. Hethods used to investlgate the biologieal properties of genomically masked 

TMV-RNA 

The alm here was to establlsh Infections in Chenopodium amarantlcolor .~ 

by Inoculation with geno~lcally masked THV-RNA. The resultlng leslons 

were transferred singly to tobacco plants. The virus produeed ln the 

t 
tobaeco plants was purlfled, qUlntified and characterlsed by serology, 

• 
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Figure 21. Volumes and concentrations of sucrose for linear
log grad i entsa • 

SW40 rotor sw41 rotor 

ml mg/ml ml mg/ml 
suc rose sucrose 

1.5 0 1.4 0 
1.4 80 1.2 100 

1.9 160 1.5 160 
2.4 210 '2.3 "210 

'/ 

3.7 270 3.4 270 

1.9 325 1.8 325 

aJackson et al (1973) 

'~ 
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sucrose density gradient centrifugation and its ablilty to infect 

barley in double infections with BSMV. 

RNA samples from washed BSMV antigen-antibody precipitates from 

real mixtures were analysed and fractlonated on linear log sucrose 

denstty gradients as described in the last section. Celite and a drop 

of bentonite (35 mg/ml) were added to each 1 ml gradient fraction. 

Each fraction was Inoculated\to four leaves of Chenopodium amaranticolor. 

Ten da ys later, single leslons which resulted from infect,ion with 

genomical1y masked TMV-RNA were excised with a #1 cork borer. The borer 

was flamed ln ethanol between cuts. Each excised lesion was placed in 

a depression of a porcelain spot plate with three drops of water. The 

rounded end of a sterile glass tube was then used to grind the excised 

lesion. 

Certain of the les ion extracts were used to prepare negative stalned 

grids for examinwtion ln the electron microscope to determine whether TMV 
\ 

particles could be detected ln the extract. A drop of extract was placed 

on a collodion coated carbon backed 9rld for la minutes and then dried off 

-~ith fil ter paper pleces. A drop of 2% uranyl acetate was then placed 

on the grid for 10 minutes, then removed by absorption with fl1ter paper 

pleces. The grids were then examlned in a Philips EH-200 electron 

microscope. 

, Other les Ion extracts were inocu1ated to single tobacco plants and 

to two leaves of Nlcotlana glutlnosa. Assay plants were dusted with 

-carborundum before inoculation. The end of the glass tube used for 

grlndlng was also used for inoculation. 

-

,. 
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, 
Lesions produced on Chenopodium amaranticolo~, by Inoculation wit~ 

TMV-RNA from normal THV, and tissue e~cised from uninoculated Chenopodium 

amaranticolor were als9 treated as above. 

Two weeks later, there were 15 infected tobacco plants for comparison. 

Ten of these were infected with isolates derived from genomically masked 

TMV-RNA, and five were from isolates derived from normal THV-RNA. 1 

Each plant was harvested, welghed, frozen and extracted later in 

twice its weight of 0.02 M K2HP04 , 1% mercaptoethanol, using a Waring 

blender. stnce there were so many samples, the virus in the extract was 

purified with polyethlene glycol (PEG) mol. wt. 6,000. The liquld extract 

was strained through cheesecloth, then heated at 40 0 for 60 

incubated extract wa~ centrifuged at 5,000 9 for 20 the 

~ 

The 

supernatant was made 0.1 M with sodium chloride and After 
~ 

a low speed centrifugation (5,000 9 for 20 minutes), the virus-containing 

pellet was retained and resuspended in water. The virus ln suspension was 

given a low speéd centrifugation, and then reprecipitated from the supernatant 

with 4% PEG, 0.1 M NaCl. After low speed centrifugation, the virus pellet 

was resuspended in water, given a final low speed centrifugation and the 

virus-containlng supernatant stored at 40 with a drop of _chlorobutanol 
-

added. The volume of water used in the final resuspension was half the 

original tissue weight. 

The concentration of virus ln eac~ sample and the yield of virus 

from each gram of tissue was estimated by recording the absorbance at 

260 nm of suitable dilutions; usually 1:20. 

\ 
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The sedimentation characteristlcs of selected P.teparatlons were 

determined by layering 0.2 ml of diluted (10- 1) sample on 10-40% linear 

sucrose gradients in 0.01 M potassium phosphate pH 7.2. Gradients were 

centrifuged for 45 minutes at 40,000 rpm in a Beckman SW41 rotor. "The 

absorbance profile, at 254 nm, of centrlfuged gradients was ,recorded 

wlth an Iseo UA-4 absorbance monitor coupled to a chart recorder. 

The virus preparations were also used undiluted as test a~tlgen in 

Ouchterlony double diffusion tests in agar agalnst TMV antibody, BSMV 

antlbody and normal serum. Because TMV was the test antlgen, the test 

required the preparation of 1% agar ln 0.01 M potassium phosphate buffer 

pH 7.2 with no sodium chlorige (Wetter, 1967). Agar was solidifled in 

plastic petri-dishes and then 'wells were eut with a #2 cork borèr ln the 

pattern,s shown in Hgure 36. Certain wei ls were fi lied with ,test antigen 

and others wlth antlbody and t~ gel between the wells observed for the 

development of precipitation lines. When llnes were fully developed, the 

plates were photographed . . " 
The i'nfectivlty in barley of'the partlaTly purlfied TMV derived from 

genomically masked TMV-RNA was assayed by co-Inoculation of each sample 

wlth an extract from BSMV-Infected barley. The plants were grown at 

30 0 until they reached the fourth leaf stage. Heat clarlfled extracts 

from fourth leaves were tested wlth THV antlbody in the mlcropreclpitin 

test(p 73). 
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" RESULTS 

1. Flrst approach: antlbody neutralisation of Infectlvlty ~ssociated wJth 

BSMV derlved from artificlal or real mixtures 

The Infectlvlty assaclated with BSMV separated from artlflclal or real 

mixtures was assayed on Chenopodium amarantlcolor, Nlcotlana glutinosa and 

Hordeum vulgare and the results are shown in table 6. Three sets of 

results are glven for two separations, A and B. The BSMV obtalned from 

the second separation was assayed on two separate occasions, BI and B2. 

The antlbody incubations in B2 were separate from those 'In BI and were 

done after the results of BI were known. They were careful1y monltored 

to ensure that no mistakes were made. 
ç 

ln aIl three sets of results, the BSMV at 0.5 mg/ml separated from 
-\ 

artiflclal mixtures of BSMV and TMV produced no' leslons or~an inslgnlficant 

number {one} af~er inoculatlon~~ Chenopodium amaranticolor or Nlcotlana 

glutinosa, assay hosts for TMV. This Indlcated that the use of TMV 

antibody to remove TMV from BSMV had been successful for the artlficlal 

~Ixture. 

The same BSMV was Infectlous on barley, whlch developed the normal , 

symptoms of a BSMV Infection. Incubation wlth BSMV antlbody, ~llowed 
1 ' 

by removal of the BSMV antlgen-antlbody precipltate whlch formed,' aboll5hed 

the Infectlvity on barley, an expected result. Incubation wlth normal 

serum or TMV antibody did not abolish BSMV infectivity, but both sera 

did Jower -the specifie infectivlty of BSMV. Non specifie Inhibition 
• 1. 

of virus infectlvlty by normal serum has been reported (Rappaport and 

Siegel, 1955) . 

1 
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Table 6. 
~ 

Infectivity of BSHV derived from real and artifrcial mixtures of BSHV and THV. 
wlth dlfferent antisera ~efore inoculation to test plants. 

~--

~ 

Antibody Chenopodium 
i ncubat ion anarant ico 1 or 
before 

lnoculum i nocu 1 a t ion A BI B2 

THV Buffer 212a , -b 

(0.1 mg/ml) NS 60 
BSMV-Ab 

'-.. 55 
THV-Ab 0 

BSHV - artlflclal Buffer <; 0 0 
(0.5 mg/ml) NS 0 0 0 

BSHV-Ab 0 0 0 
THY-Ab 0 0 0 

BSHV - real Buffer 125 70 254 
-(0.5 mg/ml) \, NS 5 40 121 

BSHV-Ab 0 0 0 
THV-Ab 2 38 129 

aAve"rage, number 9f les ions on 1 inoc;lated leaf (average of 3)'. 
b Not tested. 
c ' Percentage of inocuTated plants that were infected (average of 25). 

-. 

Nicotiana-
glut i nosa 

B2 

oa }. 
~ a 

o > 

0 

76 
52 
0 

12 

.. 

~e 

Viruses were incubated 

.... 

Hordeum 
vulgare 

A B2 

0 
0 0 

0 

95c 43 
72 35 
0 0 

" 14 ·22 

74 41 
35 23 ..... 
0 , . 0 

12 29 

;. 
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ln sharp contrast to the above results. t~e BSHV separatep from 

real mixtures of BSMV and TMV produced local lesions on both Chenopodium 
< 

&n)8ranti.color and Nicotiana glutlnosa. This derronstrated that TMV 

lnfectÎ'vity was still associated with BSMV derived ~rom real mixtures, 

even after removai' of TMV antigen with TMV antibody. This TMV infectlvity, 

however"was abollshed by treatment with BSMV antibody. the same treatment 

which. at the same time. aboI ished 8SMV infectivity on barley. The TMV 
\ 

lnfectivity was Inhibited equally. but not abolished.,by treatment wlth 

TMV antibody or normal serum. rherefore. the BSMV separated From real 

mixtures of BSMV, and TMV had two kinds of infectlvity a~soclated with lt, 

normal BSMV infectlv,ity in that it was neutralised by BSMV antibody and 

abnormal TMV Infectlvity ln that It was also, neutrallsed by BSMV antibody 

but not by TMV antibody .. The pattern of 'neutralisation of lnfectivity 

assoclated wlth nor~l TMV given in figure 6 was the reverse of that for 

the THV infectlvity associated with BSMV From real'mi~tures. As expected, 

infectlvity was neutrallsed by TMV antlbody and inhlbited non-specifically 

by BSHV antibody and normal serum. 

The signlf'icaoce of these results will be discussed jn the conclusions 

~ection of thls part of,the thesls. However,i It ls clear that genomic 
" - -, 

masklng Is the simplest explanatlon for the TMV Infectlvlty associate~ wlth 
, 

the BSMV fr.om the real mixtures., Partlcles consls.tlng of TMV-RNA ln BSMV 
'; 

,protein would not have separated From BSMV partlcles uslng fMV antibody. 

Th~y wOuld impart TMV lnfectivlty to the 8SMV populatiort and they would 

be susceptible to BSMV antibod~, but not·THV antibody. 

,) .;> 

• 
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2. Second approach~ Valid~ty of the preparatlve and analytical methods 
[ 

, 0 

A. Equivàlence of RNA or proteln From virus and frpm antlgen-antibody 
, 

precipltates 

It ~as hoped ~hat TMV or B5MV, in the form of antigèn-antibody 

precipitates, would be disspciated with either RNA dissociation buffer 

or protein dissociation b~ffer into thè same RNA or proteln compdnents 

_ that result from direct dissociation of virus. The dlssociated 
~ \ ~ 

antigçnJantibody precipitates were npt expected ta contaln any 

additional RNA eompon~nts to thosê withln the trapped antigen (virus). 

TheV would, however, contain antibody proteins in add~tion to antlgen 

(viralL proteins. 
, . 

The following, samples were prepared. Two were made by d:i 1 ut 1 ng 

BSMV or TMV from 20 mg/ml to 1 mg/ml in RNA dissociation bufflr. 'TWO 

were made by diluting.BS~V or TMV ta ,0.25 mg/ml in protein dissociat'Ion 

buffer. These were the RNA and protein samples from virus. For 

comparison, 0.2 ml of specifie antibody (BSMV'antibody or TMV antlbody) 

were added to 2 ml of BSMV or TMV at 0.5 mg/ml. The resultlng antlgen-
. , 

antibody preelpltate fro~ 1.6 ml of eaeh sample was collected·and 
" 

dissociated ln 0.8 ml of RNA dissociation buffer .. The antlgen-antlbody 

precipitate from the remainlng 0.4 ml of each sample was dlssoc'Iated 

in 0.8 ml of protein dissoçlatlon buffer. 

For RNA analysis, 50~1 of dfssociated BSMV, TMV, BSHV antlgen-
\ 

antlbody preclpltate and TMV antigen-antibody preci~ltate were co-' 

electrophoresed o~ 2.4% polyacrylamlde gels.' The stalned gels are 

'", shown ln figure 22-A. Thé fqur, RNA components of BMV were also 

analysed- for.comparison. 
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-
Figure 22. Equivalence of RNA or protetn from virus and from 

I:.î: 

'.; 

anttgen-antfbody precfpitates. 

A.o Stained 2.~% polyaeryJamide gels after electro
phoresfs of virus or.antlgen-antibody preclpitates 
tèsuspended in RNA dissociation buffèr. 

, 
1. RNA from BMV 
2. RNA from BMV 
3. RNA from BSMV 
4. RNA f rom BSMV antigen-antibody precipitate, 
5. RNA from TMV 
6. RNA from TMV antlgen·antibody pree ip 1 taté 

1 

B. Stalned 5% polyaerylamlde gels after eleetro-
~horesis of virus or antigen-antlbody preclpitates 
resuspended ln prot~in dissociation buffer. 

~ 

'1. Proteln from TMV 
2. '.Proteln from TMV antigen-antibody ,preclpitate It 

3. Protei ... n trom BSMV 
4.. Proteln fram 8SHVanttg~n-anttbody prectpitate 

c 

• 
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It is clear that the stalned bands resultlng from electro-

phoresis of RNA samples from virus or antigen-antlbody precipitates 

are indistlngutshable for both BSMV and TMV. 

ln this experiment, the TMV-RNA resolved into a single, quite 

diffuse component which migrated only a short distance into the gel. 

ln experiments with fresher TMV than was used here, TAV-RNA resolved 

as two bands close together. The BSMV-RNA resolved as two components 

one of which migrated about 1/3 the length of the gel and a minor 

component which migrated a shorter distance but further than TMV-RNA. 

lt is apparent that TMV-RNA is readily distinguishable from BSMV-RNA 

after electrophoresis on polyacrylamide gel. 

As was mentioned in the materials and methods section, It is 
1 

possible to estimate the molecular weight of.RNA components by using , 
a suitable set of standards, such as the four BMV-RNA components. A 

graph shown in figure 23 indlcates how this is done. Two set5 of 

values were used, taken from figure 22-A and figure 30 (table 7). 

The log mol. wt. of each of the four BMV-RNA components (1.09,0.99, 

0.75, 0.28 x 106) is plotted against the distance they mlgrated. The 

s~aight llne drawn through these four points was extrapolated and 

used to obtain a figure for the log mol. wt. of the BSMV-RNA components 

and the TMV-RNA.components. These gave values of 2.2 and 2.4 x 106 

for the TMV-RNA components. The resolutlon of TMV-RNA Into two 

components ~f similar molecular welghts has been noted by others 

(Fowlks and Young, 1970). The two components are probably the 

consequence of two alternative conformational states for the single 
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Table 7. Values used to est1mate the molecular welght of the RNA 
components of BSMV and THV by polyacrylamlde gel electro-
phoresfs. 

pi 

-
Expt RNA Distance Log Hol. w~. 

components mlgrated (cm) Mol. Wt. "'" x 10 

Aa Standards BMV-l 4.6Sb 6.0334b 1.09 
BHV-2 5.00 - 5.9956 0·99 

J 
BMV-3 6.00 5.8751 0.75 
BMV-4 8.85 5.4472 0.28 

Unknowns TMV-) 2.2Sb 6.37c 2.4 
TMV-2 2.45 /6.34 2.2 
BSMV-l 3.70 6.18 1.5 
BSMV-2 4.40 6.08 1.2 

Ba Standards BMV-l 4.00b 6.0334b 1.09 
BMV-2 4.25 5.9956 0.99 
BMV-3 5.10 5.8751 

" 
0.75 

'-. BMV-Q 7.90 5.4472 0.28 

Unknowos TMV-l 2.0b 6.34c 2.2 
BSMV-l 3.0 6.19 1.5 
BSMV-2 3.7' 6.08 1.2 

aValues for experiment A and B were taken from figures 30 and 22-A 
respec t Ive) y,. 

b 

oC: 

Values plotted in graph shown ln figure 23. 

Values extrapolated from graph shown ln figure 23. 

, 
\ 
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1 
Figure 23. Estimation of the molecular welght of the RNA components 

of BSHV and THV by polyacry1amlde gel elect~phorests. 

Mobll1tles of the unknowns were compared to the mobllities 

of BHV-RNA components. The values p10tted are from 

table 7. 

, 
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molecule. 
. 6 

The molecular weight values ~re hlgher than the 2.05 x 10 d 

value normally glven for TMV-RNA; a figure calculated from structural 
i 

considerations t but, as mentloned, simllar to the values calculated 

by others uslng thls method. 

The major and minor BSMV-RNA components had molecular weights 
~ 

of about 1.2 x 106d and 1.5 x 106~espectively, simllar values to 

those calculated by Jackson and Brakke (1973) using th!s method. 

For proteln analysis 50~1 of dissociated BSMV, TMV, BSMV antigen-

antibody precipitate and TMV antigen-antibody precipitate were co-

electrophoresed on 5.0% polyacrylamlde gels. The stained gels are 

shown in figure 22-B. The BSMV virus sample produced a single protein 

band, as dld the TMV sample except that the TMV protein had electro-

phoresed further Into the gel than the BSMV proteln, the predlcted 

result slnce it Is the smallest molecule. 

These same proteln bands were detected in the gels representlng 

BSMV antlgen-antlbody precipltates or TMV antigen-antibody precipltates, 

indicating that both BSMV and TMV had been dissociated into their 

native protelns from antlgen-antibody preclpltates. Three extra 

bands were common to gels representlng both types of antlgen-antlbody 
; 

preclpltates. These were presumed to be the antlbody protelns which, 1 

fortunately, were of hlgher molecular weight than elther of the viraI 

proteins and mlgrated a much shorter distance Into the gel. They 

would not Interfere wlth analyses for the presence or absence of viral 

proteln~. 

• 
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The several proteins of known molecular weight described ln 

the materials and methods section were used as standards to estimate 

the molecular welght of BSMV protein and TMV protein. The procedure 

was the same as that described and illustrated for RNA. The average 

of six determinations was 24,500 d for BSMV protein and 19,OO? d for 
,. 

TMV protein, which can be compared with the figures quoted in the 

1 iterature review of 21,500 d for BSMV protein and 17,500 d for TMV 

protein. These latter figures were determined by amino acid analysls. 

No real attempt was made in thls study to obtain a careful 

estlmate of RNA or protein molecular welghts by this method. However, 

the values obtained were sufficlently close to published values to 

leave no doubt as to the identity of the components detected. 

These experiments demonstrate that BSMV- or TMV-RNA and protein 

can be released from antigen-antibody precipitate, in a native state 

by the use of suitable dissociation buffers. The RNA and protein 

samples can be directly analysed by electrophoresis on suitable 

polyacrylamide gels. The TMV-RNA resolves as two components (mol. wt. 

2.2 and 2.4 x 106d), which are probably, conformational forms of a 

single molecule. BSMV-RNA resolves as two bands, a major component, 

(mol. wt. 1.2 x 106d) and a minor component (mol. wt. 1.5 x 106d). 

Electrophoresis on 2.4% polyacrylamide gels separates BSMV-RNA and 

TMV-RNA extremely weIl, 50 that detection of one is not affected by 

the presence of th~ other. BSMV protein and T~V proteln are separated 

from each other by electrophoresls on 5% polyacrylamlde gels, and 
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aga ln, detection of one (s not affected by the presence of the 

.' "",-~other. Antibody proteins migr'ate only a short distance into the 

" gels and do not Interfere with the analysis of viral proteins. 

A B. Detection of RNA and protein in the same sample. 

It was necessary to establish that TMV protein would be 

detected whenever TMV-RNA was detected ln a sample (see part 0 of 

thl's section), Llsing the division 'Of sample adopted, whlch was to 

use four tlmes as much virus to produce a~ RNA sample than was used , , 

to produce a protein sample. 

As a first demonstration, TMV was dlluted to 4.0 mg/ml ln RNA . 
dissociation buffer and to 1.0 mg/ml in protein dissociatiOn buffer. 

The RNA and protein samples were then serially diluted in ten halving 

dilutions with RNA and prQtein dissociation buffer respectively. 

T,he ten RNA and ten proteln samples were then analysed on 2.4% and 

5% polyacrylamide gels respectively. The results are illustrated 

in figure 24. TMV-RNA was readily detected in the flrst five .. 
dilutions, was difficult to detect in the sixth (0.125 mg/rt\1> and 

seventh (0.062 mg/ml) dilutions and was not detected at higher 

dilutions. T-MV protein was detected ln aIl the parallel dilutions 

in whlch l'MV-RNA was detected, that is up to the seventh dilution, 

and even in the next dl1ûtlon. This result was dupl icated in a 

second experiment . 
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Detection-of TMV-RNA and proteln ln the same sample. 
1 

ft 

For ~NA analysis, TMV was diluted ta 4x mg/ml in RNA 
dissociation buffer. 

For protein analysis, TMV was diluted ta x mg/ml ln 
protein dissociatIon buffer. 

A. Stalned 2.4% R,Olyacrylamlde gels after erectrophoresls 
of RNA samp 1 es 

, \ -....... ~------------
B. Stalned 5% polyacrylamide gels after electrophoresis 

of proteln simples 

TMV concentrations were 4 mg/ml ln ~1 and 1 mg/ml ln BI
Halving dilutions are represented by 1-12. 
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As a second demonstratlon. six tubes were set up. each 

contalning 1 ml of BSMV at 1 mg/ml. The first tube also contained 
, 

TMV at 8 mg/ml, the second contained TMV at 4 mg/ml and there were 

further halving dilutions of TMV ln the subsequent tubes. Each 
, 

tube was made 10% with BSMV antlbody and divided into aliquots of 

0.8 ml and 0.2 ml. The BSMV antigen-antlbody precipitate from each 

al iquo't was collected by low speed centrifugation and resuspended 

in elther 0.8 ml of RNA dissociation buffer (0.8 ml aliquot) or 0.8 

ml of proteln dissociation buffer (0.2 ml allquot). The reason for 

thls procedure was to collect six equal sized pel:lets of.BSMV 

antigen-antibody precipitate whlch would be contaminatéd with 

decreasing amounts of TMV. After the pellets were dlssociated 

there would be TMV-RNA as weIl as BSMV-~NA in the sample, but at 

sorne dilution the contaminating TMV-RNA would be at too Iowa 

concentration to detect. Based. on the last experiment, TMV proteln 

should also have been detec'ted ln ,aIl those samples ln which TMV-RNA 

was detected. 

The results of one experiment are shown ln figure 25. When 

the BSMV antlgen-an~ibody precipltate was col1ected in the presence 

of THV at 8.0 mg/ml, TMV-RNA was readi ly detected as a contaminant, 

but separate from the BSMV-RNA. TMV had to be at a concentration 

of 2.0 mg/ml or more before It was detected as contaminating THV-RNA. 

Sfmttar results were obtalned in the protein analysis except that, as 

before. T~V was detected at an even lower conéentration. T~ese 

results were duplicate in a second paral1el expertment. 
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FIgure 25., DetectIon of TMV-RNA and THV protein ln unwashed BSMV . .. 

/ 

, 

antigen-antlbody preclpltates contamlnat~d wlth, lncreaslng 
concentra~ions of THV 

A. Stained 2.4% 'polyacrylamide gels after electrophoresfs 
of BSMV antigen-antibody preclpitates resuspended in 
RNA dlssQclatlor buffer 

B. Sralned -5% polyacrylamlde gels after electrophoresls of 
• BSHV antlgen-antibody preclplta'tes resuspended in 

1 'protein dissociation buffer • 

1-6. BSHV antlgen-antlbody precipltates were collected from 
1. ml solutions contalnlng BSHV at 1 mg/ml and TMV at: 

.", 

"1 . ,0.25 mg/ml 
2. 0.50 mg/ml 

, . 3· ,1.,00 mg/ml r:> 

4. 2.00 mg/ml 
5. 4.00 mg/ml 
6. 8.00 mg/ml 

7. THV proteln 

8. BSMV proteln 

~ 

l' 

t 
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o 
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ln summary, upon dissociation of a BSMV antigen-antlbody 

precipitate collected from a mixture of BSMV and TMV, if TMV-RNA 

Is detected as weIl as BSMV-RNA, then TMV proteln will be readily 

detected if the sout'ce of TMV-RNA is TMV particles contaminating 

the BSMV antigen-antibody precipitate. In addition, TMV would 

have had to have been at a concentration of 2.0 mg/ml or more in 

the mixture from which BSMV was precipitated if TMV-RNA were to be 

detected as a contaminant. 

C. Removal of contaminating TMV from BSHV antigen-antibody preclpitates 

by washing with PBS. 

ln the preparative experiment described in the mater~als and 

methods section, 6 mg of BSHV were precipitated wlth BSHV antibody. 

The precipitate was collected as a pellet by low speed centrifugation . 
and washed six times wlth 9 ml of PBS each tlme. The experiment 

presented here Is to demonstrate that this method was more than 

adequate in ridding the BSMV antlgen-antibody precipitate of any 

contaminating TMV particles. 

Six duplicate tubes were set up containing 1 ml of PBS, 1 mg 

BSHV, 8 mg TMV and 0.1 ml of BSHV antlbody. The BSMV was collected 

from each tube as an antlgen-antibody preciprtate which was elther 

left unwashed, o( washed one to flve tlmes uslng 1.5 ml of PBS each 

time. Normal1y, preclpltates contalnlng 6 mg of BSMV were washed 

six tlmes with 9 ml of PBS each tlme. The final preclpitates were 

each resuspended ln ,1.0 ml of RNA dissociation buffer. The RNA 

sample was analysed by electrophoresls on 2(4% polyacrylamlde gels 

and the results are shown ln flgure.26. 

f 
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Detection of THV-RNA in BSMV antrgen-antlbody precipitates 
washed dlffereAt numbers of times to remove contaminant 
TMV •• 

Sta~ned 2.4% polyacrylamide gels after electrophoresis 
of BSMV anti~n-ant.ibody preclpitates resuspended in 
RNA dissoclaylon buffer. 

, . , ~ 

BSHV antigen-antlbody precipltates were'collected from 
1 ml solutions coptalning BSHV at 1 mg/ml and THV at 
8.0 mg/ml. The preclpitates were washed with 1.5 ml 
of PBS -

1 • fi ve' t 1 l'neS 
2. four tlmes 
3. three times 
lt. tw 1 ce 
5. once 
6. unwashed. 

1,1 

! 
.' \ 
~ 



\ -, 

1 2 3 4 .5 

1 
, 



- 115 -

TMV-RNA, along with BSMV-RNA was detected in the sample 

prepared from the unwashed BSMV antigen-antibody preclpitate and 

to à lesser extent from the precipitate which had been washed only 

once. Further washings, however, reduced the contamlnating TMV 

to non-detectable levels. Therefore, ft can be assumed that no 

slgnifieant number of TMV partlcles remain non-specifieal1y held 

in BSMV antigen-antlbody preelpitates c~llected from mixtures of 

BSMV and TMV and washed 6 times with PBS. 

D. Sunmary of resul ts 

ln this section it has been established that the RNA and - 1 

proteln components of antigen-antibody preçlpitates can be identified 

as native viral RNA and protein by electrophoresis on polyacrylamide 

gels. What is more, thls method adequately separates BSMV-RNA or 

prote!n from TMV-RNA or protein. The presence of RNA or proteln , 

of one virus does not Interfere wlth the detectlon of the RNA or 

proteln of the other virus. 

/ 
To collect"aSMV from mixtures of BSMV and TMV, BSMV Is pre-

clpltated with BSMV antibody and the precipltate ls washed several 

tJmes wlth PBS. It has been establlshed that the washlng procedure 

Is sufflclènt to rld the BSMV antlgen-antibody preclpltate of 

-~ contaminating TMV. On the other hand, after.dlssoclation of such 

BSMV antlgen-antlbody preclpltates, If TMV-RNA, as weIl as BSMV-RNA, 

1$ detected, the proteln analysis will conflrm the source of the 

TMV-RNA.- If the source is contamlnating TMV partlcles not washed out 

of the precipitate, then TMV protetn will be readlly detected,as weIl 
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as BSMV protein. If only BSMV protein is detected then the 

washed BSMV antigen-antibody precipitate contained both BSMV-RNA 

and TMV-RNA, but no TMV protein. The slgnificance of that result 

will be the subject of the next section. 

3. Second approach: component analysis of washed antigen-antibody 

precipltates from artificlal or real mixtures 

The preparation of washed antigen-antibody precipitates was 

outlined earlier in table 3. The results of ~ experiments are 

summarised in table 8 and illustrated in figur~27-33. With the 

results of experiment 1 as an example, the explanation of table 3 is 

as follows. Leaf tissue from pooled third and fourth leaves from 

BSMV or BSMV-TMV inoculated plants was collected 20 days after 

inoculation. The percentage of doubly inoculated plants that became 

\ 

doubly Infected was 70%, a figure determined by the microprecipitln 

test. Doubly infected tissue (40 g) was extracted and after an 

analysis of antibody treated samples by quantitati~ sucrose denslty 

gradient centrifugation, It was estlmated that 1 mg of BSMV (40 mg 

total) and 3 mg of TMV (120 mg total) were extracted from each 1 mg of 

tissue. An artlficial mixture was constructed by adding 200 mg of 

THV to the extract prepared from 40 9 of BSMV,infected tissue. This 

provided an artlficial mixture wlth the ratio of BSMV:THV (1:5) greater 

than that ln the real mixture (1 :3). The mixtures were still ln the 

form of clarlfied sap. BSHV antigen-antibody precipitates and TMV 

antigen-antibody precipitates were collected from both mixtures. The 

preclpltates were washed wlth PBS. Allquots of the washed preclpltates 
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Table 8. RNA and protein components detected in antigen-anttbody precipitates from artificial and real 
mixtures of BSMV and TMV. 

Expt. Leaf 

J. 3+4 

~ 

',-

2. • 

2 
~ 

3+4 

Infection % DIa Wt. 
9 

BSMV 40 

BSMVlTMV 70 40 

aS"V 12 
BSMV/TMV NT 13 

BSMV 7.5 
BSMV/TMV 

t 
NT 7.0 

BSMV 7.0 
BSMV/TMV 50 5.0 

mg/gb 

BSMV 

1.0 

1.0 

0.5 
0.5 

1.0 

1.0 

0.75 

0.75 

RatioC mg TMV Ag-Ab RNAd 
P • d roteln 

B:T added ppte BSMV TMV BSMV TMV 

1 :5 200 BSMV + + 
TMV + -+ 

B5"Mve + + 
TMVe 

+ + 

1 : 3 BSMV + + + 
TMV + + 

BSMV + + + 
TMV + + 

5:5 6 BSMV + + 
5: 1 BSMV + + 

4:4 8 eSMV + + 
4: 1 BSMV + + 

J : 3 200 BSMV + . ~ + 
J : 2 eSMV + + + 

.. 
r 

""-J 
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Table 8~ cont1 nued 

Expt. Leaf Infection 

3. BSHV 

BSHVITHV 

2 8SHV 

BSHV/THV 

3 BSHV 
BSHV/TMV 

,. BSMV 
BSHV/THV 

, , , 
1 ,. ,.. 3+4 BSHV/TMV 

5. ,BSMV/TMV 

2 BSHV/THV 

3 BSHV/TMV 

,. BSHV/THV 

% Dl a Wt. 
g 

13 

NT 13 

5 

NT 8 

10 

100 7 

11 

100 11 

50 41 

50 10.0 

50 8.5 

70 8.0 

90 10.0 

/ 

b mg/g 
BSMV 

0.5 

0.5 

1.0 

1.0 

1.0 

1.0 

0.75 

0-.75 

NT 

0.75 

1.5 

1.5 

1.5 

R . 'C at 10 

B:T 

5:5 

5: 1 

3:3 

3: 1 

1 : 2 

1 : 2 

1 : 3 
1: 3 

1 : 6 

7: 1 

2: 1 

1 : 2 

1 : 3 

mg TMV Ag-Ab 
added ppt. 

6 BSMV 

BSHV 

6 BSMV 

BSMV 

20 BSMV 
BSMV 

33 BSMV 
BSHV 

BSMV 

TMV 

BSMV 

BSMV 

BSMV 

BSMV 

e 
/ 

RNAd P •. d roteln 
BSMV TMV BSMV TMV 

+ NT NT 

+ NT NT 

+ NT NT 

+ iio NT NT 

+ NT NT 
CD 

+ + tf NT 

+ NT NT 
+ + NT NT 

+ + + 

+ + 

+ - + 

+ + 

+ + + 

+ + + 
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Table 8. conttnued 

a Dl - doubly infected 
"--

b An approximate value determined by quantitative sucrose density gradient centrifugation, or the 
predicted maximum. 

c For artlfici~l mixtures, the ratio was adjusted by addition of partial1y purified TMV until there 
was an equal amount or excess amount to that in the real mixtures. For real mixtures, the ratio was 
determined as in b. 

e 

d Càmponents detected by polyacrylamide gel electrophoresis of dissociated antigen-antibody precipitates. 

e Antigen-antibody precipitates collected from partially purified mixture~ All other results from 
clarified sap mixtures. 

• 

/' 

4 

\.0 
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were dlssociated in either RNA or protein dissociation buffer then 
~ 

analysed by POlyacrylamide gel electrophoresis. The stained gels are 

Illustrated in figure 27. 

Only the major and minor BSMV-RNA components were detected in the 

BSMV antigen-antlbody precipit~te from the artificial mixture, which 

impl ies that aIl contaminating TMV had been washed out of the precipitate 

(figure 27-A I). In the BSMV antigen-antibody precipitate from the raal 
'j 

mixture, however, a small amount of TMV-RNA was detected as we11 as 

~SMV-RNA (figure 27-A2). The protein analysis of the same precipltates 

Jndicated the presence of only BSMV protein (figure 27-B I 2)' Therefore, , 
both BSMV-RNA and TMV-RNA , but only BSMV protein, were present ln the • 
BSMV antigen-antibody precipitate from the real mixture. In the TMV 

antigen-antibody precipitate from both the artificlal and real mixtures~ 

only TMV-RNA (figure 27-A3,4) and TMV proteln (figure 27-B
3

,4) were 

detected. A single antibody protein was comman to aIl four precipitates. 

The TMV protein standard was overloaded and resolved as a very broad 

band of TMV monomer proteln and, in addition, wh~t was assumed to be 

a small dimer band. 

The vlruses in the artificlal and real mixtures were also partlally 

purlfied and then used to prepare washed antlgen-antibody precipitates 

with BSMV ant,lbady and TMV antibody. The RNA components detected ln 

these four preclpitates are shown in figure 28, where they are compared 

wtth those detected ln equlvalent prectpttates collected from clarified 

sap. Clarlfled sap w~s the only source of precipitates ln subsequent 
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, 
Figure 27. Experiment 1.' RNA and protein components from washed antlgen

antlbody preclpitates from artfficlal and real mixtures of BSMV 
and TMV prepared from leaves 3+4. 

",-

A. 'Stained 2.4% polyacrylamide gels after electrophoresls of 
àntigen-antibody precipitates resuspended ih RNA dissociation 
buffer. 

1. Washed BSMV antigen-antibody precipi tates from the 
artlficial mixture. 

2. Washed BSMV antlgen-àntibody pree i p i ta tes from the real 
mixture. 

3. Washed TMV antigen-antibody prec 1 p 1 ta tes fr.am the 
artlflcial ml xture'. 

4. Washed TMV antigen-antibody precipitates from the real 
mixture. 

S. RNA from BSMV. 

6. RNA from TMV. 

.. 
B. Stained 5% polyacrylamlde gels after electrophoresis of 

antigen-antlbody precipitates resuspended in proteln 
dissociation buffer. 

1. Washed BSMV antlgen-antlbody precipitates from the 
artlflclal mixture. 

2. Washed BSMV antlgen-antibody ptecfpltates from the real 
mixture. 

3. Washed TMV antigen-antibody preclpltates from the 
artlflclal mixture. 

4. Washed TMV antlgen-antibody preclpltates from the real 
mixture. 

5. Protein from BSMV,. 

6. Proteln from THy. 

1 

r 
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The text continues on"page J24, whfch is preceded on page 123 

~y the legend for figure 28. 
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Figure 28. Experlment 1. RNA components from washed anttgen-antlbody 
precipitates from artificial ~nd real mixturei of BSHV and 
TMV prepared from leaves 3+4. Clarlfied sap mixtures compared 
with partlally purified mixtures. . 

Statned 2.4%opolyacrylamide gels after electrophoresls of 
antlgen-antibody precipitates resuspended in RNA dissociation 
buffer. 

1,6 washed BSMV antigen-antibody'preclpitates fr<Om the 
artlficial mixture. 

2,7 washed BSHV antlgen-antlbody preclpltates from the 
real mixture. 

3,8 washed TMV antigen-antibody preclpitates from the 
artlficlal mixture. 

4,9 washed THV antlgen-antlbody preclpltates from the 
real mixture. 

5 RNA from BMV. 

1-4 precipitates collected from clarlfled sap mixtures. 

6-8 preclpltates collected from partlally purifled mixtures. 
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experiments. Thè'results were the same, the import~nt result being 
/ ' 

the detection of TMV-RNA as weIl ,iis BSMV-RNA in the washed BSMV 
. ' 

antïgen-antlbody precipitate ~rom the real mixture (tigure 28-7). 

The"bands in this particulat gel are uneven becau?e the tip of the 

pipette used to layer the ~ample penetrated the top of the gel. The 

RNA from BMV was electrophoresed for comparison. In addition to the 

four expected components, two thin bands of higher molecular weight 

éomponents were r~solved. Their origin Is not kOpwn. 

The quantitative description of the preparative steps for the 

other four experiments will not be described 1 but the values can be 
, 

foupd in table 8 and substituted in the descriptÎ6~ of experiment 1. , 

ln experiment 2, in addition to sampllng leaves 3 and 4 at 20 

days after inoculation, leaves 1 and 2 were also analysed at 7 and 

14 days after inoc~lation re;P~tively. Only small amounts of TMV 

were detected in leaf l,and 2 and 50 correspondingly small quanti tles 

of TMV were used in the construction of artificial mixtures. Only BSMV 

~ntigen-antibody precipitates were analysed (figure 29). Those prepared 

From leaves 1 and '2 contained only BSMV-RNA and BSMV protein, ,whether 

From ~rtlficlal or real mixtures. This was also the result for 
"'" ,- fi 

precl.pitates collected From artiflcial mlxtures)prepared From leaves 
, , -. , 

3 and 4. 'TMV-RNA in ad41tion to BS-MV-RNA, but only BSMV proteih, was 1,1 
~ , 

\.. .. ... ~ é' 

detected again in washed antlgen-antlbody'preclpltates From real mixtures 

prepared From pooled leaves 3 and 4 (figure 29-A2,B2). 

, \ 

/' 

J 
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# 

Figore 29. Experlment 2. RNA and protein components from washed antlgen-

/ 
! 

/1 

1] 
, 

, ' -l' 

• 

antibody precipltates from artiflclal and real mixtures of BSMV 
and THV prepared from leaves 3+~. 

A. Stained 2.4% polyacrylamide gels after electrophoresis of 
antigen-antibody precipitates resuspended in RNA 
dissociation buffer. 

1. Washed BSHV antlgen-antibody preclpitates from the 
artlficiar mixture. 

2. Washed BSMV antlgen-antibody preclpitates from the 
real mixture •. 

3. RNA from THV. 

~. RNA from BMV. 

B. Stalned 5% polyacrylamide gels after electrophoresls of 
anHgen-antfbody preclpltates resuspended ln protein 
dissociation buffer. 

1. Washed BS~V antlgen-antibody precipltates from the 
art i fic 1 al mixture. 

2. Washed BSMV antlgen-antlbody precipitates from the 
real mixture. 

( , 

Protein from BSMV. ' " 3. 1 

~. Protein from THV. 

" 

, . 
. . ~ , 
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ln experlment 3, ail four leaf positions were tested. Onl~ 

the RNA components in BSMV antigen-antibody precipitates from 

artificial and real mixtures were analysed. As before only BSMV-

RNA was detected in preoipit8tes ,from artlficial mixtures prepared 

from tissue from all four leaf positions. This was also true for 

precipitates from real mixtures from leaves 1 and 2. Both TMV-RNA 

and BSMV-RNA were detected in the BSMV antigen-antibody precipitates 
1 

1 

from real mixtures from 1eaves 3 and 4. The TMV-RNA was particularly 

obvlous in the leaf 4 5ample (figure 30-3), more 50 than in experiments 

1 and 2. Experiment 3 was chronological1y the first experiment and at 
~ 

that time co-analysis of proteins had been conceived, but not developed. 

ln the final experiments (descriptively and chronologically 

experiments 4 and 5)', It was decided ~ot to use artlficial mixtures. 

A conslder~ble saving of purified TMV and also antibody was achieved 

by this decision. The combined proteln and RNA ana1ysis of each 

precipitate made the use of artificial mixtures less necessary. As was 

described in part 20 of thls section, the source of any TMV-RNA detected 

in a BSMV antlgen-antibody preclpltate from a real mixture can be 

declded upon by the presence or absence of TMV protein in the corresponding 

protein analysis. 

ln experlment 4, only pooled doubly infected tissue From leaves 

3 and 4 was analysed. TMV-RNA, BSMV-RNA and' BSMV protein were de~cted 
~ 

in washed BSMV antigen-antibody preclpft~tes, and only TMV-RNA and 
. 

TMV prot~ln ~ere detected in washed TMV antigen-antlbody precipitates 

(figure 31). 
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Figure 30. Experlment 3. RNA components from washed antlgen-antlbody 
preclpltates from artlflclal and real mixtures of BSMV and 

rJ TMV prepared from leaf lt. 

" . 

c. 

Stafned 2.4% polyacrylamlde gels after eleetrophoresls of 
antlgen-antibody preelpltates resuspended fn RNA dlssoclatfon 
buffer. ... 

1. RNA from BMV. 

2. Washed BSMV antigen-antlbody pree 1 pt tates from the 
artlflcial mixture. ' 

3. Washed BSMV antigen-antlbody preclpitates from the 
'"'" real mixture . 

.. 
4. Washed TMV antigen-antibody preclpltates from the 

artiflclal mixture. 

5. Washed TMV antlgen-antibody preclpitates from the 
real mixture. 

.. 
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Figure 31. Experlment 4. RNA and proteln components from washed 
antlgen-antibody precipltates from real mixtures of BSMV and 

. "TMV prepared from leaves 3+4. 

Stalne~ 2.4% polyacrylamlde gels after electrophoresis of 
antigen~antibody preclpltates resuspended ln RNA dissociation 
buffer. 

1. Washed BSMV antlgen,-anttbody precipltates from the 
real mixture. 

2. Washed THV antigentantloody prec(pltates from the 
real mixture. ~ 

Stained 5% polyacrylamlde gels after electrophoresls of 
antlgen-antlbody preclpitates resuspended in protein dissociation 
buffer . 

3. Washed BSMV antigen-antlbody precipitates from the 
real mixture • 

• 4. Washed TMV antigen-anttbody precipitates from the 
rea 1 mtxture . 
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ln experlment 5, BSMV antigen-antibody precipitates were analysed 

from al1 four leaf posÏttions from doubly infected plants. BSMV-RNA 

and BSMV protein were detected in the precipitates from all four leaf 

positions. TMV-RNA was detected in the precipitates from the third and 

fourth leaves, but not from the first and second leaves. No TMV pro~ein 

was detected in precipitates from any leaf position, including those 

which contained TMV-RNA (figure 32). The gels il1ustrated in figure 32 

are shorter and wlder than previously illustrated and the RNA bands are 

fainter. These were the gels cast -in quartz tubes which were scan'ned 
. 

at 254 nm before being removed from the tubes to be stained. The bands 

are ft;linter because only 25111, rather th an the standard 501-11, were 

layered on a gel surface with a greater area than normal. Larger quantities 

resulted in off scale absorbance profiles. The protein analysis was on 

standard gels ustng 501-11 sample~. 

A point of interest' is the quality of the BSMV-RNA. The single 

major components detected in samples from leaves 3 and 4 resolved as two 

narrowly spaced bands ln samples from leaves 1 and 2. The splitting of 
, 

the BSMV-RNA major band was also recorded, but not photographed, in the 

leaf 1 sample prepared from artlflclal and real mixtures in experiment 2. 

A single major component was detected in aIl other samples from leaves 

and 2 ln the other experiments. 

The absorbance profiles of the gels illustrated ln figure 32 are 

shown in figure 33. The followlng peaks, correspondlng t~ stalned bands, 

were,detected. The major BSMV peak was half way along the profile and 

to the rlght of thls was the mlnor BSMV peak., The two components ln the 
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Figure 3~. Experiment 5. RNA and protein components From washed antigen
antibody precipitàtes From real mixture of BSMV and TMV from 
leaf 1, 2, 3. and 4, respectively. 

A. Stained 2.4% polyacrylamide gels after electrophoresis of 
antigen-antlbody precipitates resuspended ln RNA 
dissociation buffer. 

1. Washed BSMV antlgen-antibody precipitates From the 
, real mixture from leaf 1. 

2. Washed BSMV ,antigen-antibody precipitates from the 
real mixture from leaf 2. 

3. Washed BSMV antlgen-antibody precipitates from the 
real mixture From leaf 3. 

4. Washed BSMV antigen-antibody precipitates from the 
real mixture 'from leaf 4. 

5. RNA from TMV 

6. RNA from BMV. 

B. Stalned 5% polyacrylamlde gels after electrophoresis of 
antlgen-antlbody preclpltates resuspended in proteln 
dissociation buffer. 

., 

1. Washed BSMV antfgen-antlbody preclpitates from the 
reol mixture From leaf 1. 

2. Washed BSMV antlgen-antibody precipitates from the 
real mixture from leaf 2. 

3. Washed BSMV antigen-antibody preclpitates from the 
real mixture ,from leaf 3. 

4. Washed BSMV antigen-antibody prectpltates from the 
rea1 mixture from 1eaf 4. 

5. proteln From BSMV 

6. prote ln from TMV .• 
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FI9ure 33. Experiment 5. RNA components from washed antigen-antibody 
precfpitates from real mixtures of BSHV and THV prepared 
from leaves l, 2, 3, and 4 respectlvely. 

Absorbance pro'files at 254 nm "f 2.4% polyacrylamlde gels 
after electrophoresis of antlgen-antLbody precipitates 
resuspended in RNA, dissociation buffer. Dlrectiorl' of 
electrophoresls from rlght to left. 

o . .' 

,~ Absorbance basellne after electrophoresis of dissocia~lon , []' 
buffer. 

.. 2. Washed BSHV antfg'èn-antibody precipltate' from tkle real 
mixture from leaf 1. 

0\, , 3. Washed BSHV antlgen-antlbody precipitate from the real 
mixture from leaf 2. 

1 

4. Washed BSHV antigen-antibody preclpltate'from the rea l' 
mixture from'leaf 3. 

5. Washed BSHV antlgen-antibody precipltate from the rea 1 
mlxturè from leaf 4. _/ 

,; 

6. RNA from THV. ~ 
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maj~ peak from the leaf 1 and 2 samples were resolved, but le~s 

r 
clearly than ~ the stained gels. Sorne very minor peaks were resolved; 

t~ese h~d'~lectrophoresed beyond th~ major BSMV-RNA components. They : 

were hot visible in the equlval~nt st~ined gels but similar bands were 

just detectable in the stained gels shown in figure 30. 
. 

TMV-RNA is 

st i 11 absent in leaf 1 and 2 samples" ~s clearly resolved in leaf 
, y 

3 and 4 samples, near the top of the gel. The TMV-RNA peak wa~ super-

imposed upon the to~er ~ecular weight component of the TMV-RNA standard, 

whlch resolved as two peaks. 

, The areas benea!h each of the peaks are proportional to the amount . ' 

of RNA contained in the bands th~y represent, ~nd th~se ar~s were ~ 

, . 
esttmated with a planimeter. The percen.tage of TMV-RNA in the 'tolal RNA 

> ' 

'(BSMV~NA + TMV-RNA) ln antigen precipitated by BSMV antlbody can then 

be estimated. rhe percentages are shown-in table 9, along with the data 
, 

on the qu~ntitative recpvery of. vIrus in the same experiment. 

The RNA components from ~e'leaf 3 ànd 4 samples and the RNA from 

BSMV and TMV were also analysed on 1 inear log sucrose ~~nsity gradiehts 

and.the absorbance profiles of centrlfuged grad}e~ts are shown ln 

figure 34. These results were the same a~ those descrlbed above, but 
• 

presented in a different way. BSMV-RNA resolved as a major peak which 

" had sedimented half-way down the gradients. 
1 

The major BSM~-RNA component 
. 

had a shoulder of slower sedlmen~ing'RNA assocla~ed with ~t. 
'1 

ifhe fa Il ure 

to resoh/e the 6 1 J 1.5 X la minor BSMV-R~A component detected by poly-, . 
acrylamide gel e lectrophor-es 15, which should have sedimented,deeper ~han 

~ 
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Experlment 5. RNA componen~ fram washed antigen-antibody 
preclp,itates from real mixtures of BSMV"and TMV p.repared 
f rom 1 eaves 3 and 4 res pee t-i ve 1 y. "" 

~ 

Absorbance profiles ai 254 nm of lln~ar-Iog sucrose denslty 
gradients "after centrifugation of antig~ntantibody pre'cipitates 
resuspended ln RNA dissociation buffer. tlreç~ion of 
sedimentation from' rlgl:lt to léft. 

1. RNA:;!rom BSMV. 

2. RNA from TMV. 

~. Washed BSMV antigen-antiboQY precipltate'from the 
real mixture from leaf 3 .. 

)~',j Wa~hed .BSMV antigen-antfbody pr.ecipitate from th~ 
real mixture'from leaf 4. ' 

" 

Th~ bars boen~ath the proff l~s' mark the ,zor)es' collected for 
Infectivity.test~. The-numerals bêtween the bars are the 
average numbers of TMV lesjons produced on one leaf of 
Chenopqdium amarantieolor Dy the zone sample. )~ 
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the major component, has also been observed by Jackson and Brakke 

(1973). 
J 

They suggest that the minor component has an unusual con-

formation which results in it co-sediment'Ing with the 1.2 x lé 
, 1 

major ~ornP~nent, in sucrose density gradient cent~ifugation. THV-. 
RNA sedimented about 2/3 the deptn of the gradient. The sampÎes fro~ 

both leaf 3 and leaf 4 contained BSMV-RNA and a small amount of TMV-

RNA. The absorbance areas under these peaks were also measure9 a~d 

oomputed as before and the results are included in table 9. 
," " 

The componen~ From BSHV antigen-antlbody precipitates from real 

mixture~~ whlch nas bee~ dèscribed as THV-RNA,because it co-electro

phor~/ed with T~V-RNA, could foreseeably be an electrophoreti~ artifact. 

The fact that this component also co-sedlmented with THV-RNA in sucrose 

density gradient centrifugation indicates that, I~ .it i~ an ar~ifact, 
~ , 

It must have the same molecular weight and have many othér propertles 
li< 

j 

in corrrnon wTth THV-~~. In the'ne,xt part of 'this section, the componenf 
\ 

• 
, is confirmed.as TMV-RNA by infectlvity. 

'This, the major section of the thesis,' can b~ summarised as follow~. , 

OnJy BSHV-RNA and BSMV proteln were detected'in 9 washed BSMV antlgen
G 

antibody ~recipitates from artificlal mixtures. Four of tnese, before 

washtng, had been contaminated with large amounts of TMV. The washing 
~ 

procedure was therefor-e adequate for the removal of TMV partlcles From , 
BSMV antigen-antibody precipltates. In the three experlmen~5 where 

leaves' 1 and 2, were analysed, the BSHV antigen-antlbody Ilrecipttafes . , 

col1ected from real ~lxtures contalned only BSMV-RNA and BSMV proteln. r 
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Table 9. Experlment 5. Virus recovery and genomlc masklng of TMV-RNA 

-

1 

in different leaves From doubly infected plants. ~ 

.. 
b • d Leafa 

1 
Sampi ing mg virus/g 1 eafc % genoml c 

posJ tion dat~ BSMV TMV masking 

7 0.7 0.1' Oe f 

2 10 1.8 1.0 0 ) .. , 
3 14 LB 3.5' 5.5 4.5 
4 20 1 .• 5 4.5 8.5 8.0 

1 

a 1 is flrst leaf to emerge, inocutated 7 day~ after seedlng. 
2, 3, 4 are successively younger', uninoculated leavd. 

b Days after inoculation of leaf 1. 
/ 

c Oetermlned by q~-titatlve sucrose densitv gradient centrlf~gati0n 
of antibody tr~~ extracts. 

'd ( 
Expressed as percentage of RNA in antigen pr~cfpltated by BS, ~', 
antib~y thit was TMV-RNA. 

f '1 \ 
, ' 1 

.. 1 
e oete~lned From aBsorbance \pràftles'~f'polyacrylamide gels. 

f Deter ined from absorbance prO~ll~~ "Ûf 'lln~a'r~ log suerose 
dens t y gradients. ',' 
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ln each of 5 experiments that analysed leaves 3 and 4, either 

separately or as pooled tissue, the washed BSMV antigen-antibody 
~/ 

preclpitates collected from the real mixtures contained both BSMV-RNA 

and TMV-RNA, but only BSMV protein (proteln was not analysed in one 

experlment). When a quantitative comparison was made between leaves 

3 and 4 (table 9), more TMV-RNA (8% of the total RNA) was detected 

ln antigen precipitated by BS~V antibody from fourth leaf samples 

than from third leaf samples (5% of total RNA). 

The inability of the washing procedure to remove TMV-RNA from 

BSMV antigen-antibody precipitates from the real mixtures, and the 

inabil ity ta detect TMV protein in these same precipitates will be 
~ 

discussed in the conclus 1 o n,si section of part II. Hewever, genomic 

masking of TMV-RNA in BSMV proteip'in Obubly lnfected p1 9nts is t~e 

simplest explanation'of these results. 
/ • , t 

• 1 • 
ln contrast t~ the,above results, ln two analyses, geno~lc masking 

, 
of BSMV-RNA 1 n TMV prote i.n was not deteèted in 1 eaves 3 or ,. from 

. 
doubly. irrfected plants'. 

4. Fi de 1 j ty of genom' ca 11 y' mpsked' TMV- RNA 

ln the,las~ sictio~, the detection of TMV-RNA as weIl as BSMV-RNA 

"l " •• 
in diss9ç~ated BSMV antigen-antibody ,precipitate6 fram real mixtures . . 
.... j, 

was descpibed. tn~ ~MV-RNA was resolvèd in 2.4% 'polyacrylamldè gels 
, .' 

and also in 1 inear log spcrose density gradients • Fract Ions" from 'the ' .. .. 
sucrose density ~radients il1ustrated I~ ftgur~ 34 were col1ected and 

. , 
i' 

\. 

• 1 , 

• 
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inoculated to Chenopodium amaranticolor. The' numbers of lesions 

produced by each fraction are shown in flgu~e 34. The samples which 

produced mo!?t, les ions were those collected from that part of the 

gradient which contained TMV-RNA. This conflrms t~at the unexpected 

component extracted from BSMV antigen-antibody precipitates was 

biologlcally active TMV-RNA. The results of experiments whlch began 

with the les ions produced on ChenopodJum amaranticolor ~ shown in 
l 

. tab le 10. 

TMV particlps 300 nm long were detected in negatively stalned 

extracts prepared from ten les ions induced by TMV-RNA extracted from 
" t 

BSMV antigen-antibody precipitates (genomically masked TMV-RNA). 

~MV particles were also detected in each of five negatively stained 

extracts from lestons induced by normal TMV-RNA. No particle~~were 
1 

detected in each of five extracts from ttssue pieces taken from 

u~nocul~d Chenopodium amaranticolor leaves. 

"" . \, , Other I~sions were also excised, extracted, an_d inoculated to .. 
Nicotlana glutlnbsa and Nicotiana tobàccum . 

• 
The extracts f~àl1), lesions 

'\ 
induced by genomically mask~d TMV-RNA produced'few or no lesioos on 

c Nlcotlana glutinosa, and this was'also true for extracts from leslons 

"'duced by norma'1 TMV- RNA. Th i s cou 1 d be because Che~oPod i UITl.. '~ ~ , 
~ ", ~,." 

amaranticow?r con't~ins an Inhibifor of:~MV i.nfe~tlvity (Suc~blr 'ett;J, 
. 

1964). 'Exf"racts frornhealthy leaves produced no lesions. All the 

extracts,frorn lesions induc.ed by elther genorni ca t1y' masked TMV-RNA Oll' 

1, . 
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Table 10, .. 
eont 'nued \' . 

• produced on Chenopo4Ium~màrant~~10r. 
b' ~ , 

detected by electfon mlcroscopy of negatively 
extrac.ts from leslons' produc.ed on Ctlenopodium 

.• mar.nt icolor. 

staitied . 

e les lon/l~f after inocuJ~t.10n w i th an extraet from 
lesJons produced on C. amaranticoloi. 

.. 

c \' -

d t systemlc Infection after inoculation with"an extract 
frQm lestons produced On-C. amaranticolor 
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e trom systemically infected"tobacco plants. 
• J 

a ter scannlng centrl uge gr lent tuues 
at 254 nm. ' . 

f f' , 'f d~' ... 

g correspon~ing to virus in'~ ntrifuged gradients. 

h twe~ty days arter inoculation with BSHV and 
THV isolates GH1-GMS' 
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,nor~lôTMV-RN~ e,licited a systemic infection ln Nicotia~ tobaccum. 
, . . , 
No infe~tions in tobacco were observed after inoculation wlth healthy , 
tissue extract. 

The symptoms on tobacco were the same, regardJess of the source .' 
of inoculum, and weré typical of those induced by TMV. In tobacco 

plants, theref~re,~re were 10 isolates of TMV derived from 

ge~omically masked TMV-RNA (GM1 - GM 10) and five isolates derived 
• 

from normal TM.V-RNA (NI - ,N
S
)' The yield of vi rus From each of these --. 

15 plants was approximately the same, between 2.0 and 4.0 mg/9 which 

ls a normal value for TMV. 

\ Seven of the partially purified iso~tes of TMV dertved from 

genomically masked TMV-RNA and two of the isoJates derived from normal 

TMV-RNA were diluted to about 0.5 mg/ml and analysed by sucrose denslty 

gradient centrifugation (figure 35). The actual dilutions were such 

as to Indicate the relative recovery of virus from equal amounts of 

tobacco tissue. A preparation of standard TMV, which was es~entially 

unaggregated vi rus, sed i.mented to 'about 213 the de~th of the gr"ad i ent. 

The isolate derived from ,narmal TMV-RNÀ (NI) had an unaggregated com-
.1 

PQnent, but,also a ser,ies of components in different states of 
", 

" 

aggregat i an wh 1 ch ~ed imented progr~ss ive ly further i nto the grad 1 ent. .... 

This is qui~e characterlstic of TMV p~rifted by the polyethylene glycol 
• 

method. The two isola~es derlved fram genomical1Y masked TMV-RNA 

,... (GM1t 2) had the same aggregated quallty. ",. other isolates" analysed 

(GM
l 

- 'fi"7' H2), but liot 111ustrated, a1sol had the same.qual lty"y ~ 

" . . 
,J ~ 

i ~ 

. .. • . ~ 
. \1 

.' 
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~ 
Quallty of TMV derived from genomlcal1y masked TMV-RNA 
ln sucrose density gradient centrifugation. 

Absorbance profiles of 10-40%, linear sucrose gradients 
ln 0.01 M phosphate buffer pH 7.0. Samples were 
centrlfuged for q5 min~tes at 40,000 rpm in a Beckman 
Sw41 rotor. Direction of sedimentation from rlght to left. 

; 
Pure TMV (unaggregated) . 

. 
2 TMV derived from normal TMV-RNA, . 
3,4 TMV derlyed from genomically masked TMV~RNA. 
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~ 

The amount of virus recovered from equal a tObac?o t i SSl.ijil 

by, the absorbqnce 

area corresponding to virus in each absorbance profile. Vlsual 

inspection of the profiles (figure 35) and the actu31 are's determined 

by planimetry (table ID) indtcated that the re.covery of virus, as weIl 

:' as its~uality, ~.as about, the same for ail isolates regardless of sOu~ce. 

Five isolates (GM I - .GMS) dèrived from genomically rnas~~d T~V-R~ .. 

were co-Inoculated with BSMV to barley seedllngs, which were the~ ~rowh' 

to the fourth leaf stage at 300., ExtVaets from fourth leaves from each 
"-..J \ 

of the five sets of barley plants reacted positively with TMV antl~?dy 

I~ the micropreclpltin test. TMV partieles, ~s wèll as BSMV parxieles, , 

were readily detected in nt\9atively sta'ined preparations from t'hese 
;.' 

extracts. 
li) l " 

The p~rtrally purified~ TMV is6lates were also analysed In.OÛChterlony .. , 

double diffusion tests. The results.ar~ shawn Jn'figure 36. Control . , 

reactlons are fllustrated in plate A. Five antigens were used, virus 

solvent ('Water), heal'thy tobacco sap, the purified TMV illustrated"in 
.' 

( figure 35, a partially purified isolate derived From norm&l TMV-RNA , -

\ 

(NI) and a partially 

TMY-RNA (GM I ),' None 

.. 
f>ur.Jf"ied 'isolate derived from genomically masked 

) ~ ~ 
of the antigens reacted posltlvely wlth normal , 

• ', .. -1J 

~erum or BSMV ant~body. Water and.healthy tobacco sap reacted negatively,~ ~ 

wlth both TMY antlbodles tested, but aIl three TMV p~paratlons reactad 

poslt.lvely. With THY antlbody-I, aH TMV prepacations reacted by 

pr6ductn~ a dense pteç~n II~e close to the antlgen weIl. T~e5e 
r 

',' 

1 \ 
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, .. 
Serolosical relatedness of TMV derlved from elther 
genomlcally masked TMV-R~A or normal TMV-RNA. 

Ouchterlony double diffusion plates made·from 1% aga~ 
in 0.01 M phosphate buffer pH 7.2. 

A. ", An t i body we 11 5 

" A TMVantlbody-l 

, B BSMV ant i body 

€ TMVantibody-2 

0 Norma 1 serum 

An t i gen we Ils #0 

, 
TMV from genomlcal1y masked TMV-RNA (GMt) 

2 Tobacco sap 

3 Water 

4 Tobacco sap 

5 Purlfled TMV 

6 TMV from normal, TMV-RNA (NI) 
, 

\' Ant i body we 115 

Row 2 THV ant ibody 
~ 

Row 5 No,rma 1 serum " , 

Ant' gen we f'1 5 • 
Row 1, 4 from' left to ri ght: GM1 ' NI' 'GM2 ' N2, 

GH
3
, N

3
, GH.4'. 

Row 3, 6 from left to rlght; GHS' N4, GM6,' oNS ~ 

f GM7, N6, G~8' 
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lines fu~ed with one another completely. ln addition, a second~ 

precipitin llne formed mid-way between each TMV antlgen weIl and 

the TMV antibody weIl. This second line was absent in the test 

using TMV antibody-2, but the major 1 ine was present. The major 

line close te the antigen wep~ is characteristic'of slowly diffusing 

antigens such as TMV particles. The origln of the minor band using 

TMV antibody-l is uncertaln. It was not a host component contamtnant 

slnce tobacco sap did not react, and the purified TMV should have 

been free of host components. The most Ilkely explanation is that 

TMV antibody-l contained a substantial amount of antibody capable of

reacting strongly wlth fast diff~slng TMV-A protein (Iow' molecular 

, 
J~' 

welght viraI protein aggregates). Such 'a~'t~OdY was presumably absent 

ln TMV antlbody-2 • 

• 
THV antibQdy-l was used in figure 36-8 to test the relatedness 

of the TMV IsoJates derived from~either genomically masked TMV-RNA 

or norma) TMV-'RNA. These two klnds of TMV isolates were placed ln 

alternate antlgen wells as explained in figure 36. It is apparent 

that the preclpltin llnes produced by reaction wlth TMV antibody fused 
; . 

wlth each other completely. Had there been any major serological 

differences between the two klnds of Isolates, thls would have been 

expressed by the for~'tlon of spurs, or preclpltln Jlnes extendlng beyond 

the points of fusion. None were detected • 

.. 
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ln summary, 10 TMV isolates, derived From genomica,lly masked 

THV-RNA Isolated From a BSMV antigen-antibody precipitete, could 
". 

not be distinguished from 5 THV isolates derived from normal TMV-RNA. 

The original genomically masked TMV-RNA inoculum produced les ions on 

Chenop02ium amaranticolor typical of TMV. These les ions contained 

typical TMY-rods. Thé infectivlty extracted From these les ions was 

low; few lesidns were produced on Nlcotiana glutlnosa. This could 

have been because Chenopodium amaranticolor contalns an inhlbitor of TMV 

• Infectlvity (Suckbir et al, 19~4). AlI leslon extracts were able 

to infect tobacco, however, and produced normal symptoms of a TMV 

Infection. The yield of virus From each tobacco plant and the quaJity, 

of the.~artially purifled TMV after sucrose density gradi~nt centri-
~ 

fugation were typical of normal TMV. The TMV isolates derlved trom 

genomically m~sked TMV-RNA, when Inoculated together wlth BSMV, w~re , 

able to infect b,arley grown at 30°. These isolates were alSb 

indistlnguishable From normal TMV in Ouchterlony double diffusion tèsts 

agains't TMV antibody; 

CONCLUSIONS , 

Two methods were used to separate From equlvalent artlflcl~l 'and 

real mixtures of BSMV and TMV. The first TMV by 

pre.:ipltation with TMV antlbody, successfully ellmlnated aIl TMV ,nfectivl,ty 
.\ 

"from BSMV derlved From artlflclal mixtures. The BSMV derlved From equlvalent 

real mlxtur~s, however, retalned,TMV Infectivity when slmllarly treated. . " 

" 
1t1 
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• • 
/ .. 

• 
• ,l 

, . 



-, 

. . 

• 

. ' 

- 146 -

The second methodAWas to eo)leet BSHV f~Qm a mixture in the form of 

a BSH~ antigen-antibody preelpitate. Th~,precipitate was then washed free 

of conta minating TMV partieles. Washed BSMV àntigen~antibody preeipitates 

derived from artifielal mixtures contained BS"MV-RNA but not TMV-RNA, 

indicating that the separatory method was suceessfu1. Washed BSMV antlgen-

antibody precipitates from rea1 mixtures, however, conslstently contained 

BSMV-RNA and TMV-RNA. 

Two different methods, therefore, failed to separate either TMV 

infeetlvity or TMV-RNA from BSMV derived from real mixtures of BSMV and 

TMV, even though separation was complete from equivalent artlficial mixtures. 

One possible explanation for these results Is genomic masking of TMV~RNA 
t ' 

in BSMV protein in doubly infected plants. Such particles would behave , 
/ 

antigenica11yas if/they were BSMV partie1es. They wou1d not be precipitated 

by THV antibody when using the first separatory method and would be left in 

suspension along with normal BSMV. They would then i~part TMV infeetivity 

to the BSMV from real mixtures. Similarly, because genomically masked TMV: 

RNA would behave antigenieal1y as if it were BSMV, it would become part of. 

the BSMV 'antigen-antibod~preeipltate eo11eeted fram real mixtures, when the 

second separatory methpd was used. No amount of washing would remove such 
:. 

;MV-RNA ahd 50, af~er the precipltate was dissoeiated, TMV-RNA and BSHV-RNA 
~ 

wou1d be deteeted. 

, ' Any alternative explanation woyld have to Imply a,major qualitative 
~ 

dlf~enence between quantitatlvely eqülvalent artlflcial and real mixtures . 
• 

~ 

This dl(ference w6uld have·to re~ult in the inabillty of TMV antlbody to 

'-' 

.. . .• 

.. 
• • • • 

, . • 
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1 
precipitate aIl normal TMV from réal mixtures, when using the first' 

method, even though this was possible From artificial mixtures. The 

TMV infectivity associated with BSMV derived From real mixtures woul9 

then be the consequence of norma1 TMV partlcles belng present. Slmtlarly, 

when the second method was used, normal TMV particles would somehow be 
') 

held mor~ flrmly in BSMV àntigen-antibody precipitates from real mixt~res 

than From artlficlal mixtures. 

Confirmat6ry experiments distin9uished between the se alternatiwes. 

The TMV Infectivlty assoclateq with BSMV derived from th~ real mixture was ~ 

neutralised by BSMV antibody, but not by TMV antibody. This is the expected 

~ult. f~r genomlc masking of TMV-RNA in BSMV protein. Had thé sourCe of 

TMV 'nfecttvity been normal TMV particles, the neutralisation results would 

~ave been reversed. Similarl~, even though b&th TMV-RNA and BSMV-RNA were 

detected in washed BSMV ~ntIgen-ant~ody precipltates From real mixtures, 

no TrMV prote in' was detec ted in these prec i pi ta'tes, on ly BSMV prote i n was 

detected. Agaln, this is the èxpected resurt .for genomlc masking of TMV-RNA 

in BSMV prote in. Control experiments demonstrated that the TMV protein would 

have been detected had the source of TMV-RNA been contaminating normal TMV 

part i c1es. 

The conclusion Is ~herefore inescapeable that genomic ~asklng of 

THV-RNA in BSMV, prote}n takes place in doubly infect~d barley pl-~nts. The 

componen t a~a 1 ys 15 0 f .. ashed es MV an t 1 gen -an t 1 body ~rec i P; ta tes an.,... ~ • 
the questi~s ta what extent and ln which leaves thls phenomenon occurred. 

, ' 
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Four 1eaf positions were analysed. Genomic masklng of TMV-RNA was 

not detecteQ ln the Inoc~;ated leaf (leaf 1) or the first leaf to emerge 

after inoculation '(leafl 2) from doub1y infected plants. These leavès 

syntheslse large quantlties of BSHV, but low quantities of THV. It was 

in 1eaves 3 and 4, w~ich synthesise large amounts of BSMV and even larger 
(' J 

amounts of TMV, 'that yenomic masking of TMV-RNA was consistent1y detected. 

ln these leaves,. between 5-8% of the total RNA in BSMV-like partlcles was 
~ 

TMV-RNA, th~percentage ~in9 .hlghest in 1eaf 4, which a1so syntheslses the 
1 

mo~t TMV.,.ThI~ may not represent a maximum peççenta~e, as results of the 

next sect\on wH1 i lluslràte. 

The TH"-RNA whic~ became genomlcal.ly masked was biologlciJlly nprmal. 
. 

It was Infectious and the product of infection was. normal TMV'particles 

ln bath,slngly infected tobacco and 'doubly Infected barley. 

Desplte tne detection of genomic masking of THV-RNA'by BSMV protein, 

the reverse phenomenon, encapsulation of 6SMV-RNA in TMV prot~in, was not 

~~tected when TMV antigen-antibody preclp'tates from real mixtures ~re 
, . 

ana.lysed. " 

, 1 
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SECTION 111. SEED TRANSHISSION FROM BARLEY PLANTS DOU8LY 

INFECTED WITH BSHV AND THV 

1 NTRODUCT ION 

Although the mechanism involved in seed transmission of plant 

viruses are poorly understoéd (Bennett, 1969), the various physlcal 

barriers .proP9sed to account for the lack of transmission of many . . 
viruses; incl~ding THV, d~ not apply in t~e case of BSMV. This 

. , 
v1-rus is readily tr'ëmsmitted,in barJey': 

.. 
up to 100% of seeds set On 

.Infècted plants can transmit the ·virus .. The mechanism of seed 
, . 
trqnsmiss~on of BSMV involves direct infection of the embryo, wlthin 

which virus partlcles hav~ been~bserved by electron microsc~\y of. 

thln secti01'ls of seeds (Carroll, 1972). It i.s possible that virions 

consisting of TMV-RNA wlthin BSHV protein might also form i.n .embryo,s, 
.. 

along wlth rlormal BSMV virions, and these could effect seed transmls-sJon 

of TMV j even If normal TMV ~ould not be transmitted. 

MATERIAlS AND METHODS 

To test thls possibility, double and single Infections of BSHV and 
''\ 
lHV were established at 30 0 in three barJey var1etles, Atlas, Compana 
l , 

and Champlain. When at the four leaf stage, heat Glarified sap from 

the terminal half of fourt~ leaves of BSMV and doubly inoc~lated p)ants 

was assayed for the presence of BSHV and THV by the mlcroprecipltin 



f 

- ~ 50 
1 , 

.. .. 
/' 

test. On'ly- a small vDlume (four drops) of the '.0 ml of cla.MIfied 
,.. 

sap from each leaf was used for t~e microprecipitin test. The remalning 

clarlfied ~ap fram those leaves which proved to be doubly infected was 

pooled and assayed for possible genomr~ masking. An equal volume of 

clarifi~d sap from BSMV fnfected plants to which purified TMV was added 

was used to make an artiflclal mixture (control)", Each mixture was 
) 

halved and from one half' BSMV antigen was precipltated with 8SMV antibody 

and from thè other half TMV antigen was precipitated with TMV antibody. 
, 

These ~ntIgen-antibody precipltates were washed wlth PBS ana flnally 

res-uspended in RNA dissociation buffer. The suspensions, after overnight 

incubation at 10°, were ânalysed by density gradient centrifugation through 

llnear·log sucrose gr.adients to establlsh whether genomic masking was 

detectable in the plants being used in these seed transmission experiments. 

After selection of definitely doubly infected plants, the number 

'of such seedlings was trimmed to one per pot. An equal number of BSMV 

infected and doubly Infected plants were allowed to mature at temperatures 

)ower than 30° which, although necessary for the establishment of good 

double Infections, iS.not compatible with good seéd set. In the case , 
, 

of Atlas, an early maturing varlet y, 9 plants for each treatment were 

transplanted ta 8 'Inch cla9 pots and placed ln a greenhouse Ip mid-May, 

1972. In the case of Champlain and Campana, varleties ~elected for the 

Quebec growing season, 17 and 9 plants respectfvely for eaèh treatment 

/ 

. , ., 

\ 
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transplanted to separate rows in the experimental plot of the 

Plant Pathology Department. Macdonald College on June 5. 1972. 

Each sIngly and doubly lnfected plant' of ail varieties was 

rechecked by the microprecipitin test for the presence of TMV and 

BSMV, once fn July and once in August. The test was on heat-clarlfled 

sap from two young leaves from eac~ plant. 

1 n Septembe r, 1972, seeds were co 11 eoted f rom a II plants and "those 

.f rom eac,h t rea tmen t we re . poo 1 ed . Ouring 1973 the seeds were germinated 
" 

and allowed to grow to the fourth leaf stage at 30°. They were scored 
. 

f()r symptoms of BSMV infection and then heat. clarified sap from selecte~ 

plants or leaves was assayed for BSMV a~d TMV by the microprecipltln test, 

and for TMV by ~culation to twc leaves of Ni:~tlana tobacum var. 

Xanthi or Chenopodium amaranticolor for each samp\e. 

RESUl!S 

1. Establishment of double infections at 30° 

The three varieties Atlas, Compana and Champlain were doubly 

\ inoculated at the one leaf stage and the numbers of doubly Infected 

plants,at the fourth leaf stage were as follows; Atlas 9/18 tested, ( 

Compana '13/62 tested, Champlain 23/56 teS'ted. Samples '"of clarlfled 

sap from doubly Infected plants chose'n for transplantlng (9 Atlas, 

9 Compana, '17. Champlain se~dl ings) ail gave very heavy precipltates 

\ wlth TMV antlbody in the mlcropreclpitln test. Nohe of the BSMV 

infected plants tested were conta~lnated wlth TMV. None of the 

clarlfled sap ~amples from elthèr singly or doubly Infected plants 

gavé preclpltates with normal serum. 
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Tnus, at the time of transplanting, the doubly"infected plants 
J 

selected were heavi1yt infected with both BSMV and TMV for aIl three 

varleties. 

2. Genomic masking at transplanting time 

The RNA species extracted from the washed BSMV and TMV antigen-

antibody precipitates from real' and artificia1. mix·tures prepared from 

clarified sap of fourth leaves from Compana and Champlain are shown 

in figure 37. 

The RNA from the BSHV antigen-antlbody precipitates from arttficfa1 

mixtures from both vari~ties (Al' BI) can be charatterised as only 

BSMV-RNA, consistlng of a major species, sedimenting to about one 

" third the depth of the gradient, and ~ mlnor specles which sedimented 

slightly slower. Similarly, only TMV-RNA, which sedlmented further 

th an BSMV-RNA, was extracted from TMV antigen-antlbody preclpitates 

from both artifjcial (A
3

, B
3
) and real (A4, B4) mixtures from bot~ 

varieties. , Genomical~ ~sked TMV-RNA (arrowed), along wlth BSMV-RNA, 
" 

was extracted from the BS~V antigen-antlbody precrpitate from real 

mixtures (A2, B2) from both varietles. For Compana, the TMV-RNA , 
represented only a smal 1 portion of the total RNA in virions coated 

.. 
with BSMV protein, a level of genomic masklng stmilar to that found 

in Black Hulless. For Champlain, on the other hand, a very htgh 

level of genomtc masktng was dete~ted, slnce môre TMV-RNA than BSHV-, 

RNA was extracted from virions coated ln BSMV proteln. For Atlas, 

no genomlc masklng was detected and 50 the den5lty gradient profiles 

are not shOfoin. 
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Figure 37. levels of genomic masklng ln doubly infected plants used 
for seed transmission tests • 

- , 

d 

. ... 
Absotbance profile~ ~f linear-log sucrose'grédi.nts I~ 
SSC pH 7.0, centrifu~ed for 4 hours at 40,000 rpm' in a 
Sw40 rotor. Directlo~.of sedimentatioh from right to 
left. ) 

0.5 ml of PBS-washed antigen-antibody precipitates ln RNA. 
dissociation buffer were layered on the gradIents before 
centtifugation. Antlgen~an~ibody preclpltates ~ére collected. 
wlth elther BSMV a~tibody or TMV antibody from artlflcial or 
real ~ixtures ln clarified sap ~repared from fourth l~av~s of 
barley. 

" 
A - samples from Compana barley 

B - samples (rom Champl~i~ barley 

·t.- RNA from BSMV antigen-antibody precipltates from' 
artlflcial mixtures. 

2,- RNA From e'SMV élntl~en·antibody preclpitates'from 
real mixtures. The arrow Jndlcates genomlcally 
masked TMV-RNA .. 

3.- RNA From TMV antlgen-antibody precipltates from 
artlflclal mixtures. 

4.- RNA From TMV antlgen-antibody precipltates From 
rea 1 nfi x~ures.. . 

The humeral.beneath each profile indicat~s the position 
'In the gradie'nt From whlc~ a sample was taken for 
~noculatlon to 3 tobacco plants. How many of these 
three that became infected with TMV Is glven by the 
number. ~ . 

• 

• 

, , 
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That part of each of the elght gradients shown in figure 37 

to whicn TMY-RNA would have sedlmented'was collected and inoculated 
-, 

to !hree White Burley tobacco plants, and the subsequent development 
'1 

of a TMY infection wa\ recorded and the results are 9iven I~-figure 

37. 
j .. 

These results indicate t~at th~ absorbance peaks described 
l 

abOYé as TMV-RNA were able to establish TMY infections ln t~bacco. 

cpnfirmihg t~elr identity. This appl ied to TMY-RNA from TMV antigen-, 
, ,\ 

antibody precipitatesf' and also to genomically .masked TMV-ItNA from 

BSMV antigen-antibody pre;iPit~s. Concentration, however, ~ems 

to have been a factor since the falrly large amount of TMV-RNA 

extracted from a11 -four:'TMV antigen-antlbody preclpitates Infected 
, 

al1 three plants in~culated. The lesser amount of genomically masked 

TMV-RNA from Champlaln faiJed to infect one of 'the three plants 

'inoculate~. The ~mal1 amount,of genomical1y masked TMV-RNA from 

Compana was too small t6 be detected Dy inoculation oto tobacco • 

. '" ln sJmmary, in addition ~o havlng establ,fshed double infections 

in al1 three varletles as,stattrng ~atertai for these experiments, 
'. 

, 

in tne ~ase of Compana, and to an,everi hlgher degree in Champlain, 

there was an appreciaP1e affi9unt of genomrc,masking of TMV-RNA 

detectab le j'il t~e doub ly Infeoted prants. 'n Atlas 1 how~ér t no 

. gen~lc masktng wa's detected. . " 

, , 

\ , 

• 1 ., ' 

f 
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3. Maintenance of double infections 

. 4. 

Clarified sap from all singly and doubly infected plants from 

a11 three varleties reacted poS'itively wlth BSMV antibody ln 

microprecipitln tests carrled out one and two months after trans-

planting. However, none of these same samples reacted with TMV 

antibody at either sampling date. Therefor~, TMV appears to have 

stopped replicating in doubly infected barley plants up~n trans· 

planting them fr~m 30° to the greenhous~ (Atlas) or to the field 

(Compana and Champlain). 
, 

Tests for seed transmis~~n of TMV 
\ ' 

The number of seeds har,vested a~e end of 
.' 

the growing'season 

for Champlain, and parti~ularly Compana, was not great, largely 

bécause most seeds had been eaten by birds. , It was possible, however, 

to plant 200 seeds of Atlas and Champlain and 50 seeds of Compana, 
\ 

elther from singly ot doubly infeeted plants (table 1 I).-~or all 

varleties, emergenie was approximately 50% and of these plants 

20-33% developed symptoms of BSMV infection. Taklng Champlain ~s 
,. 

an example, 25 plants from seeds from doubly Infected plants showed 

BSMV symptoms. An equal number,of ll~e plants whlch did not show 

BSMV symptoms were also chosen for analysls. AIl plants were tested 

wlth BSMV antibody and TMV antlbody by the micropreclpltin test 

usfng clariffed'sap from pooled thlrd and fourth leaves as test 

--antlgen. A direct correlation was observed between the presence or 

absence of BSMV symptoms and the presence or absence of BSMV antigen 

\ 
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Table Il. Data on seed 'transmission of BSMV and TMV from doubTy Infected 
barl ey. 

Variety . Parental Seeds Seedllngs Infections detected 
1 nfect Ion. p1anted emerged BSMVa TMVb 

Humber % Humbér 

.. 
Atlas BSMV 200 81 22 28 0 

BSMV & TMV 200 95 29 31 0 

Compana BSMV 50 25 5 20 o . 
BSMV & TMV 50 21 7 33 0 

Champlain BSMV 200 123 27 22 0 "" 

• a 

b 

BSMV & TMV 200 tlO 25 23 0 

• 
Assayed by symptomat~logy and serology. 

Assayed by Infectlvlty and serology. 

in ciarlfled sap. A reactlon with TMV antlbody was not detected 

ln any sample. AlI samples failed to ellcit leslon formation on 

elther ~. tobaccum var. Xanthi, or C. amaranticolor. The same 

analysls was carrled out on first and second leaves from 10 of the 

25 BSMV-Infected or uninfected plants and aga!" no TMV was detected. 
1 • 

Identlcal results were obtalned wlth the 27 BSHV-infected plants and 

the,27 plants selected for thelr Ihealthy appearance grown from seed 

from BSMV infected plants. 

The Campana and Atlas seedlings were analysed as descrlbed for 

Champtaln, and, as ln the tests on Champlain, TMV was not detected 

by serology or lnfe~tivity ln BSMV infected or apparently healthy 

plants grown from seed from singly or'doubly Infected plànts. 

? 
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CONCLUSIONS 

Good double infections of 
t 

BSMV and TMV were establlshed at 30° in 

'" th ree bar ley var i et i es, 'At las, Compana and Champlain. When plants were 

at the four leaf stage, genomlc masklng of TMV-RNA in BSMV protein'was 
• 
detected ln Compana ànd Champlain. The level of genomic masklng was very 

high ln Champlain. No genomic masklng ~as detected in Atlas. 

TMV antlgen could not be detected ln formerly doubly infected plants 

altowed to grow to seed set in the greenhouse or the field. BSMV could 

be detected ln these plants. 5eed from doubly Infected plants of aIl 

three varletles }ransmitted BSMV. TMV was not transmltted through seed 

from doubly infected plants, ln any varletYi elther along with the 

transmi9sl,on of BSMV br ln apparently healthy plants from these seeds . 

.. 

_ 1 
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SUMMARY OF RESWlTS 

t. Direct evidence for double Infection of barley cells wlth 

BSMV and TMV was obtained by electron microscopy of thin 

sections of doubly infected fourth leaves sampled twenty 

days after Inoculation of first leaves. Doubly )nfected 

fourth leaves are known to contain mor~TMv than BSMV. The 

majority of cells from these leaves were doubly Infected. 

2. The only feature unusual to doubly Infected cells was the 

common occurrence of virus-llke part,êles wlth the charac-

terlstlc length of TMV (300 nm) and the characterlstic width 

of BSMV (20 nm). 
, . 

3. Two klnds of TMV Infectlvity were detected ln extracts from 

barley leaves doubly infected with BSMV and TMV. The first 

could be separated From BSMV by incubation of real mixtures 
) 

with TMV antlbody. The second reslsted this treatment. No 

TMV infectlvlty reslstant to TMV antlbody was detected in 

rrtlfictal mixtures of BSMV and TMV. This is evldence for 

genomic masklng of TMV-RNA in BSMV prote In. 

4. Th~ TM~infec~lvlty resistant to TMV antlbody descrlbed above 

was neutralised by BSMV antlbody at the same ttme that BSMV 

Infecttvlty was'neutrallsed by the same treatment. This 

conflrms genomtc masking of TMV-RNA ln BSMV proteln. 

, 

• 
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5. Viral antlgen held withio washed BSMV antigen-antibody 

precipitates, collected from extracts prepared from doubl~ 
• 

Infected leaves, contalned &SMV~RNA and TMV-RNA. Washed 

BSMV antigen~antibody precipitates from equivalent artificial 

mixtures contained BSMV-RNA bût not TMV-RNA. This is evidence 

for genornic masking of TMV-RNA ln BSMV prote in. 

6. BSMV prote in, but not TMV protein, was extracted from washed 

) BSMV antigen-antibody precipitates from real mixtures which 

cont.lned both BSMV-RNA'and TMV-RNA. Only BSMV protein was 

extracted from washed BSMV antigen-antlbody precipitates-<drom • 

artificial mixtures which contained only BSMV-RNA. This 

confirms genomlc maskj~g of TMV-RNA in BSMV protein. 

7. Washed TMV antigen-antibody precipttates from both artlficial 

and real mixtures of BSHV and TMV contalned only TMV-RNA and 

TMV prot;,e.in. There was no evidence for genomic masking of' 

BSMV-RNA in TMV prote in. 

8. Genomic masking of TMV-RNA was not detected in doubly inoculated 

barley leaves (Ieaf~ 1) or in the first leaves to elongate af~er 

inoculation (leaf 2). These leaves synthesised Jess TMV tha~ 
BSMV. Genomic' masklng of TMV-RNA was conslstently detected ln 

" 
lÎeaf 3 and 4. 

. ~ 

These leaves produéed more TMV than BSMV. ln 

one experiment, the approxlmate percentage of RNA wlthln BSHV 
.. 

coat pootein that was TMV-RNA was 4-8% in BSMV prepared from 

doubly Infected Black Hulless barley and 50% in BSMV prepared 

from doubly fnfected Champlain barley. 
\\ 
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'J .. 
, , 

9. Genomtcally masked TMV-RNA was Infèctlous and produ~ed typl.cal 

TMV les ions on Chenopodlum'amarantfco)or. The vi~us produce~ 

in several ~f these leslons was inoculated separately to single 
~ 

tobacco plants. The vi rus produced 

int(stingulshable from normal TMV. 

10. BSMV, but not TMV, was transml tted 

in each t<;lbacco 
~ 

"", 

through the seed 
, 

plant was 

.. . 
~ 

collected' 

y 

• 
from three varietles of barley plants doubly lhfected wlth BSMV 

and TMV. At the fourth leaf stage ail the plants contained both ' 

BSMV and TMV $nd ln two varieties, genomlcally masked TMV-RNA was 

detected. At a later stage of maturlty, BSMV, but not TMV, was 

detected ln the same plants . 

t 
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CLAfMS OF ORIGINAL W9RK 

1. The detectJ on of the RNA of tobaeco mosa 1 c v 1 rus (TM"v) 

encapsulated ln barley stripe mosaic virus (B~MV) protein 
, 

ln doubly Infeeted<barley plants 15 the flrst confirmation 

of genomic masklng between this or any other pair of 

;- structurally dlssimllar, unrelated plant vlruses. , 
2. The first Isolation of genomieaJ ly masked viral 'nueleic acid ,., 

(TMV~~NA) in amounts sufficient for physical characterisation 

and quantification . 

, 

3. The flrst use of dissociated, washed antlgen-antlbody precipitates 

as a separatory tool for the recovery of specifie viral RNA or 

1 protein from mixtures of viruses. 

4. The flrst ultrastruetural analysls of barley cells doubly 

infected with TMV and either BSMV or brome mosafe virus (BMV). 

5. The clearest demonstration to date that vesle les, found ln the 

periplastidial space of chloroplasts from BSMV-infeeted plants, 

are associated with the outer of the two ehloroplast limltlng 

membranes. 

'----- ' 
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DI SCUSS 1 ON <" 

ln the introductron, it was mentioned that the study of double 

~f ...J.. fIl b . f' . 1 n ect Ions 1 S a use u exerc se ecause 1 n ormat Ion about v 1 rus 

behavior c.an sOlT!etimes be found that would escape detection in 

single infections. The subject of this thesis, the encapsulation 

of TMV-RNA in BSMV coat protein in doubly Infected barley plants 

grown at 30°, is one such example. At first sight this would appear 

to be an unusual event, particularly since the NO vir~s are 

1 
unrelated and structurally disslmilar, and 50 a critical discussion 

of the methods used to detect such a particle is in order. 

ln most studies of genomic masking, a key observation is that 

the infectivlty of one virus cannot be separated from the other virus 

following a physical separation of the two viruses from a real, or 

natural, mixture. Separation is complete, however, from an artlfjci~1 

mixture. 

ln thls theslS, TMV lnfectiv.i tv) could not be separated from ~SMV 

derived from doubly Infected barley plants, even though this was the 

case when artificial mixtures were used. Based on this resul t, it 

was predicted that TMV-RNA would also be detected in the BSMV population 

from doubly infected plants, from whlch TMV had been separated, and 

this was the case. Agaln, separation of TMV-RNA from BSMV was complete 

from equivalent artiflcial mixtures. In another double infection study 

ln barley qulte slmllar to this one, Peterson and Brakke (1973) could 

() 

not separate the infectivity of BSMV from brome mosaJc virus (BMV, a 

spherlcal vIrus) derlved from natural mIxtures, whereas separation 

was complete from most àrtlflclal mixtures. On the basts of thts 

i 
( 
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evidence atone, these authors' concluded that genomic masking of 

BSMV-RNA in BMV protein had been detected. They were unable to 

detect BSMV-RNA ln -the BMV population whlch had both BSMV and 

BMV infectivlty assoclated with It because the analytical method 

used, linear-log sucrose density gradient centrifugation, could 

not adequately resolve the RNA componentsof BSMV and BMV wh en only -small quantlties of BSMV-RNA were present relative to the amount 

of BMV-RNA.~ 

ln this present study, the local ~eslon hosts us1f to as say the 

TMV Infectivity assoclated with BSMV from real mixtures, Chenopodium 

amaranticolor and Nicotiana glutinasa, were not infected by BSMV. 

The small amount of TMV infsctivity was therefore readily detected 

and the susceptibility of thls infectlvlty'to BSMV antlserum and 

TMV antlserurp could be studled. In Peterson and Brakke's study the.-~-

BSMV Infectlvity assoclated wlth BMV from real mixtures was assayed 

on barley, a hast infected systemicalty by both BSMV and BMV. Control 

experiments had demonstrated Interference ln barley when the Inoculum 

potentlal .of BMV was hlgher than that of BSMV in a mixed inocutum. 

This resutted ln Ilmlted production of BSMV ln doubly Infected plants. 

Because of this, the authors had to concentrate extracts from the 

assay plants ln arder ta detect the production of BSMV. In that study, 

and ln a parallel study (Morris, 1970)·a serological analysis for the 

presence of BSMV ln the assay plants was negative. 
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Whether the kind of evidence de5cribed 50 far is sufficient 

to prove rather thàn to indicate genomic masking i5 open to question. 

An assumptlon is generally made that If artiflcia1 and rea1 mixtures 

are quantitatively equlvalent, fallure to separate t~ infectivity 

of vlrus-A from virus-B from real, but not artificlal mixtures, is 
, 

a direct Indication of genomic masking·. It is not beyond reason, 

however, to propose that qualitative differences between such mixtures 

might lead to incomplete separation of the two vi ruses from reat 

mixtures even when separation was ~omplete.fro~ artiflcial mixtures. 

The infectivity of vlrus-A assoclated with virus-B derlved from real 

mixtures would t~en be the consequence of contaminant virus-A, rather 

th an genomic masklng of vlrus-A genome. 

ln Peterson and Brakke's study it is difficult to imagine what 

the qualitative pecut larity would be in real mixtures of BMV and 

BSMV that would lead to the presence of Infectious BSMV particles 

in the BMV zone in only reql mixtures after separation of BMV and 

BSMV by suc~ose denslty gradient centrifugation, the separatory method 

used. Even 50, although their resu1ts are best Interpreted as evldence 

for genomlc masking, this interpretatlon has yet to be conflrmed. 

An anatysls for TMV proteln was used ln the present study to 

dlstlnguish between genomic masklng or contamination by TMV particles, 

a~ the explanatlons for the association of TMV infectlvlty and TMV-RNA 

wlth BSMV derived from real mixtures. If contamination by TMV partfcles 

was the exp1a~atlont the TMV protein around such particles wo~d.,make 
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them susceptible to TMV-antiserum .. Incubation with TMV-antiserum 
1 

'did not neutralise the TMV infectivity. likewise, TMV pro~eln, 

as weIl as BSMV prote in, would be detected in a physical a~lysis 

of the BSMV which had TMV-RNA associated with It: TMV protein was 

not detected. Control experiments had demonstrated that the methods 

used to detect TMV-RNA and TMV protein were such that TMy protein 

was always detected in samples in whlch TMV-RNA was detected, if 

the source of TMV-RNA was normal tMV particles. 

If genomic masking of TMV-RNA in BSMV protein was the expla~ation, 

then such partlcles would be preclpitated by BSMV-antiserum. Incubation 
, 

with BSMV-antiserum did neutralise the TMV Infectivity. likewlse, 

only BSMV proteln would have been detected after a physical analysis 

of the BSMV which had TMV-RNA associated with it, and this was the 

case. These two tests confirm that genomic masking of TMV-RNA in BSMV 

proteln is the explanation for the failure to separate TMV Infectivity 

and TMV-RNA From BSMV derlved from natural mixtures of BSMV and TMV 

extracted from doubly Infected barley plants grown at 30° . 
. 

There Is another~ but improbable, exp.lanation for these results, 

whlch Is that TMV-RNA~can be adsorbed on to the surface of BSMV particles 

ln doubly Infected plants. This klnd of explanatlon has not ~een 

mentloned ln any report on -genomlc maskrng or phenotypic mlxlng, but 

It was, consldered by Siegel (1,971) iry-hlS investigation of TMV 

pseudovlrlons. The fallure to offer thls as an explanatlon for results 
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better interpreted as genomic masking is presumably because 

ft Is unlikely that externally adsorbed nucleic acld WQ~JJl be 

able ta survive the method's used for extraction, puriflcatioJ1, .. ---. 
separation and .analysls of the viruses being studied. ~i$gel 

, • r 

(1971) incubated TMV in ribonuclease in a~ attempt to eliminate 
tV" 

hypothet i ca' adsorbed ,RNA. 1 n the present 5 tudy th ih treatln~nt 

'was essentially used, since the vlruses were incubated at qQo for 

1 hour ln plant sap, which contalns ribonuclease, durin~ the 

prel imlnary clarificat ion step. Because 'of thls, and for the 

reasons mentioned above, adsd'rptlon ot TMV-RNA onto tbe sudac,e 

of'BSMV particles is not considereda possible explânation"for the-

resûlts presented in this thesis. 

As mentloned earlier, at first sight genomic masklng between 

structurally dissimilar unrelated vlruses would seem't~ be an 

unusual event, particularly sinie assembly of rod shaped ",truses ... 
1 

such as BSKV and TMV probably involves a spec.ific initia~l.on step. 

Since it has been detected betwe~n TMV-RNA ~n9 BSMV protein, it is 
, ~. 

worth considering the conditions whtch mlght favour this phenomenon. 
l 

" " 
A clear requlrement ls for unassembled TMV-RNA and BSMN proteln' t~ 

be present at a glven time ln afpool, whlch may or may not also 

contaln BSMV-RNA an~ TMV proteln, from whlch.they can be withdrawn 

as partlcle assembly progrésses. Presuma~Jy these conditions are 

best found in doubly lnfected cel1s. If the two vlruses were 
. 

assemb led separate'ly ln dlTferel\t ceH s, fal rly 1 arge sea 1 e transfer 
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of TMV-RNA to BSMV infected cells would have to be proposed. 
, 

Whi le this may not be
o 

impbsS'"ible, the high frequency of doubly 
~. , 

Infected cells detected by electron mlcroscopy.of thirl sections 

of doubly infected leav.es suggests it was in these cells that ) 
genomic masking occurred. 1. 

Specifie recognition of homologous virus proteln by v4('sl 

RNA is probably the major factor which prevents gènomlc masking 

ln doubly infected cel1s. 'If this specificlty were poor, ln vitro 
. ----, 

studies having demonstrated that heterologous assémbly could occur, 
~ . 

then Intracellular compartmental isatlQn of homologous assembly 

would prevent genomic'masking. , 

If genomic masklng is detected, any speclficlty of .1090US 

assembly has been overcQme. One way this could happen woul~be if 

there we~e compartments or envi ronments withfn doubly infected cells 

ln whlch only the heterologous components were present, in this case 

TMV;-RNA and BSMV proteln, whlch are known to assemble in vitro . " 
(Atabekov et al, 1970). Such ,Intraceltular "compartments or environ-. ~ 

mel'lts" could be temporal as...-well as structural. Tl1e repl icat ion 

cycle of BSMV Ilflght be faster thâil that of TMV such that at a glven .. 

time, when' most BSMV-RNA hâd already bee..!'l assembled Into BSMV partlcles, 

excess BSMV proteinomlght ~nteract,~lt~ THV-RNA syntheslsed"prlor to 

the. accumulation of TMV proteln. No Information 15 avat1able on the 

. rates of synthesls oreeStw and THV ln doubly'.Jnfected barley plants • 
• ' !11 

'An, Investigation 9f .rates of synt-hesls needs to be un4ei"takera. 

1 ) 

1 
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ln thé absence of compartmental tsat ion, ,the prod\Jctioh of '8 

lafge quantity of heterologous RNA might be a mechanism for over-_ • 0 

, , -

c~ln9 speclficlty du~lng 'assembly'. This could be the mechanism 
.. 

I~ 'the present system since much more TMV:than BSMV was'p'roduced 

in those leaves in which;'TMV-RNA b.ecàme genomlcal jy masked. If\ 
~ ~ , ~~-

THV' protein is not<>.produced, in any quantlty unti1 after BSMV proteln 
, . 

has accumulated, then the kind.of ratio"of BSMV-RNA : TMV-RNA BSHV 

pl"o~çi,; ml.ght exist whlch results in heteroJo~us,.~as weIl as 

tJmologoCJs,"as's~mbly ~~ (Fritsch et al, 1973). In' that study, 

when the ratio of TMV-RNA : TYMV-RNA : TMV proteln was 1 :10:20, as 

much as 40% ot the RNA in the pr~duct assembled at .pH 7:0 was 

• 
heterologous TYHV-RNA. It Is worth notlng that ln such a system, 

~lther l!!. vitro or l!!.~, the majorlty of the excess heterologous 

R,NA remains unassembled, end could reassemble with Its horflologous 

pr.oteinca~ a later time, or at another site of assembly. The 

mechanism just discussed is a very attractive posslbllity for the 
/ ) 

resul~obtained in this thesis slnce most genomlc masking of TMV-RNA 

was detected in those leaves ln which the ratio of TMV to BSHV was 
. ~ 

the higHest. Further ~xperiments on the corretatJon between the 

amount of genomic masking and the ~atio of THV to BSHV are needed. 

Different leaf positions ln a glven varlet y could be compared. Atso 

barlèy~leties could be used which support ~1fferent levels of 

I~ 

BSMV synthesis. Very hfgh ratios of THV t6 BSHV mlght then be posslbl~ . , , 
ln varletles whlch produce lôw amounts of BSMV, and Infact tKls was , 

" 

, 
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probably the case in Champlain barley in which a very high 

level of genomlc masklng was detected (p 152). 

Fritsch ~!l (1973) also demonstrated that heterologous 

assembly was very efficient ln conditions sub-optimal for 

homologous assembly, even in the presence of homologous RNA, 

when heterologous RNA was in excess. Envlronments ln doubly 

infec~d cells unfavourable for speclflc homologous assembly 

probably do occur, slnce a change from pH 7.0 to pH 6.0 was 
• 

aIl that was required in the ~ vitro study. This suggests 

another mechanism for overeoming the speciflcity of homologous . 
assembl ies. Apart from the brlef report by Atabekov et ~ (1970), 

there is no information on the conditions or component ratips - ~-',.. 

whlch favour heterologous assembly of TMV-RNA and BSHV proteln, 

ln the presence or absence of BSHV-RNA. Some ln vitro studles 

along these llnes are called for. 

The arguments just developed calI for the presence of BSHV-RNA, 

an excess of THV-RNA, and BSHV prote ln, but not THV prote ln, pre-

ferably in conditions unfavourable for homologous BSHV assembly. 

If TMV proteln was also present condltlons would have to be 

unfavourable for homologous TMV assembly, slnee such assembly would 
o 

lead to a lowerlng of the critlcally high concentration of TMV-RNA. 

If, however, ~o TMV proteln at aIl wa6 ~roduced, the" the 

above conditions would be met. lt has been demonstrated that 

genomlc maskfng of the RNA of defectlve stralns of THV occurs readlly 

, 

j 
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ln double infections with competent stralns. The possibilfty 

exists, therefore, that genomic masklng of TMV-RNA ln the present 

study was the consequence of the production of such defectlve 

mutants ln certain doubly infected barley cells. Doubly infected 

plants were grown a~ elevated temperatures 1(30°) which mlght 

favour mutation. The virus produced from genomically masked TMV-RNA 

was biologically and physically the same as normaf TMV. It produced 

normal TMV partlcles ln elther singly infected Chenopodium amarantfcolor 

or, tobacco grown in the greenhouse or in doubly lnfected barley 

grown at 30°. This Indicates that it was not an unusual population 

of TMV-RNA, unable to direct the synthesis of its own protein, which 

became genomically masked . 

• It is Interestlng that genomic maskin9 was unilateral, slnce 

BSMV-RNA was not encapsulated ln TMV prote in. This result supports 

the theory that the mechanlsm for overcomlng specifie homologous 

assembly requires an excess of heterologous RNA. In the leaves which 

were analysed for genomlc masklng of BSkV-RNA (leaves 3 and 4), BSMV 

was not in excess. Genomlc masklng of BSMV-RNA was not analysed ln 
\ 

leaves 1 and'2 whlch produced more BSMV than TMV, but t~is should be 

done •. 

On the basis of thls and man, other studies whlch have demonstrated 

genomlc masklng or phenotyplc mlxlng~ It Is worth êonslderlng how 

slgnlflcant or common such phenome~ mlght be outslde of the laboratory. 

" 
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The main slgnlflcance for plant pathology lies ln dependent vector 

transmission; the transmission of genomical1y masked RNA by the 

vector of the virus which donated the protein capsld. It has been . 
suggested that genomic masking could be a contributory factor in the 

distribution of dtfferent isolates of barley yellow dwarf virus in 

New York State (Rochow and Jedlinskl, 1970). Other slmilar examples 

have yet to be demonstrated but wherever a virus, such as the MAV 

"- tsolate' of B~DV, is conslstently found in double .infectlons wlth 

other viruses, genomic masklng mlght be suspected, partlcularly ff 

the vector of the virus is not known to occur in the area, or if It 

has no known vec to r. 

The Iiterature on ~ vitro and ~ vivo phenotypic mixing suggests 

that thls is an almost predlctable consequence of double infection 

with two closely related virus strains. Natural double Infections 

between closely related strains Is not too llkely, however, because 

of the phenomenon of interference. In fact, tomatoes are deliberately 

infected with a mild straln of THV to protect them against a subsequent 

infection wlth roore severe stralns (Rast, 1972). That this do~s not 

happen wlth the two barley yellow dwarf Isolates studied by Rochow, 

together wlth thè observation that they are serologlcally unrelated 

and have dlfferent specifie vectors in single Infection, Indlcates that 

even though.they are structural1y simllar and produce simllar dlseases, 

they are only dlstantly related and they may even be unrelated (Aapol0 

and Rochow, 1971). 
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ln double Infections between dlstantly related or unrelated, 

structurally similar or dlsslmilar viruses, genomic masking is the 

most likely structural interaction. Double iJlfections with such 

viruses are quite common since Interference between them Is not 

usuallya problem. The observation of Kassanis and Conti (1971) 

that the infectivity of defective THV could not be protected by 

viruses from several different groups of plant viruses other then 

the THV group suggests that genomic masking is not a predlctable 

consequence of double Infectiohs with unrelated vlruses. If this 
<-

is true, then genomic masking is unlikely to be of general signiflcance 

to vector transmission or any other phenomenon Involvlng virus pheno-

types. However, there are three reports of genomic masking between 

unrelated plant viruses (Rochow, 1970: Peterson and Brakke, 1973 and 

the present study) and as Rochow (1972) has pointed out, "the 

phenomenon (dependent vector transmission) could occur as a result 

of interaction among only one infected plant, only one aphid and 

only one phenotyplcally mlxed (genomlcally masked) virus partlcle". 

An attempt was made in the present study to Investigate the 

possible signlflcance of genomic masklng to seed transmission of THV. 

It was postulated that Ilke BSHV, THV-RNA encapsulated in BSMV 

protein might have survlved ln the embryos of barley plants. Seed 

transmIssIon of TMV was not detected, however. ThIs Is not surprlslng 

slnce there was an apparent 10S5 of TMV from ne~sue after transferrlng 
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doubly lnfected plants from 30° to lower temperatures. This, 

together wlth the observation that the frequency of double infection 

onlyapproaches 100% at 30°, requires more attention. 

Although genomical1y masked TMV-RNA was isolated from BSMV 

antlgen-antlbody preclpitates in amounts sultable for physical 

characterisatlon, the genomically masked partlcies have not been 

lsolated in pure form. There is therefore, no direct evidence for 

the morphology of such partlcles, although Atabekov ~~ (1970) 

have presented ln vitro evldence for the most predictable structure, 

a rod shaped partlcle wlth a width of 20 nm, determined by the 

BSMV protein, and a length of about 300 nm, determlned by the slze 

of the THV-RNA. Such particles were searched for deliberately in 

the present study, in thln sections of doubly lnfected cells and 

were, ln fact, readily found, usually slde by slde i~ files either 

free in the cytoplasm or attached to chloroplasts. In plants 

singly infected wlth BSHV, such groups of partlcles were not found, 

although occasional abnormal1y long partlcles dld exist. Although . 
the common occurrence of 20 nm x 300 nm rods in doubly Infected cells 

is indr~ect evidence for genomlc masking of TMV-RNA, electron microscopy 

of thin sections cannot dlstinguish such particles from pairs of BSMV 

partlcles aggregated end to end. Such aggregatlon coutd be the 

conSéquence of double Infection. 
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Aside From genomic masklng, the fine structural studles 

produced three other Interestlng results. The micrographs 

demonstratlng the vesiculatlon of chloroplasts (figure 7) 

provlde clearer evldence for the attachment of veslcies to the 

outer of the chloroplast limiting membranes than the published 
. 

ob~ervation on vesiculatlon associated with BSMV infection 
J 

(Carroll t 1970). Carroll did, however, conclude that this was the 

relatlonship. Secondly, the micrographs of cells doubly infected 

with BMV and TMV or BSMV and TMV demonstrate the remarkable capacity 

of plant cells to support the synthesis of massive amaunts of virus. 

ln the former case, this occurs without the development of severe 

symptoms in the doubly infected plants, and at the u1trastructural 

1 eve l, the ce 11 organe Il ës appea red norma·1. Th i rd 1 y, in comman 

wlth other ultrastructura1 studies on plant ce11s doub1y inf~cted 

with unrelated ~iruses, crystallisation of TMV and BSMV could be 

elther mixed or essentlally separate. Sorne evldenèe was presented 

for a cornrnon Influence on the crystallisatlon of both B5MV and THV 
1 

(f 1 gure 17-A). 

A final point, again unrelated to genomic masklrrg, fs the 

dlfferent degrees of heterogenelty detected for BSMV-RNA. In 
~ 

sorne experlments, the RNA from virus produced in leaves showlng 

acute symptoms (leaves 1 and 2) resolved Into two major components 

of approxlmately 1.2 x I06d and a single mlnor component of 1.5 x 
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106d. From chronfcally fnfected leaves (leaves 3 and 4) of the 

same plants simllar quantlties of BSMV-RNA were resolved Into only 

6 a single major component of 1.2 x 10 d and a single mlnor component 

of 1.5 x 106d. Jackson and Brakke (1973) have reported stralns of 

BSMV whtch have elther one or two major components of about 1.2 x 

106d. The present results fndfcate that either BSMV-RNA can exlst 

as dlfferent numbers of components at different stages of infection, , 
whfch would be,a unique resu1t for mu1tlcomponent viruses, or the ~. 

BSMV Isolate used ln this study was a mixture of stralns, of whlch 

the one wlth the 1east number of components predomlnated ln later 

$tages of Infection. 
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