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Abstract

Barley yellow mosaic virus (BaYMV) causes a disease in winter
barley resulting in up to 40% loss in yield. It was first reported in
England in 1980 and duve to increased winter barley production and the
soil-borne nature of the virus the disease will continue to be
econonmically important until resistant barley cultivars are available.
Little is known about the molecular biology of the virus which does
not apparently fit into any of the major plant virus groupings.

¥ethods have been developed for the transmission, propagation and
purification of the virus and extraction of viral RNA. Particle
structure and cytopathological effects have ©been studied using
electron microscopy. Total single- and double-stranded and polysomal
RNA has been extracted from BaYMV-infected plants and analysed by gel
electrophoresis, Northern blotting and hybridisation to BaYMV-specific
cDNA. Virion and polysomal RNA have been used to direct in vitro
translation systems. Soluble proteins of healthy and BaYMV-infected
plants have been analysed for the presence of 'pathogenesis-related'
(PR) proteins and cultivar- or temperature-dependant gene expression.
Root tissue of infected plants has been investigated for evidence of
virus replication. Recombinant M13 phage clones have been obtained
using cDNA synthesised from template REA enriched for BaYMV RNA.

BaYMV encapsidates two RNA species (=1.35 & 2.7 x10%) which do not
have extensive sequence homology and were not found to Dbe
polyadenylated or infectious. Northern blot analysis revealed four RNA
species in polysomal RNA extracts and at least seven dsRNA species in
infected plants that hybridised to BaYMV-specific cDRA. In vitro
translation of virion RNA produced a number of polypeptides none of
which comigrated with capsid protein. BaYMV infection of barley did
not induce high levels of PR-like proteins.
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1 INTRODUCTION

Barley vyellow mosaic virus (BaYMV) causes stunting of
winter barley and up to 40% loss of yield (INOUYE & SAITO,
1975>. The virus has been known in Japan since 1940 (IKATA
& KAWAI> but has only recently been recorded in Germany
(HUTH & LESEMANN, 1978>, France <(LAPIERRE, 1980)>, Belgium
(MAROQUIN et al., 1982) and the UK (HILL & EVANS, 1980)
where 1its increasing i1incidence 1 a cause for concern.
Recent trends in winter barley production have made Ba¥YMV
an economically important virus and, since it 1s soil-
borne, difficult to control. These factors, along with a
lack of knowledge about the virus have prompted an
increasing interestXhaYMV.

BaYMV bears a superficial resemblance to the potyviruses
with regard to its particle morphology and its ability to
induce cytoplasmic ' pinwheel'~-type inclusion bodies.
However, as noted by HOLLINGS & BRUNT (1981) there seems no
cogent reasén to include BaYMV in <such a homogeneous
grouping until differences 1in mode of transmission,
particle-size distribution and symptomatology are shown to
be insignificant. Hence studies on the molecular
characterisation of &a virus which may merit a new

classification are of considerable interest.

1.1 Discovery and international spread of BaYMV

BaYMV was recorded for the first time in Japan where by
1958 it had become one of the most important diseases of
barley (MIYAMOTO, 1958). The disease appeared to be
restricted to the Far East until 1974 when it was recorded
in Bulgaria. Outbreaks were later reported in the Federal
Republic of Germany (HUTH & LESEMANN, 1978) where by 1979,
in a large area of northern Germany bounded by the cities

of Braunschweig and Géttingen to the east and Kéln and Bonn
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to the west, the virus was found to conmpletely infect more
or less limited areas as large as 1000 ha. (HUTH, 1979).
The rapid increase in number of reporte of the virus, in
West Germany as well as in other parts of Europe, can be
explained at least in part by a greater awareness of and
the ability to recognise the virus. In Germany yellow
patches had been reported in avtumn—sown barley since about
1960 and these patches were subsequently found to be
infected with BaYMV. By 1984 more than one third of all
arable land in northern Germany had become affected (HUTH,
1985).

In 1980 BaYMV was reported in France (LAPIERRE, 1980,
where it appeared to be confined to the eastern half of
northern France and an isolated area south-west of Paris,
and in England (HILL & EVANS, 1980). Most recently in 19682
BaYMV was reported in Belgium (MAROQUIN et al.) where it is
likely to have been present in isolated patches along the
Sambre and Meuse valleys since 1977.

After the first report in England at a site near
Abingdon, Oxfordshire, more than 40 outbreaks were
documented in 1980, mainly 1in East Anglia. Further
outbreaks were recorded in 1981 including the first in the
south~west. By 1982 more than 200 reports had been
confirmed and by 1983 the virus was found to be prevalent
in many parts of the country including the West Country,
the Home Counties, East Anglia, the Midlands, North
Yorkshire, Humberside and the Grampians (CUTTING, 1983).

Even allowing for the fact tha%t- the virus probably went
unnoticed for many years these records reflect a rapid and
widespread dissemination which was undoubtedly expedited by
the soil-transmission, and hence persistence, of the virus

and recent increases in winter barley production.
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1.2 Agropomic Trends

A combination of wunderlying factors has led to an
increase in barley production of 74% over the period 1974~
82 during which time the proportion of autumn-sown barley
has risen from 10 to 40% (GOVERNMENT STATISTICAL SERVICE,
1983>. Similarly winter barley production has more than
doubled in the same period in West Germany (FRIEDT &
FOROUGHI-WEHR, 1985). Autumn sowing spreads the timing of
the cereal harvest, relieving pressure on resources and
allowing early entry for following crops such as ollseed
rape and stubble <turnips or, alternatively, greater time
for soil-conditioning. Autumn-sown barley predominates over
autumn-sown wheat because of its greater yield potential.
Increasingly, malting varieties of barley (traditionally
spring-sown)> have been autumn-sown 1n preference to more
cold-tolerant winter varieties. The higher yield of the
latter 1s compensated for by high malting premium and early
selling time with associated reductions in storage problems
and improvements in cash-flow +though this has 1led to
increased disease-susceptibility and winter losses.

In 1982 in England and Vales, 829 kilohectares of land
were cultivated with winter barley and were consequently at

risk from Ba¥YMV.

1.3 Iransmission

It is now widely accepted that BaYMV has at least one
fungal vector, the plasmodiophoracéous root parasite
Polymyxa graminis (Led.). Evidence put forward by KUSABA et
al. (18715, to support this contention includes: the
acquisition of infectivity by sterilised soil on addition
0of resting spores of the fungus collected from the roots of
naturally infected barley; the stability of infectivity in
resting spores to treatment with 10% Teepol, 5% trisodium

14



orthophosphate, or at pH 2.2, acquisition of infectivity by
virus—free fungus when grown on plants infected with BaYMV
by mechanical inoculation; and the <close correlation
between infectivity of washings from naturally infected
roots and the concentration of fungal spores therein.
Additionally, infectivity was found to be retained in air-
dried soil for over 5 years (YASU & YOSHINO, 1964), though
an alternative explanation for this was put forward by
MIYAMOTO (1959a,b)> who reported infectivity associated with
coil particles of the clay fraction which includes organic
and inorganic colloidal material. Mixtures of sap from
infected plants and scterilised <o0il, kaolin or bentonite
remained infectious for at least & months at 10-15°C. Vhile
the possibility exists of contamination by viruliferous
resting spores from the infected plants (though none were
found) a demonstration of the ability of soll particles to
stabilise infectivity does not rule out a vector role for
Polymyxa graminis in vivo. Indeed there is a growing body
of evidence linking the tranemission of many soil-borne
viruses with zoosporic fungi (for review see BRUNT &
SHIKATA, 1986>. It is not unlikely that Ba¥YMV is
transmitted by other zoosporic root parasites such as
Pythium spp.

An unambiguous demonstration of the ability of
F.graminis to tranemit BaYMV has recently been given
(K.LAING, pers. comm. ). Infectivity was found to be
associated with fungal cystosori isolated from BaYMV-
infected plants and freed from contaminatian by
?ifferential centrifugation and micromanipulation.

Soil-transmission is the only known method of spread "in
the field" as there have been no reports of transmission
through seed, by dodder or by any insect (INOUYE & SAITO,
1975; HUTH, 1985). Spread within and between fields 1is
facilitated by farm machinery leading to elongation of
virus—infected patches along lines of cultivation (HILL &

EVANS, 19804 HUTH, 1984). HUTH (1985) has also proposed
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that high windse can carry s0il dust contaminated with
viruliferous spores over long distances.

Barley <(Hordeum vulgare) is the only susceptible species
known in the field.

Ba¥YMV is transmissible to barley by mechanical
inoculation. The virus is not readily transmissible (INOUYE
& SAITO, 1975) but 1improvements in inoculation procedure
(FRIEDT, 1982) have resulted 1in success rates of up to
100%. Plants were i1noculated at the 3-4 1leaf stage by
rubbing with inoculum consisting of plant sap and various
additives, left in the shade for 24h then incubated at
temperatures of 10/8°C, day/night, with 12h daylength.
Under this regime addition of potassium phosphate (0. O04HN,
pH7) and/or sodium sulphite <(0.1M, pH9> to the inoculum and
repetition of inoculation after 7 days resulted 1in the
first appearance of symptoms in plants after 3 weeks and
maximum infection rates of between 80 and 100% after 5-6
weeks.

Mechanical transmission to any but Hordeum spp. has not
been reported.

Results of recent work by HUTH et al. (1984) and EHLERS
& PAUL (1986) suggest that more than one strain of BaYMNV
exists in Germany at least one o©of which i1is not sap-
transmissible. This work is discussed below (see 1.6).

Mechanical transmission is unlikely to be significant in
the field.

The youngest leaves of BaYMV-infected plants have
chlorotic streaks (1-5mm in 1length) running along their
veins (Figs.3-5) and often exhibit upward rolling of leaf
margine causing an upright, spiky appearance. In the older
leaves of some cultivare (eg. Maris Otter) chlorotic streaks

often become necrotic, particularly at the tip, while other
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cultivars (eg Igri) display an orange-yellow discolouration
with age. Early in the season during onset of stem
elongation at growth stage (GS) 30 (ZADOKS et al., 1974),
affected patches have a yellow or greying and spiky
appearance and by GS 32 stunting is apparent (HILL & EVANS,
1980). The severity of symptoms depends on the cultivar and
environmental conditions, symptoms  not usually being
produced over 18°C (INOUYE & SAITO, 1975)>, appearing in
early epring and tending to disappear as the weather
becomes warmer. Under mild conditions some cultivars (eg
Sonja, Augusta & Dura)> suffer 1less damage but lower
temperatures throughout the growth period lead to height
reductions of up to 50% (HUTH, 1985). Climatic differemnces
could thus explain the apparent resistance of cv. Sonja in
England <(HILL, 1985; PLUMB, 1985) as compared with its
susceptibility in Germany (HUTH, 1985). Infection of
susceptible cultivars, which are generally less cold-
tolerant anyway <(HILL, 1985), may lead to eafly senescence
and increased vulnerability to frost damage and winter
kill. In Germany frost damage due to prolonged cold spells
has resulted in barley being ploughed in.

The degree of damage 1s further influenced by the
concentration of viruliferous spores of P.graminis and thus
the age of the infestation, cropping-history and soil-type,
heavy soils being richer in fungal spores (HUTH, 1985,
HILL, 1985>. It may also be affected by the sowing time,
Folymyxa—infectivity being greater at the higher
temperatures found earlier in the autumn. In a study in
England (PLUMB, 1985), early sowing was found to increase
the proportion of plants infected with F.graminis, the
severity of its infection and the proportion of plants
displaying BaYMV-symptoms throughout +the growing season.
The interpretation of these results is complicated by the
finding that early sowing increased F.graminis infection in
the symptomless plants as well, though of course it is not

possible to distinguish between viruliferous and virus-free
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cystosori. Furthermore HILL, (198%5) found that this late-
sowing attenuation was short-lived and that by March early-
and late-sown plants were equally infected with BaYMV.

The effects of BaYMV on components of yield are
analogously influenced. In Germany regilonal climatic
differences are ascsoclated with differences 1in yield
reduction, greatest reductions being found in areas of
generally lowest temperatures (HUTH, 1985). In a study in
England, PLUMBE (1985) found all components of yield <(height,
grain number, grains/ear, 1000 grain weight and yield) to
be significantly decreased by BaYMV infection in both Maris
Otter and Sonja plants indicating that, when infected, cv.
Sonja is damaged as much as the more susceptible cv. Maris
Otter. In a study in Germany (HUTH, 19&2), yield reductions
were found to be due to lower shoot number rather than 1000
grain weight which actually increased relatively in some
cultivars. The author acknowledged that these results were
from small sample plots and that no account was taken of
winter kill thus biasing the figures towards

resistant/virus-free plants.

1.5 VYarietal Reactions, Resistance and Control

General patterns of varietal reaction to BaYMV that have
emerged after years of trials can be summarised as follows:
- UK malting cultivars of winter barley are universally
- susceptible whilst feed cultivars vary in susceptibility;

- cultivars grown in the UK fall into three Dbroad
categories: very susceptible (eg Maris Otter, Halcyon,
Tipper, Triumph), moderately resistant <(eg Pirate, Gerbel,
Hexa) and resistant (eg Igri, Sonja, Birgit, Athene);

- such groups appear to be related to the breeding
parentage of the cultivar but varietal reaction 1s highly
variable with respect to the proportions of plants infected

and the degree o0f symptom-expression, either because of
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lack of genetic uniformity within one cultivar or erratic
distribution of virus/vector populations;

- resistance is associated with cold tolerance though
susceptibility of some cultivars is increased 1in cold
temperatures, thus cv. Sonja appears resistant in the UK
but susceptible in Germany;

— 1in the UK but not Germany reactions may differ according
to varietal pre-cropping in that cultivars sharing common
parentage are more resistant in fields pre-cropped with
cultivars of different parentage. Thus pre-cropping with
Igri as compared with Maris Otter changed the proportion of
infected plants from 34% to 97% for Maris Otter, 26% to 75%
for Halcyon <(related to Maris Otter), 49% to 28% for Igri
and 35% to 1% for Sonja (related to Igri);

- this effect 1= apparently reverslble by repeated
cropping with another cultivar since Sonja, grown in fields
in which Maris Otter had been grown and infected, showed no
symptoms until the fourth year of repeated cultivation. The
character of a virus or vector population may thus be
changed by selection over a period of only 3 years (HILL,
1985)>.

Attempts at control of BaYMV including deep ploughing,
use of pre-cropping soil-sterilants such as methyl bromide,
diazomet, dichloropropene and formaldehyde, and seed-
dressings and fungicide sprays such as fosetyl-azluminium
(Alliette), have all proved unsuccessful (HILL, 1085>.
Yield 1laoss can only apparently be avoided by growing
resistant cultivars. However, presently recommended
resistant cultivars 1lack other agronomically desirable
characteristics (FRIEDT & FOROUGHI-VEHR, 1985), so breeding
programmes designed to combine resistance with superior
grain quality have been initiliated.

In an evaluation of sources of resistance 1in 480
cultivars and strains in Germany HUTH <(1982) found 6
cultivars with high resistance (Barbo, Birgit, Franka,

Ogra, Hexa and Bison) and a further 23 cultivars, 8 of them
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2-rowed, with intermediate resistance. A similar survey of
800 lines in Japan <(TAKAHASHI et al., 1973) had revealed
one resistant cultivar , "“Mokusekko 3", & Chinese 6-rowed
spring barley carrying a dominant resistance gene Ym 1 on
chromosome 4 "~ ) Japanese breeders succeeded in
transferring this gene into a 2Z2-rowed cultivar which they
named “Resistant-Ym No. 1" (MURAMATSU, 1976)>.

FOROUGHI-WEHR & FRIEDT (1984) crossed resistant 6-rowed
cultivars with susceptible but higher malting quality 2-
rowed cultivars and used the rapid technique of anther
culture to produce doubled haploids of F. progeny which
they screened for resistance by mechanical inoculation.
Their results established that all sources of resistance in
German cultivars can be explained by one or two recessive
genes and that resistance and row-number segregate
independently. A subsequent programme (FRIEDT & FOROUGHI-
WEHR, 1985)> indicated +that +this resistance is probably
determined by a single recessive gene. After confirmation
of the dominance of the Ym 1 gene by crosses between
susceptible German 2-row cultivars and the resistant
"Mokusekko 3" and "Resistant-Ym No.1" cultivars the Ym 1
was introduced into German cultivars carrying the single
recessive gene. The absence of susceptible plants in F. or
Fz progeny suggested that the two genes are either allelic
or that "Resistant Ym No.1" carries an additional recessive
gene allelic to that of the German cultivars. Further work
is necessary but it appears that it 1is paossible ta
introduce a broad basis of resistance into high yielding 2-
rowed cultivars. In the UK such a blend has apparently been
achieved in "Palomino", from Miln Masters. It is described
as a resistant, 2-rowed cultivar with yield between that of
Sonja and Igri.

In the German breeding ©programmes resistance or
susceptibility was assessed by reaction to mechanical
inoculation with BaYMV. Recent reports of at least one

strain of BaYMV that is not sap-transmissible (HUTH et al.,

20



&4, and see 1.

L

1.‘

below: thus have 1important implications.
However, so far all plants found to be resistant to
infection by mechanical inoculation have also proved
resistant in the field,though HUTH (1985) has expressed a
fear that some cultivars may only have strain-specific
resistance.

In summary, one might conclude that two separate factors
are at work influencing the BaYMV-responsiveness of
different  Dbarley cultivars: a non-specific hardiness
associated with cold-tolerance which can be overcome by
prolonged cold periods and a genetically based resistance
which, although usually only found in 6-rowed cultivars at
present, 1is determined by gene(s) 1independent of gene(s)
for row-number. Potential +thus exists for incorporating
these +two favourable characteristics into new breeding

lines.

1.6 BaYMV Strains and Serological Relationships

In 1970 in Japan, an antiserum was raised to a partially
purified preparation of BaYMV which, after adsorption with
healthy plant sap, gave a titre of 1/1280 and reacted with
wheat yellow mosaic virus <(WYMV) and rice mnecrosis mosaic
virus (RNMV) in complementation fixation tests (USUGI &
SAITO, 1970). In similar tests no serological relationship
was found with wheat yellow virus (USUGI & SAITO, 1970) or
soil-borne wheat mosaic virus ((USUGI & SAITO, 1976>. More
recently <(USUGI & SAITO, 1979) BaYMV has been shown to be
serologically related to wheat spindle streak mosaic virus
(WSSMV). Ba¥YMV resembles RNMV (INOUYE & FUJII, 1977>, VYMV
(SAITO et al., 1966), WSSMV (SLYKHUIS, 1976) and oat mosaic
virus (OMV) (HEBERT & PANIZO, 1975) in its soil-=
transmission, particle morphology and ability to induce
cytoplasmic pinwheel-type inclusion bodies and membranous

network structures in infectéd cells. Of the last two named
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viruses, which are prevalent 1in N.America, OMV is not known
to be serologically related to any of the other three
viruses which until recently have been confined to Japan.
There is no evidence for the existence of different strains
of BaYMV in Japan but differences in varietal reaction to
Ba¥YMV have been found (KUSABA et al.ﬁu/TAKAHASHI et al.,
1973>.

In Germany at least three types of BaYMV exist which are
identical 1in particle morphology and symptomatology and
soil-transmission but differ in buoyant density, serology
and sap-transmissibility <(HUTH et al., 1984). One type
(designated BaYMV-M) could be mechanically transmitted and
did not react with the antliserum raised to the Japanese
isolate (BaYMV-J), whereas the other (BaYMV-NM) could not be
so transmitted but did react with BaYMV-J antiserum. BaYMV-
J is sap—transmissible. The third type, designated BaYMV-So
and described only recently <(EHLERS & PAUL, 1986), reacts
with Ba¥YMV-J antiserum and is closely related to BaYMV-NM
but is mechanically transmissible, though with some
difficulty. Of the three types BaYMV-So thus most closely
resembles BaYMV-J.

Using Japanese antiserum +to VWYMV, BaYMV-NM could be
trapped on activated grids but decoration was not observed,
indicating &a serological relationship more distant than
that to Ba¥YMV-J. However field samples o0f barley from
western Germany contained a virus which reacted strongly
with WYMV antiserum in both tests but only weakly with
BaYMV-J antiserum, suggesting <that even more types may-
exist. BaYMV-M did not react with WYMV antiserum and
Japanese antiserum to RNMV did not react with either virus.

Using antisera raised to BaYMV-M alone and a mixture of
BaYMV-M and -NM and the Ba¥YMV-J antiserum, HUTH et al.
(1984) showed that the proportion of BaYMV-M tended to
increase throughout the growing season though there was
great variability in samples even from the same site.

Selectivity by barley cultivars for one type of virus was
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not found. These authors als0o obserwved di

n
m

ferent degrees of
intensity in decoration experiments and proposed mixed
encapsidation with both types of capsid protein to explain
this result.

These data on seroclogical relationshipe present a
confusing picture: RNMV is related to BaYMV-J but not any
of the German 1solates; WYMV antiserum cross—-reacts with
BaYMV-J and, less strongly, with BaYMV-NM and BaYMV-So but
not with BaYMV-M; BaYMV-J is related to BaYMV-NM and BaYMV-
So but not BaYMV-M although BaYMV-J is reported to be sap-
transmissible; additional virus types may exist in German
barley that are more closely related to WYMV than Ba¥YMV
although WYMV does not infect barley. The properties of
BaYMV-M are particularly anomalous in that, despite
resembling other EBaYMV isolates in symptomatology, soil-
transmission, particle-morphology and cytopathology, it
bears no serological relationship to any of them.
Furthermore, plants resistant to infection with BaYMV-M by
mechanical 1inoculation also seem to be resistant to
infection with a mixture of BaYMV-M and BaYMV-NM isolates
in the field. Differences 1in coat protein stability may
explain variations in sap-trancmission (see 1.8 below> but
not the serological anomalies. Further information such as
sequence data is required to show the relatedness of these
two viruses and whether they can both be designated BaYMV.

The 1implications of the existence of strains +to
resistance—-breeding programmes and testing have been
mentioned (1.5, above). At present results of field trials
all concur with those of greenhouse tests using mechanical
inoculation to assay BaYMV-susceptibility <(in HUTH et ail.,
1984>. However, considering the anomalous serological
characteristics of BaYMV-M, it is conceivable that
differemnces in wvarietal behaviour may  emerge. Such
behaviour would help make sense of differences in varietal

reaction as a consequence of pre-cropping though, equally,
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these resulte could be explained by different vector
populations.

HILL (1985) reported that £from 1limited testing it
appears that both types of BaYMV found in Germany are also
found in the UK. Further evidence <(K.LAING, pers. comm.)
suggests that other UK serotypes may exist as well. An
icsolate from Little Clacton, used in this study, and one
from Streatly in Bedfordshire react in ISEM and ELISA tests
with antiserum to BaYMV-M and a mixture of BaYMV-M and —-NNM.
Both are mechanically transmissible so appear to be similar
to BaYMV-M. An isolate from Ipsden in Oxfordshire does not
react with Ba¥YMV-M antiserum and reacts only weakly with
the mixed antiserum in ELISA tests. However in decoration
tests using protein A-gold a positive reaction is seen with
the mixed antiserum. It is mechanically-transmissible with
great difficulty so seems more closely related to BaYMV-NM

or -So.

1.7 Taxonomy

Barley yellow mosaic virus was not included in any
internationally recognised virus grouping until recently
when it was placed in sub-group 2 <(fungal-transmitted) of
the potyviruses. It is similar to potyviruses in particle
morphology and ability to induce pinwheel-type inclusion
bodies, but its soill-transmission and lack of serological-
relationship to any known potyviruses argue against
inclusion in this group. Other soil-borne viruses such
soil-borne wheat mosaic virus and beet necrotic yellow vein
virus (see BRUNT & SHIKATA, 1986) have shorter, more rigid
particles, do not induce cytoplasmic inclusions and s€how no
serological relationship to BaYMV. BaYMV shares many
characteristics with WYMV, RNMV, WSSMV and OMV (see 1.6
above) and common antigenic properties with at least the

first three of these viruses which may thus constitute a
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new wvirus grouping. Unambiguous claseification will not be
possible until more biochemical and molecular data are

available.

1.8 Particle Structure, Composition and Properties

Barley Yellow Mosaic Virus particles are gslightly
flexuous filamentous rods (Fig.1>. They are 13nm in
diameter and have a bimodal length distribution with maxima
reported to be at 275nm and 550nm by INOUYE & SAITO, (1975),
and at 270-289nm and 568-600nm by HUTH et al. (1984), who
aleso found a minor maximum at 855-873nm, a value near to
the sum o0of the other two maxima. Size distributions were
similar from leaf-dip or partially purified preparationse
and, for the German virus, from BaYMV-M or BaYMV-NM.
Negative—-staining sometimes revealed a faint central canal
and indistinct cross—-banding (HUTH et al., 1984).

The uv-absorption spectrum of Ba¥YMV 1s typical for a
nucleoprotein having a maximum at 265-270nm with a shoulder
at 290nm and an A260/280 ratio of 1.14 indicating a nucleic
acid content of 5% (INOUYE & SAITO, 1575). Biwyant density
in caesium chloride 1is 1.294g/ml (USUGI & SAITO, 1976).
HUTH et &al1.. (1984), found two RNA species in partially
purified virus preparations of molecular weights 2.7-2.8
and 1.4-1.5 x 10 as determined by electrophoresis through
2.8% polyacrylamide gels under non-denaturing conditions.
It was not shown whether both species are sufficient or
necessary to cause infection. Sodium Dodecyl Sulphate -
Polyacrylamide Gel Electrophoresis (SDS-PAGE) of denatured
capsid protein from similar preparations revealed a band of
size 35 x 10% as well as bands of molecular weights between
29.5- and 33 x 10¥ which were ascribed to degradation since
their 1levels could be reduced by +the use o0f protease

inhibitors during purification (EHLERS & PAUL, 1986).
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Fig.1 Electron micrograph of BaYMV particles in a leaf-dip

preparation (x100,000).



411 bands ware cshown to be EaYMV-specific by Vestern
blotting experiments which also detected proteines of higher
molcular weight in BaYMV-M extracts. The <significance of
these bands is not known. Coat proteins of BaYMV-NM and -So
were found to be more labile than that of BaYMV-M so
degradation of capsid may explain the poor mechanical
transmission and higher bouyant density of the former.
Virus concentration in plants is low, the dilution end
point Dbeing 1less than 107# (KUSABA et al., 1971O.
Infectivity of dried leaves is retained for two years at 5-
10°€ (MIYAMOTO, 1958)>. Freezing at -22°€ results in about
20% loss of infectivity (FRIEDT, 1982). Thermal
inactivation point and longevity in vitro are not known but
particles purified Dby equilibrium centrifugation 1lose
infectivity within 24h if left in CsCl at 4°€ (USUGI &

SAITO, 1975).

1.9 Relations With Cells and Tissues

Celles of infected plants are characterised by voluminous
cytoplasm containing hypertrophied endoplasmic reticulum
(ER), numerous smzll vesicles, a high ribosome content and
occasionally 1lipid droplets and a high electron density
associated with necrosis (HUTH et al., 1984). Electron
nicroscopy of thin sections of infected leaves reveals
prominent membranous network etructures, cytoplasmic
pinwheel-type inclusions and filamentous aggregates often
several um in length which may represent bundles of virus
particles. These cytoplasmic alterations are found in
mesophyll, xylem parenchyma and epidermal cells of infected
tissue (SAITO et al., 1966, MAROQUIN et al., 1982, HUTH et
al., 1984).

Pinwheel inclusions resemble those o0of ©potyviruses
consisting in cross—section of an axial tubule and more or

less curved arms which, in longitudinal section, are often
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seen associated at one end with ER. Scroil formation has
not been observed.

In some cells highly ordered, sometimes paracrystalline,
three—dimensional membranous arrays of up to 5Sum in
diameter are observed, peripherally continuous with rough
ER. Relatively 1loose "coat of mail" arrayse are found in
cells of plants with mild infections but 1in severe
infections arrays appear more condensed. Differences 1in
cytology may reflect environmental influence.

Similar cytological effects have been found in plants

infected with all BaYMV isoclates.

1.10a Purification of BaYMV

\ There are two published protocols for the purification
of BaYMV, one by Japanese workers (USUGI & SAITO, 1970,
1975, 1976> and the other by German workers (HUTH et al.,
1984). In the former the virus was purified by
clarification with carbon tetrachloride followed by
differential, sucrose density gradient and isopycnic
gradient centrifugation, the 1last 1n caesium chloride.
Optimal yields were obtained using citrate buffer (0.1N,
pH7.0> as opposed to phosphate (0.1M, pH7,0), Dborate
(0.0?SM, pHO. 0>, acetate (0.1M, pHS5.0> or citrate (O;OlM,
pH7.0)> buffers. The virus was said to be stable in carbon
tetrachlaoride but not in chloroform or butanol. Sucrose
_ density gradient centrifugation resulted in two virus
containing zones, the top consisting mainly of short
particles and the bottom of a mixture of both long and
short particles. The bottom zone and mixtures of the two
were made highly infectious by addition of of healthy plant
sap. Equilibrium density centrifugation in caesium chloride
for 20h at 36,000rpm further purified the virue which was
found to have a bfteyant density of 1.2943 and was highly

infectious though storage in caesium chloride for even one
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day entirely destroyed this infectivity. Electron
microscopy revealed a highly pure product with occasionally
some degree of aggregation of the rods.

HUTH et al. (19845, however, found this protocol to be
unsatisfactory in terms of quality and virus yield. They
introduced modifications to reduce the number and shorten
the length of steps during purification as they found BaYMV
had a tendency to aggregate and become insoluble in
elongated protocols. The major modifications weré the use
of only one round of differential centrifugation, through &
30% (w/v> sucrose cushion, and omission of the sucraose
gradient step. The final isopycnic gradient centrifugation
step was retained and yielded a partially purified
preparation suitable for productidn of antisera and the
study of some particle properties. The authors found the
choice of starting material to be critical; green leaves
displaying clear symptoms gave highest yields while older
chlorotic or mnecrotic leaves gave poor results despite
containing more particles, as revealed by ISEM. This
phenomenon is probably due to association and aggregation
of the virus with some host component(s)> found at higher
levels in necrotic tissue leading to loss at one of the low
speed centrifugation steps and anomalous properties in
caesium chloride gradients. This sort of behaviour was
found in preparations containing high ferritin 1levels.
Sucrose density centrifugation was unsuccessful since
breakdown and aggregation 1led to a wide range of
sedimentatian characteristics.

The caesium chloride centrifugation step gave the first
indications of the existence of strains of BaYMV in
Germany. Material from the field produced two closely
spaced opalescent bands whereas mechanically 1inoculated
material only produced one, the upper band. This discovery
led to the further <characterisation which has been
described earlier (1.8&). EHLERS & PAUL (1986) proposed that
degradation of capsid, leading to a lower protein:RNA
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ratio, could account for the ocbserved increase in btipyant
density.

The main problems encountered by the German authors
during purification were the low levels of virus found in
plants, instability and a tendency for particles to
aggregate with each other and host components leading to
insolubility. Aggregation and fragmentation lead to
heterogeneity in sedimentation properties so, from the
information available, it is difficult to understand how
the Japanese authors had any success with sucrose density

gradient centrifugation at all.

1.10b Purification of Rod-Shaped Plant Viruses

It is not unreasonable to expect that virus particles
sharing biophysical and morphological <characteristics
require similar considerations with regard to purification.
Amongst rod-shaped plant viruses the problems of
irreversible aggregation and/or particle fragility are
frequently encountered during the purification of
Hordeiviruses (JACKSON & LANE, 1981), Potexviruses
(PURCIFULL & EDVARDSON, 1981), Carlaviruses (WETTER &
MILNE, 1981), Potyviruses (HOLLINGS & BRUNT, 1981,
Closteroviruses (LISTER & BAR-JOSEPH, i981)> and
“"furoviruses" (BRUNT & SHIKATA, 1986>. Tobraviruses and
Tobamoviruses are relatively stable and easy to purify
(HARRISON & ROBINSON, 1981, VAN REGENMORTEL, 1981).

Aggregation of Hordeiviruses <can be caused by
interaction between polycations and the negatively charged
particles, particularly at low ionic strengths, or with
plant lectins on account of the carbohydrate moieties of
the virus. High ionic strengths (>0.2M) alone also lead to
aggregation so a compromise level must be used. Detergents
help to solubilise particles but at too high concentrations
(>1%> lead to loss of infectivity. This behaviour is not
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particularly important for Hordeivirus purification because
of the large numbers of particles found in plants but is
illustrative of the type of physico-chemical properties
rod-shaped plant viruses can exhibit.

Potexviruses and Carlaviruses both have slightly
flexuous filamentous particles which are prone to
fragmentation and aggregation during purification but
because of their moderate (Carla-)> and high (Potex-)
concentrations in plants these problems have not been
addressed to any great extent. Interestingly, in contrast
to Hordeiviruses, aggregation of Carlaviruses is minimised
by high molarity (WETTER & MILNE, 1981).

Some, but not all, potyviruses have proved difficult to
purify. As with other flexuous rods the major problem is
aggregation leading to insolubility. A number of different
approaches to this problem have been used. Concentration of
virus in the host plant is another important aspect and can
sometimes be manipulated by Judicious choice of propagation
host, though not for viruses such as those of the Gramineae
which have restricted host ranges.

Many different buffers for purification have been used
and 1t appears each virus may have i1its own specific
requirements <(eg low ionic strengths for plum pox virus
(PPV)>, (VAN OOSTEN, 1972) and avoidance of borate for tulip
breaking virus (TBV), (DERKS et al., 1982>). High ratios of
buffer to plant material are universally useful, probably
by dispersing virus and host material, but practical
considerations limit this to 3:1 or 4:1 (ml:g). Additives
such as chelating agents, reducing agents and protease
inhibitors are often helpful. The addition of diethyl
dithiocarbamate  (DIECA), a copper—chelator and Thence
polyphenol oxidase inhibitor, at a concentration of 10mM
doubled the infectivity of PPV preparations (VAN OOSTEN,
1972>, minimised degradation of potato wvirus A (PVA)
(FRIBOURG & DE ZOETEN, 1970)>, and in general 1is probably

useful where necrotic tissue 1is involved. EDTA reduces
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aggregation for some viruses (eg PPV (VAN QOOSTEN, 1672),
PVY (DERRICK & BRLANSKY, 1975)> and watermelon mosaic virus
2 (WMV2) <(in HIEBERT & CHARUDATTAN, 1984)>) but not others
such as araujlia mosaic virus (AuMV) and watermlon mosaic
virus 1 (WMV1) which require divalent cations for particle
stability and solubility (HIEBERT & CHARUDATTAN, 1984). The
most commonly used reducing agent 1s 2-mercaptoethanol
(0.1-1%> but ascorbate, thioglycollate and sodium sulphite
have also been used. Phenylmethyl sulphonyl fluoride (PMSF)
is sometimes added +to inhibit the action of serine
proteases (HIEBERT & CHARUDATTAN, 1984>.

Several different clarifying agents have been used, one
of the most common of which is n-butanol though HOLLINGS &
BRUNT, (19815, found this solvent disruptive for many
potyviruses. Other solvents which have been used are
chloroform and carbon tetrachloride, alone ar in
combination. Clarification with the non-ionic detergent
Triton X-100 proved the most successful method for PPV (VAN
OOSTEN, 1972) and TBV (DERKS et al., 1982), viruses for
which clarification with organic solvents, especially
carbon tetrachloride, 1led to fragmentation and loss of
activity.

Ultracentrifugation and polyethylene glycol (PEG)>
precipitation are +the most widely wused concentration
methods although the former can sometimes cause
fragmentation and the 1latter irreversible aggregation of
potyviruses. However, many potyviruses are stable to one
round of ultracentrifugation, especially through sucrose
cushions, or they can be resuspended from PEG-pellets.
Resuspension of virus pellets has been aided by urea (TOLIN
et al., 1975, SUN et al., 1974, DAMIRDAGH & SHEPHERD, 1970,
THOUVENEL et al., 1976, VAN OOSTEN, 1972)>, EDTA (TOLIN et
al., 1975, BOND & PIRONE, 18715, 2—-mercaptoethanol
(THOUVENBGL et &al., 1976, VAN OOSTEN, 1972, LANGENBERG,
1973> and polyvinyl pyr.olidone (LANGENBERG, 1973>. Further

purification 1is usually achieved by sucrose density
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centrifugation but chromatography on controlled-pore glass
(CPG> columns was successful for pepper veinal mottle virus
(BARTON, 1977) and centrifugation onto a caesium sulphate
cushion gradient was used for AuMV (HIEBERT & CHARUDATTAN,
1984).

Closterovirus particles only reach low levels in plants
and being even longer and more flexuous than potyviruses
are prone to sheering during homogenisation and compaction
during centrifugation (LISTER & BAR-JOSEPH, 1981>. "Mild"
clarifying agents such as bentonite (DUNN & HITCHBORN,
1965, BAR-JOSEPH & HULL, 1974> and Triton X-100 <(KASSANIS
et al. 1977) have often been used. Concentration is usually
by PEG-precipitation and further purification has been
achieved by isopycnic density gradient centrifugation (BAR-
JOSEPH & HULL, 1974) or CPG-column chromatography (BRUNT,
1978). Caesium sulphate 1is preferable to caesium chloride
as a gradient material especially for citrus tristeza virus
(CTV)> which is stable in the former (GONSALVES et al.,
1978)> but not the 1latter (BAR-JOSEPH et al., 1972>.
Recently ~ BAR-JOSEPH et al., (1985), have used
sucrose/caesium sulphate cushion gradients to improve
yields of CTV. Divalent cations are required for particle
integrity of apple chlorotic leaf spot virus (CLSV> (LISTER
& HADIDI, 1971> though at high 1levels (0.1M) are
deleterious. Interestingly particles of this virus are
sensitive to RNase A.

Sucrose/caesium sulphate cushion step gradients have
alsoc been used to purify WSSMV (HAUFLER & FULEBRIGHT, 1983),
a virus sharing many characteristics with Ba¥YMV (see 1.7
above), but little further information is available.

The main difficulties encountered with purification of
"furoviruses" (fungal-borne rod-shaped viruses) are low
concentration in plants ) instability in vitro,
fragmentation and aggregation (BRUNT & SHIKATA, 1986). The
extent of aggregation between virus and. host components is

so great for two of these viruses (potato mop top virus
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(PMTV> and nicotiana velutina mosaic virusg (NVMVJ)) that
they are both sedimented on centrifugation of plant sap at
centrifugal forces as low as 9—12,000x§. This property has
been used in the ©purification of both viruses. Other
members of the furovirus group have been purified by
methods outlined above, or variations thereof, with varying
degrees of succese but 1little comparative work has been
done.

Rod-shaped virus particles thus exhibit a wide range of
those physico-chemical properties relevant to their
purification. Even within a homogeneous grouping such as
the potyviruses there is variation 1in buffer preference,
cation requirements, solvent tolerance, resistance to
ultracentrifugation forces and solubility. It is also clear
that, of the purification methods most commonly used
(sucrose, caesium chloride or caesium sulphate gradient
centrifugation and column chromatography), the technique of
preference is not predictable a priori.

In the case of viruses that are difficult to purify some
methods may be suitable for the purification of virus
capsid, free from host proteins, whereas others may yield
more intact particles suitable for nucleic acid analysis.
Practical considerations also influence choice of method
especially if large amounts of material must be processed.
In such cases a balance must be achieved between simplicity

of method and optimisation of yield.

1.11 Plant Viral Double—-Stranded RNA

Investigations of double-stranded (ds> RNA forms found
in plants are based on the premise that plants not infected
with RNA viruses or virus-like agents do not contain
detectable amounts of homogeneous segments of high
molecular weight (>0.1x10%) dsRNA. In general this
assumption holds true as most dsRNA found in healthy plants
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is of heterogeneous low molecular weight (FRAENKEL-CONRAT,
1983, IKEGAMI & FRAENKEL-CONRAT, 1979, GOULD & FRANCKI,
1981> but there have been two reports of high molecular
weight dsRNAs in apparently uninfected plants. One (GRILL &
GARGER, 1981) is of a factor associated with male sterility
in Vicia faba and the other (WAKARCHUK & HAMILTON, 19&%>
concerns two species of dsRNA, of sizes estimated to be
14.9 and 13.0 kilobase pairs <(kbp), found consistently in
Fhaseolus vulgaris cv. Black Turtle Soup (BTS). The latter
have homology with the genome of the French Bean but their
functional significance, if any, is not known. Other dsRNAs
found in some seed 1lots are probably due to undetected
virus infection +though it 1is not unlikely +that further
host-encoded dsRNA species will be found. Therefore in
studies of plant viral infections proper analysis of
healthy controls is important. However, the absence of
dsRNAs in healthy controls grown from the same seed stocks
as infected plants is a strong indication that dsRNAs are
infection—- 1if not virus-specific.

The value of dsRNA analysis in detection and diagnosis
of plant virus infection has been the subject of a recent
review (DODDS et al., 19845. Methodologies based on
cellulose chromatography (FRANKLIN, 1966) have been
developed so that dsRNA can be extracted and analysed
quickly and sometimes from small amounts of tissue (as
little as 0.5g)>. Techniques are simple, cheap and do not
require special equipment. No knowledge of the identity af
the 1nfectious agent is needed for detection which 1s
possible even in the absence of virions. Diagnosis is based
on the recognition of & gel-electrophoretic pattern of
dsRNA specles characteristic of a particular virus or
group. In most cases studied so far the patterns produced
are complex but consistent and 1illustrate differences
between viruses of different groups (MORRIS, 1983),
eimilarities between viruses of the same group (MORRIS,

1983) and small differences between different strains of
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the ecame wvirus (GILDOW et &a1., 1982>. A comprehensive
catalogue of expected dsRNAs would therefore allow
diagnosis of mixed infections as well.

If sufficiently purified from host nucleic acids dsRNAs
are useful as comparatively stable and accessible sources
of viral RNA sequences. End-labelling with **P as in JORDAN
& DODDS, (1983> provides a source of both (+) and (-) sense
probes without the necessity of virus purification, often a
more complex and difficult procedure than dsRNA
purification. Strategies for the specific molecular cloning
of dsRNAs have been reported though two of them (BOTH et
al., 198z2; IMAI et &l., 1983) have the inherent problem of
keeping the strands apart long enough for complementary DNA
(cDNA> synthesis by the enzyme reverse transcriptase. The
third (SHOTNIKI et al., 1985> employs direct cloning of
dsRNAs in plasmid/bacteriophage vectors by addition of DNA
linkers though there is 1little information available on
this procedure. In vitro trancslation of melted dsRNAs again
has the problem of reannealling during the incubation but
has been reported for the yeast killer-associated dsREFA
(BOSTIAN et al., 198%) and tobacco necrosis virus (TNV)
subgenomic dsRNAs (CONDIT & FRAENKEL-CONRAT, 1979) although
evidence for the 1latter was said <(in 1979)> +to  ©Dbe
preliminary. A more recent attempt to translate melted
tobacco mosaic virus (TMV) dsRNAs was unsuccessful
(PALUKAITIS et al., 1983>. Unlike animal picornavirus
dsRNAs plant viral dsRNAs do not seem to be infectious
unless first denatured (JACKSON et al1., 1971, SHANKS et
al., 1985) but as such could be useful for infectivity
studies when virion single-stranded <(ss) RNA 1s not
available.

Double-stranded RNA species are often referred to as
replicative form (RF) though there is no evidence that they
have this function in vivo. Indeed, partially double-
stranded RNAs with single-stranded tails (sp-called

replicative intermediates, RIs) in a complex with membranes
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and proteins are more likely to be the true replicative
structures within the cell, as has been found for turnip
yellow mosaic virus (TYMV) (GARNIER et al., 1980>. RF may
be a by-product or end-product or even an artifact of
extraction methods. However, the existence of dsRNAs of the
same leng.ith as genomic and subgenomic ssRNAs of many
viruses 4implies that analysis of ds forms gives valid
information on the genome strategies of the viruses
involved. For instance, on extraction of dsRNA from plants
infected with cowpea maosaic virus (CPMV), a viruse whose
gene—-products arise by polyprotein processing rather than
translation of subgenomic RNAs (PELHAM; 1979, GOLDBACH &
REZELMAN, 1983>, no ds forms shorter than genomic length
are found (SHANKS et al., 1985). Tripartite genome viruses
(eg Cucomoviruses) produce dsRNAs for each genomic RNA in
addition to a species for subgenomic RNA-4 and for
satellite RNA when present (KAPER & DIAZ-RUIZ, 1977). For
TMV, a single component virug, four dsRNAs are found, three
0of which appear to be double-stranded forms of polysome-
associated ssRNAs (PALUKAITIS et al., 1983). Other workers
found an additional three (BAR-JOSEPH et al., 1983) or
eight (DAWSON & DODDS, 1982) dsRNA species in TMV-infected
plants and the latter authors found nine "subgenomic"
ssRNAs some of which corresponded in size to some of their
dsRNAs but these ssRNAs were not found on polysomes and all
but the original four ssRNAs <(one genomic and three
subgenaomic) were shown by PALUKAITIS et al. (1983) tao be
electrophoretic artifacts. Similar artifactual bands‘
produced on electrophoresis of mixtures of plant RNA and
viral RNA from tobacco etch virus (TEV) (DOUGHERTY, 1983>
and tomato bushy stunt virus (TBSV) (HAYES et al., 1984)
have been reported. It has become evident that
interpretation of such results 1is impossible without the
appropriate controls. These sorts of effects cannot’howeveq
explain differences in the number of TMV dsRNAs found by
the three groups since purified preparations of dsRNA
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should not contain any plant RNA. The disparity may be due
to the different resolving powers of the gel systems
employed to visualise the dsRNAs or to anomalous behaviour
of some dsRNAs in one or more of the systems.

The structures of RF molecules from two plant viruses
have recently been investigated with a view to elucidating
replication strategy. The terminal sequences found in both
RF-M and RF-B of CPMV were found +to be identical
(LOMONOSSOFF et al., 1985), suggesting a role for these
structures in the replication process. The (=) strands form
perfect duplexes with (+) strands even to the extent of a
poly(U> sequence at 5' ends complementary to poly(A) tracts
on virion 3' ends. This implies that poly(A) tails are
copied from the (-) sense template rather than being added
on later by a host poly(A)-polymerase, a situation that
would explain the lack of eukaryotic polyadenylation
signals in either viral RNA. The 5' ends of both strands
were found to be linked to a VPg, as with polioviruses,
though some RF molecules 1lacked the VPg on their <+
strands. The proposed role of the VPg in initiation of RNA
synthesis (WIMMER, 19082) is in agreement with the
suggestion that such molecules had the VPg removed after
RNA synthesis and were destined for messenger RNA activity
instead of encapsidation.

The double-stranded forms of cucumber mosaic virus
(CMV> RNA-3 and the satellite RNA (CARNA-5) and some RNA-4
dsRNAs contain an unpaired (G) at the 3' end of the ()
strand <(COLLMER & KAPER, 1985) as do many alphaviruses
(WENGLER et al., 1982), thus begging comparison of their
replication strategies. The presence of the unpaired (G) on
CARNA-5 RF suggests that the satellite shares at least part
of the replicative machinery of i1its helper virus. The
finding that some ds formé of RNA-4 (a subgenomic of RNA-3,
coding for coat protein) contain an unpaired (G> on thelr
(=) strand 3' ends implies that not all (+) strand RNA-4

molecules are synthesised on (-) strand RNA-3 templates
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csince in thie case double-strandéd RNA-4 would arise by
degradation of the non-homologous single-stranded region of
the (-) strand. Thus RNA-4 may replicate independently with
its own RF. Alternatively the (-) strand synthesis on an
RNA-4 (+) strand , implied by the terminal (G)>, may be an
aberration induced by the presence of the satellite.
Analysis of the (+) strands revealed that the 3' terminal
(A> of RNAs-3 and -4 and the 5' cap of CARNA-5 are lacking
so these must both be added post—-transcriptionally.

There have been no reports of BaYMV-assoclated ss or
dsRNAs apart from the finding of two encapsidated ssRNAs in
virus preparations (HUTH et al., 1984). An investigation of
dsRNAs found in BaYMV-infected tiésue might yield a method
of detection and diagnosis, with the advantages outlined
above, a potential footprint of the virus to aid in its
classification and in strain comparisons, and a source of
RNA for molecular characterisation without the need for

virus purification.

1.12 REA Plant Virus Genome Analysis

A viral genome must contain all the information required
for infectivity, replication, encapsidation and
pathogenicity within the host plant. The organisation of
this information, ie 'genome strategy', can be investigated
by a number of methods, the most important of which are
probably infectivity studies (in plants and protoplasts),
In vitro translation of viral RNA, identification of viral
RNAs by blotting and hybridisation, and sequence analysis
of viral RNAs or cloned cDNAs. The use of dsRNA analysis in
studies of genome organisation has been discussed above.
Most recently the technique of ‘reverse genetics' has
become available where the effects of In vitro mutation of
cloned full-length cDNAs are studied after RNA

transcription. From such studies it has eﬁerged that in
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t+>-strand RHA viruses genetlc Information is organised and
expressed in different ways and viral RNAs have
characteristic structures that are probably involved in the
expression of the genetic information and/or its
regulation, though not all have known function.

The variety of RNA structures and genome strategies
employed by plant viruses has been reviewed extensively
(ZAITLIN, 1979; LANE, 1979; DAVIES, 1979; HIRTH, 1982; VAN
VLOTEN-DOTING & NEEDLEMAN, 1982 and DAVIES & HULL, 1982).
Viral genes can be contained on a single RNA species or
divided between two or more components. Monocistronic RNAs
can be translated directly but internal cistrons of
polycistronic RNAs must be made avallable for +translation
by the use of subgenomic mRNAs (encapsidated or not) or
readthrough of 'leaky' termination codons producing two or
more proteins from the same RNA region. In some viruses
functional proteins are not synthesised by direct
translation of mRNA but by processing of polyproteins which
are the primary products. More than one of these strategies
is sometimes employed by a single virus.

At 5' ends of viral RNAs different terminal structures
have been found including m7G=' ppps’ caps, di- or
triphosphates and VPgs. Most small, efficient mRNAs have
relatively short 1leader sequences compared to those of
larger genomic RNAs although the lengths do not correlate
with translational efficiency in vitro. Cap structures are
probably involved in translation initiation and VPgs in
inttiation of RNA synthesis but functions for none of the
5' structures are known for certain and structure type does
not correlate with translational strategy. At the 3' ends
terminal structures include tRNA-like sequences that can be
aminoacylated iIin vitro, polyadenylate tracts, neither
structure or both. The tRNA-like structure is almost
certainly involved in replication since it contains signals
directing interaction with replicaée, nucleotidyl

transferase and aminoacyl tRNA synthetase. Polyadenylate
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tracts may afford protection against 3 exonuclease
digestion but probably have other roles. Viral RNAs with 3'
poly(A) sequences usually but not always have 5' VPgs and
use post-translational protein processing. Those with 3°
tRNA-like sequences show 3' sequence homology within virus
groups and conservation of amino acid charging. In general,
however there is little or no correlation between terminal
structures and translational strategy or particle
morphology.

The way 1in which different experimental approaches can
give information on viral genome organisation is Dbest
illustrated with examples. These will be taken from two
virus groups that share certain features with BaYMV:
Furoviruses are fungal-transmitted and have rod-shaped
particles of more than one modal length; Potyviruses are
flexuous rods and induce cytoplasmic inclusions.

Beet necrotic yellow vein virus (BNYVV) and soll-borne
wheat mosaic virus (SBWMV) are possible members of the
newly proposed Furovirus group (ERUNT & SHIKATA, 1986>).
They have particles of three (SBWMV) or four (BNYVV) modal
lengths and contain an RNA species for each length.
Infectivity studies with purified virions of SBWMV showed
the two smaller sizes (0.5 & 0.35L) were not infectious.
Infectivity of 1.0L wvirions may have been due to
contamination with smaller virions (TSUCHIZAKI et al.,
197%>. Using sucrose-gradient purified RNAs SHIRAKO &
BRAKKE (1984a) showed that the SBWMV genaome is bipartite
since 1.0L and one or other of 0.5L and 0.35L RFRAs were
required for infectivity. Of the two smaller RNAs the 0.35L
was proposed to be a deletion mutant of the 0.5L RNA.
Spontaneous deletion was subsequently demonstrated by the
detection of 0.35L virions and RNA in plants originally
inoculated with purified 1.0L and 0.5L RNAs (SHIRAKO &
BRAKKE, 1984b). Infectivity studies with BNYVV RNAs have
not been reported so the significance of the four RNAs is

not known. The two smallest RNAs display length
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heterogenelity 1in

(RICHARDS et al.,

different isolatecs as SBWMV RHNA-Z

1085).

The 3' and 5' ends of both viruses have been examined.
The presence of poly(A) tails on all BNYVV RNAs was
demonstrated by sequencing (PUTZ et al., 1983)  using
wandering spot analysis of RNAs, 3'-labelled with
[65'-==PlpCp and T4 ligase, after electrophoresis and

homochromatography. The absence of such structures in SBWMV
RNAs was suggested by their inability to bind to oligod(dT)>-
cellulose columns or to serve as substrates for reverse
primer (HSU & BRAKKE,
1985a). Determination of the precise 3' ends of these RNAs

transcriptase with o0ligod(dT) as a

awalts sequence analysis.

(m”GpppN> at the 5'

The presence of a cap structure
ends of BNYVV RNAs was indicated by the
the failure to label

[¥y—*=P]1ATP and polynucleotide kinase without

failure to detect a VPg by iodination,
5' ends with
prior treatment with tobacco acid pyrophosphatase and by
DEAE-Sephadex of total RNase P, T=
digests of RNAs labelled at the 5'-end using NaBL®Hl. (PUTZ

chromatography or

et al., 1983). The absence o0of either VPg or cap structure
in SBWMV RNAs was proposed following the failure of
iodination labelling and of w”Gp to 1inhibit in vitro
translation, and the success of labelling experiments using
[¥y—-==P]ATP and polynucleotide kinase after alkaline
phosphatase treatment of RNAs (HSU & BRAKKE, 1985). The
differences between ends of these <two viruses tends to

argue against their inclusion in the same group.
Hybridisation experiments using cDNA copies of SBWMV and
BNYVV the latter sequence
relationships. In Northern blots cDNA from SBWMV RNA-1
hybridised to RNA-1 from other isolates but not to smaller
RNAs. cDNA from 0.5L RNA hybridised to RNAs from 0.4L and
0.35L thus the proposal of their
derivation through deletion (HSU & BRAKKE, 1985%5a). Cloned
cDNAs from BNYVV RNAs 3 and 4 did not hybridise to RNAs 1

(cloned in case) revealed

virions supporting

or 2 ruling out the possibility that they are subgenomic
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messengers derived from the larger RNAs (RICHARDS et al.,
19855, BNYVV RNAs 3 and 4 showed some cross hybridisation
and sequence analysis revealed ©90% homology for their
terminal 200 nucleotides (BOUZOUBAA et al., 1985). Sequence
analysis also confirmed that internal deletions accounted
for length heterogeneity between isolates. Deletions were
within open reading frames which are thus unlikely to
encode essential functions.

In in vitro translation experiments SBWMV RNA-1 directed
synthesis of five major polypeptides of 180K, 152K, 135K,
80K and 45K. The total coding capacity of RNA-1 is 228K so
some products must overlap. The situation i1is similar to
that found for TMV where large products arise 1n vitro
through readthrough of leaky termination codons.
Translation of RNA-2 from all isolates produced a
polypeptide of 19,700 which comigrated with coat protein, a
protein of 28K and another protein whose size varied with
RNA 1length (55K, 66K or 90K for 0.35L, 0.4L & 0.5L
respectively> (HSU & BRAKKE, 1985b). All polypeptides were
immunoprecipitated with antiserum to virus and peptide
mzpping suggested that the two larger products arose from
readthrough. Products appeared 1imn ascending order of
magnitude so the coat protein gene seems to be located at
the 5' end of RNA-Z2 and deletions occur in 3' sequences.
All three proteins were immunoprecipitated from extracts of
SBWMV-infected wheat so the readthrough strategy appears to
operate iIiIn vivo also. Translation of gel purified BNYVV
RNAs showed that RNA-2 encodes a 22K polypeptide that
reacts with antiserum to virus and RNAs 3 and 4 of the F2
isolate direct synthesis of 27K and 33K proteins
respectively (RICHARDS et al., 1085). RNA-1 gave no
detectable translation products. Sequence analysis
confirmed that F2 RNA-3 contains an ORF encoding a 25K
polypeptide and F2 RNA-4 containse an ORF encoding a 21K
protein though it is not known 1f +these proteins are

synthesised in vivo.



T

These two viruses thus employ a split genome strategy

{

with at least coat protein being directly translated from
genomic RNA. There is no evidence for the generation of
subgenomic RNAs or polyprotein processing and products of
SBWMV RNAs arise by readthrough, in vitro at least. SBWVMV
has a bipartite genome as may BNYVV if RNAs 3 and 4 prove
to be satellites but terminal structures are different and
the viruses are not serologically related. These data along
with further sequence analysis and data on other possible
members of the proposed Furovirus group (BRUNT & SHIKATA,
1986> will help in taxonomic assignment.

Studies on the genome strategies of potyviruses have led
to a division of opinion as to whether expression of genes
in the single RNA species (=10kb) is achieved by
polyprotein processing or subgenomic RNAs. Most work has
been done on tobacco etch virus (TEV).

Potyviruses have a single RNA component as shown by
infectivity of wheat streak mosaic virus (WSMV) RNA (BRAKKE
& VAN PELT, 1970) for example. Tobacco etch virus RNA
exists in two populations differentiated by ability to bind
to poly(U)-agarose both of which are infectious (HARI et
al., 1979). The presence of a short poly<(A) tail is not
eliminated by the inability to bind to these columns. TEV
RNA has a VPg at the 5'-end (HARI, 1981).

Potyviruses induce large amounts of inclusion proteins
in infected plants and the <characterisation of these
greatly helped genome analysis. Twa nuclear inclusian
proteins (49K & S5K for TEV) and the-cylindrical inclusion
protein (70K for TEV) were purified and antisera raised
against them.

Translation of TEV RNA in rabbit reticulocyte lysate
(DOUGHERTY & HIEBERT, 1980) yielded a major product of 87K
and five other discrete products. Immunoprecipitation using
antisera to capsid and the inclusion proteins tentatively
identified immunoreactive polypeptides comigrating with

respective antigens in addition to a number of other
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products which were presumed to Dbe due to premature
termination or readthrough. Precipitation of these products
with more than one antiserum allowed a gene map to be
proposed which was 5'-end - 87K protein - 49K nuclear
inclusion protein - 50K protein - 70K cylindrical inclusion
protein - 54K nuclear inclusion protein - 30K coat protein
- 3'-end. The order of appearance of products gave no
indications of polyprotein processing.

KOZIEL et al., (1980) translated TEV RNA in a wheat-
embryo-derived cell-free system and found only a single
polypeptide of 40K. They accounted for this by proposing
that the wheat embryo system was more stringent and did not
allow readthrough.

RNA extracted from TEV virions and from infected plants
was analysed by Northern blot hybridisation to TEV cDNAs in
two separate studies. OTAL & HARI (1983> found ten
subgenomic sized RNAs four of which were found in both
virion RNA and infected tissue. Three each of the others
were found in only one of these. All RNAs were
polyadenylated and products of cell-free translation of
these RNAs comigrated with known viral polypeptides so a
role for subgenomic mRNAs in TEV replication was proposed.
In the other study (DOUGHERTY, 1983) similar experiments
again revealed less than full-length RNAs 1in infected
tissue but reconstitution experiments using healthy plants
and TEV virions or RNA suggested these were electrophoretic
artefacts. Only one polyadenylated viral RNA <(of genamic
length) was found. Translation of polyadenylated RNA
produced a slightly different set of polypeptides from the
previous study by DOUGHERTY & HIEBERT (1980) but the 87K
and 49K proteins were present along with a 120K protein
that reacted with cylindrical inclusion antiserum and an
85K protein that reacted with antisera to both capsid
protein (30K)> and the 55K nuclear inclusion.

Northern blot hybridisation of polysomal RNA from

soybean mosaic virus (SMV) revealed a single species of

45



genomic length (VANCE & BEACHY, 1984a). These workers also
found evidence for protein processing in vitro (VANCE &
BEACHY, 1984b)> *and the presence of the <esingle genomic
length RNA on polysomes cuggested the same mechanism of
gene expression in vivo. Many other RNA viruses that have
5' VPgs and 3' poly(A> tails employ this strategy and
further evidence for processing in potyviral gene
expression was provided by sequence analysis of the 3
terminal 2324 nucleotides of TEV ¢DNA <(ALLISON et al.,
1985). The sequence begins with an open reading frame of
2135 nucleotides and contains an untranslated region of 189
nucleotides adjacent to a polyadenylate tract. Thus the
initiation codon is upstream of the sequence. Sequencing of
the N-terminal of capsid protein allowed location of the
start of its gene at amino acid -263 (nucleotide -974> thus
indicating that maturation of capsid requires cleavage of a
larger precursor. This could be either the 85K protein seen
among translation products or a single protein consisting
of the entire coding capacity of the TEV genome. Sequence
analysis of the rest of TEV RNA will help to decide this
question.

These studies illustrate the difficulties in
interpretation of data from some experiments and show that
certain in vitro techniques can realise different results
in different laboratories. In the analysis of viral genome
strategy it 1is therefore important to utilise as many

techniques as are available.

1.13 Pathogenesis—Related Proteins

Infection of plants with viruses, viroids, fungi and
bacteria is often accompanied by the expression of novel
soluble proteins. First found in tobacco, similar proteins
have now been detected in 16 dicotyledonous species (VAN

LOON, 1985). They are not pathogen-specific and are often
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inducible by chemical agents, indicating they constitute a
host response, and have come to be known as pathogenesis-
related <(PR)-proteins. PR-proteins are characteristically
of low molecular weight but can be separated in native
polyacrylamide gels ©because of charge differences. In
tobacco pls vary from 4.0-7.5 (PIERPOINT, 1983> and 1in
tomato P14 has a pI of 10.7 (CAMACHO-HENRIQUEZ et al.,
1983>. They are selectively extractable at 1low pH (VAN
LOON, 1975), occur mainly in the intercellular fluids
(PARENT & ASSELIN, 1984) though are not peroxidases,
ribonucleases, proteases or phosphatases (VAN LOON, 1985)
and are resistant to a variety of proteases (PIERPOINT,
1983)> though are not protease inhibitors (PIERPOINT et al.,
1981). |

PR-proteins are also found in healthy tobacco plants at
the onset of flowering <(FRASER, 1981), in callus (ANTONIW
et al., 1981) and crown gall tissue (ANTONIV et al., 1983)
and can be induced in cucumber and cowpea by plasmolyesis
(WAGIH & COUTTS, 1981>. A number of chemical agents are
also capable of inducing PR-proteins including polyacrylic
acid (GIANINAZZI & KASSANIS, 19745, benzoic acid
derivatives (WHITE, 1974), plant hormones (VAN LOON, 1977)
and culture filtrates of ©pathogenic fungi (MAISS &
POEHLING, 1983) and bacteria (LEACH et al., 1983). Their
induction by ethylene suggests a participation in a stress
response since ethylene production is itself a stress
response acting to stimulate aromatic biosynthesis which
may be mimicked by benzoic acid derivatives.

PR-protein induction is inhibited by protein-synthesis
inhibitors and ©pulse-chase experiments suggest '“COz
incorporation is due to de novo synthesis rather than
turnover (PIERPOINT, 1983). In N.tabacum c¢v Xanthi-nc
induction is not inhibited by RNA synthesis inhibitors and
in vitro translation of mRNA from healthy plants leads to
the synthesis of polypeptides precipitable by PR-protein

antisera implying translational control of expression (CARR
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et al., 19682>. Conversely, in c¢v. Samsun NN 1in vitro
translation and Northern blotting experiments using cloned
probes showed a >100-fold induction of PR-protein mkNA on
TMV infection <(HOOFT VAN HUIJSDUIJNEN et al., 1985,
implying a transcriptional level of control.

Tobacco PR-proteins la, b & ¢ have been purified and
shown to be polypeptides of =15K. They show serological
cross-reactivity with each other and with cowpea and tomato
PR-proteins (NASSUTH &  SANGER, 1986). Cloning and
sequencing have shown 90% homology between PR1 proteins and
60% amino acid homology between PR1b and tomato P14
(CORNELISSEN et al., 1986a). Tobacco PR1 protein mRNAs have
leader sequences consistent with their extracellular
location and sequence analysis revealed abundant trypsin
and chymotrypsein sites which are presumably ilnaccessible in
native proteins. TMV infection induces at least five other
mRNA families +three of which code for ©polypeptides
precipitable by PR-~protein antisera (HOOFT VAN HUIJSDUIJNEN
et al., 1986>. One of these is highly homologous to
thaumatin, the sweet~tasting protein from Thaumatococcus
danielli Benth (CORNELISSEN et al., 1986b>.

The functions of PR-proteins are not clear.
Accumulation to high levels at lecion margins and 1lower
levels in uninoculated leaves in which fewer lesion develop
on challenge inoculation has been taken as evidence for
their participation in virus 1localisation and a role in
systemic acquired resistance (VAN LOON, 1975). Chemical
induction of PR-proteins also leads to acquired resistance
and both PR-proteins and resistance are confined to the
treated 1leaf. Ethylene treatment leads to PR-protein
production and systemic acquired resistance which are not
limited to the treated leaf. In the interspecific hybrids

N.glutinosa x N.debneyi, amphidiploids express a PR-protein

)
and exhibit resistance constitutively <(AHL & GIANINAZZI,
1982>. When such hybrids are used as root stock, scions

express their own PR-protein constitutively suggesting that
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a mobile compound, constitutive in the hybrids, is inducing
PRs in the scions (GIANINAZZI & AHL, 1983). One
interpretation is thus that infection causes ethylene
production which stimulates aromatic biosynthesis and one
such compound, which is mobile and mimicked by benzoic acid
derivatives, induces PR-proteins and hence resistance.

However PR-protein induction and systemic acquired
resistance may be separate effects. Resistance in tobacco
is manifested before PRs can be detected and PRs are not
sufficient for virus 1localisation (FRASER & CLAY, 1983>.
Similar discrepancies have been found in cowpea and
cucumber (COUTTS & WAGIH, 1983). Furthermore 1in tobacco
plants containing +the N gene, which 1s temperature
sensitive, when PRs are induced by TMV infection at 20°C
their presence is not sufficient to prevent systemic spread
of the virus upon a temperature shift +to 30°C. Thus
additional factors seem to be necessary for virus
localisation.

In an 1investigation of +the proteins found 1in the
intercellular fluid of stem rust-affected wheat and barley
(HOLDEN & ROHRINGER, 1985) it was concluded that the novel
proteins found were probably of fungal origin. There have
been few other such studies and no reports of PR-proteins
in monocots. Such considerations prompted a study on the

presence of PR-like proteins in BaYMV-infected plants.
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The following abbreviations are used:

dH:0
BSA
SDS
SboC
EDTA
EGTA

distilled water

bovine serum albumin

sodium dodecyl sulphate

sodium deoxycholate

ethylenediamine tetracetic acid

ethylene glycol bis(2-aminoethyl ether) N,N'-tetracetic
acid

tris(hydroxymethyl)aminomethane
N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid
isopropylthio-f-D-galactopyranoside
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
dithiothreitol

polyethylene glycol

trichloroacetic acid

N,N'-tetramethyl ethylenediamine

ammonium persulphate

phenylmethyl sulphonyl fluoride

methylmercuric hydroxide

deoxyadenosine triphosphate

deoxycytidine triphosphate

deoxyguanosine triphosphate

thymidine triphosphate

second (s)

ninute(s)

hour (s)

volume (s)

microlitre(s)

millilitre(s)

litre(s)

nanogram(s)
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HE microgram(s)

ng milligram{s)
g gram(s)
unit (s)
X molar
mK nillimolar
mol wt relative molecular mass
d dalton(s)
C centrigrade
mm millimetre (s)
cm centimetre (s)
mA milliamp(s)
v volt(s)
cv cultivar
rpm revolutions per minute
psi pounds per square inch
oD optical demsity
A absorbance
uv ultraviolet
ss single-stranded
ds double-stranded
RF replicative form
RI replicative intermediate

2.2 QSafety Precautions

A praotective labaratary coat was worn at all times and
gloves were worn when handling hazardous chemicals. Gloves
and glasses were worn when using radioisotopes and work was
carried out behind a Berspex screen. All radioactive waste
was disposed of in accordance with Imperial College and
John Innes Institute Safety Regulations. All manipulations

involving toxic chemicals were carried out in a fume hood.
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2.3 Companies and Suppliers of Reagents and Materials

Chemicals and equipment were supplied by the following

companies:

Alpha Laboratories, 40 Parham Drive, Eastleigh, Hants. S05
4NU

American Can Co., Greenwich, Conn. 06830, USA.

Amersham International plc, White Lion Road, Amersham,
Bucks. HP7 GLL.

Anglian Biotechnology Ltd., Unit 8, Hawkins Road,

Colchester, Essex C02 8JX.

BCL: Boehringer Corporation (London> Ltd., Bell Lane,
Lewes, East Sussex BN17 1LG.

BDH Chemicals Ltd., Freshwater Road, Dagenham, Essex RM8
1R2.

Beckman Instruments Inc., 2500 Harbor Blvd., Fullerton, CA,
Us
Bio-Rad Laboratories (UK> Ltd., Caxton Vay, WVatford

Business Park, Vatford, Herts. WD1 &RP.

BRL: Bethesda Research Laboratory (UK> Ltd., PO Eox 145,
Science Park, Cambridge CB4 4BE.

Carborundum Company Ltd., Trafford Park, Manchester M17
1HP.

Difco Laboratories, PO Box 14B, Central Avenue, East
Molesey, Surrey KT8 O8E.

EMscope, Kings Narth Industrial Ectate, WVotton Rd.,
Ashfard, Kent.

Fisons Scientific Equipment, Bishop Meadow Road,
Loughborough, Leics. LE1l ORG6.

Fluka: UK agents, Fluorochem Ltd., Peakdale Rd., Glossop,
Derby SK13 9XE.

Gilson Company Inc., PO Box 677, Vorthington, Ohio 43085,
USA.

Koch-Light Laboratories Ltad., 37 Holland Rd.,
Haverhill,Suffolk CBES 8PU.



Kodak Ltd., Distribution Southern kegion, PO Box 33, Henel
Hempstead, Herts. HP2 7EU.

Lancaster Synthesis, Eastgate, WVhite Lund, Morecambe,
Lancs.

LKE Instruments Ltd., 232 Addington Road, Selsdon, South
Croydon, Surrey CR2 8YD.

Marine Collolds Division, FMC Corporation, Rockland, ME
04841, USA.

Medicell International, 239 Liverpool Rd., London N1 1LX.
Microflow Ltd., South Way, Walworth Estate, Andover, Hante.
SP110 5AG.

Millipore Corp., 80 Ashby Road, Bedford, MA, USA.

MSE Scientific Instruments, Manor Royal, Crawley, Vest
Sussex RH10 2QQ.

New England Biolabs Inc., UK suppliers CP Laboratories
Ltd., PO Box 22, Bishops Stortford, Herts. CM2Z2 7RQ.

New England Nuclear, Du Pont (UK) Ltd., Vedgewood Vay,
Stevenage, Herts. WDl 8RP.

P&S Biochemicals Ltd., 38 Queensland Street, Liverpool L7
3J3G.

Packard Instruments Ltd., 13-17 Church Rd4., Caversham,
Reading, Berks. RG4 7AA.

Pharmacia {(Great Britaind> Ltd., Pharmacia House, Midsummer
Boulevard, Central Milton Keynes, Bucks. MKS 3HP.

P-L Biochemicals Ltd., PO Box 98, Northampton NN3 1AV.

Rose Chemicals Ltd., 83 Darenth Road, London N16 6EB.

Sigma Chemical Co. Ltd., Fancy Raad, Paonle, Darset BH17
7HH.

Sterilin Ltd., 43-45 Broad Street, Teddington, Middx. TW11l
8QZ.

Universal Scientific Ltd., The Broadway, Woodford Green,
Essex IG8 OHL.

Vhatman Labsales, Springfield Mill, Maidstone, Kent ME1l4
2LE.
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Vorthington Diagnostics Systems Inc., UK suppliers Flow
Laboratories Ltd., PO Box 17, Second Avenue, Industrial

Estate, Irvine, Scotland KAlZ 8NB.

Unless otherwise stated all chemicals were supplied by
BEDH Chemicals Ltd and were of analytical grade or

equivalent.

2.4 Buffers and Media

The following buffers and media were used commonly and
usually made up in concentrated form, eg 10x. Other buffers
which were used for specific purposes will be detailed with
reference to the method being described. Concentrations
given in the form of percentages are weight per volume

(w/v) unless otherwise stated.

BE : 40mM boric acid (pH8.2>, 1mM EDTA.

SSC : 150mM NaCl, 15mM trisodium citrate (pH7.0>.

STE : 50mM tris-HCl1l (pH7.5)>, 100mM NaCl, 1mM EDTA.

TAE ; 40mM tris-HCl (pH7.8), 20mM sodium acetate, 1mM
EDTA.

TE : 10mM tris—-HCl1 (pH8.0>, 1mM EDTA.

2TY : 1.6% Bactotryptone (Difco), 1% Yeast Extract

(Difco), 0.5% NaCl, 1.5% Bacto Agar (Difco)
(omitted for 2TY brothd.

H Top Agar: 1% Bactotryptone (Difco), 0.8% NaCl, 0.8% Bacto
Agar (Difco).
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2.5.1 Miscellanegus

All Eppendorf tubes and micropipette tips were
autoclaved before use for 20min at 120°C, 15psi. All
solutions were also autoclaved when possible and if mnot
were filter—-sterilised (Millipore) before use. Graduated
and Pasteur pipettes were sterilised by baking at 200°C
overnight. Glassware for RNA work was siliconised by
rinsing with 5% <(v/v) dichlorodimethyl silane <(Sigma) in
chloroform followed by at least ten washes in dH:O prior to
baking overnight at 200°C.

All dH=0O was glass distilled.

Dialysis tubing (Medicell) was boiled in two changes of
10mM EDTA, 10mM sodium bicarbonate for 15min each, rinsed
in several changes of dH:0O, autoclaved in dHz0 for 20min at
15 psi and stored at 4°C.

Formamide (Rose) and glyoxal were deionised by stirring
100ml with 5g "Amberlite" monobed resin (MB-3) for 4h. The
slurries were filtered through Whatman No.1l filter paper to
remove the resin and the filtrates were stored in 10ml
aliquots at -20°C.

Stocks of buffered phenol contained 0.1% <(w/w) 8-
hydroxyquinoline as an anti-oxidant unless cstated
otherwise. Stocks of chloroform used in nucleic acid
extractians cantained 4% (v/v) isocamyl alcahal. Stacks af
buffered phenol:chloroform (1:1) were made up using the
stocks described above. The presence of 8-hydroxyquinoline
and isocamyl alcohol will be taken as implied by the terms
phenol and chloroform in the text.

Ethanol precipitation of nucleic acids was achieved with
2vol of ethanol for DNA or 2.5vol of ethanol for RNA in the
presence of 100mM sodium acetate (pH6.5) at -20°C overnight

or at -70°C for at least 2L unless otherwise stated.
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Sorvall RC-5B or MSE Hi-spin 21 centrifuges were used
for high speed centrifugation and a Beckman L8-55 was used
for ultracentrifugation. Centrifugation of Eppendorfs
(microcentrifugation) was carried out in a Hettich
Mikroliter or a MSE Microcentaur.

Radioactivity detection by mini-monitor was carried

using a Mini-Instruments g-m meter type 5.10.

2.5.2 Preparation of Bentonite

Bentonite suspensions were prepared essentially as
described in FRAENKEL-CONRAT et al. (1961). Bentonite
(Technical grade) was suspended in dH:0 at 1g/20ml and
centrifuged at 2,500rpm for 15min. The supernatant was
decanted and centrifuged at 8000 rpm for 20min. Bentonite
pellets were resuspended in 50mM tris-HCl (pH7.0) for 48&h
at 25°C then subjected to differential centrifugation as
above. The final pellet was resuspended in a small volume

of dHz0 and its concentration determined by dry weight.

2.5.3 Proteinase K-Treatment of DNase 1

DNase 1 was rendered RNase-free by treatment with
proteinase K as described by TULLIS & RUBIN (1980). DNase I
(Worthington) was dissolved to 1lmg/ml in 20mM tris-HC1
(pH7.5>, containing 10mM CaCl: and equilibrated at 37°C for
20min. Proteinase K (Sigma) was added to 1mg/ml and the
solution was incubated at 37°C for 1lh then stored at -20°C.
Solutions were tested for DNase and RNase activity as
follows: 1lug each of RNA and DNA were incubated together at
37°C for 30min with RNase A (50pg/ml) (Sigma) or a mixture
of RNase A (S50pg/ml> and proteinase K-treated DNase 1
(50ug/ml each) then nucleic acid integrity was inspected
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using agarose gel electrophoresis (2.6.1> and ethidium

bromide staining (2.6.4) (see Fig.2).

Fig.2 Efficacy of proteinase K treatment of DNase I.
lpg each BSMV RNA and plasmid DNA were incubated together with a
mixture of RNase A and proteinase K-treated DNase I (Lane 1) and RNase

alone (Lane 2). Incubations were carried out as in the text.
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2.5.4 Spectrophotometry

Uv absorption spectra of nucleic acid preparations were
determined using a Beckman Model 35 spectrophotometer with
quartz cells of path length lcm. Concentrations of nucleic
acids were calculated from the relationship 1 Azeo=40pg/ml
and purities estimated from the Azso:!:Azszoe and Azeo!Azaeo
ratios which should both be ca. 2.

Crude estimates of virus concentration were made by
assuming an absorbance coefficient at 260nm of 2.5 and
estimates of purity using the published Azeco:Azwo ratio of
1.14.

2.6 Gel Electrophaoresis

2.6.1 Agarase Gel Electrophoresis

Agarose gel electrophoresis of nucleic acids was carried
out using horizontal "“submarine" slab gels, mainly "“half-
gels" (15.5x11.5x0.4cm), "quarter—gelg" (10x11.5x0.4cm) or
"mini-gels" (6.5%x10x0.2cm (Bio-Rad, "mini-sub"> and
(10x8x0.2cm) (Cambridge Scientific). Direct current was
provided by LKB Biochrom 2103 and Pharmacia EPS 500/400

power—supplies.

a Non—denaturing gels

1% agarose gels were prepared by briefly bailing the
required amount of agarose (Sigma No.A-6013> 1in 1xTAE
buffer and cooling to 60°C prior to pouring into the
relevant plates. Sometimes ethidium bromide (Sigmad was
added to the molten gel (at 60°C)> to a final concentration
of 0.5ug/ml from a 10mg/ml aqueous stock (stored at 4°C in
the dark) thus enabling gels to be visualised directly
after electrophoresis. Samples (2-10pl for mini-gels,

usually 20ul for larger gels) contained 1IxTAE, 8% ((v/v)
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glycerol and 0. 05% bromophenol blue and were
electrophoresed at 100mA, constant current, in 1xTAE for 1-
4h.

b Methyl mercury gels

RNA samples denatured with methyl mercuric hydroxide
(MeHgOH, Lancaster Synthesis)> (BAILEY & DAVIDSON, 1976>
were electrophoresed in gels in the presence or absence of
MeHgOH. All manipulations involving MeHgOH were carried out
in a fume hood. Gels (1%) were prepared by briefly boiling
the required amount of agarose in dH:0, cooling to 60°C and
adding 1O0xBE (pH8.2Z) and 1M MeHgOH to final concentrations
of 1xBE and 0, 5 or 15mM MeHgOH, the 1last concentration
being required to fully denature dsRNA. Samples (5-15ul)
contained 1xBE, 5 or 15mM MeHgOH, 10%(v/v) glycerol and
0.05% bromophenol blue and were electrophoresed at 80-100V
in 1xBE for 1-4h. Following electrophoresis gels were
treated with 10mM 2-mercaptoethanol (Sigma) for 30min and

washed extensively to remove solubilised mercury.

c Glyoxalated RNA gels

RNA samples were denatured with formamide in the
presence of glyoxal by the method of McMASTER & CARMICHAEL
(1977> modified as below. Gels were prepared as in 2.6.1la
in TPE buffer <(0.08M tris—-phosphate <(pH7.0),0.008M EDTA).
Samples were 1lvol nucleic acid solution: 9vol GFP (1.11M
glyoxal, 77.8% formamide, 11.lmM sodium phosphate (pH7.0))
and were denatured by heating ta €5°C for 15min priar to
addition of glycerol and bromophenol blue to 10%(v/v) and
0.05% respectively then electrophoresed in 1xTPE as above.

GFP was a gift from D.Turner, John Innes Institute.

4 Alkaline gels
DNA samples were electrophoresed in alkaline gels as in
McDONNELL et al. (1977>. Gels were prepared as above 1in
50mM NaCl, 1mM EDTA, allowed to set then soaked in 30mM
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NaOH, 1mM EDTA for at least 30min prior to electrophoresis.
The presence of alkali during melting of the gel results in
hydrolysis of the agarose. Samples contained 30mM NaOH, 1mM
EDTA, 10% <(v/v) glycerol and 0.05% bromophenol blue and
were electrophoresed in 30mM NaOH, 1mM EDTA at 20mA for
16h.

e Low Melting Point (MP) agarose gels
Preparative non-denaturing or methyl mercury low melting
point gels were prepared and run as in 2.6.1la and b except
that LMP-agarose (Marine Collolde) was used and gels were
allowed to set at 4°C. In the latter case MeHg was used to

denature RNA samples but was omitted from the gel itself.

2.6.2 Polyacrylamide Gel Electrophoresis (PAGE> of ds RNA

dsRNAs were analysed on 4% polyacrylamide gels. Gels
were made by adding to a Buchner flask:
Sml stock aqueous acrylamide (40% acrylamide, 0.4% N,N'-
methylene bisacrylamide)
2ml 25xTAE buffer
0.5ml 5% (v/v> TEMED
40ml dH:0

After mixing the solution was degassed using a water
pump for at least 30min, 2.5ml 1.5% AMPS was added then the
gel was mixed, poured and allawed ta set far at least 2.5h.
Gels were poured into glass plates (20x16.5cm) separated by
spacers (O.z2cm). A 13.2x2.5cm slot was cut out of the top
of one plate to allow contact between gel and
electrophoresis buffer. Sample wells were 0.85cm wide
giving a maximum loading volume of 60ul. Samples contained
1xTAE, 8% <(v/v) glycerol and 0.05% bromophenol blue and
were electrophoresed at 70V (constant voltage) for 16-18h

with TAE as the electrophoresis buffer.
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2.6.3 PAGE of Proteins

Proteins were analysed by gradient or discontinuous
PAGE. Protein slab gels were cast using a Pharmacia GSC-2
Gel Slab Casting Apparatus and electrophoresis was
performed using a Pharmacia Gel Electrophoresis Apparatus
GE-2/4 and a Pharmacia EPS 500/400 power pack. Gel sizes
were 180 or 90x140x2mm. Tube gels were cast in siliconised
glass tubes 7.5x0.25cm (lengthxradius) sealed at one end
with Parafilm {American Can Co.) and electrophoresis was
performed in a Shandon Kit using the power pack described

above.

a 5-15% Gradient Gels

5-15% polyacrylamide gradient gels containing 0.4M tris-
HC1 (pHE.5)>, 0.1% SDS, 0.03% <v/v) TEMED and 0.06% AMPS
were cast using a LKB gradient mixer. The stock acrylamide
solution used to produce the gradient contained 30%
acrylamide (Sigma)> and 0.8% N,N'-methylene bisacrylamide
(Sigmza>. Prior to addition of AMPS the gel solutions were
degassed ucing a water pump to prevent the formation of
air-bubbles and ensure even setting of the gel. A well
former was put in place before pouring the gels.

Electrophoresis buffer contained 0.025M +tris, 0.192M
glycine and 0.1% SDS (pH8.3). Gels were pre-electrophoresed
at 70V for 20min and samples were electraopharesed at 150V
for 16h.

Samples (20-100uml) were denatured, prior to loading, in
0.01M tris—HCl (pH8.0>, 0.001M EDTA, 1% SDS, 5% (v/v) 2-
mercaptoethanol (Sigmad>, 10% <(v/v) glycerol and 0.05%
bromophenol by heating at 100°C for Smin. Any insoluble
material was removed by centrifugation in a microfuge for
10min.
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b Discontinuous SDS-PAGE

A discontinuous SDS-PAGE system was employed as
described by LAEMMLI (1970). The stock acrylamide solution
used was as described above. A stacking gel containing 4%
acrylamide, 0.125M tris-HCl (pH6.8>, 0.1% SDS, 0.1% (v/wv
TEMED and 0.1% AMPS was layered onto a resolving gel
containing either 10, 12.5 or 15 % acrylamide, 0.375M tris-
HCl1 <(pH8.8&>, 0.1% SDS, ©0.1% TEMED and 0.1% AMPS. Gel
solutions were degassed as described prior to addition of
AMPSE. The resolving gel was poured first to within 3cm of
the top of the gel plates and overlayed with dHz:0 to ensure
a level surface. After the gels had set (1-2h) they were
set stored for later use wrapped in 'clingfilm' at 4°C or a
stacking gel was poured immediately and a well former put
into place.

Preparation and denaturation of samples was as described
for gradient gels. The electrophoresis buffer contained
0.05M trie, 0.384M glycine (pHS.3% and 0.1% ZDE., Samples
were electrophoresed at 70V until the tracking dye had
migrated to +the +top of the resolving gel and then
electrophoresis was continued at 200-300V for 3-4h.

c Tube Gels

Denaturing and non-denaturing PAGE both employed a
discontinuous system, in the presence or absence
respectively of SDS. The stock acrylamide solution used was
as described (2.6.3a)>. A stacking gel containing 3%
acrylamide, 0.0625M tris-HCl (pH6.7)>, 0.1% SDS (1f used),
0.05% <(v/v> TEMED and 0.1% AMPS was layered onto a
resolving gel containing 10% acrylamide, 0.375M tris—-HCl
(pH8.9>, 0.1% SDS (if used), 0.05% (v/v) TEMED and 0.05%
AMPS. The gel solutions were degassed as described prior to
addition of AMPS.
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The resolwving gel was poured to within Zcm of the top of
the tubes and overlayed with dH:0. When gels had set <(1-2h)
they were either stored wrapped in 'clingfilm' at 4°C or a
stacking gel (1-1.5cm) was poured directly. Samples (50—
250ul1> were either denatured as above (2.6.3b) or were
adjusted to 5% sucrose and 0.05% bromophenol blue then
electrophoresed at 2mA/gel <(constant current) for 20min
followed by 4mA/gel until the gel front was a few mm from
the end of the gel (1-2h). Electrophoresis buffer contained
0.05M tris, 0.384M glycine (pH8.3) and 0.1% SDS (if used).
After electrophoresis gels were removed from tubes by
inserting a syringe needle Dbetween gel and tube and

squirting dH=:O while rotating the tube.

2.6.4 Gel Staining and Photography

Nucleic acids were visualised in agarose and
polyacrylamide gels on a Chromato—-Vue Transilluminator C-63
ultraviolet light box after staining with 0.5ug/ml ethidium
bromide for 15-30min followed by destaining in dHz=0. Gels
containing methylmercuric hydroxide were stained as above
concurrently with 2Z2-mercaptoethanol treatment (2.6.1b).
Gels rumn with glyoxalated nucleic acids were treated with
50mM NaOH for 15min to dissociate the glyoxal then
neutralised with 0.5M ammonium acetate (pH6.5) while
staining as above. Alkaline gels were neutralised with
three 10min washes aof 1M tris-HCl (pH7.5>, 1.5M BaCl priar
to staining as above.

Protein gels were stained with 0.25% Coomassie Brilliant
Blue R250 (Bio—-Rad) in 45% <(v/v) methanol and 9% (v/v)
glacial acetic acid for 2h at room temperature with
shaking. Gels were destained in 45% (v/v) methanol, 9%
(v/v> acetic acid for 24h with frequent changes. Protein
bands were visualised on a 1light box. Tube gels were

stained and destained individually in test-tubes.
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Gels were photographed using (1) a Polaroid or (2) an
Exa.l camera fitted with two Y(K2Z) yellow filters and one
UV<O> filter <(all Hoya)> on 35mm Ilford HPS or Pan F film
which was subsequently developed in Promicrol ultrafine

grain develaper.

2.6.5 Gel Drying

Agarose and polyacrylamide gels were placed on wet
WVhatman 3MM paper, covered with 'Saran Wrap' and dried at
60-80°C under vacuum wusing a PBio-Rad gel drier. It
unlabelled molecular weight markers had been used in
agarose gels marker bands were excised after staining and
spots of bromophenol blue dye were placed on the Whatman
paper to determine their positions. After drying spots of
radioactive ink ([ a¥<P]JdCTP suspended in ink) of equivalent
activity to bands in the gel were placed on top of the dye
spots. In protein gels marker bands were excised after gel
drying and their positions determined analogously using
[#H]l-leucine or [mﬁslrmethionine suspended in ink as

appropriate.

2.7 Virus Propagation

2.7.1 Blants and Plant Cultivation

Barley (Hordeum vulgare c¢vs.: Maris Otter, Tipper,
Halcyon, Triumph, Gerbel, Igri, Sonja, Birgit and Franka)
plants were grown from seed kindly provided by &8.Hill
(MAFF,  Harpendend. Eragrostis sicillensis, Atriplex
hortensis and Tourenia fournieri compacta nymphe seeds were
kindly provided from seed stocks at Kew  Gardens.

Chenopodium spp.(fbliosum, murale, ficifolium, oplfolium,
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hybridum, amaranticolor and quino#, Coé?lina communis,
Vicia faba, Vigna unguiculata and Brassica rapa plants were
grown from seeds stocked at the John Innes Institute,
Norwich. Gomphrena globosa seeds were a gift from
Dr.S.E. Adams (Imperial College, London). Nicotiana
benthamiana and tabacum cvs. White Burley and Xanthi seeds

were a gift from Dr.R.H.A.Coutts (Imperial College,

London».

All seeds were sown in 4-inch pots, using Levingtons or
John Innes ©No.2 compost and grown in an insect-free
greenhouse at a temperature of 16-25°C with 70-80% relative
humidity and illumination of 7-8,000 lux at pot level for
16h per day from mercury vapour lamps. Some plants were
transferred to glass cloches and others to a growth cabinet
at temperatures 15/10°C (day/night) with a 12h day length
(100peinsteins 1light intensify)

2.7.2 Origin of Virus

2}

2Y¥V-infectad planfs were collected from an ADAS trial

I

site at Voodlands Farm, Little Clacton, Essex and
maintained at Imperial College in the greenhouse, cloches
or growth cabinet as above (2.8.1la)>. Infected leaves were
also harvested from infected plants at Little Clacton and
stored at -20°C. Tissue from this site was the initial
source of inoculum for transfer of BaYMV to and maintenance

in Hordeum vulgare cvs. Tipper and Maris Otter as in 2.7.3.
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2.7.3 Ingculation of Plants and Virus Propagation

a Inoculation with sap

Barley seedlings were inoculated with infected plant sap
by a method adapted from that of FRIEDT (1982). Usually
cvs. Tipper and Maris Otter were used for propagation of
BaYMV. Plants (10-15/pot) were germinated and grown in the
greenhouse to the 2-3 leaf stage as described in 2.7.1 and
then placed in the dark for 24-48h prior to inoculation.
Inoculum was freshly prepared by grinding 1-2g leaves
showing clear symptoms in a chilled mortar with 2-5ml/g
cold inoculation buffer (0.04M K:HPO., 1% Naz=SO= (pH7.0)).
Seedlings | were dusted with 600—mesh carborundum
{Carborundum Co.>, rubbed with fresh inoculum using a small
sterile sponge, put in the shade for 24h without post-
washing then incubated in growth <cabinets as above
(2.7.1a,b). Fresh inoculum was prepared for every batch of
6 pots inoculated.

Plants of other species were inoculated in a similar
fashion and then incubated in growth cabinets or in the
greenhouse.

After harvesting of infected 1leaves, provided that
meristems had not been removed, plants could be returned to
the growth cabinet to allow secondary growth. Such growth
was not prolific but all new leaves showed strong symptoms
and were useful sources of virus.

Plants to be used as healthy controls (eg in dsRNA
extraction) were “mock"-inoculated as above ©but using

buffer alone.
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b Inoculation with RNA

Barley seedlings at the 2-3 leaf stage were inoculated
with RNA by the method described in AHLQUIST et al.,
(1984). Plants were dusted with baked carborundum and.
inoculated with RNA in 50mM tris-POa <(pH8.0>, 250mM NaCl,
5mM EDTA, S5mg/ml bentonite using a gloved finger which was
wiped with methanol and dried between inoculations. 20-40
plants were treated with the same inoculum, using 10-30pl
per plant, at BaYMV RNA concentrations of 0.3, 3 & 30
ng/pl. Pure viral RNA (2.11.2), crude BaYMV RNA (2.11.1)
and total RNA from infected plants (2.11.3) were used as
inocula and BaYMV RNA concentrations in the latter two were
measured by comparison with known quantities of RNA after
denaturing gel 'electrophoresis (2.6.1b). RNA used for
inoculation was extracted with or without the wuse of
proteinase K. For each set of RNA inoculations a batch of
plants was inoculated with infected sap as above for
comparisons of inoculation efficiency and speed of symptom
expression. After RNA inoculation plants were treated as

described for sap-inoculation.
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2.8 Virug Purification

Many different purification protocols were used during
this study with varying degrees of success. The principal
considerations were the 1low levels of virus found in
plants, the relative fragility of the particles and the
tendency of particles to aggregate and become insoluble.
These difficulties were addressed in a number of different
ways with reference to the purification of other rod-shaped
plant viruses <(see 1.10.2). The success or fallure of
techniques was determined by several methods and usually
involved comparisons of two or more techniques differing in
only one aspect. A working protocol 1is detailed below
(2.8.8).

2.8.1 Assays

The simplest‘ and quickest method for monitoring
purifications was electron microscopy <(EM) (2.9). When
antiserum became available this was complemented by ISEM
(2.10.1>. Samples from different stages and different
protocols were viewed and monitored in terms of purity,
particle concentration and degrees of aggregation and
fragmentation. The effects of buffers, pH, salt and cation
concentration and other treatments were determined by EM
after incubating the same crude preparatian in each of the
test solutions. --

Purity of virus was further monitored by SDS-PAGE
(2.6.3) and comparison with extracts from healthy plants at
the same purification stage. SDS-PAGE also allowed
ecstimation of yield in terms of capsid protein.

Yield and purity of virus preparations were measured
spectrophotometrically assuming an absorbance coefficient

at 260nm of 2.5 and an Azeco/Azso ratio of 1.14 (2.5.4).
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Once the techniques had been establicshed RNA extraction
and denaturing agarose electrophoresis were used to assay
yields of full-length RNA (see 2.11.1>. This method, with
reference to other assays, gave information on the degree
of fragmentation or degradation of particles. Estimates of
total yield were not possible since degraded viral RNA was
indistinguishable from degraded plant RNA.

Virus zones 1in caesium gradients were located by
determination of refractive index. Assuming an RNA content
of 5% BaYMV banding densities are 1.32g/cm®™ in CsCl and
1.27g/cm® in CsxS0.. Refractive indices are thus 1.3644 and
~ 1.3561 respectively.

Infectivity tests were not usually used because of the
long delay in obtaining results and thelr
irreproducibility.

2.8.2 Plant Material and Homogenisation

Fresh and frozen barley leaves and roots were broken up
by cutting with scissors, freezing to -70°C and crushing
manually or grinding in a mortar with 1liquid nitrogen.
Material was further homogenised to a fine breis in cold
extraction buffer (2-4ml/g> in a VWaring blendor either once
or twice. In the latter case the first homogenisation was
at low speed and the second at high speed. Homogenates were

then filtered through two layers of sterile muslin.

2.8.3 Extraction buffers

The following extraction buffers were used:
Reference
0.067¥ sodium phosphate (pH7.3) ‘
0.1M tris-thioglycollic acid (TGA) (pHS.0) HUTTINGA (1973)
0.1 sodium citrate/0.1% TGA (pH6.5) A.A.BRUNT (pers. comm.)
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0.1M sodium citrate (pH7.0) USUGI & SAITO (1976)
20mM HEPES-NaOH (pH7.4) DAMIRDAGH & SHEPHERD
(1980)

The following additives were included in extraction buffers:
1-5mM EDTA

0.1-1% (v/v) 2-mercaptoethanol

1% Na=S0a

10mM sodium diethyl dithiocarbamate (DIECA)

1m¥ phenylmethyl sulphonyl fluoride (PMSF) (from 100mM stock in
isopropyl alcohol)

2.8.4 Clarification

Clarifying agents were added during homogenisation,
after filtration through muslin or after a preliminary
centrifugation step. The following clarifying agents were
used:

lvol CHCl1x/CCla (1:1)

0.2vol CCla

0.3vol ether/CCla (1:1)

8% (v/v)> butanol

0.1-5% (v/v) Triton X-100

Organic solvents were stirred or homogenised with
extracts for 10min prior to centrifugation at 10,000xg to
separate the phases. Triton X—-100 was stirred with extracts
(whether or not included during homogenisation) for at
least 1h before or after centrifugation as above.
Irrespective of treatment extracts were filtered through -
two layers of sterile muslin after the centrifugation step

to remove residual plant débris.
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2.8.5 Concentration

Virue concentration was achieved by one or two rounds of
(a) poly(ethylene glycol)> (PEG) 6000 precipitation or «(b)
ultracentrifugation, the latter sometimes through a sucrose

cushion.

a) Clarified extracts were adjusted to 4% PEG and 0.4-4%
NaCl by addition of solid and stirred at 4°C for 1.5h.
Extracts clarified with organic solvents were also adjusted
to 1% (v/v)> Triton X-100 at the same time. PEG-precipitated
virus was collected by centrifugation at 10,000xg for
15min. When a second round of PEG-precipitation was
employed pellets were resuspended as below (2.8.6),
centrifuged at 10,000xg for 10min and supernatants were

reprecipitated as described.

b) Extracts were centrifuged at 30,000rpm in a Beckman Type
30 rotor at 4°C for 2.5h or 3h if a cushion was used. 5ml
sucrose cushions (25% in extraction buffer) were underlayed
in tubes prior to centrifugation. When used, a second round
of ultracentrifugation was carried out as described after
resuspension as below (2.8.6) and a clearing spin at

10,000xg for 10min.

2.8.6 Resuspension

Pellets were resuspended in 0.8ml/g plant tissue if a
second concentration step was employed and 0.2ml/g if not.

Resuspension was achieved by gently swirling the pellets
in cold resuspension buffer and incubating at 4°C for at
least 1h and sometimes overnight. Vortexing and vigorous
mechanical resuspension were avoided in view of the

potential shearing forces involved. Occasionally seemingly
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insoluble parts of pellets were broken up using a rubber
'policeman’.

Pellets were usually resuspended in extraction buffer
with or without additives +to aid solubilisation. The
following additives were used alone or in combination:

1M urea

0.1% (v/v) 2-mercaptoethanol

1mM EDTA

0.1% (v/v)> Triton ¥X-100

2.8.7 Further Purification

Resuspended pellets from the first or second round of
precipitation or centrifugation were subjected to a
clearing spin at 10,000xg prior to further purification by
a) sucrose density centrifugation, (b> permeation
chromatography on controlled-pore glass (CPG) columns, (<)
sucrose/caesium sulphate step gradient centrifugation or
(d) isopycnic density gradient centrifugation 1in CsCl or
Cs2:80a.

a) Sucrose dencsity gradient centrifugation was carried out

as described in 2.12.3.

b) Chromatography on CPG columns was carried out
essentially as described by BARTON (1977). CPG of 70nm pore
size and 120-200mesh (CPG-700; ©Sigma) was suspended in
extraction buffer, washed several times by decantation to
remove “"fines", resuspended in extraction buffer containing
1% PEG-20M and degassed for 15min on a vacuum line while
shaking gently. Beads were then washed several times in
extraction buffer to remove free PEG-20M. Columns were made
by pouring the CPG suspencsion into glass columns (800x10mm)
while wvibrating the supporting clamp continuously with a

WVhirlimixer and.allowing buffer to elute then the columns
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were washed for 2h in buffer. Effective operation of the
column was checked by running a sample of Blue Dextran 2000
and monitoring the eluate for a compact elution profile.

Partially ©purified wvirus ©preparations (=z1ml) were
applied in and eluted using degassed extraction buffer at
4°C. Elution profiles were monitored at 254nm using a LKB
Uvicord II Type 8303A and fractions were collected using &
Gilson Microcol TDC80.

Columns were washed and sterilised with two void volumes

of 2M HC1 followed by re-equilibration with buffer.

c) Step gradients were initially prepared by layering in
Beckman SWz8.1 tubes 3ml each CszS0. (dencsities 1.35 and
1.2g/cm®) and 38ml 20% sucrose <(all in extraction buffer)
and overlaying 8ml virus ©preparation. Gradients were
centrifuged at 26,000rpm overnight and opalescent zones
were removed by hand. Fractions were monitored for presence
0of virus by EM and those contalning virus were pooled and
further purified by isopycnic centrifugation as below
(2.8.7d>. Sometimes particulate matter banded where virus
zones were expected thue obscuring them. In this case the
whole zone was removed, diluted once in buffer, centrifuged
at 10,000xg and supernatants were used for isopycnic
centrifugation as below.

Subsequently a modified protocol was introduced (see

2.8.8).

-d) Virus preparations, either before or after step gradient
centrifugation as above (2.8.7c), were adjusted to 1.3g/cm®
with solid CsCl or to 1.28g/cm® with solid Csx=S0a and
centrifuged at 25,000rpm in a EBeckman SV¥50.1 rotor for at
least 24h. Opalescent bands were removed separately using
syringes by puncturing the slide o0f the +tube with the
needle, virus was located by refractive index measurement
then EM and salt was removed by dialysis. If necessary

virus was concentrated by ultracentrifugation.
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2.8.8 Yorking Protocol

Plant material was frozen to -70°C, crushed manually and
homogenised gently in 2vol buffer (20mM HEPES (pH7.4>, 10mM
DIECA, 5mM EDTA, 1mM PMSF, 0.1% <(v/v) Z-mercaptoethanol:
all added separately from concentrated stocks except DIECA
which was added as a solid)>. The homogenate was filtered
through two layers of sterile muslin and plant material was
homogenised again at high speed in 1vol buffer until a fine
breis was produced. The breis was squeezed through the same
muslin and the combined filtrates were centrifuged at
10,000xg for 15min at 4°C. Supernatants were filtered
through two layers of sterile muslin, adjusted to 0.5%
Triton X-100 using a 20% stock in 20mM HEPES (pH7.4), 5mM
EDTA, and stirred at 4°C for 1lh. Extracts were poured into
Beckman type 30 centrifuge bottles, underlayed with 5ml
sucrose cushions (25% in 20mM HEPES (pH7.4)>, SmM EDTA, 0.1%
(v/v) Z-mercaptoethanol) and centrifuged at 28,000rpm for
3h at 4°C in a Beckman type 30 rotor. Pellets were
resuspended as described above (2.8.6) in 0.15-0.2ml/g
plant material 20mM HEPES (pH7.4)>, 1mM EDTA, 0.1% (v/v)
Triton X-100 for at 1least 1h at 4°C. Extracts were
centrifuged at 10,000xg for Smin and overlayed on step
gradients prepared as follows: CszS0. solutions, densities
1.0, 1.1, 1.2, 1.3 and 1.5g/cm®, in 20mM HEPES (pH7.4>, 1mM
EDTA containing 20% sucrose, were carefully layered (1, 1,
1.5, 1.5, and 1ml respectively) into Beckman SW28.1 tubes
(densities and volumes of steps were -selected to maximise
separation of virus from host components). Gradients were
then centrifuged at 27,000rpm for 3h at 4°C and the
opalescent band of virus, located just above the
1.3/71.5g/cm® interface, was removed using a syringe.
Sometimes particulate matter banded where the virus was
expected to be. In this case the whole zone was removed
using a pipette, diluted with an equal volume of 20mM
HEPES, 1mM  EDTA, centrifuged at 10,000xg and the
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supernatant was layered on another step gradient and

recentrifuged as above. Cs:80. was removed by dialysis
against 20mM  HEPES (pH7.4>, imM EDTA then  virus,
concentrated by wultracentrifugation if necessary, was

stored at -20°C.

Crude BaYMV RNA could be prepared by resuspension of
pellets from the sucrose cushion ultracentrifugation step
in RHNA Extraction Buffer <(see 2.11.1>. During virus
purification pellets from clearing spins after this stage,
which contained insoluble virus, were retained and treated

in the same way.

2.9 Electron Microscopy (EM)

Transmission electron microscopy of negatively stained
samples was carried out on Phillips 301 or AEI EM6B
microscopes using formvar coated copper grids. Thin
sections were prepared, viewed and photographed Dby

K.Plaskitt (John Innes Institute>.

2.9.1 Formvar Coating

New microscope slides were wiped with vellin tissue and
coated with a thin layer of formvar by dipping in a formvar
solution (0.6% 1in chloroform, withdrawing slowly and
evenly, briefly holding in the vapour then drying under a
bench lamp. Even withdrawal was important to ensure uniform
thickness and the speed o0of withdrawal determined the
thickness, the slower the speed the thinner the coating. An
ideal thickness produced a silvery colour when viewed at an
angle. Using a mounted needle a 5x2cm area was scored on
the coated slide which was then breathed on and lowered at
a 45° angle into a brimful bowl of double—-glass—-distilled
H::0. The formvar rectangle floated off the slide which was
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then removed. Copper gridse <(200um mesh) were placed dull
c€ide down on the film with a pair of forceps then the raft
was picked up with a piece of copper gauze by inversion
under water so that grids were trapped between the gauze
and the film. After drying, coated grids were stored in a
dessicator at room temperature and carefully picked off the

gauze, formvar intact, immediately prior to use.

2.9.2 Leaf Dips

A csmall piece o0f leaf (ca. 1lcm long) was ground in a
1.5ml Eppendorf tube with & few drops of cold dH:O and a
small amount of carborundum (Carborundum Co.) sing a
rounded pasteur pipette. Samples were centrifuged for Smin
and a small amount of supernatant was removed to another

Eppendorf tube on ice.

2.9.3 Sample Application and Negative Staining

A small drop of sample (virus or leaf dip preparationd
(2-5pl1> was placed on a formvar coated grid, held in
forceps, and the excess liquid withdrawn by touching the
sides of the grid with filter paper triangles. Grids were
allowed to dry then a small drop of stain (2%
phosphatungstate (PTAS or 2% methylamine tungstate
(EMscope)) was applied and withdrawn in a similar fashion.
Grids were stored on filter paper prior to viewing. Samples
containing high salt (eg Cs250.4) were spotted onto grids
sitting on wet filter paper and allowed to dialyse for 1h

at 4°C prior to drying and staining as above.
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2.10 QSerological Studies

2.10.1 Immunosorbent Electron Microscopy (ISEM)

ISEM <(DERRICK, 1973; MILNE & LUISONI, 1975 was carried
out wusing formvar coated grids (2.9.1) activated with
antiserum <(kindly provided by Dr. W. Huth, Braunschweig,
FRG> raised to a mixture of the strains BaYMV-M and -NM
(HUTH et al., 1984>. Grids were incubated on drops of
antiserum diluted 1:1000 in 0.1M sodium phosphate buffer
(pH7.0> for 30min at 37°C then washed with 20 consecutive
drops of buffer and dried. Virus particles were adsorbed by
incubating the grids on droplets of virus or leaf dip
preparations for 0.5-4h at 4°C. The <chorter time was
usually sufficient but longer incubations were necessary
for dilute samples. Gride were washed with 30 consecutive
drops of dHz0 then dried and stained as above (2.9.3) prior
to viewing (2.9).

2.10.2 Gel Immunodiffusion Plates

An attempt to develop a serological test based on
immunoclogical double-diffusion (OUCHTERLONY, 1962) was made
using Huth's antiserum (see 2.10.1). Plates were prepared
by pipetting 7ml molten agarose, at 60°C, onto 4x4cm glass
squares, allowing it to set, then cutting 6 wells in a
hexagon (1.5cm long axis) round a 7th using a template and
a Pasteur pipette on a vacuum line. Agarose (0.7%) was made
up in PBS (10mM sodium phosphate, 0.9% NaCl) and sometimes
adjusted to 0.5% SDS or 0.1% sodium deoxycholate (SDOC)
prior to pouring. Antiserum was used at dilutions of 1:1,
10, 100 and 1000 (in PBS) and virus samples were treated,
prior to dilution as above, in one of the following ways:

with 0.5% SDS; with 0.1% SDOC; by 3 rounds of freezing at
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-20°C and thawing rapidly at 60°C with vortexing; by
sonication 8 +times for 15s each; or with no treatment.
Samples and antiserum were loaded into wells in different
combinations and the plates were incubated at 37°C on damp
filter paper in sealed petri-dishes for up to 3 days. Vells
were periodically refilled with PBS to prevent drying and
to aid diffusion.

2.11 REA Extraction

2.11.1 Crude Viral RNA Extraction

It was found convenient to use extraction of RNA from
crude virus preparations (pellets from the sucrose-cushion
ultracentrifugation step; 2.8) and denaturing gel
electrophoresis (2.6.1b) to assay not only different virus
purification methods but also different RNA extraction
methods. The 1latter included virus disruption by (a) the
highly denaturing guanidinium method (BEVAN & CHILTON,
1982; DE GREVE et al., 1982 and (b) by SDS-treatment in
the presence of proteinase K and bentonite followed by
solvent extraction and/or sucrose gradient centrifugation.

RNA extracted in this way was designated crude BaYMV RNA.

a) Virus suspensions were mixed with 4vol guanidinium
thiocyanate (GuSCN) buffer (4M GuSCN (Fluka), 25mM tris-HC1
(pH7.0>, 2% sarkosyl <(Koch-Light), 0.03% <(v/v) Antifoam A
(Sigma), 10mM EDTA, 1% <(v/v) 2-mercaptoethancl) for 30min
at 4°C and centrifuged at 6,000rpm for 1O0min. The
supernatant was decanted and nucleic acids precipitated
with "0.025v0l 1M acetic acid and 1lvol ethanol at -20°C
overnight. Nucleic acids were collected by centrifugation
at 6,000rpm for 30min, dissolved in 0.5vol 7.4M guanidinium
hydrochloride <(GuHCl; Fluka), 25mM tris-HCl (pH7.0), and
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reprecipitated with 0.025vol 1M acetic acid and 0.75vol
ethanol at -20°C overnight. Precipitates were collected by
centrifugation at 7,000rpm for 30min, dissolved in 0.5vol
25mM EDTA (pH8.0) and extracted with phenol/chloroform
1: 1 and chloroform. The final aqueous phase was

precipitated with 2vol ethanaol at -20°C overnight.

b) Virus pellets were suspended in an RNA extraction buffer
(20mM tris-HCL  (pH9.0), 1mM EDTA, 1% SDS, 200ug/ml
bentonite (2.5.2) and 200ug/ml proteinase K (Sigma) (added
from frozen stock)), incubated at 37°C for 30Omin or at 4°C
overnight and extracted once with an equal volume of tris-
saturated phenol by emulsion for 10min followed by
centrifugation at 10,000rpm for Smin to separate the
phases. The aqueous phase was removed to another tube and
the phenol phase was re-extracted with 0.5vol dH:O then the
combined aqueous phases were extracted with
phenol/chloroform (1:1) repeatedly until the interface
disappeared (usually 2-3 times) and finally with chloroform
alone prior to ethanol precipitation.

Variations of this protocol included: omission of
bentonite or proteinase K or both in the disruption buffer;
omission of the initial phenol extraction (polyadenylated
RNAs are sometimes sequestered at phenol-aqueous but not
phenol/chloroform—aqueous interfaces; HARI et al., 1979);
and omission o©f the solvent extraction completely if
sucrose gradient centrifugation purification (2.12.1) was
to be performed <(phenol extraction has been found to be
unsuitable for purification of some potyviral RNAs; BERAKKE
& VAN PELT, 1970).
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2.11.2 Purification of Viral RNA

RNA was extracted from purified virus preparations by
adjusting to 1xRNA extraction buffer using concentrated
stocks and treating as described above (2.11.1Db).

Alternatively, it was sometimes found to be more
convenient to purify viral RNA from crude RNA preparations
(2.11.1b> by sucrose gradient centrifugation (2.12.1) or
elution from gels (2.11.7)

2.11.3 Total RRA Extraction from Planis

Total RNA was extracted from healthy and BaYMV-infected
barley plants by the method of PARISH & KIRBY, (1966) as
modified by R.Townsend (pers. comm.). Plant material was
ground in a baked mortar in +the presence of 1liquid
nitrogen, transferred to a Waring blendor and homogenised
with 1vol Kirby mix (1% tri-isopropylnaphthalene sulphonate
(TNS), 6% sodium 4-amino salicylate, S5O0mM tris-HCl (pH8.3),
6% (v/v) tris-buffered phenol) intermittently for 30min at
4°C. 1lvol phenol/chloroform was added and after mixing for
Smin, the emulsion was centrifuged at 5,000xg for 15min. The
aqueous  phase was removed, re—extract;d twice with
phencl/chloroform as above and nucleic acids were
precipitated with 0.2M sodium acetate and 2.5vol ethanol at
-20°C avernight. Nucleic acids were collected by
centrifugatiaon-at 5,000xg for 10min, washed in 80% (v/v)
ethanol/0.15M sodium ace;ate (pH6.5), dried iIn vacuo and
dissolved in dHz0. After addition of 3vol 4M 1lithium
acetate (pH6.0> insoluble RNA was allowed to precipitate at
0°C for 1h then was collected by centrifugation at 15, 000xg
for 15min and washed twice with 3M lithium acetate. Drained
pellets were dissolved in 50mM tris—-HCl (pH7.6) containing
5mM MgCl.: and incubated at 0°C for 30min with 25pg/ml
RNase—free DNase 1 <(see 2.5.3). After extraction with
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phenol/chlorofeorn and chloroform RNA was precipitated with
0.3¥ =sodium acetate (pH6.S5> and 2.5vol ethanol at -20°C

overnight.

2.11.4  Selection of Polyadenylated RNA

Polyadenylated RNAs were isolated from total plant RNA
by oligo dT-cellulose chromatography essentially as
described by MANIATIS et al. (1982). A column was made 1in a
2ml disposable syringe using 0.5g oligo dT (Sigma)
suspended 1in loading buffer (10mM tris-HCl (pH7.5)>, 500mM
NaCl, 0.1% sarkosyl (Koch-Light))>. The column was washed in
2 column volumes of ©0.1N NaOH and then washed and
equilibrated in 1loading Dbuffer. 2mg total plant RKNA
(2.11.3> was dissolved in 1Iml TE and heated to 65°C for
2min. An equal volume of 2x loading buffer containing 0.1%
bromophenol blue was added at room temperature and the RNA
was loaded onto the column (RNA was heated to 65°C in a
relatively large volume and in the absence of salt to
assist in 1its complete denaturation). The first column
volume of eluate, monitored by the progress of the dye, was
callected, passed through the column again, recollected and
ethanol precipitated. This fraction was designated "poly A~
RNA". The column was washed with four further column
volumes of loading buffer then "poly A* RNA" was eluted
with elution buffer (ESmM tris-HC1 (pH7.5>, 1mM EDTA, 0.1%
sarkasyl). Fractions aof 0.5ml were collected, 0OD°s measured
at 260nm wusing acid-washed cuvettes and uv-absorbant
fractions pooled and ethanol precipitated in the presence

of carrier tRNA (Sigma) (20ug/ml).
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2.11.5 Double-Stranded RNA Extraction from Plants

Double-stranded <(ds> RNA was extracted from plants
mechanically-inoculated or naturally infected with REa¥YMV
and from healthy plants by the method of ZELCER et al.
(1981)> and purified by the cellulose chromatography method
of FRANKLIN (1966) as modified by (a)> ZELCER et al. (1981)
or <(b> MORRIS & DODDS (1979). Batch purification (c) was
carried out as in MORRIS et al. (1983).

For large-scale extractions up to 200g fresh or frozen
leaf or root tissue was ground in a chilled mortar in the
presence of 1liquid nitrogen, transferred to a Varing
blendor, thawed,and further homogenised in the presence of
lvol GPS buffer <(0.2M glycine, 0.1M Na:HPO., 0.6M NaCl
(pH9.6>)>, 0.1lvol 10% SDS, 0.00l1vol Z2Z2-mercaptoethanol, 1lvol
GPS-saturated phenol and 1lvol chloroform/isoamyl alcohol
(25:1), intermittently for 30min at 4°C. The homogenate was
centrifuged at 10,000rpm for 10min to separate the phases
then the aquecus phase was decanted and passed through
sterile muslin to remove any plant débris. dsRNA was either
(a)> further purified by digestion of DNA and precipitation
of ssRNA with 2M LiCl prior to CFlli-cellulose
chromatography or (b) selected directly on CFll-cellulose.

a) Nucleic acid was precipitated for at least 3h at -20°C,
collected by centrifugation at 10,000rpm for 20min,
resuspended in 50mM tris—HCl (pH7.5) and dialysed overnight
against 21 of the same buffer at 4°C to remove low
molecular weight impurities such as solvent molecules,
plant phenolics etc. The nucleic acid solution was then
clarified by centrifugation at 10,000rpm for Smin, made
10mM with respect to MgClx and incubated with S5O0ug/ml DNase
I (2.5.3) for 40min at room temperature. RNA was
precipitated with 2vol ethanol and 100mM sodium acetate
(pHB6. 5) at -20°C for at least 3h, collected by

centrifugation at 10,000rpm for 20min, dried in vacuo and
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resuspended directly in 5-10ml 2M LiCl. After mixing for
10min the slurry was centrifuged for 20min at 10,000rpm and
the salt-soluble nucleic acids were precipitated with 3vol
ethanol at -70°C for 1h. The precipitate was collected by
centrifugation for 20min at 10,000rpm, resuspended in STE
buffer and adjusted to 17.5% ethanol. CFll-cellulose
(WVhatman)> had previously been suspended 1in 0.1N NaOH,
washed extensively with dHz:0O to lower the pH and stored in
STE. S5ml columns were made 1in syringe barrels with glass
wool plugs, washed with STE then equilibrated with 17.5%
ethanol/STE. Samples in 17.5% ethanol/STE were loaded onto
the column at room temperature and the column was washed
extensively with 17.5% ethanol/STE to elute residual DNA
and ssRNA until the OD at 260nm of the eluate was less than
0.01. dsRNA was then eluted sequentially with 0.5ml
aliquots of STE, the O0OD's o0of +the different fractions
monitored and the uv-absorbent fractions pooled and ethanol

precipitated. Yeast tRNA at Supg/ml was used as

m

precipitation carrier when necessary.

b> Alternatively dsRNA was purified directly from total
nucleic acids as described in MORRIS & DODDS (1979)
modified for large volumes. The nucleic acid solution was
adjusted to 17.5% ethanol then CFll-cellulose, without pre-
treatment, was added at the rate of 0.02g/g plant tissue.
The mixture was stirred at 4°C for 30min then the cellulose
was collected by centrifugation at 3,000rpm for Smin and
washed four times with 17.5% ethanol/STE at room
temperature (CFll-cellulose was washed and columns were
eluted at room temperature since at 4°C some cellular ssRNA
has sufficient secondary structure to bind to the cellulose
in 17.5% ethanol). The cellulose was then packed into a
column, washed with 17.5% ethanol/STE and dsRNA was eluted
as in (a). Traces of DNA and ssRNA were removed by DNase I

digestion and LiCl-fractionation as above.



c) dsRNA extractions of small amounts of tissue (0.5g) were
carried out as described as= in MORRIS et al. (1983). Tissue
was powdered in 1liquid nitrogen in a small mortar and
homogenised in 0.7ml 2xSTE, 0.3ml 10% SDS and 0.1ml
bentonite (40mg/ml, prepared as in 2.5.2). The homogenate
was transferred to a 1.5ml! Eppendorf tube, agitated for
10min at room temperature and clarified by centrifugation
for 2min. The supernatant was transferred to a second tube
containing 0.02g CFll-cellulose powder, adjusted to 17.5%
ethanol and shaken for 10min. Cellulose was collected by
centrifugation for Z2min and washed by resuspending in 17.5%
ethanol/STE five times. dsRNA was eluted with a final wash
of 0.4ml STE and ethanol precipitated prior to analysis on
gels.

The identity of DNase-resistant, 2M LiCl-soluble nucleic
acids was further confirmed by RNase A sensitivity in high
or low salt concentrations (ZELCER et al., 1981). dsRNA is
resistant to digestion by RNase A in 2xSSC but susceptible
in 0.1xS8SC. ssRNA 1is susceptible under both conditions.
Incubations were at 37°C for 30min with RNase A at
0.5ug/ml. Following incubations RNase was digested with
proteinase K (EOpug/ml for 15Smin at 37°C), solutions were
extracted once with phenol/chloroform and electrophoresed

directly or ethanol precipitated.

2.11.6 Isolation of Polysomes

Polysomes were isolated from Hordeum vulgare plants by
the method of JACKSON & LARKINS (1976> as modified by
PALUKAITIS et al. (1983). Plant material was harvested from
healthy and BaYMV-infected plants 42 days after inoculation
(2.7.3a). Material from meristematic as well as young and
old 1leaves was taken. All further manipulations were

carried out at 4°C. 3.5g plant material was ground on ice
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in a chilled mortar with 35ml buffer (200mM tris-HC1
(pHY9. 0>, 400mM KC1, 200mM sucrose, 35mM MgCl.::, 25mM
ethylene glycol Dbis(Z2-aminoethyl ether)> N,N'-tetracetic
acid (EGTA; Sigma>, 1% 2Z-mercaptoethanol <(Sigma)) and the
homogenate was squeezed through sterile nylon bolting
cloth. Following centrifugation of the filtrate at
15,000rpm for 10min the supernatant was decanted and Triton
X-100 was added to a final concentration of 1% <(v/v). The
polysomes were then pelleted through a 4ml layer of 1.75M
sucrose <(in 40mM tris-HCl <(pH9.0>, 200mM KCL,30mM MgCl:,
S5mM EGTA> at 50,000rpm for 60Omin in a Beckman Type 65
rotor. The cushion interfaces, then the pellets, were
washed briefly with sterile dHz0 to remove non-polysomal
material then the pellets were frozemn at -20°C.

Pellets were thawed and treated in one of three ways.
Total polysomal RNA was isolated as in 2.11.1b. Polysomes
for use directly in iIn vitro translation (IVT) experiments
were prepared by resuspencsion of pellets in 200ul of 8mM
tris-HCl (pH8.5>, 5SmM KCl, 2mM MgCl:... Insoluble material
was removed by microcentrifugation for Smin and
supernatants were either frozen at -20°C or used
immediately in IVT incubations. Polysomal RNA, free from
encapsidated viral RNA, was prepared by disruption of
polysomes in 40mM tris-HCl1 (pH®.0>, 15mM EDTA for 10min
followed by high speed centrifugation as described above
and phenol/chloroform extraction and ethanol precipitation
of the supernatants (less the sucrase cushions). An aliquot
of this supermatant , prior to solvent extraction, was
tested Dby ISEM (2.10.2) for +the presence of virus
particles. Pellets from the second round of
ultracentrifugation were washed as above and RNA extracted
as in 2.11.1b. Thus three fractions of RNA were produced:
total polysomal RNA; viral RNA-free polysomal RNA and
polysomal RNA-free viral RNA.
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2.11.7 Gel Purification of RENA

BaYMV RNA was purified by denaturing agarose gel
electrophoresis and (a) electroelution, (b) extraction from
low melting point (LMP) gels or (c) freeze/thaw treatment.
Ds RNA was extracted from agarose and polyacrylamide gels

by electroelution as in (a)>. Occasionally impurities were

removed by DEAE-cellulose chromatography (d).

a) Electroelution was performed using an ISCO model 1750
sample concentrator (ALLINGTON et al., 1978) as described
by ZASSENHAUS et al. (1982) modified as follows. The design
of the electroelution apparatus is illustrated below.
Dialysis membrane <(indicated by dotted lines)> was held
in place with plastic compression rings at the bottom of
the sample and collection chambers. Compartment A of the
electrophoresis tank was filled with 3M sodium
acetate/1xTAE, compartment B with 10xTAE and the
electroelution cup <(compartment C) contained TE. Excised
gel slices were placed in the sample chamber and
electroelution was carried out at 100V for 1h at 4°C. The
eluate was withdrawn from the collection chamber after
first carefully removing the rest of the buffer in the cup
then +the same buffer was returned to the cup and
electroelution repeated. The two eluates were ©pooled,
extracted with phenol/chloroform to remove residual agarose

and ethanol precipitated.

Sample Chamber

C
Collection
‘ Chamber
)} - iy [y

B A
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b) RNA was extracted from LMP agarose by a modification of
the method in (MANIATIS et al., 1982). RNA was denatured
with MeHgOH and electrophoresed in gels not containing
MeHgOH <(2.6.1le>. After staining bands were sliced out of
the gels, transferred to 1.5ml Eppendorf tubes and volumes
were estimated. 2Zvol 1% SDS and 3vol phenol were added and
mixtures were incubated at 65°C with occasional vortexing
until &a clear one phase <csolution was obtained (=#5min).
Tubes were chilled on ice until white emulsions were formed
(2-3min) then microcentrifuged for 10min. Supernatants were
removed and interfaces were re-extracted with 0.5vol dH:0
at 65°C as described. Combined aqueous phases were
extracted with phenol/chloroform repeatedly until there was
no interface, once with chloroform and then RNA was ethanol

precipitated.

c) RNA was eluted from gel eclices ater denaturing agarose
electrophoresis by a modification of the method of TAUTZ &
RENZ (1983). Sterile 2ml disposable syringes were prepared
by slicing off the nozzle with & hot scalpel leaving a
small hole in its place. Gel slices were squeezed through
this syringe into an eppendorf tube, mixed with 3vol TE
containing 1M NaCl which had been used to wash the syringe
and frozen at -70°C. Capless 0.5ml eppendorf tubes, the
bottoms of which had been punctured, were packed with a
small amount of baked, silicanised glass wool and suspended
in capless 1.5ml eppendorf tubes.--Gel slurries were thawed,
transferred to these 0.5ml tubes and microcentrifuged for
30s. Eluates were collected in the 1.5ml tubes and agarose
residues were re-extracted with 75yl each of the same
buffer as described. Combined eluates were extracted with
phenol/chloroform until the interface disappeared then once

with chloroform and then RNA was ethanol precipitated.
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d)> DEAE-cellulose (Sigma) was wached by decantation in (¢.5N
HCl, 0.5N NaOH and finally in dHzO0 to lower pH. "Fineg"
were concommittantly removed in this way. 0.2Zml columns
were made in 2ml sterile disposable syringes and
equilibrated in 10mM tris-HCl (pH7.5)>, 0.3M NaCl. RNA was
loaded and columns were washed in the same buffer then RNA
was eluted with 100ul aliquots of 10mM trie-HC1l (pH7.5)
containing 7M urea and 1M NaCl. Eluates were monitored by
cpotting 2ul samples on agarose plates containing 0.5pg/ml
ethidium ©bromide and viewing on & transilluminator.
Fractions containing RNA were pooled and ethanol

precipitated.

2.12 Sucrose Density Gradient Centrifugation

Sucrose density gradient centrifugation was used to
fractionate RNA, <¢DNA and virus preparations. Linear
gradients were made by layering four appropriate sucrose
solutions (eg 5,10,15 and 20% solutions for a 5-20%
gradient)> 1in the relevant centrifuge tubes and allowing

them to diffuse at 4°C overnight.

2.12.1 RRNA

Crude wviral RNA preparations were fractionated on Sml
5-20% sucrose (RNase-free, Sigma) gradients made up itn TES
(10mM tris-HC1 (pH7.5), 1mM EDTA, 100mM NaCl>. RNA,
prepared as in 2.11.1lb, was treated with 50ug/ml DNase I
(RNase—-free, 2.5.3> at 37°C for 15min, precipitated with 2M
LiCl for 4h at 0°C to remove some of the heterogeneous low
molecular weight RNA, collected by microcentrifugation for
10min and washed twice with 70% ethanol. RNA pellets were
dissolved in TES, 0.1% SDS <(up to 10mg/ml total RNA),

heated to 65°C for 2min, quick-cooled in ice-water and
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microcentrifuged for Smin. Supernatantse were lavered onto
gradients ({200ul/gradient) and centrifuged in a Beckman
SW50.1 rotor at 40,000rpm for 4h at 10°C. Gradients were
fractionated by hand into 0.25ml aliquots and 5Spl samples
of each fraction were electrophoresed in denaturing agarose
gels (2.6.1b> +to 1locate RNAs of interest. Fractions
consisting of the same RNA species were pooled, diluted 3x

and ethanol precipitated.

2.12.2 cDNA

Zingle-stranded <¢DNA was fractionated on &alkaline
sucrose gradients (HEIDECKER & MESSING, 1983) (a> and
double—-stranded cDNA on neutral gradients <(b).

a) 16ml alkaline gradients (15-30%) were made up in O0.1N
NaOH, 1M NaCl, 2mM EDTA. Samples of c¢DNA at the end of
reverse transcriptase reactions (2.13.2) were adjusted to
0.3N NaOH, heated to 65°C for 20min, adjusted to 1M NacCl
and zmM EDTA +then 1loaded onto &alkaline gradients and
centrifuged for 18h at 10°C in a Beckman SW28.1 rotor at
27,000rpm. Gradients were hand fractionated into 0.5ml
aliquots, radiocactivity was 1located using a mini-monitor
and the sizes of c¢cDNAs in each aliquot were determined by
alkaline gel electrophoresis (2.6.14), gel-drying (2.6.5>
and autoradiography (2.15.3). Fractions containing cDNAs of
desired size were paoled, neutralised with acetic acid,

diluted 3x and ethanol precipitated.

b> Double-stranded products of 2nd <strand synthesis
reactions (2.13.2) were fractionated analogously on neutral
16ml 15-30% sucrose gradients made up in 50mM tris-HC1
(pH7.4>,1mM EDTA except that samples were mnot denatured
before centrifugation and fractions were not neutralised

prior to ethanol precipitation.
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2.12.3 Yirus

Partially purified preparations cf BaYMV were subjected
to a 10min clearing spin at &,000rpm then layered onto 36ml
10-40% gradients (2ml virus/gradient)> made up in O0.05M
sodium phosphate (pH7.3) and centrifuged in a Beckman SW26&
rotor at 25,000rpm for 2.5h at 4°C. Gradients were
fractionated using a Gilson Microcol TDC80 fractionator
attached to a LKE Uvicord II type 8303A. Fractions were
monitored for wvirus by EM (2.9.2) and virus containing
zones were pooled, diluted with 5vol 0.05M sodium phosphate
(pH7.3> and centrifuged at 30,000rpm for 2h in a Beckman
Type 30 rotor at 4°C. pellets were resuspended in the same

buffer and stored at 4°C or at -20°C.

2.13 cDNA Synthesis

2.138.1 Preparation of cDNA probes

[##Pl-labelled cDNA probes were prepared as described by
GOULD & SYMONS (1977) and TAYLOR et al. (1976) using oligo
dT- or random-priming and RNA purified as in 2.11.2. Random
primer was prepared by partial hydrolysis of salmon sperm
DNA (Sigma)> with DNase I <(Worthington). DNA was dissolved
at Smg/ml in 10mM tris-HCl (pH&.3) containing 10mM MgCl:,
DNase I was added to 70ug/ml and the mixture was incubated
for 2h at 37°C followed by heating ta 120°C in a paraffin
bath té.inactivate the DNase I. Primer was quick-cooled to
prevent reannealling and stored at -20°C. For <cDNA

synthesis 10uCi [oa—**P]J1dCTP (1mCi/ml; 410Ci/mmol: Amersham)

g

as dried in vacuo, taken up in a 25pl reaction volume
containing 50mM tris-HCl <(pH&.3>, 10mM MgCl., 140mM KC1,
30mM Z-mercaptoethanol, I1mM each dATP, dGTP and TTP
(=1

Sigma), 1.25pg oligo dTiz-1w (P-L Biochemicals) or 25pg

primer DNA, 0.5-2ug RNA and 10-20u reverse transcriptase
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(" Zuper RETM: Angliian? and the reaction mixture was
incubated at 4z°C for ©90min. The reaction was terminated
and RNA hydrolysed by addition of NaOH to 0.3M and
incubation at 70°C for 1h or 37°C overnight.

Radiocactive <cDNA was separated from unincorporated
nucleotides by the "spin-column" procedure of MANIATIS et
al. (1982). A column was made by filling a 2ml disposable
syringe barrel, plugged with a Whatman 3MM paper disc, with
Sephadex G75 (Pharmacia) which had been suspended and
autoclaved in TE. The column was suspended in a 15ml Corex
tube, centrifuged at 1,000rpm for 2min in a bench-top
centrifuge and washed with S0pl TE by centrifugation as
above. The cDNA reaction mix was loaded onto the centre of
the column and the first fraction was collected in a
capless 1.5ml Bppendorf tube by centrifugation at 1,000rpm
for 1min. Further fractions were collected in separate
tubes by sequential addition of 50yl TE and centrifugation
as above. The radioactivity in each tube was measured with
a2 mini-monitor and fractions constituting the first elution
peak were pooled. Radiocactivity was measured by counting a
2pl sample, spotted and dried onto a Whatman 3MM paper
disc, in 8&ml scintillant containing 2vol toluene to 1vol
Triton X-100 (Rose)> with 0.4% 2,5-diphenyloxazole and 0.1%
1,4-bisi2-(5-phenyloxazolyl)]lbenzene <(both Sigma) using a

Packard "Tri-Cardb" liquid scintillation spectrometer.

2.13.2 dg cDHA Synthesis .

de <DNA was synthesised for cloning in M13 bacteriophage
vectors (2.18> by (&> the "loop-back" method (MANIATIS et
al., 1982> or (b> the RNase H method (WATSON & JACKSON,
1985>. In both cases first strand synthesis was carried out
as above (2.183.1) except that reaction volumes were 50ul
and contained, in addition, 25uM dCTP and 5S50Ou of RNasin
(P&S) .
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a) This method relies on transient hair-pin formation at
the ends o0f the single-stranded cDNA providing primers
which can be extended by the "Klenow" fragment of E.coli
DNA Pol I. The product is ds cDNA with a loop at one end
which must be removed Dby Sv nuclease or restriction
endonuclease treatment.

lst strand cDNA was fractionated on alkaline sucrose
gradients (2.12.2a). Fractions consisting of DNA of 2200
bases <(as determined by alkaline gel electrophoresis;
2.6,1d> were pooled, ethanol precipitated and resuspended
in 204l dH:0. 10pCi [a®*P1-dCTP was dried in vacuo, taken
up in a 50ul reaction volume containing 1st strand cDNA,
100mM HEPES (pH6.9>, 10mM MgCl.., 70mM KC1, 2mM DTT, 0.5mM
each dATP, d4GTP and TTP, 125uM dCTP and 5Su "Klenow"
fragment <(Amersham) and incubated at 15°C overnight. The
reaction was terminated by phenol/chloroform extraction and

products were ethanol precipitated.

b) In this method RNA-cDNA hybride are nicked with RNase H
then nick-translated by E.coli DNA Pol I. "Ragged ends" are
filled in by T4 DNA polymerase.

RNA-cDNA hybrids were fractionated on Sephadex G75 as
above but omitting the RNA hydrolysis step. Eluted hybrids
were extracted with phenol/chloroform and chloroform,
ethanol precipitated, dried in vacuo and resuspended in
25u1 dH:O0. 10pCi [ ®=P]1-dCTP was dried in vacuo and taken
up in a 100pl reaction volume containing 1st strand cDNA,
100mM REPES (pH7.6), 4mM MgCl=, 70mM KCl, 0.13% J(v/v) 2-
Aércaptoethanol, 0.2mM each dATP, d4GTP and TTP, 5uM d4dCTP,
30u E.coli DNA Pol 1 <(Amersham) and 1lu RNase H (P-L>/pug
cDNA. The reaction mix was i1incubated for 1h at 14°C then
for 1h at room temperature. The reaction was terminated by
addition of EDTA to 5mM and products were fractionated on
Sephadex G75, deproteinised and ethanol precipitated as
above. Ragged ends were filled in by resuspending the ds
cDNA in 30ul of the following reaction mixture: 33mM tris-
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acetate (pH7.9:, 66mM potassium acetate, 10mM magnesium
acetate, 0.5mM DTT, O0.1lmM each dATP, d4dCTP, dGTF and TTP,
0.1mg/ml BSA (nuclease-free; Pharmaciar» and ©u T4 DNA
polymerase (Anglian) and incubating at 37°C for 30min. The
reaction was terminated by phenol/chloroform extraction and

then products were ethanol precipitated.

2.14 Nick-Translation of M13 RF DNA

Radioactive DNA probes were prepared by the method of
RIGEBY et al., (1977).

10pCi [ x®##P]1-dCTP wae dried in vacuo and taken up in a
100pl reaction volume containing 100mM tris-HC1l (pH7.4),
20mM 2Z-mercaptoethanol, 10mM MgCl.., 15uM each dATF, dGTP
and TTP, 0.03mg/ml BSA <(nuclease—-free) and 1lug M13 RF DNA.
DNasel was added to 4ng/ml and the reaction was initiated
by the addition of 2u E.coli DNA Pol I. After incubation at
16°C for 90min the reaction was terminated by the addition
of 10pl 1M NaDH and 2ul 0.5M EDTA. Labelled DNA was

fractionated as in 2.13.1.

2.15 Blotting and Hybridisation

A number of different transfer procedures, transfer
membranes and hybridisation protocols were used depending

an availability and canvenience.

2.15.1  Blotting/Transfer

a Dot—-Blots
Dot-blots were used to detect BaYMV in plant tissues as
described in MAULE et al., (1983) and BAULCOMEE, (1984».

Samples of healthy and infected tissue were ground in
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Eppendorf tubes using & small amount of carborundum and &
rounded Basteur pipette with 2ml/g 5O0mM =sodium phosphate
(pH7.5). Homogenates were adjusted to 100pg/ml proteinase
K, idincubated at 65°C for 10min and microcentrifuged for
Smin. Supernatants and purified viral RNA (used as a
control) were serially diluted in phosphate buffer and
applied as 5ul spots to either nitrocellulose (Bio-Rad)
which had been air-dried following presoaking in 20xSSC or
GeneScreen™ without pretreatment (lcm®/spot)>. Membranes
were air-—-dried +then baked at 8&0'C for 2-4h prior to
hybridisation.

Recombinant M13 clones were screened by dot-blotting
using a slightly different procedure. M13 RF dsDNA was
prepared by the "mini-prep" method (2.18.7) and Sul spots
of DNA (0.1lug/pl) were applied to untreated nitrocellulose
(lcm*/spot). Control spots of viral RNA or extracts from
healthy and infected plants <(prepared as abaove) were
spotted onto air—-dried 5ul spots o0of 20xSSC on the same

membrane. Membranes were the dried and baked as above.

b " "

Denatured ss and dsRNA were transferred to GeneScreen
FPlus™ membranes according to the manufacturers recommended
protocols after methylmercury gel electrophoresis (2.6.1b).
After staining and photographing (2.6.4) wells were cut
away and gels were treated with 50mM NaOH for 30min then
were neutralised in 1M tris-HC1 (pH7. 0> for 3O0min.
Meanwhile the GeneScreen Flus™ membrane was cut to size and
soaked in water for 5Smin then in 10xSSC for 15-20min. A
sheet of VWhatman 3MM paper was placed over an elevated
glass plate in a glass baking dish containing 10xSSC so
that the ends of the paper were in the solution. The paper
was then wet with 10xSSC and the gel was placed in the
middle and surrounded with Parafilm® strips. The trancsfer
nembrane was positioned on the gel, concave side <(side B)

down, excluding all air bubbles then 5 gel sized cheets of
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Whatman 3MM, fcllowed by a 32-6cm stack of absorbant towels,
was laid on top of the membrane. The whole structure was

covered in 'cling-film', & large weight (=800g) wa

"

placed
on top of the paper and capillary transfer of RNA was
allowed overnight. After transfer the membrane was washed
briefly in 2x8SSC, air-dried and baked at 80°C for 1h.

fter non-denaturing agarose electrophoresis (2.6.1a),
deRFA was transferred to GeneScreen Flus™ in a similar

fashion.

c “Southern Blots* (DNA transfer)

Recombinant M13 RF dsDXNA, linearised by restriction
endonuclease digeétion (2.18.2), was electrophoresed 1in
non—denaturing agarose gels (2.6.1a> and transfterred to
GeneScreen Flus™ membranes by recommended protocols. After
staining welle were cut away and gels were soaked in 0.25M
HCl for 15min to depurinate the DNA, in 0.2M NaOH, 0.6M
NaCl for 30min to denature the DNA and then in 0.5M tris-
HC1 (pH7.5>, 1.5M NaCl for 30min. After transfer of DNA as
deszcribed in 2.15.1b. membranes were soaked in 0.4M NaOH
for 60s then in 0.2M tris-HC1l (pH7.5>, 2xSSC for 60s, air-
dried and baked at 80°C for 1h.

d Plague Lifts

Plaque 1lifts of recombinant M13 clones were performed
using Pall® Biodyne™ A and Colony/PlaqueScreen™ membranes
using identical protocols. Autoclaved &Zmm membrane discs
without prewetting were placed <(convex side down for
Colony/PlaqueScreen™) on plates of Ml13-infected E.coll,
generated as in 2.18.6 and precooled to 4°C. Plates and
membranes were marked asymmetrically in three places for
subsequent orientation then incubated at 4°C for Smin. Each
membrane was removed and placed plagque-side up on a 1ml
drop of denaturing solution (2.5M NaCl, 0.5M NzaOH> on a

stretched sheet of Saran Wrap for Smin and then on a 1ml



drop of mneutralizing esolution (EM sodium acetate, pHS.5)

for Smin then air-dried and baked at &0°C for 1hL.

2.15.2 Hybridisation

DFA and RNA, bound to transfer membranes as above, were
detected by hybridisation +to radioactive DNA probes
(2.13.1, 2.14> and autoradiography (2.15.3). Membranes were
prehybridised in heat-sealed plastic bags containing 10-
15ml hybridisation solution (without probe) per 100cm* for
at least 4h to block any non-specific binding sites. Probes
were denatured by boiling for 5Smin, quick-cooled in .an
ethanol/ice bath at -20°C and added toc the hybridisétion
solution at 10#~10% cpm/ml. A  number of different

hybridisation conditions were employed:

a  GepneScreen™ Membranes

Hybridisation was for 18-24h at 42°C in 50% formamide
(deionised), 0.2% PVP, 0.2% BSA, 0.2% ficoll, O0.05M tris-
HC1 (pH7.5>, 1M N&aCl,0.1% sodium pyrophosphate, 1% SDS, 10%
dextran sulphate, 100pug/ml sheared and denatured salmon
sperm DNA (Sigma).

Membranes were wached in 100ml of each of the following:
2xS8C for Smin at room temperature; 2xSSC, 0.5% SDS for
30min at 60°C (twice); 0.1x8SC for 30min at room
temperature. After briefly drying, membranes were wrapped

in 'Saran VWrap' and autoradiographed.

b Nitrocellulose Membranes

Membranes were hybridised by the method of SINGH & JONES
(19845, for 18-24h at 65°C in 4xSET <(1xSET= 0.1M NaCl,
0.03M tris~-HC1l <(pH7.4>, 2mM EDTA>, 10% dextran sulphate,
0.2% $DbS, 0.1% sodium pyrophosphate, 500ug/ml heparin

(sodium salt; Sigma)d.
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Washing wae in 100mi each of +the following: Z~S5ET for
Snin at room temperature; Zx3ET, 0.2% 3DS for 30min at 65°C
(twice); 1xSET, 0.2% 2DS for 30min at 65°C; 2xSET at room
temperature for Smin. After briefly drying membranes were

wrapped in Saran Wrap and autoradiographed.

¢  GeneScreen Plus™ Membranes

Membranes were prehybridised at 42°C for 4h in 50%
formamide, 1M NaCl and 10% dextran sulphate. Sheared and
denatured calmon sperm DNA was boiled with the probe and
added to the hybridisation <solution at 100upg/ml then
hybridisation was at 42°C for 18-24h.

Membranes were washed as described for GeneScreen™.

2.15.3 Autoradiography

Membranes were autoradiographed in a light-proof
cassette with Kodak X-Omat S film at -70°C for an
appropriate length of time (1-14 days). Intensifying
screens were used when necessary. Films were processed in a

Kodak X-Omat automatic processor.

2.15.4 Rehybridisation

Probes were stripped from blats, prior to
rehybridisatian with d4different prabes, by the following
methods: nitrocellulose membranes were washed three times
for 10min each in dH.:0 at 100°C; GeneScreen™ membranes were
washed in SmM tris-HCl1l (pH8.0>, 0O.2mM EDTA, 0.05% sodium
pyrophosphate, 0.002% PVP, 0.002% BESA, 0.002% ficoll for 1-
Z2h at 65°C with constant agitation; GeneScreen Flus™
membranes were washed in 0.4N NaOH at 42°C for 30Omin and
then in 0.2M tris-HCl (pH7.5), 0.1xS3SC, 0.1% SDS at 42°C

for 30min.
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2.16 In Vitro Translation

In vitro translation of viral RNA, polysomal RNA and
polysome preparations was carried out using (a) message-
dependent rabbit reticulocyte lysate (MDL) (P&S, Amersham)
and (b)) wheat germ extract (a gift from M.Brisco, John

Innes Institute).

a The MDL had been prepared by a modification of the
method described by PELHAM & JACKSON (1976> 1in which
endogenous mRNA is destroyed by treatment with a calcium—
dependent nuclease. In vitro translations were performed
according to manufacturers instructions. 12.5pCi L-14,5-
“3Hlleucine (1mCi/ml, 55-128 Ci/mmol; Amersham) was used
per final reaction volume of 25ul. Occasionally 20uCi L-
[#*%S)methionine (12.7mCi/ml, 1330 Ci/mmol; Amersham) was
used. The appropriate volume of labelled amino acid was
dried in vacuo in a 0.5ml Eppendorf tube. If MDL from P&S
Biochemicals was employed the radioactivity was resuspended
in the following mixture per reaction volume: 16ul MDL, 1pul
[2M KCl, 10mM MgCl=] (P&S), 1pl amino acids mixture (19
amino acide, 1lmM each; P&S), 1ul sterile dH=0, 1ul 0.2M
phosphocreatine (P&S>. Alternatively, if Amersham MDL was
used, the radioactivity was simply resuspended in 20ul MDL
per reaction volume. Aliquots of 20ul were then dispensed
into pre-chilled 0.5ml Eppendorf tubes and made up to 25ul
by addition of 5l RNA (0.1-1.0mg/ml> or sterile dHz:0. The
cantents af the tubes were thaoroughly mixed and incubated
at 30°C for 60min.-.

Duplicate 1pl samples were withdrawn at various times
throughout the incubation, digested with RNase A, spotted
onto 1.5cm squares of Whatman 3MM paper and dried under a
lamp. The proteins were precipitated and unincorporated
radiocactivity removed by washing the squares 1in three
changes of 5% trichloroacetic acid (TCA)> containing 110mM
eodium pyrophosphate (10ml/square) for 10min each. Finally
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the squares were rinsed in methancl and dried. Their
radioactivity was measured in 8&ml scintillant as in 2.13.1.
The remainder of each translation mixture was ERENase-treated
and stored at -20°C wuntil analysed on discontinuous

polyacrylamide gels (2.6.3b) and by fluorography <(2.17).

b Wheat germ 5-30 fraction was prepared as in DAVIES

(1979). 20uCi [#**Slmethionine was dried down as above and
recuspended in the following mixture per reaction volume of
25ul: 12.5u]l wheat germ extract, 2.5pl "Mixz 6" (3.75mM GTP,
19 amino acids (-met), 0.375mM each, 25mM Ko ATP, OOmM
phosphocreatine, 0.1lmg/ml creatine phosphokinase), 2.5pul
"HKM3" (200mM HEPES (pH7.6), 400mM potassium acetate, 4mM
magnesium acetate, 4mM spermidine), 2.5ul sterile dH..0. The
wheat germ extract, "HKMS" and "Mix 6" were gifts from
M.Brisco (John Institute). Aliquots of 20ul were dispensed
into pre-chilled 0.5ml Eppendorf tubes <then incubatiomns,
sampling, filter washing, scintillation counting and
translation product analysis were carried out as described

for MDL <(2.16a).

2.17 Fluorography

Radioactively labelled proteins were detected in
polyacrylamide gels by fluorography as described by
CHAMBEERLAIN, (1979). Gels were wusually stained with
Coomassie Brilliant EBlue R—-250 as in 2.6.4 prtar ta
fluorography. After staining gels were soaked in about
20vol dHz:0 for 30-60min to raise +the pH and prevent
precipitation of salycylic acid. Gels were then soaked in
10vol 1M sodium salycylate (pH5-7) at room temperature for
30min before gel drying (2.6.5). Dried gels were exposed to
Kodac X-ray film at -70°C and films were developed using a

Kodac X-omzat film processar.

a8



2.18 cDHEA Cloning in Bacteriophage M13

2.18.1 Cloning Strategy

Attempts were made to "shotgun"-clone fragments of DNA
complementary to the EBaY¥YMV genome into bacteriophage M13
vectors to provide a source of probes. Due to difficulties
in obtaining sufficient quantities of BaYMV RNA and 1its
apparent resistance to reverse <transcription the cloning
strategy involved synthesis of <¢DNA to crude BaYMV RNA
preparations, enrichment by size fractionation on alkaline
(ss c¢DNA> and mneutral <(ds cDNA) sucrose gradients and
differential screening of clones by plaque-1ift, dot- and
Southern—-blot hybridisation. Since the restriction map of
BaYMV is not known "blunt" and "sticky" ended fragments
were generated with a variety of "four-cutters"
(restriction endonucleases with recognition sequences of
4bp> and 1ligated into the multi-cloning sites of M13 mpé
and mpl8 vectors linearised with an appropriate restriction
enzyme. Insertion or deletion within this site destroys £-
galactosidase activity within cells infected with the
recombinant bacteriophage and hence production of the blue
dye on metabolism of X-gal. The following combinations of

enzymes were used:

cDFA cut with K13 cut with  Notes
Sau3A (Biolabs) BamH1 (Amersham) "Sticky"

¥bol (P-L) BamH1 “"Sticky"

Taql (Amersham) Accl (P-L) “"Sticky"

Hpall (P-L) Accl “"Sticky"

EcoR1# (Amersham) EcoR1 "Sticky" (see 2.18.2)
HaeIII (Anglian) Smal (Angliam) “Blunt"

uncut Smal "Blunt"
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2.18.2 Restriction Enzyme Digestions

Digestions were carried out in volumese of 10-20ul
containing ¢150ug/ml DNA and 2-5u enzyme/pug DNA in
appropriate buffers and at optimum temperatures (summarised
in the Biolabs catalogue, 1985> in the relevant salt
concentration (MANIATIS et al., 1982).

All reactions were carried out in Medium Salt Buffer
(MZB) at 37°C except:

Taql MSB at 65°C
Hpall & EcoRl#* appropriate buffer at 37°C.

The buffers used were:

¥edium Salt Buffer: 10mM tris-HCl1 (pH7.5), 50mM NaCL, 10mM
¥gCl=z, 1mM DTT, 10mM spermidine.

Hpall Buffer: 10mM tris-HC1 (pH7.5), 10mM KCl, 10mM MgClz,
5nM 2-mercaptoethanol.

EcoRl* Buffer: 10mM tris-HC1 (pH7.5), 10mM ¥gCl-, 1mM DTT,
10mM spermidine, 20% glycerol.

(In the absence of salt and in the presence of 20% glycerol EcoR1l

becomes a four-cutter, recognising the sequence NIAATTN. This activity

is known as EcoRl#).

Digestions were for 1-2h &and whenever poscsible were
monitaored by agarase gel electraphoresis. Reactians were
terminated by phenol/chloroform extraction then DNA was
ethanol precipitated, dried in vacuo and resuspended in a

minimal volume of TE.
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2.18.3 Ligation

The amount of insert DNA available for ligation was low
and difficult to quantify so the desired 2-3 fold molar
excess of insert over vector DNA was not usually achieved.
A standard 10ng of vector DNA per ligation reaction was
found to be appropriate for a convenient plating density.

For each set o0f ligations two control reactions were
carried out in the absence o0of insert DNA, one with and one
without ligase. On transformation of competent cells (see
below) these controls allowed estimation of the efficiency
of restriction cleavage of vector, the efficiency of
ligation and the proportion of "false whites" (white
plaques produced by deletion rather than insertion within
the M13 lac operon). Otherwise reactions contained insert
DNA, 10ng vector DNA <(cut with the appropriate enzyme),
S50mM tris—-HC1l (pH7.7>, 10mM MgCl:, S5mM spermidine, 1mM DTT,
1mM rATP and Z2u T4 ligase (Anglian> for "sticky" or 10u for
"blunt" end ligations and were incubated at 12°C overnight.
For "sticky" end ligations T4 ligase was diluted to zu/ul
prior to use in 20mM sodium phosphate <(pH7.6>, 1mM EDTA,
5mM DTT, 60mM KCl, 50% glycerol.

2.18.4 Growth and Maintenance of Bacteria

Escherichia coli strain JM101 was subcultured monthly on
minimal medium plates supplemented with 1its auzatraphic

requirement and stored sealed at 4°C.

Minimal 2
500ml 3% Bactoagar (Difcao)
500ml 2xM9 salts

1ml 0.1M CaCl=

1ml 1M Mg30.

1ml 20% glucose
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These components were autoclaved separately and combined

prior to pouring the plates.

Supplement: 0.5ml 1% Thiamine—HCl (Vitamin B.)> (filter-

sterilised)

MO salts

6g Nea.:-HPO.
3g KH::POua
0.5g NaCl

1g NH4C1

dH.-0 to 500ml

Frozen stocks o0f cells were stored in minimal broth
containing 20% (v/v) glycerol at -70°C, to be replated when

required.

Overnight cultures were grown by inoculating 2ml 2TY
broth in a 10ml Sterilin tube with a single colony of
E.coli JM10l taken from a minimal agar plate and shaking
overnight at 37°C.

2.18.5 Preparation of Competent Cells

Transformation-competent E.coli JM101 cells were
prepared by the method of MANIATIS et al. (1982). 7.5ml 2TY
broth in a 10ml Sterilin tube was inaculated with 25ul af
overnight culture and shaken vigorously at 37°C until the
ODsme reached 0.3 (=4h) so that cells were in log phase.
Cultures were chilled on ice for 5min, centrifuged at
3,500xg for 5S5min at 4°C and supernatants were discarded.
Cells were resuspended in 10ml cold, sterile 50mM CaCl=
with gentle mixing, cstored on ice for 20min then

centrifuged again as above. Supernatants were discarded and
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cells were resucpended in 1lml cold S0mM CaCl.. and used for

transformations within 48h.

2.18.6 Iransformation

For each set of transformations three controls were
carried out, one using uncut vector DNA and the other two
using the control 1ligation reactions (see Z2.18.3 above).
The uncut vector control allowed estimation of
transformation efficiency.

2-20ng DNA, in a minimum volume <(£10ul), was added to
200px of competent cells and incubated on ice for 40min.
During this incubation tubes of 3ml molten H top agar were
cooled to 42°C along with 20ul 24mg/ml isopropyl-f-D-thio-
galactopyranoside (IPTG; BRL>, 30ul 20mg/ml (in dimethyl
formamide) 5-bromo-4-chloro-3-indoyl-fB-galactoside (X-gal;
Anglian) and 200l overnight culture. 5O0Opl aliquots of
transformation mix were added to these agar tubes and heat-
shocked at 42°C for 3min then immediately poured onto
prewarmed (37°C) bottom agar plates (1.5% Bactoagar in
2TY>. VWhen +the top agar had set plates were incubated,

inverted, at 37°C overmnight.

Individual white plaques were 'toothpicked\ intao 10ml
Sterilin tubes containing 1ml 2TY broth and 100pl overnight
culture and tubes were then shaken vigorously at 37°C for
6h. Cultures were poured into 1.5ml Eppendorf tubes and
microcentrifuged for 5min. Supernatants were removed and
cells were resuspended in 100ul SOmM glucose, 25mM tris-HC1
(pH&. 0>, 10mM EDTA, 4mg/ml lysozyme and incubated at room
temperature for Smin. 200pul 0.2N NaOH, 1% SDS were added

with gentle mixing and tubes were incubated on ice for
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Snmin. Bacteriazl DEKA was precipitated by addition of 150pl
3M potassium acetate (pH4.8), incubation on ice for Smin
and microcentrifugation for Smin. Supernatants were removed
and extracted with phenol/chloroform and chloroform then
nucleic acids were precipitated with 2vol ethanol at room
temperature for 2min and collected by microcentrifugation
for 5min. Pellets were dried in vacuo, resuspended in 50ul
TE &and treated with 40pug/ml RNase A for 15min at room

temperature then stored at -20°C..

2.19 Extraction of Soluble Plant Proteins

Soluble proteins were extracted from healthy and BaYNV-
infected barley seedlings by the low pH method of COUTTS
(1978> or from intercellular fluid (IF) by the method of
PARENT & ASSELIN (1984>.

2.19.1 Low pH Method

Leaf samples (1-5g) were ground in a mortar at 4°C with
lml/g Macllvaine buffer (84mM citric acid, 32mM disodium
hydrogen phosphate (pH2.8)) containing 14 mM 2-
mercaptoethanol. Extracts were centrifuged at 45,000xg for
30min and supernatants were either analysed directly on
polyacrylamide tube gels (2.6.3c¢c) or stored at -20°C prior

to electropharesis.

2.19.2 JIF _Methoad

Leaf samples (1-5g) were cut into 4cm long pieces and
infiltrated iIn vacuo, with gentle agitation for three
periods of 30s, with a large excess <(=30ml/g) of the
following mixture at 4°C: 20bmM +tris-HCl1 (pH7.8>, 0.5NM -
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ucrose, 10mM MgCl..,, 10mM CaCl., S5mM Z2-mercaptoethanol and
SmM PMSF. Pieces were gently blotted dry and placed in a
disposable 10ml <syringe Dbarrel plugged with a disc of
Whatman 3MM filter paper, suspended over a capless 1.5ml
eppendorf tube in a 50ml Sterilin tube. After
centrifugation at 2,500rpm in & bench centrifuge for 10min
the extract was recovered in the eppendorf and analysed by

PAGE on tube gels (2.6.3c) or stored at -20°C.
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3.1 Virus Transmission and Propagation
a) Sap Transmission

Barley Yellow Mosaic Virus was successfully inoculated
into and propagated in Hordeum vulgare cvs. Maris Otter and
Tipper by the method described earlier (2.7.3). Results
were not, however, consistent and +the infection rates
achieved by FRIEDT (1982) were rarely obtained.

Symptoms appeared after as little as 2 and as much as 7.
weeks post—-inoculation. Variation may have been due to day-
length and/or growth rates of host plants as the earliest
cymptom expression was found in plants grown in growth
cabinets with 14h day lengths and longest delays in symptom
expression were found in plants grown in an unheated
greenhouse without supplementary 1lighting over the winter
months (day-lengths ca.8-10h). Under the growth cabinet
conditions described most infected plants showed symptoms
after 3-5 weeks.

Symptoms appeared first as chlorotic streaks in the
youngest leaves and subsequently spread to new leaves
(Figs.3-5). Secondary growth of plants whose leaves had
been harvested chowed uniform obvious symptoms. As plants
aged leaves o0f Tipper plants developed an orange—-yellow
discalauration while in Maris Otter plants chlorotic
streaks became necrotic particularly at the 1leaf tips
(Fig.6).
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Fig.3 Yellow mosaic symptome in BaYMV-infected barley
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Fig.4 Yellow mosaic symptoms in BaYMV-infected barley
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Fig.5 Yellow mosaic symptoms in BaYMV-infected barley
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Fig.6 Necrosie in BaYKV-infected barley cvs Tipper (T) and Maris
Otter (MO) leaves
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Effici 0f infection commonly varied between 2C and
75%. Some of this wvariation can be ascribed to inoculum
infectivity as infection rates tended to drop in successive
pote treated with the same batch of inoculum. Thus no more
than six pots were ever inoculated with one batch of
inoculum. There was further variation in infection rates
that could not be explained in this way and could have been
due to inconsistent inoculation technique, genetic
variability of host plantse or slight variation in growth
conditions. Apart from the requirement for low temperaturec
very little is known about optimal conditions for infection
and symptom expression.

Differences between these results and those of FRIEDT
(1982) were not due to the slight variations in protocol as
higher infection rates were not obtained using the buffers
or double inoculation as described in this report; in fact
a second inoculation resulted in higher mortality and
poorer growth rates. The results may reflect differences in
inoculation technique or may be due to a strain-specific
phenomenon. The Japanese isolate of BaYMV is said to be
'not readily' transmissible (INOUYE & SAITO, 1975) and
variations in sap-trancmissibilty have been reported for
Ba¥YMV strains in Germany (EHLERS & PAUL, 1986). The latter
authors suggested that mechanical-transmissibility depends
on virus coat protein stability. The poor transmission and
absence of any but a 30K protein in preparations of the

Little Clacton isolate may thus be linked (see 3.2.7).

Attempts to find a local—-lesion or high-titre
propagation host for BaYMV among 19 épecies in 11 genera
all proved vunsuccessful. None of the species 1listed inmn
2.7.1 except Hordeum vulgare developed symptoms after
inoculation nor did they contain virus particles detectable
by EM in leaf-dip preparations regardless of growth
conditions. Analogously restricted host ranges have been

found for WYMV, RNMV, OMV and WSSMV, viruses that share
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many characteristice with BaYMV <(see 1.7). Viruses ot
monocotyledonous plants characteristically have restricted
host ranges but all infect more than one graminaceous genus
and saome also infect dicotyledonous plants. Even barley
stripe mosaic virus (BSMV) which is virtually confined to
barley as a host in nature (TIMIAN, 19745 can be
transmitted to other granminaceous hosts and some
Chenopodiaceae and Solanaceae C(ATABEKOV & NOVIKOV, 1971).
Other viruses of monocots can have quite unrestricted host
ranges: brome mosaic virus (EMV) infects fifty genera in
the Gramineae and a few genera in six dicotyledonous
families (LANE, 1977>. Potyviruses of monocotyledonous
hosts do not in general infect dicotyledonous plants but

none have such restricted host ranges as BaYMV.

b)> RNA Inoculation

It is not known whether BaYMV is a mono- or multi-
partite virus as there have been no conclusive infectivity
studies using purified particles or RNAs. USUGI & SAITO
(1976> reported that after sucrose density centrifugation
the upper of two virus containing zones consisted mainly of
short particles and was much less infectious than the lower
zone which coneisted of a mixture of 1long and short
particles. Since the particles in the upper zone could have
been fragmented and the longer particles could have been
aggregates of shaorter ©particles the results do not
distinguish between the possibilities that infectivity is
associated with 1long particles, short particles or a
mixture of the two. The bimodal 1length distribution of
BaYMV (INOUYE & SAITO, 1975, HUTH et al., 1984)> and the
presence o0f two ssRNAs in purified virions C(HUTH et al.,
19845 argue in favour of a bipartite genome organisation
though the possibility of a packaged subgenomic RNA cannot

be eliminated.
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Infectivity experiments using REA extracted from
purified and crude virus preparations and from whole plants
were carried out with a view to characterising thie aspect
of the BaYMV genome. However, while 50% of control sap-
inoculated plants showed symptoms after 25d, none of the
RNA samples described in 2.7.3b proved infectious under the
conditions used even at RNA concentrations of SOpg/mlf a
level sufficient for infectivity of most plant viral RNAs.
This was true (&) for RNAs extracted with or without the
use of proteinase K which might have degraded an essential
5 VPg (proteolytic degradation of VPgs destroys
infectivity of some eg Nepoviral but not other eg Comoviral
RNAs; WIMMER, 19825, (b)) for a mixture of the two virion
RFNAs extracted from gels or purified by sucrose-gradients,
(¢> for total virion RNA (thus allowing for the presence of
csmaller, undetected genomic or packaged subgenomic RNAs)
and (d> for total infected plant RNA which would also
contain non-virion subgenomic RNAs. Some plant viruses (eg
A1MV: BOL, 1971> }equire the presence of coat protein for
genomic RNA infectivity. However, coinfection with
cubgenomic RNA 4 <(normally packaged in virions) abolicshes
this requirement (ALBLAS & BOL, 1978)>. If BaYMV genomic RNA
infectivity depends on coinfection with coat protein or
subgenomic coat protein message (packaged or not) RNA
samples (c) or (d)> should have been infectious unless a
factbr in or the huge excess of plant RNA in (d) was
inhibitory. Infectivity tests using purified RNAs singly
and in combination were thus nat possible.

The possible explanations for the failure of these
experiments are inadequacies of technique, use of below-
threshold concentrations of RNA, presence of inhibitors or
an absolute requirement for a soluble protein. BaYMV RNA
would not be infectious if it were of negative polarity but
this is unlikely in view of its abllity to direct in vitro
protein synthesis (3.8) and of virus particle morphology,

all negative strand plant viruses being bacilliform. Non-
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infectivity of viral RNA led to the suggestion that tomato
spotted wilt virus RNA was of negative polarity (VAN DEN
HURK et al., 1977 but in vitro translation and
transcription experiments (VERKLEIJ et al., 1982) later

showed this to be untrue.

3.2 Virus Purification

A method is presented (see Z.8.8) for the purificatiion
of barley yellow mosaic virus. This method was developed
independently and differs 1in a few important ways from
published protocols (USUGI & SAITO, 1970, 1975, 1976; HUTH
et al., 1984) which proved unsatisfactory. This method
suffers from the same disadvantage as the published ones,
ie considerable loss of virus during low-speed
centrifugation becauce of insolubility, and is not
presented as the best possible protocol. Because of the
nature of the project & method that maximised yield of
full-length RNA was sought (even at the expense of capsid)
and the protocol presented was developed from the first
experiments to yield any full-lenth RNA <(published methods
were ineffective in this respect). The step that requires
most further investigation is the resuspension of the virus
pellet after ultracentrifugation through a sucrose cushion.
Any method of disaggregating virus clumps without causing

disruption of virions would greatly increase yields.

3.2.1 Plant Material and Homogenisation

Since no other propagation host was available Ba¥YMV was
purified from barley plants which are relatively fibrous so
ideally only young tissue was used. Tissue homogenisation
was aided by manually crushing at -70°C and the use of at

least 3vol buffer. Grinding in liquid nitrogen was not used
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routinely but may increase efficiency of exiractio

Nl

slightly. Use o0f buffer:tissue ratios greater than 3:1
(ml:g> did not increase the extraction efficiency

sufficiently to affect final yields.

3.2.2 Extraction Buffers

The final choice of extraction buffer was influenced by
the first succesful purification method. This was based on
the method of DOUGHERTY & HIEBERT (1980)>, who used HEPES
buffer and PEG-precipitation to purify pepper mottle virus
and tobacco etch virug, modified to include a sucrose-
caesium sulphate step gradient. HEPES (20mM, ©pH7.4) was
subsequently shown to be superior to citrate (0.1M, pH7.0)
by EM (2.9)> and RNA extraction of ultracentrifugation
pellets (2.11.1).

The effect of divalent cations was investigated by
incubating partially purified virus samples (after one high
speed centrifugation step) at 4°C overnight in the presence
and absence of Mg** (1 & 10mM> or EDTA (1 & SmM) followed
by a clearing spin and EM and RNA extraction of pellets and
supernatants. No requirement of divalent cations for
particle stability was found in that EM showed no evidence
of increased fragmentation in the presence of EDTA at
either <concentration, nor was there any decrease in
extractable full-length RNA. Mg+~~ at 10mM <(but not
appreciably at 1lmM) caused clumping af particles and host
components ,as seen by EM and an increase in the proportion
of RNA found in clearing spin pellets. Similar behaviour
has been reported for AIMV which is precipitat .ed by Mg+~
concentrations greater than 1mM (HULL & JOHNSON, 1968>. In
view of these results and the fact that initial extracts
have higher levels of potentially deleterious divalent
cation—-dependent enzymes EDTA at 5SmM was included in

extraction buffers. The higher level also ensured
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disruption of ribosomes so that following RNA extraction of
ultracentrifugation pellete there was no ribosomal RKRA
contamination to interfere with viral RNA purification by
sucrose gradients or gel extraction.

Other additives were included as precautionary measures,
standard to most virus purification protocols. Both 2-
mercaptoethanol and DIECA are reducing agents, the latter
also being an inhibitor of polyphenol oxidase through its
copper-chelating activity. The combination of these two
lowers the chances of free radical damage. PMSF 1is an
inhibitor of serine proteases so prevents cleavage of coat
protein at susceptible peptide bonds that might destabilise
virion structure or expose RNA. Despite the use of this
protease inhibitor the only protein found consistently in
virus preparations in this study was a 30K protein. Thus
if, as proposed by EHLERS & PAUL (1986)>, the 320K protein
arises by proteolytic degradation of a 35K capsid protein
the enzyme involved is probably not a serine-protease. In
this recent German study 20mM sodium iodoacetate, an
inhibitor of cysteine-proteases, was included 1in the

extraction buffer in addition to PMSF and EDTA.

3.2.38 Clarification

Solubilisation o0f chloroplast and other plant cell
membranes with Triton X-100 after filtration through muslin
and low speed centrifugation was the preferred method of
clarification of crude plant extracts for the following
reasons:

(a> leaf-dip EM and ISEM showed that very few virus
particles were sedimented during the low-speed
centrifugation step even when this step was carried out
before membrane solubilisation, indicating that Ba¥YMV is

not intimately associated with membranous structures within
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th Zell and that buffer:tissue ratic

i
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of 3:1 fml:g) were
sufficient for dispersal of virus and host material;
(b)> centrifugation prior to membrane solubilisation allowed
removal of nuclei and some other subcellular organelles at
an early stage;
(c¢) treatment with any of the organic solvents listed in
2.8.3 as compared with Triton X-100 resulted in fewer and
more fragmented particles after the concentration step as
determined by EN;
(d> mno difference in aggregation or fragmentation of
particles was detectable by EM between crude samples
incubated at 4°C overnight in 0.5% (v/v) Triton X-100 and
in buffer alone;
(e clarification with CCla. as compared with Triton X-100
resulted in a 30-50 fold decrease in extractable full-
length RNA after concentration (Fig.7a,b, Lanes 1 & 3).
Although <clarification with Triton X-100 results in
greater yields of intact virus particles;organic solvent
clarification removes more plant protein so may Dbe
preferable for the preparation of virus suiltable for
antiserum production. After clarification with CCl. and two
rounds of PEG-precipitation but no further purification the
only protein detectable in virus preparations by SDS-PAGE
iz the 30K protein <(Lane 3, Fig.8). After Triton X-100
clarification and analogous concentration a 1less pure
preparation is produced (Lane 1, Fig.9). Yields of the 30K

protein are similar in both cases.

- -
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(a)

(b 2

Fig.7a Effects of clarifying and deproteinising methods on RNA
yield. Lane 1; BaYMV RNA extracted from ultracentrifugation pellets as
in 2.11.1. Lane 2; As Lane 1 but with phenol/chloroform replacing
initial phenol extraction. Lame 3; As Lane 1 except RNA was extracted
from virus preparations clarified with 0.2vol CCla. instead of Triton
X-100. RNA equivalent to 0.85g plant material per lane.

Fig.7b Densitometer scan of Fig.7a.
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Fig.8 Fig.9 Fig.10

Figs.8-10 5-15% Gradient SDS-PAGE of virus extracts prepared by
purification protocols differing only in clarification and
concentration methods . Each lane represents extracts from 5g plant

tissue
Fig.8 CCla-clarified BaYMV preparations after two rounds of (1)

ultracentrifugation and (2) PEG-precipitation

Fig.9 Triton X-100-clarified BaYMV preparation after two rounds of
PEG-precipitation

Fig.10 Healthy extract after Triton X-100-clarification and two
rounds of PEG-precipitation

Lane K-Marker proteins (molecular weights are indicated)
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3.2.4 Concentration

In view 0f the low levels of BaYMV in barley sap and
hence the large volumes usﬁally handled practical
considerations favoured the use of PEG-precipitation as a
concentration method. Furthermore the 1low centrifugation
forces needed in this method were deemed less likely to be
deleterious to the relatively {fragile virions than those
used 1in ultracentrifugation. PAGE of virue preparations
after two rounds of FPEG-precipitation or
ultracentrifugation (without a sucrose cushion) showed that
the former produced a purer preparation with respect to the
30K protein though yields were lower <(see Fig.8). Neither
0of these preparations contained extractable intact RNAs. EM
revealed a high degree of fragmentation in both cases ,
individual particles nearly all being short (<200nm), and
in PEG-purified preparations aggregates were present in
which individual particles were hardly distinguishable (see
Figs.1lla,b). It is probable that larger aggregates of this
type would have been lost during low speed centrifugation
leading to the lower yields found. Close i1inspection of
these aggregates shows that they consist generally of small
fragments. Whether or not the fragmentation is a result of
PEG-induced aggregation is not clear but it does explain
the absence of intact RNAs. Thus PEG-precipitation does not
seem to be suitable for the purification of wviral RNA
unless conditions can be found that minimise loss through
aggregatian. The wuse of HEPES buffer, Triton X-100
clarification and only one round of PEG-precipitation
allowed the purification of some intact virions by sucrose-
caesium step (Fig.1l2) and isopycnic gradient centrifugation
but yields were too low to be satisfactory. The RNA loaded
in track 2 of Fig.1l3 was extracted from virions purified in

this way from 25g infected tissue.
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(a)

(b

Fig.11 Electron micrographs o0f BaYMV aggregates after PEG-
precipitation. Magnification; (&’ x54, 000 (b) x27, 000
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Fig.12 Sucrose/caesium sulphate step-gradient purification of Ba¥MV

(Arrow indicates opalescent virus zone)
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RNA -1
RNA - 2

Fig.13 Methylmercury gel electrophoresis of BaYMV RNA extracted
from three opalescent zones in an isopycnic caesium sulphate gradient
(2.8.7d)

Lane 1; Upper zone

Lane 2; Middle zone

Lane 3; X Hind 111 digest
4

Lane 4; Bottom zone



Ultracentrifugation peliletes are dense and hard to
resucpend and high centrifugal forces result in compaction
and mechanical breakage of BaYMV virions. These limitations
can be avoided, at least partly, by using a sucrose cushion,
which concommitantly adds a crude fractionation step. EM of
such resuspended pellets shows that a high proportion of
the particles are long (Fig.14)> and, although associated
with each other and plant material, are not aggregated to
the degree o0f those concentrated by PEG-precipitation.
Direct extraction of RNA from these pellets, denaturing gel
electrophoresis and estimation of viral RNA concentration
from the gel (eg Fig.15> shows that 100-150ug intact RNA is
extractable from each 100g plant tissue processed.
Assuming negligible fragmentation (unlikely) and
5% RNA content (INOUYE & SAITO, 1975) pellets must contain
in excess o0f 3mg virus/100g tissue and plants even more.
Low yields thus result from manipulations after this step

in purification procedures.

3.2.5 Resuspension

Resuspension of the virus pellet after the concentration
step 1s probably the most important stage in the
purification of Ba¥YMV in terms of yield loss. Unfortunately
no entirely satisfactory method for this was found. No less
than 25% and as much as 75% of extractable RNA is found in
the pellet of a low speed clearing spin after resuspension.
Consequently this centrifugation step was often ommitted
prior to fractionation on sucrose-caesium step gradients.
However 1in these cases comparable amounts of extractable
RNA sedimented during the low speed centrifugation step
necessary to remove particulate matter banding at the same
part of the gradient as BaYMV (see 3.2.6 below). Neither of
these procedures consistently produced greater fields of

purified virus than the other.
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Fig.14 Electron micrograph of BaYMV after ultracentrifugation

through a sucrose cushion as in 2.8.8. Magrnification; x65,000
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Fig.15 Crude BaYMV RNA extracted from ultracentrifuge
as in 2.11.1b

pellets

Lane 1; 2ug CPKV RNA
Lane 2; Crude BaYMV RNA equivalent to 2g plant material
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By analogy to potyviruses (eg VAN O0OSTEN, 1972;
THOUVENEL et al., 1976) urea and Z-mercaptoethanol were
tested for their ability to solubilise BaYMV particles.
Urea at 1M, on its own or in the presence of 0.1% (v/v) 2-
mercaptoethanol in fact had the opposite effect causing
aggregation resembling that resulting from PEG treatment
and concommitant loss of all extractable full-length RNA.
Figs.16a, b & ¢ show the effeofs of incubation overnight at
4°C in O0.1M <trie-HCl, pH8.0, with no additives, in the
presence of 1M urea and with both 1M urea and 0.1% 2-
mercaptoethanol respectively. Aggregation is apparent in
the last two. Alone, 2Z2-mercaptoethanol had no effect on
aggregation or RNA state above control 1levels and was
ommitted from resuspension buffers.

Triton X-100 at 0.1% and EDTA at 1mM were included in
resuspension buffers to aild dissociation of virus from any
remaining membranous host components (pellets were

sometimes pale green).

3.2.6 Furtbher Purification

a) Sucrose Gradient Centrifugation

Sucrose gradient centrifugation of virus preparations
after one or two concentration steps did not result in any
further purification, anly causing dilution which thereby
necessitated another round of ultracentrifugation or PEG-
precipitation. Uv profiles of gradients showed no distinct
peaks and EM of fractions revealed that virus was dispersed
throughout the gradient and not separated from any but the
slowest sedimenting host components. This effect has also
been found in another study (HUTH et al., 1984) and
probably reflects the heterogeneous cedimentation

properties caused by aggregation and fragmentation.
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(a)

Fig.16 Effecte of urea and 2-mercaptoethanal on BaYMV aggregatiam.
Electron micrographs of BaYMV after resuspension of
ultracentrifugation pellets in tris-HCl, pH8.0, and incubation at 4°C
overnight (&) with no additives, (b) in the presence of 1M urea and
(¢) in the presence of 1K urea and 0.1% 2-mercaptoethanol.

Magnification; (a) x54,000 (bd x10,000 (c) x27,000
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(b)

(c)




67—

55—

45—

Fig.17 5-15% gradient SDS-PAGE of CPG-column eluates. First (1) and
second (2) uv-absorbing peaks produced by CPG-column chromatography of
BaYMV, prepared by CCla-clarification and one round of
ultracentrifugation from 10g plant material/lane.

Lane XK - Marker proteins (molecular weights are indicated>
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b> CPG Column Chromatography

Permeation chromatography on controlled pore glass
columns was carried out using virus preparations after one
and sometimes two rounds of <concentration. Samples
clarified with CCl. and concentrated once produced two uv
absorbing peaks of varying sizes though the first was
always equal in size to or larger than the second. After a
second round of concentration only one peak, the first,
eluted. Samples clarified with Triton X-100 only ever
produced one peak. This was true for samples from healthy
and infected plants. EM showed that, while no or very few
virus particles were found in second peak eluates, first
peak eluates always contained plant material as well as
virions. SDS-PAGE of the two eluates confirmed this showing
partial purification of the 30K protein in the first peak

aits removal from the second (Fig.17). No attempt was made
to characterise the host component(s) excluded from the
column so it is possible that modifications of the protocol
could lead to its removal at an earlier stage and hence
allow virus purification on the column. However CPG eluates
never contained extractable full-length RNA. These results
in conjunction with the large dilution effect of the column

led to the abandonment of this purification method.

c> Caesium Gradients

Purification methods using centrifugation in caesium
salts proved the most successful but suffered from three
main drawbacks. The first is that the virus is not very
stable in high salt concentrations for long periods. This
effect 1is greater in CsCl than CsxS0a. After overnight
incubation at 4°C in 28% (w/w) CsCl partially purified
virus preparations contained no extractable RNA whereas

after a similar incubation in Cs:8S0a about 10% of the
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control amount (incubated in buffer alone’> remained. A
similar salt sensitivity was reported by USUGI & SAITO
(1975%> who found that incubation in CsCl for two days
completely destroyed infectivity. The greater effect of
CsCl is probably due to the fact that the chloride ion is
more chaotropic than than the sulphate ion. Differential
stability in these two salts has been reported for other
viruses (HULL, 1976). Losses can be minimised by the use of
step gradients which can be run for much shorter times than
isopycnic gradients since the gradient is partially formed
and does not need to reach equilibrium to achieve adequate
separation. Initially gradientse were formed by overlaying
3ml each 20% sucrose,(Cs.::S0. of density 1.2g/cm® and CszS0a
of density 1.35g/cm™ and centrifugation was carried out for
5h. Fig. 12 shows the result of such a run, the orange
colouration of +the upper half of the tube beilng a
characteristic of preparations isolated using partially
chlorotic/necrotic tissue and PEG-precipitation. It is
apparent from the photograph that the opalescent virus
containing zone is not well separated from host proteins so
contamination is & problem on fractionation. Virus must be
further purified by isopycnic gradient centrifugation as in
2.8.7d with its concomitant yield losses. Subsequently four
Cs=80. steps, of densities 1.0, 1.1, 1.2 and 1l.3g/cm™, were
used to shorten run times and the steps af density above
and below that of the virus were increased in size to
improve separation. An example 0of such a gradient is shown
in Fig.18. The £final impravement was ta include a fifth
step of density 1.5g/cm® to raise the opalescent band off
the bottom of the tube and thus make its removal simpler.
Sometimes the wvirus zone had a flocculent as well as
opalescent appearance though this did not affect particle
integrity or purity. The reason for this is not understood

but on dilution and dialysis the flocculence disappeared.
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Fig.18 Sucrose/caesium sulphate step-gradient purification of BaYMV

(Arrows indicate opalescent virus zones)
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The other two chortcomings of this method are connected
and are involved with insclubility and contamination. Virus
purified by caesium gradients is characteristically in a
fairly aggregated state, probably as a simple result of
high concentration. The largest of these aggregates tend to
be insoluble. This would not be a problem if the virus was
pure as soluble RNA and capsid protein could be extracted
by denaturation of insoluble aggregates. However, in many
preparations plant derived particulate matter banded in the
same part of the gradient as virus. As detailed in 2.8.8
this could ©be removed by dilution and 1low speed
centrifugation and the virus repurified on another step
gradient ©but insoluble aggregates are lost during the
clearing spin. The nature and origin of the contamination
is unknown but it 1is possibly formed by interaction between
the high salt concentration and plant proteins such as
ferritin or other compounds such as polyphenols. The
occurrence of the contamination did not correlate with the
age or chlorotic/necrotic state of the starting material as
suggested by HUTH et &al., (1984). It remains to be seen
whether steps can be taken to remove the contamination at

an earlier stage.

3.2.7 BaYMV Caoat Protein and Encapsidated RNAs

Contrary to other reports (HUTH et al., 1984, EHLERS &
PAUL, 1986) only ane protein, af ca.30K, was consistently
detected by SDS-PAGE of purified virus preparations (see eg
Fig.19>. No evidence o0of the 35K protein reported by the
German workers was found. This may or may not be due to
proteolytic degradation but in this study the 30K protein

will be referred to as BaYMV coat or capsid protein.
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—55
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—31

—23

Fig.19 SDS-PAGE of BaYKV purified as in 2.8.8 from (1) field-
infected plants from Little Clacton and (2) mechanically-inoculated

plants
¥ - Marker proteine (molecular weights are indicated)



In agreement with an earlier report (HUTH et al., 1084>
two RNA species, of molecular weights 2.7-8 and 1.3-4 «x
10, were consistently found in virus preparations (see eg
Fig.13>. These will be referred to as BaYMV RNA-1 and RNA-Z
in this study. There is no evidence that these two RNAs are

sufficient or necessary for infection (see 3.1(b) above).

3.2.7 Summary

The purification protocol presented in 2.8.8 was
developed independently of published protocols and differs
from them in choice of buffer and additives, method of
clarification and form of final purification step. Choice
0of buffer and method of clarification have been shown to be
superior in terms of yield of intact particles from which
full-length  RNA could be extracted. Sucrose/caesium
sulphate step gradients have the advantage over isopycnic
gradients of shorter run times thus reducing the
deleterious effects of high salt concentrations which are
further ameliorated by the use of sulphate rather than
chloride salts of caesium. Numerous attempts to purify
Ba¥YMV using published procedures never yielded intact virus
particles from which full-length RNA could be extracted.

The virus appears to have no requirement for Mg ions.
This allows the wuse of EDTA at levels that ensure
disruption of ribosomes thus preventing their co-
sedimentation on centrifugation. After RNA extraction of
ultracentrifugation pellets ribosomal RNA would obscure
viral RNA bands on gels and prevent sucrose gradient
purification on account of the huge excess of rRNA and the
rough equivalence in size of 18S rRNA and BaYMV RNA-2.

Greatest yield losses occur at all concentration steps
because of the resultant insolubility of large aggregates.
Any method of redispersal of such aggregates, physical or

chemical, would greatly increase yields. Yields of virus at
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the estage o©f the ultracentrifugation pellet could be as
high as G3mg/100g plant tissue but after resusgpension and
one step gradient yields were between 0.4 and 0.8mg/100g.
If two step gradients were required yields were rarely
above 100ug/100g. The proportion of intact particles also
decreased with each stage so that yields of intact RNA were
in the order of 100, 10-20 and 0.5-5ug/100g tissue for the
same stages. Characterisation of the particulate matter
that obscures virus zones in step gradients and its removal
at an earlier stage would ensure consistent and reasonable
yields.

Caesium gradient centrifugation provided no evidence of
different strains such as that reported by HUTH et al.,
(19845>. Occasionally more than one opalescent zone was seen
in isopycnic gradients but these seem to have been due to
empty or RNA-depleted particles (zones of lower density) or
an association with host DNA <(zones of greater density).
Fig.13 shows the nucleic acid extracted from three such
opalescent zones. RNA extracted from the upper zone (Lane
1> is completely degraded, that from the middle zone (Lane
2) contains full-length viral RNA and that from the lower
zone <(Lane 4) is associated with a large DNA species which
was not degraded on prolonged Iin situ RNase digestion. Free
DNA would have pelleted under centrifugation conditions
used so a fairly stable interaction is implied between
virus and DNA leading to an intermediate bwuayant density.
The existence of strains is not, however, eliminated by these

findings.
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3.3 Electron Microscopy

Electron microscopy was found to be a wuseful tool in
diagnosis of infection (3.l1la) and monitoring purification
protocols (2.8.1>. In addition, information was obtained
about particle morphology and cellular location which may
be relevant to virus classification.

Negatively stained leaf-dip preparations revealed some
loose side-by-side aggregation (Fig.20a,b) but generally
particles were not strongly associated with each other or
cellular components. This was true even for preparations
that were not microcentrifuged briefly before they were
applied to the grids and implies that the phenomenon of
massive aggregation (Fig.21l) is caused by some aspect(s) of
the purification method; most probably concentration and
removal of the structured cellular environment. End-to-end
aggregation was also apparent (Fig.22) though this is more
likely to interfere with modal 1length measurements than
purification. In some micrographs it was possible to-
discern particle polarity and a faint central canal which
was more obvious at the concave end (Figs.22). More
efficient penetration of stain here may be due to partial
stripping of particles and/or loss of RNA. Correlation of
particle polarity with RNA ©polarity will depend on
assembly/disassembly experiments such as in BUTLER (1974)
and PERHAM & VWILSON (1976>. It is not possible to
speculate on intermolecular forces between adjacent capsid
prateins further than to say that cation salt bridges
between carboxyl groups are not an absolute requirement for
particle stability since EDTA at 5mM does not cause

disruption.
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{al (b

Fig.20 Electron micrographs of leaf-dip preparations of Ba¥YMV
showing side-to-side association

Magnification; (a) x44,000 (b) x56,000



Fig.21 Electron micrograph of the edge of a massive aggregate of
BaYMV resuspended from &a clearing centrifugation step to remove
insoluble material in a sucrose/caesium sulphate step-gradient

(x100, 000D
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Fig.22 Electron mnicrograph of BaYMV prepared by leaf-dip ISEN

(x60,000). Examples of end-to-end association (EE), a faint central

canal (CC) and concave (CV) and convex (CX) ends are indicated.




¥icrographs of thin-sections of ©both mechanically-
inoculated and field-infected plants (Fig.23a-f) revealed
the large filamentous aggregates and pinwheel inclusions
also reported by HUTH et al. (1984) and MAROQUIN et al.
(1982> though +the 1latter were 1less well formed and
association with ER was not apparent. This could be due to
the angle of sectioning although the different appearences
of filamentous aggregates 1in Fig.23b and Fig.23e indicate
that more than one angle was viewed. Differences in
inclusion morphology could reflect infection stage or
environmental influences, factors that could also explain
the absence of "chain-mail" membranous structures found by
other authors (HUTH et al. (1984) and MAROQUIN et al.
(19€2). No evidence of scroll formation was found here or
in the other studies.

Pinwheel inclusions are typical of the potyvirus group
but not diagnostic unless in combination with other
properties such as transmissibllity din a non-persistent
manner by aphids (HOLLINGS & BRUNT, 1981). However, HUTH et
al. (1984) noted that by comparison with potyvirus
inclusione the presence of pinwheels but absence of scrolls
would put BaYMV in subgroup II <(as described by EDWARDSON,
1974>. Studies of sequential developement of potyviral
inclusions (LAWSON et al., 1971) showed that they change in
size, shape, number and location during the infection and
at a fairly late stage incomplete inclusions predominate
over intact pinwheels. Again by comparison this would
explain differences in inclusiaon marphalagy faund in this
study and by HUTH et al. (1984) and MAROQUIN et al. (1982).
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Fig.23a (x21,000)

Fig.23a~f Electron micrographs of thin sections of barley naturally
infected (a-c) and mechanically-inoculated (d-f) with Ba¥YNV
Filamentous aggregates (FA) and inclusions (I) are indicated.

(Thin-section micrographs courtesy of K.Plaskitt, John Innes

Institute)
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Fig.23b (x70,000)
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Fig.208e R070,0009
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Fig.23d (x10,500)
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Fig.23e (x70,000)
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Fig.23f (x70,000)
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3.4 Serology

Using grids coated with antiserum raised to a mixture of
the M and NM BaYMV strains, ISEM revealed a close
serological relationship between at least one of the German
isolates and at least one strain from the Little Clacton
site. Virus particles were adsorbed from sap of plants
infected with BaYMV-M/NM (provided by W.Huth), plants
infected naturally at Little Clacton and plants infected by
mechanical inoculation. In decoration tests all particles
reacted poeitively. Because of the nature of the antiserum
it is only possible to establish & serological relationship
between one German strain and a sap-transmissible English
strain. No evidence for the existence of strains in England
was provided. However if the absence o0of a 35K protein in
virus preparations is a result of coat protein lability
then the Little Clacton isolate is probably reacting with
antibodies to BaYMV-NM. Its sap-transmissibility would then
indicate a <closer relationship with BaYMV-So. Further
studies using BaYMV-So antisera would be interesting.

All double-diffusion tests proved unsuccessful. No
precipitin lines were seen in agar plates irrespective of
antiserum concentration or virue pretreatment. The most
probable explanation of this result 1is that intact
particles did not diffuse sufficiently through the gel to
be detected by this method and that capsid protein
denatured by SDS or SDOC was not recognised by the
antiserum-which was raised tao native virions _(HUTE, 1984).
Virions disrupted by sonication or repeated freezing and
thawing might not have possessed uniform diffusion
characteristics. Whatever the explanation it appears that
the double-diffusion method is not suitable for the
investigation of serological relationshipe of Ba¥YMV nor as
a means of detection in the absence o0f an electron
microscopic or other sensitive techniques such as ELISA or

dot-blot hybridisation.
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3.5.1 Extraction from virions

Using the crude RNA extraction assay described in 2.11.1
two standard RNA extraction methods were compared and the
more successful one optimised. The guanidinium method
yielded no full-length BaYMV RNA on any occasion indicating
that either virions were not being disrupted or that the
released RNA was not stable under the conditions employed.
This method was therefore abandoned. In contrast virus
disruption in the presence of 1% SDS did yield intact RNA.
The inclusion of bentonite in the disruption buffer (as
used in extraction of potyviral RNA, EBRAKKE & VAN PELT,
1970> did not appreciably increase yields whereas the use
of proteinase K resulted in two-fold increases. This enzyme
concomitantly afforded protection against RNase activity
and was found by SDS-PAGE and Coomassie Blue staining to
digest all ©proteins present in these extracts. Brief
incubation of crude virus samples with RNase A prior to
disruption, attempted with a view to digesting
unencapsidated host RNA and hence isolating viral RNA 1in a
purer form, resulted in degradation of viral RNA as well.
Thus the virion structure seems to be 'loose' enough to
allow penetration of small proteins at least at some sites.
This may in part explain the instability of BaYMV
infectivity in extracts af plants. These results are
summarised in Fig.24. Disruption buffer containing SDS,
bentonite and proteinase K gave greatest yields of full-

length RNA so was used thereafter.
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Fig.24 JMethylmercury gel showing effects of different RNA
extraction methods on BaYMV RNA yield. Each lane contains RNA from
equivalent to 2g healthy (Lane 1) or BaYMV-infected <(Lanes 2-8)
plants. REA extraction was as described in 2.11.1b except Lanes 3 & 7
(bentonite omitted), Lanes 4 & 5 (proteinase K omitted) and Lane 6
(bentonite and proteinase K omitted). Lane 8 shows the effect of
incubating the crude virus sample with RNase A (0.5pg/ml) for Smin

prior to RKNA extraction.
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Phenol extraction was found to be an effective means of
deproteinising samples in contrast to results for some
potyviruses (HARI et al., 1979). Disruption of virions
followed by sucrose gradient purification with or without a
prior phenol extraction resulted in equivalent yields. Use
of phenol/chloroform in place of phenol for the first
extraction did not affect yields either (Fig.7, Lanes 1 &
2> which indicates that BaYMV RNAs do not have long
polyadenylate tracts . For practical reasons an initial
extraction with phenol alone was preferred sinbe, being
less dense than the solvent mixture, it allowed the
sedimentation of bentonite and some other insoluble matter
which otherwise formed a thick interface between aqueous
and phenol/chloroform phases.

As mentioned above (3.2.8) yields of intact RNA from
caesium gradient purified virus preparations rarely reached
15ug and were often as low as 0.5-5ug/100g tissue
extracted. Yields in crude samples, however, could be as high
as 100ug/100g. Consequently methods were developed to
purify BaYMV RNA from these crude mixtures. BaYMV RNA-1 is
the largest RNA species found in these mixtures (see eg
Figs.7, 15> and equivalent extracts from healthy plants
apparently contained no RNAz as large as RNA-2 so Ba¥YMV
RNAs could potentially be purified by sucrose gradient
centrifugation. In practice only RNA-1 could be obtained
essentially pure (Fig.25a-d4), RNA-2Z2 fractions sometimes
having contaminating fragments derived from RNA-1
degradatian. Hawever, radiaolabelled probes made from
mixtures of these fractions did not usually hybridise to
plant RNA. The major disadvantage to this method is that
because of loading constraints of the sucrose column the
fractions contained RNA at concentrations of about 10ug/ml
and the inefficiency of ethanol precipitation from sucrose
led to yields of about 20%. However, its simplicity and
reproducibility relative to virus purification make this a

preferable RNA purification technique.
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Fig.25.1a-d Xethylmercury gels of BaYKV RNA fractionated on sucrose

gradients as described in 2.12.1,

(a) Lanes 1-5; Fractions 7-11
Lane 6; Crude BaYMV RNA

(b) Lane 1, E.coli rRNA
Lanes 2-8 Fractions 4-10
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(c) Lanes 1-5; Fractions 5-9

Lane 6; Crude BaYMV RKA

(d) Fractions across an entire

gradient

D hait of gel:

rude BaYMV RNA & fractions 1-14
m nait o gel !

rude BaYMV RNA & fracti s
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Fig.25.2 FKethylmercury gel of BaYXV RNAs purified from gels as
described in 2.11.7c.
Lane 1; E.coli rRNA
Lane 2; BaYMV RNA-1
Lane 3; BaYMV RENA-2

155



All gel elution methods were useful for RNA purification
though each had its disadvantages. The freeze/thaw method
produced relatively intact RNA (Fig.26> but with low yield
(=10%)>; electroelution gave higher yields (20-30%)> but was
prone to RNase contamination which sometimes led to loss of
all RNA; extraction from low melting point agarose at 65°C
gave best yields, approaching gquantitative, with a small
degree of degradation but suffered from greater agarose
contamination which 4inhibited enzymes used in iIn vitro
reactions. DEAE-cellulose chromatography removed these
contaminants  but losses were high 50-80%> for pg
quantities of RNA. The simplicity of these methods again
make them preferable to virus ©purification for RNA

isolation.

3.5.2 REA Structure & Sequence Homology

The absence of a poly(A) tail on BaYMV RNAs, suggested
by RNA extraction data (3.5.1), was further indicated by
the inability of o0ligo-dT to prime cDNA synthesis in a
reverse transcriptase reaction under conditions 1in which
CPMV but not TMV cDNA synthesis was primed. Furthermore,
BaYMV RNA did not bind to o0ligo-dT-cellulose columns. These
results are also incompatible with the presence of an
internal polyadenylate sequence such as that found in BSMV
RNA.

Scarcity af RNA precluded any further investigatians of
structures such as VPgs, caps and tRNA-like sequences at 5°'
and 3' ends.

The possibility of RNA-2 being a subgenomic of RNA-1 was
eliminated by Northern blotting of crude BaYMV RNA and
hybridisation with cDNA from gel purified RNAs. Fig.26
demonstrates that there is no extensive sequence homology
between RNA-1 and RNA-2, though short common sequences may

exist.
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£ —RNA-1
2
u,‘ . —RNA-2

Fig.26 Investigation of RNA-1 and -2 cross-hybridisation. Crude
BaYMV RKEA, after methylmercury gel electrophoresis, was transierred to
GeneScreen Flus™ and hybridised to cDNA from gel purified RFAs.

Lane 1; cDNA from a mixture of REA-1 & -2
Lane 2; cDKA from RFA-1 alone
Lane 3; cDNA from REA-2 zlone



i i ol
%.5.3 Single-8

BaYMV encapsidated and unencapsidated RNA constitutes
less than 0.5% total plant RNA in infected tissue so cannot
be detected Dby electrophoresis and ethidium bromide
staining. Theoretically detectable levels are masked by the
extreme overloading of plant RNAs, chiefly rRNAs. Figs.27a
& b show agarose gels of glyoxalated and non-denatured
total plant RNA from healthy and infected plants, between
which no differences are apparent. Higher levels of loading
result in smearing which would obscure any minor bands <(cf.
Lane 5, Fig.27b).

Selection of polyadenylated RNA does not 1lead to
enrichment for viral RNA bands. This is in agreement with
the results in 3.5.2.

Polysomal RNA is also chiefly rRNA so no viral messenger
RNA can be detected by ethidium bromide staining (Fig.28&a,
Lane 3 , Fig.28Db, Lane 2. However, viral RNAs can be
detected in polysomal RNA preparations by denaturing
agarose electrophoresis, Northern transfer and
hybridisation with BaYMV RNA specific probes.
Autoradiographs of Northern blots of these gels (Lane?-,
Fig.28a and Lane#%# ', Fig.28b) show essentially the same
features: BaYMV RNAs-1 & -2 and two other minor bands. RNA-
2 comigrates with the 23S rRNA band <(both have Mr
~1.35x10%)s0 has a bubble-like appearance (see below for
evidence that this is not two bands). EBoth minor bands
caomigrate with ribascmal RNA bands sa may be artefactual
(cf. 1.11>. If not these could represent subgenomic RNAs of
Mr =0.7 & 0.38x10%. The first blot (Fig.28a, Lanes 7 & 8>
was stripped of probe and rehybridised with cDNA made to a
mixture of BaYMV and host RNA template (Fig.28a, Lanes 9 &
10>. Comparison shows comigration of RNA-2 with 2335 rRNA,
the large amount of which probably explains the strange

appearance of the former in Lane? , Fig.28a.
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1 2 3 45 6 7 8

Fig.27a,b Agarose gel electrophoresis of (a) glyoxalated and (b
native total RNA from BaYMV-infected (Lanes 3-5) and healthy (lanes 6-
8) barley plants.

Loadings: () Lanes 5,6; 0.2ug. Lanes 4,7; lug. Lanes 3,8; 5Sug.
(b) Lanes 4,6; 0.2ug. Lanes 3,7; lug. Lanes 5,8; 5Spg.
Markers: Lane 1; » Hind 11I. Lane 2; TMV.
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'RNA2 Q ”
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A

Fig.28a Methylmercury gel (Lanes 1-4) and Northern blot (Lanes 5-
10> of polysomal RNA from healthy (Lanes¢ , 8 & 10> and BaYMV-infected
(Lanes3 , 7 & 9) barley plants. KNA was transferred to GeneScreen
Flus™ and hybridised to cDNA to sucrose-gradient purified BaYMV RNA
(Lanes 5-8) then rehybridised to a mixture of BaYMV RKA and barley
rREA (Lanes 9 & 10) after stripping of probe.

Lanes 1 & 5; TMV RNA '
Lanes 2 & 6; crude BaYMV RNA
Lanes 3,4,7,8,9 & 10; polysomal RNA

(RFA-1 & -2 and minor hybridising bands 3 & 4 are indicated
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# —RNA-1

—RNA-2

Fig.28b As Fig 28a except hybridised once only.
Lanes 1 & 3; polysomal RNA from healthy plants
Lanes 2 & 4; polysomal RFA from BaYMV-infected plants
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The presence of BaYMV RNAs in polysomal RNA does not,
however, imply a role as functional messenger RNAs since
electron microscopy of polysomal preparations showed the
presence of virus particles. Disruption of ribosomes with
EDTA and recentrifugation allowed a theoretical separation
of particles and polysomal RNAs. However, probing of both
the pellet (virus particles) and the supernatant (polysomal
RNA> fractions demonstrated an absence of wviral RNA in
either, probably as a result of degradation. Thus it is not
possible to say whether viral bands in total polysomal RNA
were due to contaminating virus particles or true
translational activity. This question can only be resolved
by further experiments of this nature. A

The state of PBaYMV RNA in c¢rude extracts from
ultracentrifuge pellets i1is also illustrated in Fig.28a.
Here lane 2 shows that fhe majority of RNA is of
heterogeneous low molecular weight and probably degraded.
However, lane 5 <chows that none of the RNA hybridises to
BaYMV cDNA, demonstrating its plant origin. The presence of
a large proportion of BaYMV RNA that is intact indicates
that virus particles are not severely damaged by

ultracentrifugation through & sucrose cushiomn.

3.6 Double-Stranded REA

In view of the difficulties experienced in purification
aof virus and viral RNAs an investigation of the dsRNas
found in BaYMV-infected plants was initiated. The value of
dsRNA analysis in detection and diagnosis of plant viral
infection, genome characterisation and provision of viral

RNA sequences has been discussed above (1.11).
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3.6.1 Plant Material

Plants used for dsRNA analysis were barley cvs. Tipper
and Maris Otter. Plants naturally infected with Ba¥YMV were
collected from the Little Clacton site in early spring of
1984 (LC84> and 1985 (LC85)>. Healthy plants (H)> and those
infected by mechanical inoculation (In) were grown from the
same seed stocks sown at the Little Clacton site and the

latter were inoculated with virus from the same site.

3.6.2 Extraction and Yields

DsRNA extraction was inifially carried out by the method
of ZELCER et al. (1981> (2.11.5a) but since the modified
protocol of MORRIS & DODDS (1979) <(2.11.5b) gave similar
yields and was much simpler this method was adopted. DsRNA
extracted in this way was often contaminated by some ssRNA
and a discrete DNA species (see eg Fig.39) but these could
usually be removed by 2M LiCl precipitation and digestion
with RNase A and DNase I under high salt conditiomns. The
small scale batch method of MORRIS et al. (1983) never
produced sufficient dsRNA to visualise by gel
electrophoresis, indicating that levels in plants are low.
In fact 20-40g of +tissue was usually required for
detectable amounts of RNA (the smallest quantity was 5g and
the greatest 60g (see 1legends of Figs. 29-41))>. This
variability probably reflected the infection stage of
plants and the presence of non-infected tissue 1in the

samples.

3.6.3 Gels and Molecular Veight Standards

Three gel systems were used to analyse dsRNA extracts

and the electrophoretic behaviour of dsDNA, dsRNA and ssRNA
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was different in each. The published molecular weights of
nucleic acid species used as markers are listed in Tables &
& 9. Approximate molecular weights of BaYMV dsRNA bands
were estimated from plots of 1log <(molecular weight) vs.
distance migrated of marker bands. Viral origin of dsRNA
species was investigated by Northern transfer and
hybridisation to BaYMV cDNA probes.

In 4% polyacrylamide gels maize rough dwarf virus (MRDV)
and Gaeumannomyces graminis var. tritici virus 3bla RNAs
exhibited slightly different migration prdperties; log
plots of MRDV RNAs were invariably linear whereas those of
3bla were linear only over limited size ranges.

In non-denaturing 1% agarose gels log plots of dsRNA
mobilities were roughly equivalent for &all markers used
(Figs.40,44) but not equivalent to those of dsDNA for which
mobility was greater for a given molecular weight
(Figs.39,40).

SsRNA migrates more slowly than dsRNA of equivalent size
in polyacrylamide gels (Fig.34) but much more quickly than
dsRNA of equivalent size in non—denaturing gels
(Figs.30,44).

In denaturing agarose gels log plote for ssRNA and dsRNA
mobilities were not equivalent <(eg Figs.42,43). ssRNA
migrated more quickly than denatured dsRNA of equivalent
cize: 258 rRNA (Mr=1.35x10%) comigrates with MRDV RNA-6
(ssRNA Mr=0.88x10%) in Fig.42, CPMV RNA-2 (Mr=1.37x10%)
comigrates with MRDV RNA-4 (ssMr=1.17x10%) in Fig.43. Thus
it seems that denatured dsREAs cannot be used as wvalid
ssRNA markers.

For the sake of uniformity BaYMV dsRNA molecular weights
below 3x10% are given with respect to MRDV RNAs and those
above, with respect to 3bla unless stated otherwise but in
view of data above these molecular weights must be regarded
as approximate. Accurate <sizing o0of the largest dsRNA
epecies was not possible due to the unavailability of

molecular weight standards.
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3.6.4 Dpuble-Stranded RNA Characterisation

Analysis of dsRNAs from BaYMV-infected plants proved to
be far more complex than expected. Up to 14 different dsRNA
species of Mr 20.1x10% were found. Electrophoretic patterns
produced were often similar but quantitative and
qualitative differences were found Dbetween different
batches of material from the same source as well as between
batches from different sources. Patterns were generally
less complex for dsRNAs extracted from mechanically
inoculated material but this was not always the case.
DzRNAs of the same size as ssRNA-1 and -2 were not always
observed and when pfesent were not necessarily the most
abundant species.- Figs.29~41 illustrate the different
electrophoretic patterns found and Tables 1-7 summarise the
data.

Figs.29-32 illustrate one of the electrophoretic
patterns of dsRNA produced in agarose gels and the data are
summarised in Table 1. All extracts contained much
heterogeneous low molecular weight nucleic acid despite 2M
LiCl precipitation  but nuclease digestions (Fig.29)
illustrated the dsRNA nature of the extracts. Yields were
high; as 1little as 7.5g material was needed to detect
dsRNAs (Fig.30). Fig.30 also suggests that much of the
dsRNA was nicked as no bands are visible following
glyoxalation, though this is partly explained by the poorer
ethidium bromide binding of glyoxalated RNA. Resolution in
Fig.32 is not good but the figure shows that the only dsRNA
in healthy plants 1s of heterogeneous low molecular weight.
It i1s clear that, while there are major dsRNA species of
the same sizes as BaYMV dsRWNA-1 & -2, there are other more
predominant bands (eg bands designated Groups 1 & 2, see

Table 1).
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Band

o O 't o O W >

—

P

e

>5
=3.5

.35-50

1.8-9

.65-75
.43-48
.18-25
.00-13

.76-80
.70-75
.55-65

Table 1

Summary of data from Figs.29-32

Comment

Probably RNA-1 RF

Faint

Probably RNA-2 RF

Faint

} Group 1

} Group 2
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1.08

Fig.29 Nuclease digestions of BaYMV  dsREA. Agarose gel
electrophoresis of nucleic acids digested with DNase-I (Lanes 1,3,6),
RNase-A in 2xSSC (Lanes 4,6,8), RNase-A in 0.1xSSC <(Lane 7) and
untreated (Lanes 2,5,9).

Lanes 1 & 2; plasmid DFNA

Lanes 3, 4 & 5; MRDV dsRNA

Lanes 6 & 7; BaYMV dsRNA from 10g LC84
Lanes 8 & 9; BSMV ssRNA

Lape 6a; as Lane 6, illustrating band nomenclature
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Fig.30 Agarose
glyoxalated (Lanes

1 2 3 & 5 6

2.88

.08

gel electrophoresis of native (Lanes

4-6) RNAs.

Lanes 1 & 4; BSMV ssRENA

Lanes 2 & 5; BaYMV

dsRNA from 7.5g LC84

Lanes 3 & 6; MRDV dsRNA
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Fig.31 Agarose gel electrophoresis of BaYMV dsRNA.
Lane 1; BaYMV dsRNA from 25g LC84
Lane 2; 3bla dsRNA
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Fig.32 Agarose gel electrophoresis of dsRNA from healthy and BaYMV-
infected plants.
Lane 1; BaYMV dsRNA from 12.5g LC84
Lane 2; dsRNA extracted from 25g healthy barley
Lane 3; MRDV dsRNA
Lane 4; 3bla dsREA
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The next batch of materiasl analysed was harvested from a
different part of the Little Clacton site in 1984. Yields
of deRNA were much lower and the electrophoretic pattern
was different (Figs.33-4)>. This 1is partly concerned with
the greater resolving power of acrylamide gels Dbut
quantitative differences and the absence of a putative RNA-
1 RF cannot be explained in this way. Therefore bands are
labelled using a different nomenclature and comparisons
with the earlier pattern are made in Table 2. Because of
the low yields the dsRNA analysed on one gel represents
extracts from many more leaves of many more plants so
possibility of extracting a mixture of strains and/or
defective RNAs 1ie increased. This might explain the
appearance of some of the minor bands and doublet bands.

Analysis of infected tissue harvested from the same site
in 1985 revealed a similar electrophoretic pattern (Fig.35,
Table 3> and comparably 1low yields +though there are
qualitative and quantitative differences. At least one new
dsRNA cpecies (designated B) is seen and three other bands
(g,h & 0) are absent. The band designated i' may be naovel
or it may be Dband 1 migrating slightly anomalously.
Unfortunately undigested DNA partially obscures the top of
the gel so it is not possible to say if high molecular

weight species such as RNA-1 RF are present.
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Band

B om0

[N

e

X

.10-15

2.7
2.2

.84 (ED)

1.7
1.6
1.5

.31-34

1.25
1.2

.70-79
.59-62
.56-58
.50-52

—t.

Table 2

Summary of data from Figs.33-4

Comment

Doublet in Fig.34. Possibly analogous
to B (Table 1

May be same as C (ie RNA-2Z2 RF)

May be same as D

Doublet )
) Probably equivalent to

Faint } Group 1; differemnces

Faint } from Figs.29-32 due to
} greater resolution in

Faint } acrylamide

Faint )

)
} Probably equivalent to Group 2;
} molecular weights approximate in

} this range
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Fig.33 Fig.34

Fig.33 PAGE of BaYV dsRNA from naturally infected plants.
Lane 1; MRDV dsRNA
Lane 2; BaYMV dsRNA from 30g LC84

Fig.34 PAGE of BaYMV dsRNA from naturally infected plants.
Lane 1; BaYMV dsRNA from 50g LC84
Lane 2; MRDV dsRNA
Lane 3; BSKV =sRNA

i72



Table 3

Analysis of data in Fig.35

Band ir (x107% Comment
b 3.06E0 Doublet as in Fig.34
c 2.75¢80 Doublet. RNA-2 RF?
s 2.35 Not seen in LC84 gels
d 2.2 Higher levels relative to LC84 gels
e 1.85 Not doublet (as opposed to LC84 gels)
f 1.7 )
it 1.4 } Group 1
J 1.25 )
1 0.7 }
m 0.66 } Group 2
0.58 )
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Fig.35 PAGE of BaYMV dsRNA from naturally infected plants.
Lane 1; BaYMV dsRNA from 40g LC85
Lane 2; MRDV dsRRA
Lane 3; 3bla dsRKNA
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Analysis of dsRNA in mechanically inoculated plants
showed that symptom expression preceded detectable dsRNA
synthesis. Usually fewer dsRNA species were observed as
compared with field infected material so initially some of
the bands in the latter were ascribed to co-infection (eg.
with a cryptic virus). However, on one occasion multiple
species were isolated from inoculated plants (Fig.37) and
later hybridisation studies showed bands in field infected
material to be Ba¥YMV-specific (see below).

Figse.36-9 1illustrate electrophoretic patterns produced by
dsRNA extracts from inoculated plants. Bands are labelled
by gel type and are compared in Tables 4 & 5. Interestingly
no bands corresponding in size to RF of RNA-1 were found omn
any occaceion and a putative RNA-2 RF was seen only once
(Fig.37>. It is possible that replication is temporally or
spatially confined and was not active 1in the tissue
processed. The one band (or doublet) that is common to all
extracts is a species of Mr 2.0-2.3 which was also the
only band visible in another extract of inoculated plants.
The other two dsRNA species seen in more than one extract
are of sizes 3.0-3.5 and =1.3. The greater complexity of
the pattern in Fig.37 may be a reflection of the amount of

plant material processed as above.

175



Band

P ™ 0 o

™

-

(x10-€
3.05
2.95(70
2.32
2.2
1.8

(oY
(8 B

R T =
(@)

(x )
3.0-3.5

2.0-2.1

0.5

Iable 4
Analysis of Figs.36-7
Comment
Lower band of doublet in Figs.34,5
Doublet; migrates faster than Fig.35

One of two major bands in Fig.36

Possibly doublet in Fig.36

One of two major bands in Fig.36

Iable O

Analysis of Figs.38-9

Comment

Seen in Fig.39 but not 38. (Mr from
3bla)

Doublet in Fig.38. May be  or d of
Fig.36

Not seen in Fig.39. Probably same as i

in Fig.36

} May be present in Fig.39 also but

} impossible to size.
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Fig.36 Fig.37

Fig.36 PAGE of BaYMV dsRNA from inoculated plants.

Lane 1;. BaYMV ds RNA from 25g In. (75 days post-inoculation)
Lane 2; MRDV dsRKA

Fig.37 PAGE of BaYMV dsRNA from inoculated plants.
Lane 1; BaYMV dsRNA from 60g In. (562 days post-inoculation)
Lane 2; MRDV dsRRA
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Fig.38 Agarose gel electrophoresis of BaYMV dsRNA from inoculated
plants.
Lane 1; BaYMV dsRNA from 20g In. (42 days post-inoculation)
Lane 2; MRDV dsRNA
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DNA

Fig.39 Agarose gel electrophoresis of BaYMV dsRNA from inoculated

plants.

Lane 1; BaYMV dsRNA from 10g In. (41 days post-inoculation)
Lane 2; 3bla dsREA

Lane 3; X Hind III digest
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DsRNA extracted from a further batch of LC85 material
(see Fig.35) was further analysed on non-denaturing gels
prior to Northern transfer and hybridisation by the method
of ZELCER et al. (1981). One such gel is shown in Fig.40
(Table 6) which 1llustrates a basically similar pattern to
that in the acrylamide gel, given the greater resolving
power of the latter, with a few differences. Doublets b({(B)
and c(C) are seen in both gels; B is probably running with
doublet C in view of the compression of MRDV bands 2-5 in
the agarose gel; d D) is faint, obscured by the
heterodisperse desRNA smear, and migrates with an apparently
lower molecular weight; e and f rum as E; 1 and j are
probably G and H, though more abundant in this batch of
material; and l,m and n are compressed into I. Band A is
not seen 1in Fig.35, but 1s possibly obscured by the
undegraded DNA, and neither is band L.

All attempts to transfer RNA from non-denaturing gels to
hybridisation membranes were unsuccessful. Such behaviour
is well documented and is a consequence of RNA secondary
structure interfering with binding. In the method used RNA
was subjected to partial alkaline hydrolysis prior to
transfer but hybridisation with <¢cDNA probes failed to
detect any RNA on blots under conditions in which RNA was

detected after transfer from denaturing gels (see below).
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Band

m U O W

G/H

4.5

3.15(30

2.60040
1.95
1.70
1.30
1.20
=0.7
=0.25

(x10-
3.30
2.65
2.10
1.65
1.25
0.65-75

=0.25

Iable 6

Analysis of Fig.40

) Comment
Faint. Possibly obscured in Fig.35.
RNA-1 RF?
Doublet as b in Fig.35.
Doublet as c¢ in Fig.35. RNA-2 RF?
May be d
Probably equivalent to e and f.
} Probably i' and j though more
} abundant here
Probably k, 1' and m poorly resolved

Not seen in any other material

Iable 7

Analysis of Fig.41

) Comment

Faint relative to Fig.40.

Probably RNA-2 RF

Faint as in Fig.40

Bands not resolved here

Probably 2 or 3 bands
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Fig.40 Agarosz gel electrophoresis of BaYMV dsRRA from naturally
infected rlants.
Lane 1; » Hind 111 DKA
Lane 2; 3bla dsRNA
Lane 3; MRDV dsREA
Lane 4; BaYKV dsRNA from 40g LC85

182



. —B
—C
—D
—E
— G/H

Fig.41 ¥ethylmercury gel (Lanes 1,2) and Northkern blot (Lanes 3,4)
of BaYMV dsRNA from naturally infected plants. RNA was transferred to
a GeneScreen Flus™ membrane and hybridised to cDNA synthesised to
sucrose gradient-purified BaYMV RNA.

Lanes 1,3; MRDV dsRNA
Lanes 2,4; BaYMV dsRNA from 40g LC85
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Denaturing gel electrophoresis again indicated that some
dsRNAs were nicked as bands were barely vieible following
ethidium bromide staining <(Fig.41). However, it appeared
that dsRNA species were not fully denatured (to single
strands) in this gel since & log plot derived from dsRNA
standards did not match with one from ssRNA standards. In
spite of this, transfer of RNA to hybridisation membranes
was possible which was not the case for native dsRNA. DsRNA
is notoriously difficult to denature and anomalous
mobilities with respect to ssRNA were observed on other
occasions (eg Figs.42,43)>. Since the pattern of EBaYMV
dsRNAs relative to MRDV is similar to that in Fig.40 ,in
which the same dsRNA extract was used, both Ba¥YMV and MRDV
dsRNAs were assumed to be denatured to the same extent
here. Band 1labelling and molecular weight assignment was
thus with respect to MRDV.

Data in Fig.41] 1s summarised in Table 7 and 1t is
apparent that most, 1if not all, dsRNA species present in
the extract are BaYMV-specific and not derived from the
host or coinfection of the plants in the field. At least
seven dsRNA species are present but, with the exception of
band T (possibly RNA-2 RF), it is not possible to ascribe a
role in the genome expression of BaYMV to any of them
without further information. Some may be RFs of subgenomic
RNAs but since it not known whether BaYMV expresses any of
its genes in this manner the suggestion must be tentative
and the artefactual origin of at least some bands cannot be
eliminated. Other possible derivations of these dsRREA
species are RFs of hitherto undetected genomic RNAs and
double-stranded forms of defective BaYMV RNAs containing

the origin of replication.
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3.6.5 Conclusions

Analysis of dsRNAs from BaYMV-infected plants revealed
up to 14 different species of Mr 20.1x10% at least 7 of
which hybridised to BaYMV sequences. Electrophoretic
patterns produced were often similar but quantitative and
qualitative differences were found. DeRNAs of the same
size as ssRNA-1 and -2 were not always observed and when
present were not necessarily the most abundant species.

Results are summarised below.

Band Mr(x10=*)  Comment

A >5 Probably RNA-1 RF. Only seen in
naturally infected plants

B(b 3-3.5 Often present. BaYMV-specific

C(ed 2.35-70 Probably RNA-2 RF. Often seen but not
in inoculated plants. BaYMV-specific

D(B,d> 1.6- One or two bands, major species in

2.2 some inoculated plants. At least omne

BaYMV-gpecific

Group of bands, variable in number

~ N

E-H 1.00- and size, including one found often
(e-k) 1.80 in inoculated plants (=1.3) & at
) least two BaYMV-specific («1.3,1.65)
} Two-four bands, difficult to size
I-K _0.55- } accurately. Often seen. At least
(k-n) 0.80 } one BaYMV-specific
L =0.25 Seen in only one extract of naturally

infected plants. BaYMV-specific. Size

approximate
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In 1.11 the potential of using dsRNA analysis as a means
of detection and/or diagnosis of plant viral infection was
discussed. From the results presented here on the levels of
dsRNA found in infected plants it is clear that as far as
BaYMV is concerned the technique is several orders of
magnitude less sensitive than other detection methods based
on serological or hybridisation assays. Antisera to several
isolates of BaYMV exist and the techniques of ISEM, ELISA
and Western blotting are now a routine exercise. Dot-blot
hybridisation using cDNA probes is a more time consuming
method but would be greatly facilitated by the existence of
cloned fragments of BaYMV cDNA (see 3.7 below). Furthermore
the electrophoretic patterns of dsRNAs observed in this
study are probably too variable to be used in the diagnosis
of BaYMV (or mixed) infection or footprinting as an aid to
classification or strain comparison.

Purified dsRNAs have also been used as sources of viral
RNA sequences. On account of the complexity and variability
of dsRNA extracts 1t was felt that data from experiments
using end-labelled dsRNAs as probes would be difficult to
interpret. However, further experiments of the type
illustrated in Fig.41 using cloned strand-specific or even
gene—specific probes could be useful in the analysis of

BaYMV replication strategy.
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Table 8

Double-stranded molecular weightse of commonly used standards (x10¢)

Eand ¥RDV 3bla MHindlIl ALV FsV
1 2.88 4.1 15.0 4.1 1.11
2 2.50 3.5 6.12 2.7 0.99
3 2.35 1.6 4.26 2.5 0.94
4 2.35 1.54 2.84 1.87 0.89
5 2.12  1.45 1.5 1.70 0.46
6 1.75 1.43 1.32 1.44
7 1.45 1.27 0.36 1.24
8 1.25 1.190
9 1.18 1.11
10 1.08

MRDV: Maize rough dwarf

3bla: G.g.t. virus 3bla

2HindI1I: HindI1l digest of X DRA
AfV: Aspergillus foetidus virus

FsV: Penicillium stoloniferum virus

Table O

Single-stranded molecular weights of standards (x107%)

Ribosomal REA

Band CPYY. Ec. Euk IMY
1 2.02 1.05 1.35 2.0
2 1.37 0.56 0.70

CPMV: Cowpea mosaic virus
E.c.: E.coli rREA (235 & 165)
Euk: Eukaryotic rRNA (255 & 185)

TMV: Tobacco mosaic virus
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Fig.42

Fig.4A2 Xethylmercury gel

standards.

Lane 1; rRNA

Lane 2; MRDV

Lane 3; P.s.V + A.f.V
Lane 4; 3bla

Lane 5; MRDV

Fig.43 JMethylmercury gel

standards.

Lane 1; CPMV

Lane 2; MRDV

Lane 3; X Hind 111

Fig. 43

electrophoresis

electrophoresis
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Fig.44 Agarose gel electrophoresis of molecular weight standards
Lane 1; MRDV

Lane 2; 3bla
Lane 3; FP.s.V + 4. f.V
Lane 4; rRNA
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.7.1 cDNA Probes

All autoradiograms shown &bove were obtained by
hybridisation of membranes to cDNA probes synthesised by
random priming wusing as template RNA extracted from
purified virus or purified by sucrose-gradient
fractionation or elution from gels. Efficiencies of
incorporation of radiolabel into cDNA were consistently low
as compared with incorporation using TMV or PVX RNA as
template under eguivalent conditions. RNA extracted from
agarose gels sometimes exhibited no template activity,
probably as a result of residues of reverse transcriptase
inhibitors derived from impurities in the agarose. In order
to provide a source of high activity probes attempts were
made to clone fragments of BaYMV RNA into bacteriophage
M13. Initial attempts were made before the availability of
purified RNA using RNA enriched in BaYMV sequences followed
by differential screening of recombinant clones using cDNA
probes derived from the same enriched preparations and RNA
extracted in a similar manner from healthy plants. In later
attempts recombinants were screened using probes made from

purified BaYMV RNA.

3.7.2 cDNA cloning .-

The use of the "loop—back" method of ds cDNA synthesis
in two experiments resulted in a total of 53 recombinant
clones. Differential hybridisation of RF DNA dot-blots, and
in some cases hybridisation of dot-blots of healthy and
infected ©plant extracts with nick-trancslated <clones,

indicated a host origin for all clones, suggesting that a
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larger population of clonee wacs needed To find any specific
for BaYMV.

The RNase H method of ds cDNA synthesis proved more
efficient in terms of the number of recombinantse produced.
WVhite plaques were obtained with all the combinations of
restriction enzymes used (2.18.1> though at lower rates
using the "blunt" end cutters. In all, 24 plates with
between 20 and 100 recombinants each were obtained. These
were screened by plaque-lift hybridisation with probes
synthesised from sucrose—-gradient purified EBaYMV RNAs and
autoradiography revealed 15 radioactive spots, all produced
using "sticky"-end cutters. Shortage of time prevented any
further characterisation of recombinants so positively
hybridising plaques were picked and grown up then infected
cell stocks were frozen at -70°C in 15% <(v/v) glycerol.
Clones will require further screening by dot-blot
hybridisation of RF DNA and Thybridisation of nick-
translated RF probes to Northern blots of BaYMV RNA for two
reasons: (1) the density of plaques did not allow absolute
assignment of radiocactive spots to individual plagques (all
potential recombinants were picked separately) and (2> the
possibility of background spots on autoradiograms cannot be
eliminated.

Even if all these clones are BaYMV-specific 15 out of
10005 represents a very low proportion considering the RNA
sample used <(crude BaYMV RNA as in Fig.1l5) and the size
selection procedures (see 2.18.1). This low efficiency of
cDNA synthesis may be enhanced by using synthetic primers

constructed after limited sequencing of RNA termini.

3.8 Ip Vitro Translation
BaYMV virion RNA-1 and RNA-2, together and separately,

were used to programme cell-free Iin vitro translation

systems (2.16). Vhether RNA was extracted from viriomns,
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eluted from gels or purified by sucrose—gradient
centrifugation incorporation of radiocactively 1labelled
amino acids into translation products was very low compared
to that with PVX or TMV RNA (£10%> and on many occasions no
detectable incorporation occurred at all. Reasons for this
are unclear but may be related to BaYMV RNA secondary
structure. As a consequence of the inconsistency of results
and the scarcity of RNA, translation systems were not
optimised for K* and Mg** concentration. Conditions used
were those described by suppliers as <cuitable for most
mRNAs.

Translation of whole polysomes and polysomal RNA again
resulted in low levels of incorporation. Additional reasons
for this may be the presence o0f inhibitors in the
relatively crude polysome preparations and the huge excess
of ribosomal RNA over message in polysomal RNA
preparations.

Fluorographs of MDL translation products of gel-eluted
and sucrose-gradient purified RNA are presented in Figs. 45
& 46. Fig.45 shows products of the sucrose-gradient
fractions 5-9 shown in Fig.25b and products of two separate
gel-extractions. Both the latter were extracted by the
"freeze—-thaw" method (2.11.7¢c> and contained equal amounts
of RNA-1 and RNA-2. Fig.46 shows products of RNA-1 (from
fractions 1 and 2 in Fig.25c¢) and RNA-2 (from fraction S5 in
Fig.25¢c). The reason for the clouding of the fluorograph is
not known. Clearly there 1is come cross—-contamination of
fractions but by comparison certain differences are
apparent.

The major products are of molecular weights 23, 67, 83/4
(doublet) and 96K. Other discernible products are of 25
(doublet), 27, 44, 50, 58 and 110k.
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P, P110—
P96—
|
|

P83/4— .

- c7 P67-
e 55 P58—

P50—
-_— 47

P44—
- o1

P27—

P25—
- 24

P23—

RNAs were

Fig.45 Fluorograph of BaYMV RNA translation products.

translated in MDL systems as described in 2.16 and fluorography

carried out as in 2.17 after marking positions of molecular weight
standards with radioactive ink.

Lane 1; Hz0 control.
Lanes 2-6; Products of sucrose gradient fractions 5-9 illustrated in

Fig- 256,
Lanes 7 & 8; Products of mixtures of BaYMV RNA-1 & -2 eluted from gels

as described in 2.11.7c.

Lane 9; Products of PVX RNA translation
Lane X - Marker proteins (molecular weights are indicated>
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~92.9

-69

—46

P27—
p25—
P23—

Fig.46 Fluorograph of BaYMV RNA translation products. RNAs were
translated in MDL systems as described in 2.16 and fluorography
carried out as in 2.17.

Lane 1; Hz0 control.

Lane 2; Products of a mixture of sucrose gradient fractions 5 & 6
illustrated in Fig.25c (BaYMV RNA-1).

Lane 3; Products of sucrose gradient fraction 9 illustrated in Fig.25c
(BaYMV RNA-2)

Lane 4; Products of PVX RNA translation,
Lane M - Marker proteins {molecular weights are indicated)
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Fig.47 Flucrograph of translation products of whole polysomes and
polysomal RNA from healthy (Lanes 1,3) and BaYMV-infected (lanes 2,4)
barley. Translation was carried out in wheatgerm extracts as described
in 2.16.

Lanes 1 & 2; Products of whole polysome extracts prepared as in 2.11.6

Lanes 3 & 4; Products of total polysomal RNA

(Xolecular weighis of marker proteins are indicated)
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P22 comigrates with the upper of two bande seen in the
H.:0 control track of Fig.45 but is stronger relative to the
lower one in fractions 8 and 9. In Fig.46 P23 is found in
the RNA-2 track but not in the control or RNA-1 tracks.

P67 can be seen in all BaYMV RNA tracks in Fig.5-9 but
is relatively stronger in fractions 8 and 9. In Fig.46 P67
is only seen in the RNA-2Z track.

P83/4 is present in all BaYMV RNA tracks but since RNA-1
fractions are inherently purer P&3/84 is possibly an RNA-1
product.

P96 is much stronger in the RNA-Z track than the RNA-1
track in Fig.46 and relatively stronger in tracks & and ©

than in tracks 5, 6 and 7 in Fig.45.

P25 comigrates with a band in the control Hz:O track of
Fig.46 but in Fig.45 the lower band of the doublet is
stronger in both eluted RNA tracks whereas both bands are
of roughly equal intensity in gradient fractions.

P27 1is stronger relatively in fractions & and © in
Fig.45 and is only found in the RNA-2 track of Fig.46.

P110 is indistinct but is only found in fractions 5 and
6 in Fig.45 and the RNA-1 track of Fig.46.

P44, PS5Q, P55 and P58 are of roughly equal intensity in
all REA tracks.

Though the evidence is not unequivocal some products can
thus tentatively be assigned to particular RNAs:
--BEA-1: P110, P8B3s84 =and the lower band of the P25
doublet.
RNA-2: P23, P27, P67, and PO6.

The csimilarity of the gel—electrophoretic patterns of
the translation products of RNA isoclated from two sucrose
gradients and by two gel extractions is apparent and argues
against artifactual origin of bands through contamination.

Nevertheless the number of polypeptides produced is large
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and not =all are likely to be =significant In vivo., Large
numbers of proteins are also synthesised on in vitro
translation of other plant viral RNAs, eg. PVI (see
Figs. 45,46 and S.E. ADAMS, 1085). Without further
information it is not possible to ascribe a function to any
of the BaYMV translation products. There are no products of
35K or 29/30K which would correspond, in sizé at least, to
coat protein. Vestern ©blotting or immunoprecipitation
experiments using antisera raised to purified virus or
inclusion bodies might yield information of this sort.
Fig.47 <chows the wheatgerm translation products of
polysomes and polysomal RNA from healthy and infected
tissue. There 1s no apparent difference between the
translation products of RNA from either source. Thus viral
and infection specific RNAs could at most constitute only a
small fraction of RNA Dbeing translated in the infected

tissue used.

Infection of many plant species with viruses induces the
accumulation of so-called 'pathogenesis-related' proteins
(PR-proteins) characterised by their selective extraction
at low pH and intercellular location (reviewed VAN LOON,
1985>. The existence of similar proteins in BaYMV-infected
tissue was investigated as described. No such proteins have
been reported for any virus—infected memocotyledanous
plant. In view of the temperature-dependence of +the
infection process protein samples were extracted from
infected plants grown under growth cabinet conditions, from
plants grown in glass cloches on the roof in the winter and
from plants transferred to the heated greenhouse (see
2.7.1la for growth conditiomne). In addition the effects of
temperature on gene expression in a number of different

cultivars of barley, varying in BaYMV susceptibility, were
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gated by growing virus-free plants 1n the greenhouse
and growth cabinet and extracting proteins in a esimilar
way. These plants were harvested as seedlings so were
younger than plants used above. Finally intercellular
fluids were extracted and monitored for the presence of PR-
proteins.

Soluble plant protein samples, prepared as described
(2.19> from equivalent amounts of tissue (=0.2g), were
analysed by non-denaturing disc-PAGE (2.6.3c). Yields of
protein varied from sample to sample but these differences
were not consistently cultivar- or infection-specific so
were probably due to extraction efficiency. Thus only
qualitative &and relative quantitative comparisons can be
made.

To summarise the results briefly; a broadly similar
electrophoretic pattern of bands was produced in all cases
but age—, cultivar- and temperature-specific quantitative
differences and one possible infection—specific qualitative
difference were found. Table 10 lists the major bands found

and their approximate Rf's.
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0.10

0.18

-39

0.40
-44

0.56
-60

0.63

0.70

74

0.73
-78

Table 10
Analysis of Figs. 46-50

Doublet.Found in IF. Higher temperatures decrease in

expression in some cultivars

Similar temperature effect as for A in the same

cultivars.

Low levels of exprescion in seedlings.

Low levels of expression in seedlings.

Most prominent band in cold grown plante.

Higher levels in Birgit & Igri. Higher temperatures

increase expression in healthy seedlings.

Possible infection—specific protein.

Stronger in Maris Otter than Tipper.
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Fig.48 Fig.49

Fig.48 Tube gels of soluble proteins extracted as described in
2.19.1 from BaYMV-infected Maris Otter plants grown in:
Lane 1; Greenhouse
Lane 2; Glass cloches (outside)

Lane 3; Growth cabinet

Fig.49 Tube gels of soluble proteins extracted as described in
2.19.1 from healthy (Lane 1) and BaYMV-infected (Lanes 2-4) Tipper
plants grown in:

Lane 1; Greenhouse

Lane 2; Greenhouse

Lane 3; Glass cloches (outside)
4

Lane 4; Growth cabinet
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Fig.50

Tube gels of soluble proteins extracted as described

3 4 5 6 7 8
a i :‘
. - e & i » —
" 12 13 14 15 16

in

2.19.1 from different barley cultivars grown in the growth cabinet

(odd-numbered gels) and the greenhouse (even-numbered gels)

Gels
Gels
Gels
Gels
Gels
Gels
Gels
Gels

1 & 2;
3 & 4;
5 & 6;
7 & 8;
9 & 10;
11 &1z,
13 & 14;
15 & 16;

Birgit
Franka
Gerbel
Halcyon
Igri

Maris Otter
Sonja

Tipper
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Fig.4% shows the pattern of bands obtained from infected

Maris Otter plants grown under +the variouse conditions.
Bands are labelled for reference to Table 10. Band G 1is
decreased in greenhouse-grown plants relative to the cold-
grown plants. Note the faint band I which iz not present in
extracts from healthy plants.

Fig.49 shows the pattern of bands obtained from healthy
and infected Tipper plants grown under the various
conditions. There are no major differences but there i=s a
faint band (band I) present in extracts from infected but
not healthy plants. Band J is barely visible.

Fig.50 <shows the proteins extracted from seedlings of
elght cultivars of barley grown in the refrigerated growth
cabinet and the heated greenhouse. Yields are generally
lower than for the older plants previously extracted and
are not always equivalent for the same cultivar but certain
trends are apparent. In Tipper, Maris Otter and Halcyon
bands A and B are less strongly expressed in greenhouse
grown plants relative to total protein. This effect in Igri
and Birgit reflects the much lower yields of total protein
in the respective greenhouse grown plants. Band H is more
prominent in cold grown Gerbel and Igri =zeedlings than any
other cultivars and levels are higher, relative to band G,
in all greenhouse plants. In the latter plants band H
represents the most abundant protein in nearly all
cultivars, band G being equally abundant in the others.

Electrophoretic analysis of a dilution series of the
intercellular fluids from healthy and infected Tipper
plants showed that the only proteins detectable, even at
zero dilution, were those constituting doublet A. The
doublet was detectable in infected plants at approximately
twice the dilution permissible for detection in healthy
plants. However this may be due to extraction efficiency.

These results demonstrate that BaYMV infection of barley
does not induce high 1levels of ©proteins with the

characteristics of PR-proteins. One infection-specific
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protein ie detectable but at such low levels that this may
be a quantitative rather than qualitative effect. This
protein is not preferentially extracted in intercellular
fluid extracts. Temperature—-, age- and cultivar—-specific
differences 1in electrophoretic patterns are seen but
without further information it ie difficult to relate these
to the infection process or resistance/susceptibility.
However, in view 0f the temperature dependence of BaYMV
infection, it is interesting to note that the decrease in
expression with increased temperature of band A, which is
also found in IF, 1is only apparent in the two-rowed,
susceptible cultivars Halcyon, Maris Otter and Tipper.
Furthermore band H, whose expression is increased in all
healthy greenhouse grown cultivars, is also expressed in
cold grown plants of the moderately resistant cultivars

Igri and Gerbel.

3.10 Investigation of Infected Root Tissue

BaYMV tranesmission in the field is through the scil eo
roots are the natural sites of infection of barley plants.
The roots of plants infected by mechanical inoculation must
also contain virus since virus-free spores of PFPolymyxa
graminis acquire BaYMV-infectivity on contact with such
roots (KUSABA et al., 1971). Roots are thus a potential
site for virus replication from which transport would
result in systemic infection. Root tissue from 4infected
plants was therefore examined for the presence of virus

particles and viral ss and dsRNA.
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Fig.51 Electron micrograph of & 'root-dip' preparation from BaYMV-
infected plants (x60,000).



(a)

(b)

Fig.52  Electron  micrographs of ultracentrifugation pellet
preparatione from roots of BaYMV-infected plante.

Magnifications; (a) x56,000 (b) x50,000
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Zmall guantities of root tissue were used to prepare

)

extracte for EM by the leaf dip method (2.9.Z2). 'Root dip’
EM revealed the presence of thin, flexuous filaments at
levels comparable to those of virus particles in infected
leaves, <sometimes aggregated as in Fig. 51. No such
filaments were found in similar extracts from roots of
uninfected ©plants. Larger quantities of root material
(=40g> were wached free of soil and treated as for a virus
preparation up to the stage of the first ultracentrifuge
pellet. Electron micrographs of these pellets (Fig.52)
again revealed the presence of virus-like particles. A
faint central canal can be seen in some filaments, in both
root-dip and pellet preparations, and where this is visible
it extends the entire filament length. For virus particles
the vieibility of the canal was suggested to depend on RNA
depletion allowing more efficient stain penetration <(3.3).
RNA extraction of the ultracentrifugation pellets did not
yield any intact BaYMV RNAs detectable by denaturing gel
electrophoresis even at sensitivities 10x those required
routinely to detect BaYMV RNAs in equivalent extracts from
infected leaves. It was thus tempting to propose assembly
of capsid proteins without RNA to explain the presence of
virus—like filaments. However, in ISEM tests no particles
were adsorbed from either the ‘root dip' or pellet
preparations while tests of leaves of the same plants were
positive.

Three separate extractions of double-stranded RNA from
roots, by the same procedure used for leaves, failed to
produce detectable levels of dsRNA from 40g of material.

The presence of filaments antigenically distinct from
virus particles in roots of BaYMV-infected plants is
difficult to explain. The absence of virus particles in
material from which F.graminie acquires infectivity‘ is
equally so. Speculation on the host or virus derivation of
these filaments is hardly Justifiable on the evidence but,

if virus encoded, they may be inclusions or particles
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modified in some fashion, possibly concerning their fungal
transmisseion. In thise context 1t is 1nteresting to note
that LANGENBERG & VAN DER WAL (1986) failed to detect Ba¥YMV
by immunogold labelling in thin sections of P.graminis in
roots of BaYMV-infected plants. Particles were detected in
host cells but it is unclear from the report if these were
root or 1leaf cells. The 1lack of extractable <=sRNA in
filament preparations argues against a functional role for
them in infection and the failure to find dsRNA is at
variance with the suggestion of roots as a site of virus
replication. VWhile 40g of tissue does not greatly exceed
the minimal amount of tissue required for routine deRNA
detection in leaves higher 1levels of dsRNA ought to be

extractable from tissue active in virus replicatiaon.
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4 COECLUSIORS

Most plant viruses whose genome strategies have been
analysed in detail replicate to high levels in host plants
and are relatively easy to purify. Similar studies on
viruses that do not have these experimental advantages may,
however, reveal subtle variations on the strategies so far
discovered. It is hoped that methods developed in this
study 1in conjunction with the powerful technologies of
molecular biology will help to determine if this is o for
BaYMV. Furthermore, elucidation of the life cycle of BaYMV
may suggest wayse in which its pathological effects can be
controlled until suitable resistant cultivars of barley are
available.

The information obtained in this study represents the
first steps in this direction. From the results presented
here it appears that BaYMV is a multicomponent RNA virus
encapsidating at least two RNA species which do not have
extensive sequence homology. Since they were not found to
be infectious it is possible that other genomic RNAs exist.
Analysis of genome structure and organisation was hampered
by difficulties in obtaining sufficient quantities of viral
RNA but preliminary conclusions can be drawn.

The inability of wviral RNAs to bind to oligo-dT-
cellulose columns or support oligo-dT-primed c¢DNA synthesis
argues against the presence of 3' poly(A) tails but a
confirmation of this must await sequence analysis. No
evidence was obtained on 5' terminal structures. In vitro
translation of BaYMV RNAs produced a number of
polypeptides, some of which could be tentatively ascribed
to one particular RNA species, but none of which comigrated
with BaYMV capeid protein whose gene is thus unlikely to be
at the 5' end of either RNA. Plant virus coat protein
cistrons are usually located at 3' ends as befits their
expression late in the replication cycle. The total length

of in vitro products exceeds the estimated coding capacity
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cf BaYMV RNAs (¢390K) =0 some polypeptides must be ascribed
to readthrough, premature termination or the presence of
discrete RNA breakdown products. Whether this occurs 1in
vivo is not known. Shortage of RNA precluded time-course
experiments which may have given evidence of polyprotein
processing. Such a suggestion might be supported by the
presence o0f genomic-length RNAs in polysome preparations
except for the contamination of such extracts with virus
particles. Furthermore, the large number of dsRNA species
found are more compatible with a genome strategy involving
subgenomic RNAs, Some of the dsRNAs may have artefactual
origin but, for viruses such as CPMV which do employ protein
processing no other dsRNAs are found apart from those of
genomic length. The two minor bands seen in Northern blots
of polysomal RNA may be due to stacking artefacts involving
ribosomal RNAs but if not could represent subgenomic RNAs
of sizes ca. 0.38 & 0.7 x 10%¥. Putative replicative forms
of these RNAs would have molecular weights of 0.76 & 1.4 x
10% o could correspond to the dsRNA species of ca. 0.75 &
1.3 x 10% found in extracts of nearly all infected plants
investigated. These RNAs were often the major species in
inoculated plants and both hybridised to BaYMV-specific
cDNA. The smaller of the two would have a coding capacity
of ca. 38K which would be sufficient for expression of
-capsid protein.

Many of the conclusions are speculative and further work
is needed to determine the genome strategy of BaYMV but if
it transpired that subgenomic RNAs are employed it wauld be
difficult to justify inclusion of a virus with more than
one non-polyadenylated RNA in the potyvirus group whose
members have a single polyadenylated RNA component and
appear to utilise polyprotein processing in their gene

expression.
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