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Introduction to Classical Crossprotection

Ron S. S. Fraser

1. History

In the first three decades of the 20th century, 1t was shown that a number of
plant diseases could be transmitted by infectious sap that had been passed
through a bacteria-proof filter Plant virus particles had yet to be 1dentified and
characterized, and much of the research effort of plant virologists went into
describing disease symptoms and studying methods of transmission. In the late
1920s, it became apparent that, when plants were deliberately inoculated
with two agents causing different types of visible symptom, there could be a
form of interference

Wingard (1) found that, in tobacco and other hosts mnfected with tobacco
ringspot, new growth appeared that did not show any signs of disease It was
not possible to cause ringspot symptoms on these leaves by a further direct
inoculation Nevertheless, sap from these symptomless leaves caused ringspot
when oculated to healthy plants. McKimney (2) noted that tobacco plants
infected with a light green mosaic (now known to be tobacco mosaic virus) did
not develop further symptoms when moculated with a yellow mosaic form In
contrast, plants infected with a mild, dark green mosaic form did develop yel-
low symptoms when reinoculated with the yellow form.

Further work on such interactions between viruses was facilitated by the
developing ability of plant virologists to discrimimate between different viruses,
or 1solates of the same virus, using differential hosts and the emerging tech-
niques of serology and virus particle charactenization. It was recogmzed early
that interference occurred primarily between closely related viruses, and the
term “crossprotection” was applied to indicate this relatedness Indeed,
crossprotection was used as one diagnostic test for relatedness between virus
1solates (3,4). However, more modern approaches using nucleic acid sequenc-
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ing and advanced serological techniques have, 1n some cases, prompted a
re-evaluation of relationships based on crossprotection studies (5) Further limi-
tations to crossprotection 1n studying taxonomic relationships include the facts
that in some pairs of related virus 1solates, crossprotection operates in one order
of noculation, but not the reverse (6,7), and 1n some other viruses, Cross-
protection may not operate at all (8)

The potential for using a protective inoculation with a mild strain of virus as
a disease-control measure against chance infection by a severe strain was rec-
ognized at an early stage (9), and as early as 1937 there was a report of further
attenuation of a naturally occurring mild strain of potato virus Y by high-tem-
perature treatment of infected root cultures (1) However, the potential for use
of protective moculations in crop protection was not rapidly taken up, and 1t
was not until the late 1950s that mild strain protection was shown to be effec-
tive 1n a few crops under field conditions (17-13). Today, mild strain protec-
tion occuples a small and highly specialized niche i world agriculture’s
defenses aganst plant viruses It 1s widely used on only a few crops, and gen-
erally other methods are preferred 1f available However, there are instances in
which 1t has been of great value in crop protection. This chapter will review the
practice and application of crossprotection, 1ts merits and drawbacks, and con-
sider possible mechanisms.

2. Terminology

A wide variety of terms have been used to describe phenomena of the
crossprotection type. These include “interference,” “acquired immunity,”
“antagonism,” “acquired tolerance,” “premunity,” “cross immunization,”
“induced resistance,” and “acquired resistance.” Fulton (/4) makes the vald
point that terms based on immunity are inaccurate, because they exaggerate the
level of protection generally conferred. The term crossprotection is now widely
accepted for cases in which the protecting virus spreads systemically 1n the
host. The virus mnvolved 1n a second infection may be naturally occurring and
transmitted, or may be deliberately introduced for experimental purposes. It
may normally cause systemic or necrotic infections in the absence of cross-
protection. The second virus 1s frequently referred to as the “challenge” inocu-
lation or infection, and occasionally as “superinfection.”

A separate pair of interactions between sequential virus noculations are
known as “localized” and “systemic acquired resistance.” These occur when a
plant 1s first inoculated with a necrotic lesion-forming virus, which does not
spread systemically. The plant then appears to be resistant to a challenge
inoculation by a further lesion-forming virus, because the lesions formed, either
on the primarily infected leaf, or on previously uninoculated leaves, tend to be
smaller or less numerous than those formed on previously untreated plants
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(15,16). These types of apparent resistance are highly nonspecific, they can be
induced by agents as diverse as fungal and bacterial pathogens, chemicals such
as salicylic acid, and plant developmental processes such as senescence and
flowering (17) Localized and systemic acquired resistance are accompanied
by accumulation of the so-called pathogenesis-related (PR) proteins, which
have chitinase, B-1-3 glucanase, and other activities, and which appear to be
involved in defense responses to fungal and bacterial pathogens (18). How-
ever, the reality of the apparent induced resistance against a second virus infec-
tion has been questioned (19), and none of the PR proteins has yet been shown
to have any antiviral activity These types of resistance and the PR proteins are
not considered further in this chapter.

3. Crossprotection Case Histories
3.1. Cocoa Swollen Shoot Virus

This virus causes a very serious disease of cocoa in West Africa and 1s
endemic 1n most production areas It was suggested as an early target for
crossprotection (11), but, despite a considerable amount of research, the method
was not mtroduced on any scale This was largely because government policy
was to attempt to eradicate the disease by removing infected plants. This policy
has proved impossible to implement 1n practice and the disease position has, 1f
anything, worsened. In a recent review, Hughes and Ollennu (20) recommend
that crossprotection be re-evaluated as a strategy. They note the need for stud-
1es of the interaction between different mild strains and modern hybrid culti-
vars and the development of efficient methods of inoculation

3.2. Passion Fruit Woodiness Virus

This disease, important in Australia, was another suggested early target for
crossprotection (12,21). However, despite early promise, the method does not
seem to have been widely adopted (13).

3.3. Citrus Tristeza Virus

This virus causes serious diseases in a number of types of citrus trees (sweet
and sour orange, lime, and grapefruit), and 1s distnibuted worldwide. The initial
experiments on crossprotection by mild strains were carried out in Brazil (22)
Muller and Costa (23) 1solated a number of mild strains from trees showing no
or attenuated disease symptoms and checked each for mildness and cross-
protecting ability 1n a number of different types of citrus trees and root stocks.
Animportant finding—a general principle for approaches to crossprotection—
was that 1t was necessary to match each host genetic background to the most
effective mild strain. A strain that crossprotected in one host would not nec-
essarily do so 1n a different one. In Brazil, tens of muillions of orange trees are now
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protected (24), and the method has been applied in India (25), the Middle East
(26), Florida (27), and South Africa (28)

3.4. Papaya Ringspot Virus

This virus 1s a limiting factor 1n the production of pawpaws 1n a number of
areas of the world, and, at present, no resistant cultivars are available. Natu-
rally occurring mild strains have not been readily selectable, but mutants have
been produced after nitrous acid mutagenesis (29). Crossprotection by these
mutants was not economically beneficial under high disease pressure from
plants naturally infected with the severe strain; but regular rogueing of such
sources of inoculum, combined with crossprotection, provided a 111% increase
in income (30). Crossprotection has been introduced on a wide scale 1n Taiwan
(31), and further trials are being conducted i Mexico, Florida, Hawan, Thai-
land, and Israel (32). Further effort 1s being given to develop improved attenu-
ated strains. A resistance gene, Wmv in Cucumis metuliferus, which 1s
overcome by some nitrous acid-induced mild strains of papaya ringspot,
but not by severe strains, has been used for further selection of attenuated
cross-protecting isolates (33).

3.5. Tomato Mosaic Virus

This virus, recognized also as a strain of tobacco mosaic virus, has caused
severe disease problems 1n tomato. However, most modern cultivars now con-
tain the Tm-22 gene for tomato mosaic resistance. This has proved highly
effective and durable and resistance-breaking 1solates of a virus are rare and do
not readily become established. Crossprotection, especially with the nitrous
acid-induced mutant MII-16 (34), and by naturally occurring mild strains (35),
was previously quite widely used in Europe and North America, but 1s now
mainly restricted to varieties grown for particular quality characteristics, such
as flavor or size, which do not yet have the Tm-2 resistance gene (36). Mild
strain crossprotection of tomatoes caused a small depression of yield, normally
around 5% (37), but this compares well with potential losses of 25-50% occur-
ring with a severe strain mfection of unprotected plants.

3.6. Zucchini Yellow Mosaic Virus

Thus is probably the most recent virus to be tackled by crossprotection meth-
ods. The virus causes severe yield losses in cucurbit crops (cucumber, melon,
courgette, and marrows) The fruit of infected plants are severely distorted and
discolored and quite unmarketable The virus 1s present at a low level on the
testa and inner chlorenchyma tissue of the seed coat (38). This probably leads to
seedling infection, which 1s then transmitted rapidly by aphids. In recent years,
courgette growers 1n the UK have suffered total crop loss from this virus.
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Table 1

Further Examples of Effective Crossprotection Mechanisms

Plant host Virus Ref.
Vanilla Vanila necrosis potyvirus 43
Cucurbits Water melon mosaic virus 44
Soybean Soybean mosaic virus 45
Tomato Tomato spotted wilt virus 46
Plum Plum pox virus 47
Oat Barley yellow dwarf virus 48
Pepper Pepper severe mosaic virus 49
Peach Tomato ringspot virus 50
Tomato Tomato aspermy virus 51
Apple Apple mosaic virus 52
Brussels sprout Cauliflower mosaic virus 53

A muld vanant of the virus selected from a severe strain in France has been
used for crop protection successfully in various cucurbits grown in a number
of countries (39—41). The mild strain causes a slhight depression of yield and
can delay flowering 1n early season crops (42), but clearly offers considerable
commercial benefits

3.7. Other Examples

There are many other examples of crops and viruses in which apparently
effective crossprotection has been demonstrated in laboratory/greenhouse
experiments or 1n field trials. For completeness, a number of these are listed in
Table 1. Generally, however, these examples do not seem to have been carried
forward into practical use in crop protection. Possible reasons for this are
explored in the next section

4. Disadvantages and Advantages of Crossprotection

Generally, the comparatively low uptake of crossprotection in agricultural
systems suggests that the disadvantages are seen to outweigh the advantages.
There 1s a sensible reluctance to introduce viruses into the agricultural eco-
system, because of possible deleterious consequences, and, in general,
crossprotection has only been used when other measures, such as resistance,
have been unavailable, where virus eradication has fatled and the target virus
has become endemic, or where the release could be carried out 1n controlled
conditions, such as 1n greenhouse-grown crops.

A number of potential problems with crossprotection have been considered
in earlier reviews (13,14,17). These are considered briefly here.
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Where 1t has been measured, mild strains have often been shown to cause a
loss of yield of 5-10% (37,41), but this 1s considered acceptable 1f there 1s a
high chance of a much greater loss caused by severe strain mnfection of unpro-
tected plants.

The 1solation of crossprotecting 1solates may be difficult. Mild-strain
(attenuated) 1solates do appear to occur naturally 1n agriculture or wild plants
(23), but their selection and matching to host genotype for optimum perfor-
mance can be time-consuming In other cases, 1t has been necessary to produce
muld strains by mutagenesis with nitrous acid or UV hght, or by high- or low-
temperature treatment of infected plants. A deeper understanding of the
molecular basis of attenuation (54,55) should aid in the construction of
designed mild 1solates

Production of adequate amounts of mnoculum of the crossprotecting 1solate
may also be difficult, because reduction in symptom severity and effects on
host-plant growth can be associated with low virus multiphication. There 1s
also an mmportant need for quality control of the noculum, 1n order to check
that the virus has not produced more severe mutants during multiplication This
factor applies also to infection 1n the protected crop plants, although there seem
to have been very few reports of these eventually developing severe infection
as a result of changes 1n the protecting strain

Inoculation of crops with the protecting strain can be a logistical problem
and would clearly pose difficulties for direct-drilled, field-grown crops Plants
that are propagated in modules, then transplanted to the final growing site,
such as tomatoes and cucurbits, can be conveniently mnoculated at the seedling
stage by spray gun and abrasive. Perennial crops, such as those propagated by
budding and grafting, can be noculated during the propagation process.

Concern has been expressed that the crossprotecting virus might interact
with other unrelated viral infections of the crop to produce synergistic damag-
ing effects There do not appear to have been reports of this, and presumably
the nteraction could be checked experimentally.

There 15 also concern that a virus introduced 1n one crop for crossprotection
may spread to other species and possibly cause severe damage there Given the
variable interaction between attenuated strains and different host genetic back-
grounds (23), this is a concern that needs to be taken seriously, especially for
viruses such as tomato spotted wilt, which have a very wide host range The
problem is perhaps less serious for those viruses, such as papaya ringspot,
which have very restricted ranges (31).

The various problems associated with the use of crossprotection tend to
emphasize the attractiveness of the alternative approach, of developing trans-
genic plants expressing the CP gene to confer virus resistance. This route raises
ecological, risk assessment, and regulatory 1ssues 1n 1ts own right (56,57), but
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clearly sidesteps some of the practical and ecological problems mvolved n
using whole viruses for crossprotection.

Finally, the European Community Directive 91/414, aimed at securing har-
monization of pesticide registration and availability 1n the member states, clas-
sifies microbiological biocontrol agents as pesticides For these purposes,
attenuated virus strains are classified as biological pesticides and therefore
require registration as such The procedures for registration are expensive and
not simple. Until a degree of experience 1n registering biologicals as pesticides
18 built up, this regulatory requirement may impose a further block to the mtro-
duction of effective cross-protecting viral agents.

5. Possible Mechanisms of Crossprotection

Numerous theories have been advanced and there has been some spirited
debate 1n the literature (58,59). The situation 1s probably complicated by the
fact that viruses have a number of patterns of interaction within a doubly
infected plant. Experiments demonstrating one particular type of interaction
do not necessarily exclude the occurrence of another For example, many sys-
temic virus infections of plants induce the formation of dark green 1slands of
tissue that contain few or no virus particles, but are resistant to challenge
inoculation with the same virus (66) This mechanism of resistance is probably
quite separate from crossprotection n virus-containing parts of the leaf, but
has confused some of the literature on the subject.

An early theory was that the cross-protecting virus depleted certain metabo-
lites required for virus multiplication or blocked host sites specifically involved
in replication. The former explanation would seem unlikely to apply to those
viruses, such as potyviruses, which only multiply to very low concentrations in
the host There 1s a lack of specific evidence for the latter explanation

Palukaitis and Zaitlin (61) developed a model in which interference was at
the level of the viral RNAs This mvolved sequestration of the (—)-strand RNA
produced by the challenging virus by the excess progeny positive-sense RNA
of the protecting virus.

The strongest evidence is for a central role for the CP of the protected strain
1n crossprotection, possibly by sequestering the nucleic acid of the challenging
strain, or, more likely, by preventing its uncoating (62,63) Overwhelming sup-
port for the mvolvement of CP 1n crossprotection 1s given from the numerous
examples of transgenic plants expressing the CP gene for various viruses, which
show a protective effect very similar to whole virus crossprotection (64) (see
Chapter 3) Earhier reports that crossprotection could be induced by protein-
free virus mutants (65) probably involve a different mechanism of interaction
(60) Further evidence for the operation of parallel non—CP-based mechanisms
comes from the demonstration of crossprotection between viroids that lack pro-
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teins (67), and from a study of interaction between cucumber mosaic viruses
and their pseudorecombinants showing that the ability to crossprotect mapped
on RNA-1 and RNA-2, which do not code for the viral CP (68)

Finally, 1t should be noted that, although the evidence for a central role of
CP 1n crop protection is very strong, the mechanism need not be confined solely
to inhibition of virus uncoating. There is, for example, evidence that CP may
interfere with replicase activity (69), and CP 1n whole virus-protected or trans-
genic plants may also interfere with systemic transport of the challenging virus
(64,70) (see Chapters 52 and 53).
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History of Coat Protein-Mediated Protection

Eric D. Miller and Cynthia Hemenway

1. Introduction

Since the first demonstration by Powell-Abel et al. (1) that plants engineered
to express the tobacco mosaic virus (TMV) coat protein (CP) gene can resist
corresponding viral infection, a decade of research on CP-mediated protection
(CPMP) has produced transgenic plants resistant to a multitude of different
plant viruses. This field rapidly progressed from testing resistance in model
plant systems under growth chamber conditions to conducting field trials on
agronomically significant crops such as tomato, potato, sugarbeets, melons,
cucumber, tobacco, and rice In addition, this approach to protection has been
extended by expression of other viral sequences corresponding to satellite
RNAs, antisense transcripts, sense transcripts, defective interfering sequences,
nonstructural genes, portions of genes, and mutated genes 1n transgenic plants.

The general process for development of protected plants is similar in all
cases: cloning of the appropriate viral gene, transformation of selected host
and 1dentification of primary transformants, and testing for protection against
mnfection Although the features and extent of protection conferred n each case
differ, the overwhelming conclusion 1s that accumulation of CP and/or CP tran-
scripts expressed 1n transgenic plants inhibits the normal course of challenge
virus infection

2. Overview of Early Experiments

Early experiments on TMV (1,2), alfalfa mosaic virus (AIMV) (3,4), potato
virus X (PVX) (5), and cucumber mosaic virus (CMV) (6) demonstrated that
plants expressing easily detectable levels of the respective CP were protected
against infection. Generally, transgenic plants were assayed for CP by Western
analysis and expressors were utilized 1n protection tests. Protection tests usu-
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Editedby G D Fosterand S C Taylor © Humana Press Inc, Totowa, NJ

25



26 Miller and Hemenway

ally involved inoculation of 10-20 plants from self-fertilized progeny with dif-
ferent concentrations of viral inoculum. Plants were monitored for symptom
development and analyzed for presence of viral CP production by Western,
ELISA, or probing of dot-blots (see Chapters 46 and 47). Sometimes, they
were also analyzed for presence of infectious virus by moculation of extracts
derived from protected transgenic plants onto new plants (see Chapter 49).
Typically, the protection phenotype was delay in symptom development,
reduction 1n symptoms on inoculated leaves, decrease or absence of systemic
movement, and reduced virus accumulation The extent of protection was
related to the levels of CP expressed in transgenic plants and the inoculum
concentration used 1n protection experiments.

van Dun et al. (7) and Powell et al (8) showed that transgenic plants
expressing translationally defective transcripts of AIMV or TMV CP genes,
respectively, were not protected from infection, indicating that protection
was caused by the protein rather than the transcript. Thus, the general con-
census among researchers at the time was that CP levels were associated
with the extent of protection. However, initial experiments on potyviral CP
systems indicated that plants with very low or nondetectable levels of CP were
protected, as were plants expressing only transcripts (9—12). This 1ssue of cor-
relations between transgene expression and protection, which 1s discussed
below, indicates that there are multiple mechanisms involved 1n the protection
phenotype that may reflect entry, replication, and movement mechanisms for
each virus.

3. Range of Protection

Protection has been demonstrated in 10 different plant hosts transformed
with CP or nucleocapsid protein (NCP) genes derived from 14 groups of plant
viruses. As indicated in Table 1, most examples of protection are conferred
against closely related viruses. Generally, the highest level of protection 1s
against the same virus or closely related strains from which the transgene was
derived. Barker et al. (13) determined that combining potato leaf-roll virus
(PLRV) CP and host resistance genes in potato gave additive effects on
protection against PLRV infection Stark et al (9) first described a broader
resistance 1n plants expressing soybean mosaic virus (SMV) CP that were
protected against another potyvirus, tobacco etch virus (TEV). Ling et al. (14),
Namba et al. (15), and Murry et al. (16) also reported that transgenic plants
expressing potyviral CP genes were protected against heterologous potyviruses.
For tobamoviruses, Nejidat and Beachy (17) reported that protection was
effective against different viruses in this group when the CP of the challenge
virus exhibited at least 60% homology to the TMV-U1 CP expressed 1n trans-
genic tobacco.
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Table 1
Examples of Coat Protein-Mediated Protection
Virus Transgenic Challenge
group Virus? Chimeric geneb plant virus¢ Ref
Alfamo AIMV 35S8-CP-nos Tobacco AIMV 4
Tomato AIMV 64
19S-CP-35S Tobacco AIMV 3
35S-CP-T-DNA Alfalfa AIMV 65
Tobacco AIMV 66
Carla PVS 35S-CP-nos Potato PVS, PVM 67
Cucumo CMV 35S8-CP-rbcS Tobacco CMV 6
Cucumber CMV 24
CMV 35S8-CP-35S Tobacco CMV 68, 69
CMV 35S-CP-nos Tobacco CMV 39
CMV, CMMV 70
Furo BNYVV ~ 35S8-CP-nos Sugarbeet  BNYVV 71
Ilar TSV 35S-CP-nos Tobacco TSV 4
Luteo PLRV 35S-CP-nos Potato PLRV 25,26, 38, 72
Nepo ArMV 35S-CP-nos Tobacco ArMV 73
GCMV 35S-CP-nos Tobacco GCMV 74
Potex PAMYV 35S8-CP-nos Tobacco PAMV 75
PVX 35S-CP-rbeS Tobacco PVX 5
Potato PVX 28, 21
35S-CP-nos Potato PVX 76
Ext-CP-nos Potato PVX 77
Poty MDMV 35S8-CP-nos Sweetcom MDMV, MCMV 16
PPV 35S-CP-35S8 Tobacco PPV 78
PRV 358-CMV/PRV-35S Tobacco TEV, PeMV, 14
PVY, PRV
35S-CP-nos Papaya PRV 79
PVY 35S8-CP-rbeS Potato PVY 28, 21
Tobacco PVY 32
35S-CP-nos Tobacco PVY 30
35S8-CP-nos Tobacco PVY 31
SMV 35S8-CP-nos Tobacco SMV, TEV, PVY ¢
TEV 358-CP-nos Tobacco TEV 10
WMVII  35S8-CP-358 Tobacco WMV II, PVY, 15
TEV, BYMV,
PeaMV, CYVV,
PeMV
ZYMV 35S-CP-35S Muskmelon ZYMV 80
Tobacco WMV, PVY, 15
TEV, BYMV,
PeaMV, CYVV,
PeMV

(continued)
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Table 1 (continued)

Virus Transgenic Challenge

group Virus? Chimeric gene® plant virus® Ref
Tenw RSV 35S-CP-nos Rice RSV 27
Tobamo TMV 355-CP-nos Tobacco ™V 1,2

Tomato ToMV, TMV 81
Tobacco ORSV,PMMV, 17

TMGMV
PAL-CP-nos Tobacco ™V 82
ToMV 35S-CP-rbeS Tomato ToMV 81
Tobra TRV 35S-CP-nos Tobacco TRV, PEBV 83
Tobacco TRV 84
Tombus CyRSV 35S8-CP-nos Tobacco CyRSV 52
Tospo TSWV 358-NCP-nos Tobacco TSWV 19, 85, 86

Tobacco TSWYV, INSV 34

TSWYV, INSV, 20
GRSV

Triple gene Tobacco TSWYV, INSV, 22
GRSV

aAbbreviations AIMV, alfalfa mosaic virus, ArMV, arabis mosaic virus, BNYVYV, beet necrotic
yellow vein virus, BYMYV, bean yellow mosaic virus, CMMYV, chrysanthemum mild mottle virus,
CMYV, cucumber mosaic virus, CYVYV, clover yellow vein virus, CyRSV, cymbidium ringspot virus,
GCMYV, grapevine chrome mosaic virus, GRSV, groundnut ringspot virus, INSV, impatiens necrotic
spot virus, MCMYV, maize chlorotic mottle virus, MDMYV, maize dwarf mosaic virus, ORSV, odonto-
glossum ringspot virus, PAMYV, potato aucuba mosaic virus, PeaMV, pea mosaic virus, PEBV, pea
early browning virus, PeMV, pepper mottle virus, PLRYV, potato leaf-roll virus, PMMYV, pepper mild
mottle virus, PPV, plum pox virus, PRV, papaya ringspot virus, PVM, potato virus M, PVS, potato
virus S, PVX, potato virus X, PVY, potato virus Y, RSV, rice stripe virus, SMV, soybean mosaic virus,
TEV, tobacco etch virus, TMGMY, tobacco mild green mosaic virus, TMV, tobacco mosaic virus,
ToMV, tomato mosaic virus, TRV, tobacco rattle virus, TSV, tobacco streak virus, TSWV, tomato
spotted wilt virus, WMVIL, watermelon mosaic virus I, and ZYMYV, zucchimi yellow mosaic virus

bCorresponds to promoter-gene-3' end 35S-, 35S promoter from caulhiflower mosaic virus (CaMV),
nos, nopaline synthase 3' end, 19S, 19S promoter from CaMV, -358S, 35S 3' end from CaMV, T-DNA,
3' end from Agrobacterium T-DNA 25S gene, rbeS, ribulose 1,5 bis-phosphate carboxylase small
subunit 3' end, Ext, extensin gene promoter, PAL, Phenylalanine ammonia lyase gene 2 from
Phaseolus vulgaris

“Viruses for which protection was observed

4Triple gene 35S-TSWV NCP-nos, 35S-INSV NCP-nos, 35S-GRSV NCP-nos 1n one transforma-
tion vector

Resistance to tospovirus infection by expression of NCP genes 1n transgenic
plants has been very successful. It appears that resistance to the homologous
virus n plants expressing the tomato spotted wilt virus (TSWV) NCP gene
may be related to the levels of NCP transcript (18) and not directly to protein
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levels; resistance to heterologous tospoviruses appears to correspond with pro-
tein levels (19,20).

An alternative approach to achieving broader resistance is transformation of
multiple CP genes within one plant expression vector. Lawson et al. (21)
observed protection against PVX and potato virus Y (PVY) 1n transgenic pota-
toes expressing both CP genes More recently, Prins et al. (22) transformed
NCPs from TSWYV, impatiens necrotic spot virus (INSV), and groundnut
ringspot virus (GRSV), each under separate regulation in cauliflower mosaic
virus (CaMV) 35S promoter/nopaline synthase (nos) 3' end cassettes, into
tobacco. They obtained a transgenic line expressing the three genes that exhib-
ited high levels of resistance to all three viruses.

Many of the systems analyzed for CP protection relied on mechanical inocu-
lation of test plants. Other experiments involved 1noculation by vectors, which
more closely approximated the natural course for infection CPMP was
observed against aphid transmission of CMV (23,24), PLRV (25,26), and PVY
(21) Resistance to the planthopper-transmutted rice stripe virus (RSV) was also
demonstrated using CP technology (27) In contrast, expression of tobacco
rattle virus (TRV) CP gene 1n transgenic tobacco conferred protection against
mechanical inoculation with TRV, but protection was not observed against viru-
liferous vector nematodes

4. Relationship Between Transgene Expression Levels
and Degree of Protection

Although some of the earlier experiments with TMV, PVX, CMV, and AIMV
exhibited a correlation between extent of protection and CP levels (see Part VI
of this volume), this has not been observed in many cases Several reports on
potyviral systems indicated that CP levels were generally very low 1n plants
expressing potyviral CP sequences, and frequently the lowest expressors were
the best protected (9,21,28—31) Simular results have been reported 1n other
systems (see Part VI of this volume). In addition, protection was observed 1n
plants transformed with PLRV CP, although the protein could not be detected
in transgenic plants (25,26). It remains to be determined if the lower expres-
ston levels of proteins 1n some systems reflects a technical difficulty with
expression of certain genes, stability of the protein products, or absence of
viral factors required for expression and/or stability. Although most reports
involve genes expressed under the control of the CaMV 358 promoter, param-
eters relating to expression of genes, such as copy number and position effects
may contribute to differences observed 1n the various systems

Additional reports on potyviruses indicated that protection was better 1n
plants expressing untranslatable TEV CP transcripts than in plants expressing
CP (10-12,32,33) Dougherty et al. (33) proposed that protection 1s because of



30 Miller and Hemenway

Table 2
Examples of Protection Mediated by Other Viral Sequences
Type of sequence/gene Virus? Ref.
Antisense
Coat protein CMV 6,39
PLRV 38
PVX 5
PVY 12
TEV 10
TSWV 18,34
Intercistronic region BMV 40
5" or 3' Ends of RNAs CMV 35
3" End of genome ™V 36
5' End of genome ™V 41
Coding regions TGMV 37
Satellite CMV 39,4243
TRV 44
Defective-intefering (DI) sequences ACMV 46
BMV? 47
Sense transcripts
Untranslatable CP gene PVY 12,32
TEV 10,11
TSWV 34
3" end of genome TYMV 45
Nonstructural genes
Replicase AIMV 54
CMV 49
CyRSV 52
PEBV 51
PVX 50,87
PVY 53
™V 48
Movement Proteins T™MV 58
WCIMV 57
Protease PVY 56
TVMV 55

aAbbreviations ACMYV, African cassava mosaic virus, BMV, brome mosaic
virus, TGMYV, tomato golden mosaic virus, TVMV, tobacco vein mottling virus,
TYMYV, turnip yellow mosaic virus, and WCIMYV, white clover mosaic virus
bProtection observed 1n protoplasts

a cellular pathway that targets aberrant RNAs for elimination. Simitar conclu-
stons were made by Pang et al. (34) when transgenic tobacco expressing
untranslatable or antisense TSWV NCP were protected against TSWV infec-
tion. Consequently, correlation, or lack thereof, between CP or transcript levels
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and extent of protection may reflect differences 1n mechamsms of protection in
response to different virus systems (further discussed in Chapters 52 and 53).

5. Protection Conferred by Expression of Other Viral Genes
and Sequences

A few years after development of CPMP, transgenic plants were also engi-
neered to express other viral sequences and genes (Table 2), including antisense
RNAs (5,6,10,11,18,32,34—41), satellite RNAs (39,42-44), sense transcripts
(12,32,34,45), defective-interfering (DI) sequences (46,47), replicase genes
(48—54), protease genes (55,56), and movement protein genes (57,58). Several
reviews have been published on these strategies (59—63).

As with CPMP, transgenic plants expressing other viral sequences display
resistance phenotypes ranging from delay in symptom development to appar-
ent immunity. In addition, discussions on mechanisms of protection also focus
on potential correlations between transgene expression levels and extent of
protection The diversity of protection phenotypes in response to different
genes and sequences offers multiple choices for engieering virus resistance
into desired crops, but compounds the problem of interpretating mechanisms
associated with genetically engineered resistance

6. Summary

A decade of research has proven that plants can be genetically engineered to
resist virus mfection through expression of viral CP genes, as well as other
viral genes and sequences. Additional opportunities for development of resis-
tant plants will require research focused on mechamsms of protection, improve-
ments 1n expression vector design, and transformation of new crop species. As
each of these technologies 1s utilized singly or 1n combination to generate
resistant crop varieties, the full impact of such engineered resistance will
be realized.
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Geminivirus Isolation and DNA Extraction

Kenneth E. Palmer, Wendelin H. Schnippenkoetter,
and Edward P. Rybicki

1. Introduction

Gemmuviruses, named for their umque geminate capsid morphology, have
small single-stranded (ss) circular DNA genomes that replicate in the nuclei of
infected cells via a double stranded (ds) DNA intermediate. They are respon-
sible for economically devastating diseases 1n a wide variety of crop species
from cereals to legumes; 1t 1s thus important to gain a better understanding of
their epidemiology, genetic diversity, and molecular mechanisms of rephica-
tion and pathogenicity, for the design of effective resistance strategies (for
reviews, see refs. I and 2). Each geminate particle encapsidates a circular single
stranded genomic component of between 2.5 and 3 kb Viruses 1n the taxo-
nomic family Geminiviridae are classified into three genera (Mastrevirus,
Curtovirus, Begomovirus), based on their host range, genome orgamzation,
and vector species (3,4) Mastreviruses, such as maize streak virus (MSV) and
wheat dwarf virus (WDV), have monopartite genomes, are transmitted by leaf-
hopper species, and, with a few exceptions, infect monocotyledonous plants.
Begomovtruses, such as bean and tomato golden mosaic viruses (BGMYV and
TGMV), are transmitted by whiteflies (Bemisia tabacct) and all infect dicoty-
ledonous plants; most have bipartite genomes, although there are some viruses
in this group that apparently have monopartite genomes. Curtoviruses, such as
beet curly top and tomato pseudo curly top viruses (BCTV and TPCTV),
occupy an mtermediate position between Mastreviruses and Begomoviruses,
in that these viruses have monopartite genomes and are transmitted by leafhop-
per species, but only infect dicotyledonous hosts

The genomic organization of geminiviruses 1s illustrated in Fig, 1 Gemini-
viruses rely entirely on the host machinery for replication of the viral genome
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Fig. 1. Genomic organization of geminiviruses. Grey boxes indicate the intergenic
regions containing the origin of replication and promoters for bidirectional transcrip-
tion. The part of the intergenic region whose sequence is identical in both Begomovirus
genome components is called the common region (CR). The complementary strand
origin of replication in Mastreviruses is in the short intergenic region (SIR). Open
reading frames (ORFs) are indicated by black arrows. The convention for naming the
ORFs of geminiviruses is that ORFs present in the virion sense of the genome are
designated Vx and complementary sense ORFs Cx, where x is a number generally
indicating the order in which the ORF occurs. In bipartite geminiviruses, the ORFs are
preceded by the letter “A” or “B” to indicate on which genome component the ORF
occurs. When a gene’s function is known, we have replaced the ORF designation with
the gene name. CP, coat protein; MP, movement protein; Rep, replication initiator
protein; TrAP, transcription activator protein; REn, replication enhancer protein (5).
In Curtoviruses, the AC2-encoded protein does not seem to have TrAP activity. The
AV1 OREF is only present in Begomoviruses from the Old World; in monopartite
Begomoviruses, the AV1 protein may have a function in movement (4). The proteins
encoded by the BV1 and BV2 ORFs are both movement proteins.
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and expression of viral genes Specific viral proteins are involved in the mitia-
tion of rolling circle replication, trans-activation of the CP promoter, pro-
duction of ssDNA, and viral movement functions (outlined 1n Fig. 1; see
refs. 1 and 2 for comprehensive reviews). Upon entry into the nucleus, host
DNA replication machinery converts the virion ssDNA 1nto dsDNA. The
double-stranded replicative form DNA (RF-DNA) then functions as both a
template for transcription of viral genes and for genome amphification by
rolling circle replication, initiated by the Rep protein, which binds specifi-
cally to sequences within the intergenic region and induces a nick in the
conserved nonanucleotide motif (TAATATT-AC) in the loop of a conserved
hairpin-loop structure essential for replication (5-9). The virion-sense
strand released by rolhing circle replication circularizes, and 1s made double-
stranded or is encapsidated

Isolation of geminivirus particles can be very difficult: The success of any
1solation protocol 1s highly dependent on the virus and host plant. In this chap-
ter, we describe a simple method developed at the University of Cape Town for
1solating MSV virions from infected maize tissue (160). This employs a low pH
extraction buffer and an acidification step, which serves to denature many
contaminating plant protemns We then simply subject the clanfied sap to two
cycles of differential centrifugation, which usually yields pure virus. For
geminiviruses that may be more recalcitrant, some authors have found that
stirring sap overnight in the presence of Triton X-100 helps to release virus
particles from inclusion bodies, prior to two steps of differential centrifuga-
tion and purification in sucrose density gradients (11,12). Alternatively, 1t
may be useful to include a chloroform emulsification step to denature plant
proteins before further purification by PEG precipitation and differential
centrifugation (12,13).

Initially, most researchers used virion-associated sSDNA to clone gemini-
virus genomes: Virions were 1solated, ssDNA purified from the virions, and
the complementary strand synthesized in vitro This synthesis 1s simple for
Mastreviruses, which have a short DNA primer molecule bound to the virion
DNA (14—16); however, ssDNA from Curto- and Begomoviruses 1s not usually
associated with DNA primers, so second-strand synthesis has to be randomly
or specifically primed. The major limitation of this method 1s that geminivirus
virions are frequently difficult, 1f not impossible, to 1solate, and yields are usu-
ally low The use of ssDNA as a starting point for molecular manipulations of
gemimvirus genomes has therefore generally been supplanted by the direct use
of viral RF-DNA.

Geminivirus RF-DNA typically accumulates to high levels 1n the nucler of
infected cells: In our experience, the RF-DNA of MSV 1s often visible as dis-
crete fast migrating bands in plant DNA extracts electrophoresed 1n agarose
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gels. The RF-DNA 1n total DNA 1s amenable to direct manipulation by restric-
tion enzymes; we are able to clone MSV from total DNA extracts quite rou-
tinely. It 18 also easy to enrich total DNA extracts from infected plants for viral
RF-DNA by one of several physical or chemical methods developed for the
1solation of plasmid DNA, and so treatment of total DNA from mfected tissues
enriches for the plasmid-like covalently closed circular (ccc) RF-DNA. These
techniques mclude the following:

1 Equilibrium centrifugation 1n ethidium bromide-CsCl density gradients to sepa-
rate RF-DNA from genomic DNA (17) Ethidium bromide intercalates into DNA
and thus confers on cccDNA a different buoyant density to linear or open circular
DNA This method requires large amounts of infected tissue, and so may be of
somewhat Iimited practical use

2. The Hirt method (18) originally developed for the 1solation of polyomavirus DNA
from animal cells This method enriches for low-mol-wt DNA by precipitating
high-mol-wt DNA 1n the presence of 1M NaCl and 1% SDS, we and others have
used 1t for the 1solation of geminivirus replicons from small amounts of callus
tissue transfected with recombinant gemimvirus constructs (Palmer, Willment,
and Rybicki, unpublished results; ref. 79) A similar method has found use in the
1solation of BGMV RF-DNA (20).

3 Enrichment for cccDNA by denaturation of chromosomal DNA 1n the presence
of alkal1 (21-23)

For 1solation of geminivirus RF-DNA, we routinely use the alkaline-lysis
plasmid preparation of Ish-Horowitz and Burke (24): This makes use of the
observation that there 1s a narrow range between pH 12 0 and pH 12.5 1n which
linear, but not cccDNA 1s denatured We isolate total nucleic acids from infected
leaf material by grinding the tissue 1n liquid nitrogen to break open cells, resus-
pending the powdered tissue 1n a DNA-extraction buffer, and extracting with
phenol:chloroform, followed by precipitation with 1sopropanol or ethanol. The
nucleic acid pellet 1s then treated exactly as 1f 1t were a plasmid preparation:
The high-mol-wt chromosomal DNA 1s precipitated by alkali treatment and
neutralization and 1s separated from the ccc RF-DNA by centrifugation We
also incorporate a further round of purification of RF-DNA by anion-
exchange chromatography on commercially available resin columns from a
plasmid isolation kit. The protocol for RF-DNA 1solation outlined 1n this
chapter therefore yields very clean, highly purified RE-DNA, which 1s suit-
able for mapping directly with restriction endonucleases (Fig. 2) and even
for direct sequencing using specific primers (Rybicki and Wallace, unpub-
lished). We have used 1t routinely for the 1solation of RF-DNA of MSV and
the phloem-limited Begomovirus abutilon mosaic virus (Jacobson and
Rybicki, unpublished results)
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Fig. 2. Restriction endonuclease digestions of the RF-DNA of a severe isolate of
MSYV from Komatipoort in South Africa. The RF-DNA was purified by the alkaline
denaturation—plasmid isolation column method. 300 ng of RF-DNA were used in each
restriction digest and electrophoresed in a 0.8% agarose gel, stained with ethidium
bromide. Lanes 2—15: lane 2, BamH]I; 3, Bgll; 4, BamHI and Bgll; 5, Hindlll; 6, HindI1I
and BamHI; 7, Kpnl; 8, Pvull; 9, Pvull and BamHI; 10, Sacl; 11, Sacl and BamHI; 12,
Bgll; 13, Sall; 14, Xhol; 15, Xhol and BamHI; 16, undigested RF-DNA. Lanes 1 and
17, mol-wt marker (A DNA digested with PstI).

In cases in which only limited amounts, or poor quality, of infected tissue
are available, or in which virus DNA accumulates to particularly low levels,
we suggest that researchers consider using methods based on the polymerase
chain reaction (PCR) to generate large amounts of double stranded virus DNA
that are suitable for cloning purposes. Degenerate PCR primers designed to
amplify small genomic segments of virtually all Mastreviruses are described
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by Rybicki and Hughes (25); similarly, Rojas et al. (26) reported sets of prim-
ers useful for amplification of parts of the genome of all Curto- and Begomo-
viruses. If the PCR products are cloned and sequenced, one can then design
abutting or partially overlapping PCR primers that will facilitate amplifi-
cation and cloning of an entire genomic component of the virus of interest
(see refs, 27-29).

2. Materials
2.1. Isolation of Maize Streak Virus Virions and ssDNA

2.1.1. Isolation of MSV Virions

Infected leaf material (about 100 g) (see Note 1)

0 1M Sodium acetate buffer pH 4 8 (30)

0 05M Sodium phosphate buffer, pH 7.5

Waring-type blender

Cheesecloth.

Polypropylene centrifuge tubes (Sorvall GSA, or equivalent, Newtown, CT),
polycarbonate centrifuge tubes (for Beckman type 35 rotor, or equivalent, Palo
Alto, CA)

2.1.2. Isolation of ssDNA from MSV virions

1 DNA extraction buffer 0.1M Tris-HCI, 0.1M NaCl, 0.1M EDTA, pH 7 0, auto-
claved. After autoclaving, add SDS to 1% (w/v)

2 Tris-buffered phenol, prepared as described in Sambrook et al (31). Melt solid
phenol at 68°C Add 8-hydroxyquinoline to a final concentration of 0 1% Add an
equal volume of 0 SM Tris-HCI, pH 8 0, and stir the mixture on a magnetic stirrer
for 15 min Allow the two phases to separate, then aspirate as much of the upper
aqueous phase as possible Add an equal volume of 0 1M Tris-HCl to the phenol,
stir again, and remove the aqueous phase as before Repeat these extractions until
the pH of the phenolic phase 1s >7.8. Store equilibrated phenol at 4°C for short
term storage, or at —20°C. Caution: Handle solutions containing phenol with
caution, and in a fume hood. phenol 1s toxic and highly corrosive

3. Chloroform (Caution: to be handled in a fume hood, since chloroform 1s
carcinogenic)

4 Sterile 1.5-mL microcentrifuge tubes

5 Sterile TE buffer: 10 mM Tris-HCI, 1 mM EDTA, pH 8 0

2.2. Isolation of Total DNA from Infected Plant Material

1 Liquid nitrogen, mortar, and pestle

2 Polypropylene centrifuge tubes (Sorvall SS34, or equivalent), 1 5- and 2 0-mL
microcentrifuge tubes (sterilized by autoclaving).

3. DNA extraction buffer: 0 1M Tris-HCL, 0.1M NacCl, 0 1M EDTA, pH 7 0, auto-
claved After autoclaving, add SDS to 1% (w/v)

AN B W -
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4 Trs-buffered phenol, prepared as described i Subheading 2.1.2. (Caution:
Handle solutions contamning phenol with caution, and 1n a fume hood Phenol 1s
toxic and highly corrosive )

5 Chloroform (Caution: to be handled 1n a fume hood, since chloroform 1s
carcinogenic)

6 Isopropanol (propan-2-ol)

7 Absolute ethanol and 70% ethanol

8 TE buffer 10 mM Tris-HCL, lmM EDTA, pH 8 0, sterilized by autoclaving

2.3. Isolation of RF-DNA by Alkaline Denaturation
and Anion-Exchange Chromatography

1. Commercially available plasmid 1solation kit, for example the Qiagen-tip 20 kit
(Qiagen GmbH and Qiagen, Hilden, Germany), with Qiagen-tip 20 columns
and solutions

P1' 50 mM Tris-HCI, 10mM EDTA, pH 8 0, 100 pg Rnase A
P2 200 mM NaOH, 1% SDS
P3 30MKOAc,pHS5 S
QBT 750 mM NaCl, 50 mM MOPS, 15% ethanol, pH 7 0, 0 15% Triton X-100
QC 1 0M NaCl, 50 mM MOPS, 15% ethanol, pH 7 0
QF 1 25M NacCl, 50 mM Tris-HCI, 15% ethanol, pH 8 5
2 Sterile | 5-mL microcentrifuge tubes.
3 Sterile TE buffer 10 mM Tris-HCI, | mM EDTA, pH 8 0

3. Methods
3.1. Isolation of Maize Streak Virus Virions and ssDNA

1 Homogenize freshly harvested leaf material (see Note 2) from infected plants
with an equal weight/volume of 0 1M acetate buffer, pH 4 8, at room temperature.

2 Squeeze the homogenate through a layer of cheesecloth

3 Immedately adjust the pH of the homogenate back to pH 4 8 with 10% glacial
acetic actd

4 Remove the precipitated plant components by low speed centrifugation (12,000g
for 10 min 1n a Sorval GSA rotor)

5 Pellet the virions by ultracentrifugation (130,000g for 150 min n a Beckman
Type 35 rotor)

6 Resuspend the high-speed pellet in 0 05M sodium phosphate buffer, pH 7 5, and
repeat steps 3 and 4

7 Resuspend the virus pellet in 0 050 sodium phosphate buffer, pH 7 5 Alterna-
tively, 1f the virus 1s to be used for extraction of ssDNA, resuspend mm DNA
extraction buffer

8. Isolate ssDNA from virions by extraction with an equal volume of phenol chlo-
roform (1 1) Remove the aqueous phase containing ssDNA to a fresh tube and
re-extract with phenol chloroform, 1f necessary Remove residual phenol by
extraction with chloroform
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Precipitate the viral ssDNA by adding 2.5 vol of ice-cold ethanol. After at least
30 min at —20°C, pellet the precipitated nucleic acid in a microcentrifuge at 4°C.
Wash the pellet with 70% ethanol, then air-dry at room temperature. Resuspend
the ssDNA 1n sterile TE buffer.

3.2. Extraction of Total Nucleic Acids from Infected Plants

1

2

9

10

Grind 5-10 g of infected leaf material to a fine powder 1n liquid nitrogen with a
mortar and pestle (see Note 3)

Suspend the frozen powdered leaf material 1n an equal volume of DNA extrac-
tion buffer and stir until the mixture reaches room temperature (see Note 4) If
the homogenized plant material 1s too viscous, add a little more extraction buffer

. Centrifuge the mixture for 10 min at 4°C 1n 30-mL polypropylene tubes at

12,000g (1n a Sorvall S834 fixed angle rotor) to pellet the plant debris.

Transfer the supernatant to 30-mL polyproylene tubes containing 10 mL of Tris-
buffered phenol and mix well Centrifuge at 4°C for 10 mm at 12,000g
Transfer the aqueous phase nto clean polypropylene tubes (see Note §). Add an
equal volume of chloroform, mix, and centrifuge again at 4°C for 10 min at
12,000g Repeat this step

Transfer the aqueous phase to clean polypropylene tubes Add 0 7 vol of 1s0-
propanol and mix gently A stringy precipitate of nucleic acids should appear
1n the tube

Pellet the nucleic acids at 17,000g for 20 min, discard the supernatant, and stand
the tubes upside down to drain off excess 1sopropanol

Wash the pellet by adding about 10 mL of 70% ethanol, dislodge the pellet, and
mux and centrifuge again at 17,000g for 5 min at 4°C (see Note 6).

Invert the centrifuge tube on absorbent paper and allow the pellet to air-dry for
about 10 mun at room temperature.

If only a crude nucleic acid preparation 1s required, resuspend the pellet in 0 5—1
mL of TE buffer (see Note 7)

3.3. Isolation of RF-DNA by Alkaline Denaturation
and Anion-Exchange Chromatography

This procedure uses a plasmid 1solation protocol based on alkaline denatur-
ation of chromosomal DNA and purification of cccDNA by anion-exchange
chromatography. The protocol is basically as described by the manufacturers
of the kit that we use (the Qiagen-tip 20 kit, Qiagen GmbH and Qiagen), but
can easily be adapted for the use of similar plasmid 1solation kits.

1

2

Resuspend the total nucleic acid pellet from Subheading 3.1., step 9 in 0 3-0 5
mL of solution P1 1n a microcentrifuge tube (see Note 8).

Add the same volume of solution P2 Mix gently to avoid shearing chromosomal
DNA and incubate at room temperature for 5 min

Add the same volume (0 3-0 5 mL) of ice-cold solution P3 Mix well and place
on 1ce for 10 min
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4

|9}

10

11

12.

13.

Pellet the denatured chromosomal DNA by centrifugation at 4°C 1n a
microcentrifuge

Decant the supernatant to a clean microcentrifuge tube.

Equilibrate the plasmid 1solation column by passing 1 mL of solution QBT
through the column

Add the DNA supernatant to the equilibrated column (see Note 9).

Once the supernatant has passed through the column, wash the column twice
with 1 mL of solution QC

Elute RF-DNA with 0 5-0.8 mL of solution QF. Collect the eluate 1n a clean
microcentrifuge tube

Add 0 7 vol of 1sopropanol, mix gently, and pellet the DNA 1n a microcentrifuge
for 20 min.

Discard the supernatant, and wash the pellet by adding 200 pL of cold 70% etha-
nol and centrifuging for 10 min at 4°C

Discard the supernatant, invert the tube on absorbant paper, and allow the pellet
to air-dry

Resuspend the RF-DNA 1 10-50 pL of TE buffer (see Note 10)

4. Notes

l.

2

It 1s best to use young leaf material, infected wtthin the previous 2-3 wk We have
found that older leaf material usually yields mainly single, not geminate, particles
In our experience harvested material may also be stored at 4°C for 2-3 d with no
deleterious effects on virus 1solation.

A standard electric coffee grinder 1s a good alternative to the mortar and pestle.
The plant material 1s frozen 1n liquid nitrogen, transferred to the grinding cham-
ber, and processed with short grinding spurts (510 s) Before 1t thaws, transfer
the ground material to a beaker containing the DNA-extraction buffer
Oxidation of sap components can occur during the extraction procedure, result-
ing in the DNA pellet being colored yellow to brown This may affect the quality
of the DNA extract If oxidation 1s found to be a problem, we suggest adding 2-
mercaptoethanol to the extraction buffer to a final concentration of 10 mM (Cau-
tion: mercaptoethanol 1s toxic and smells unpleasant, so should be confined to a
fume hood )

Take care not to disturb the interphase between the aqueous and phenol phases. It
will be necessary to repeat the phenol extraction if any denatured protein matter
contaminates the aqueous phase.

To clean the DNA preparation further, 1t 1s sometimes advisable to resuspend the
DNA pellet at this stage in 2—4 mL of TE and to reprecipitate the DNA by adding
0.1 vol of 4M LiCl and 2 vol of ethanol, and pelleting the DNA again at 4°C This
step 18 not always necessary, and may be omitted 1f the pellet looks clean

We have often found that DNA 1solated from maize plants infected with severe
isolates of MSV contains such high amounts of RF-DNA that further treatment to
enrich for RF-DNA 1s unnecessary However, plants showing mulder symptoms
will usually yield less RF-DNA
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It may be difficult to resuspend large amounts of plant total nucleic acids n such
a small volume of buffer P1 If larger volumes are required, scale up the amounts
of P2 and P3 used, proportionally

A high concentration of residual plant DNA after the alkaline lysis procedure
may congest the column To remedy this problem, precipitate the supernatant
from step 5 with 0 8 vol of 1sopropanol, pellet the DNA 1n a microcentrifuge and
repeat the alkaline denaturation procedure (steps 1-5)

Trace amounts of contamination with genomic DNA are unavoidable, however,
the RF-DNA preparation 1s usually clean enough for standard molecular manipu-
lations like restriction mapping, cloning, and even direct DNA sequencing
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Caulimovirus Isolation and DNA Extraction

Simon N. Covey, Rob J. Noad, Nadia S. Al-Kaff,
and David S. Turner

1. Introduction

Members of the caulimovirus group (1) each have a circular double-stranded
DNA genome of approx 8 kbp that is encapsidated in a spherical, naked nucleo-
capsid of approx 50 nm diameter (Fig. 1). Caulimoviruses characteristically
produce subcellular inclusion bodies 1n infected tissues that contain most of
the virions found in cells, embedded 1n an apparently random manner. The host
ranges of individual caulimoviruses tend to be restricted to one or a few plant
families, and group members are transmitted between plants by aphid vectors
Based on possession of all, or most, of these characteristics, 12 definite, and 3
possible, members of the group have been 1dentified (2)

The best-characterized and type member of the caulimoviruses 1s cauliflower
mosaic virus (CaMV), from which the group name derives. The complete
nucleotide sequence of at least eight different CaMV 1solates (3—10), and that
of four other caulimoviruses (7 1—14) has been determined. The organization of
viral genes (Fig. 1) 1s mostly conserved 1n sequenced caulimoviruses, but one
member, cassava vein mosaic virus (CVMV), 1s somewhat different from the
others (14). Replication of caulimoviruses involves alternation of genomes as
DNA and RNA forms, progeny virion DNA being generated by reverse tran-
scription of a terminally redundant, genome-length RNA utilizing a virus-
encoded polymerase This feature 1s shared by another group of plant DNA
viruses, the badnaviruses, and by animal hepatitis B viruses. Such viruses have
been termed pararetroviruses to distinguish them from animal retroviruses,
which package an RNA form of the genome derived by transcription of an
integrated provirus. Sequence homologies 1n putative coding regions of differ-
ent caulimoviruses are relatively low One short sequence 1s conserved among
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Fig. 1. Virions and genome organization of a typical caulimovirus, CaMV. The virus
particles of CaMV (left) are isometric and about 50 nm in diameter (the subunits are
schematic and are not a true representation). The DNA genome of CaMYV is a circular
double-stranded DNA of 8 kbp with three site-specific discontinuities (small closed
circles). One of these (top of map) is in the DNA (-)-strand and is adjacent to the
sequence homologous to the host tRNA that primes CaMV DNA synthesis by reverse
transcription of 35S RNA. The other two gaps are in the (+)-strand adjacent to
sequences controlling initiation of (+)-strand DNA synthesis. The genome has six
major open reading frames (inner closed arrows), for which protein products have
been identified. Gene I encodes a protein involved in cell-to-cell spread, gene II speci-
fies the aphid transmission factor, the gene III product is a DNA-binding protein asso-
ciated with virions, gene IV encodes the major CP, gene V specifies the viral
polymerase (reverse transcriptase and RNAse H), and the gene VI product is an appar-
ently multifunctional protein involved in transactivating viral protein synthesis, and in
sequestering virions in inclusion bodies; it is also a major pathogenic determinant of
symptom development. There are two major viral transcripts: 35S RNA, which prob-
ably serves two roles, one as a replication template and another as a viral mRNA; and
19S and 358 promoters (P19 and P35), respectively.

all members of the group comprising a 13- to 16-base element complementary
to the 3' end of host methionyl initiator tRNA at the origin of viral replication.
In fact, this sequence seems to be conserved in most plant genetic elements
utilizing a reverse transcription strategy. Other regions of homology among
caulimoviruses reside in parts of the CP and polymerase genes.

Symptoms produced in plants by CaMV infections vary, depending on the
virus isolate and host species. Typical CaMV isolates in highly susceptible
hosts, such as Brassica rapa (e.g., turnip), cause local lesions when inoculated
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onto the second leaf of 10- to 14-d-old seedlings by 4-7 d postinoculation (p1).
Systemic symptoms appear as vein clearing, first, in a sector of leaf 3 or 4 by
about 10—12 d p1, and then covering the whole leaf of all subsequent leaves to
emerge. Vein clearing develops 1nto vein banding by about 20 d p1, and uni-
form leaf chlorosis by 30 d p1. Leaves also develop as distorted, stunted struc-
tures. Different 1solates of CaMV cause a range of variations on this theme
from mild to severe symptoms. However, other Brassica hosts (e g., B
oleraceae variants) develop markedly less severe symptoms, although
Arabidopsts 1s one of the more susceptible host species.

Of those caulimoviruses that have been purified, the method used has been
essentially similar to that originally described for CaMV (15), and upon which
the method described here 1s based. The main problem to overcome 1n purify-
ing caulimoviruses from infected tissue is disruption of the inclusion bodies
containing the virions. In fact, two types of inclusion body have been identified 1n
CaMV-infected tissues. The electron-lucent inclusion bodies, with a matrix con-
sisting of the protein product of CaMV gene I and involved 1n aphid acquisition
(16), contain relatively few virions. In contrast, the electron-dense inclusion bod-
1es, with a matrix consisting of the viral gene VI product, contain most of the cellu-
lar virions (17,18). The CaMV virion itself 1s fairly robust and, depending on the
1solate, can, under certain circumstances, withstand the rigors of incubation 1n phe-
nol without releasing 1ts DNA (79). The virion 1solation method described here was
designed to liberate virions from inclusion bodies by incubation of plant
extracts inurea (15) Solublization of cells and prevention of virus aggregation
1s enhanced by mnclusion of the nonionic detergent Triton X-100, and poly-
phenoloxidase activity 1s minimized by the reducing agent sodium sulphite
Liberated virions are purified by differential centrifugation. Virion DNA 1s
released from purified virus by digestion with proteinase K In the following
protocols, we have included our standard method of CaMV isolation, which 1s
based on a longer procedure originally described by Hull et al (715), and a quick
method for 1solating CaMV DNA from smaller amounts of tissue. A further rapid
method of 1solating high yields of CaM'V DNA has been described by Gardner and
Shepherd (26). We also include description of a two-dimensional (2D) gel elec-
trophoresis method we have used to study complex DNA populations, which
has allowed us to characterize replicative forms of caulimoviral DNA (21,22).

2. Materials
2.1. Virion Purification

1 Infectious inoculum Sap made by grinding 1 cm? infected leaf in | mL sterile
water, purified virus, purified virion DNA, cloned virion DNA 1n TE (10 mM
Tris-HCI, pH 7.8, | mM EDTA).

2 Celite abrasive.
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Sterilized glass rod with tip flattened obliquely

Sodium phosphate buffer, pH 7 2 Stock solutions, 0 SM Na,HPO, (17 91 g/100
mL), 0 5M NaH,PO, (7 8 g/100 mL) For 200 mL of buffer, mix 144 mL of 0 5M
Na,HPO, with 56 mL 0 5M NaH,PO,, cool to 4°C

Solid sodium sulfite (0 75%) Weigh out 1 5 g per 200 mL extraction buffer
Solid urea (1M). Weigh out 12 g for 200 mL buffer

10% Triton X-100 (stock solution)

DNase buffer. 50 mM Tris-HCL, pH 7 5, 5 mM MgCl,

Phenol:chloroform mixture' phenol:chloroform‘1soamyl alcohol (25.24.1). Cau-
tion: Phenol chloroform 1s extremely corrosive and toxic. It 1s best bought as a
preprepared solution; handle 1n small volumes with great care

10 mg/mL Proteinase K (Boehringer) in TE with 1% SDS

2 mg/mL Deoxyribonuclease I (DNase I, Sigma) in DNase buffer

2 mg/mL Pancreatic ribonuclease A (RNase A) in TE (heat-treated by incubation
at 95°C for 10 min)

10% Sodium dodecyl sulfate (SDS)

TE solution

0 5M MgCl,

30% Polyethylene glycol 6000 (PEG)

Centrifuge rotors cooled to 4°C. Sorvall GSA high speed rotor (6 x 500 mL), Sorvall
TFT 65.38 (8 x 38 mL), Sorvall TFT 65 13 (12 x 13 mL) or equivalent rotors
Bottom-drive blender cooled to 4°C

Muslin (four layers), washed in distilled water and squeezed dry

Rubber policeman (round-ended glass rod covered at one end with a rubber sleeve)

2.2. 2D Gel Electrophoresis

O~ AW —

Agarose

Neutral dimension buffer (TA). 25 mM Tris-acetate, pH 7.9

Alkaline solution for second denaturing dimension 30 mM NaOH, 2 mM EDTA
Tracking dye. 1% orange G, 20% Ficoll, 5 mM EDTA m appropriate running buffer
Depurination solution 100 mM HCIl

Denaturing solution 0 5M NaOH, 1 5M NaCl.

Neutralizing solution 1M Tris-HCIL, pH 7 6, 1 5M NaCl

Transfer solution 3M NaCl, 0.3M trisodium citrate

3. Methods
3.1. Inoculation of Plants

L.

Inoculum should contain one of the following n 10 uL. of solution. infectious sap
in water, 0 1—1 0 pg purified virions 1n water, 1-2 g purified virron DNA 1n TE,
2—4 g cloned virion DNA 1n TE treated with the appropriate restriction
enzyme to liberate the viral DNA from the cloning vector. Cloned CaMV DNA 1s
infectious when inoculated as linear molecules i a mixture with cloning vector DNA

Add a trace of celite abrasive to the solution and apply 10 pL per plant on the
second true leaf when plants are at the two-leaf stage, but with the inoculated leaf
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not yet fully expanded. Gently stroke the glass rod about six times, pressing the
liquid lightly over the leaf surface.

3 Propagate plants at 16-20°C 1n a 16-h photoperiod For maximal virus yields,
harvest between about 15-25 d p1

3.2. Large-Scale Virus Purification

1 Harvest 100 g turnip leaves, systemically infected with CaMV Select younger leaves
up to ca. 10 cm mn length Wash and lightly dry leaves (we use a salad centrifuge for this).

2. Place leaves mn the blender with 200 mL 0 5M sodum phosphate buffer, pH 7 2, and
0 75 g sodium sulphtte per 100 mL homogenate. Blend to fine fragments in the cold

3 Pour homogenate 1nto a beaker, adding 6 g urea and 25 mL of 10% Triton X-100,
both per 100 mL homogenate Stir with magnetic stirrer at 4°C overmight

4 Centrifuge extracted homogenate at 4000g for 10 min at 4°C in an appropriate
high-speed rotor

5 Gently pour the supernatant through four layers of muslin and then distribute the
green liquid 1nto tubes for pelleting virus by ultracentrifugation at 70,000g for 2
h at 4°C 1n an ultracentrifuge

6 Pour off supernatant and resuspend pellets (pellets might be shightly green and
also contain starch as well as virus) by dispersing in 1 mL sterile distilled water
{SDW) per tube for 1-2 h using a rubber policeman occasionally

7 Pool resuspended pellets and centrifuge twice 1n a microcentrifuge to remove
particulate matter

8 Pellet virions from the supernatant (volumes can be made up with SDW) by
ultracentrifugation at 136,000g at4°C for 1 h

9 Resuspend pellets each 1n 1 mL of DNase buffer. Virion yield can be assessed at
this point by UV spectrophotometry A suspension of CaMV virions of 1 mg/mL has
an OD,q4q of 7 (adjusted for ight scattering). Virions can be stored at 4°C or —20°C

10 To 1solate virion DNA, the purified virions are first treated with DNase I (10

ug/mL for 10 mun at 37°C, reaction stopped by addition of EDTA to 1 mM) to
remove fragments of plant DNA. Virions are disrupted by adding stock protein-
ase K to a final concentration of 0 S mg/mL with 1% SDS in TE and incubating
for 15 min at 37°C. DNA 1s purified from the lysed mixture by phenol-chloroform
extraction (mmimum of twice) DNA is concentrated by ethanol-precipitation,
collected, and quantified by absorbance at 260 nm.,

3.3. Quick Method

This method 1s suitable for 1solating CaMV DNA very rapidly from small
quantities of tissue when yield 1s not of major importance and is suitable for
PCR analysis, cloning, or sequencing.

1 Grind a single infected leaf in a mortar with 1 mL SDW, add Triton X-100 to 2%,
and vortex thoroughly

2. Pellet inclusion bodies containing virus by spinning in a microcentrifuge for 2
min Resuspend pellet in 1 mL SDW and pellet again Repeat spin and wash a
total of three times to remove all traces of Triton X-100.
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Resuspend peliet 1n 0 8 mL. DNase buffer and incubate with 10 pg/mL DNase 1
and 10 pg/mL pancreatic ribonuclease A at 37°C for 60 min Add SDS to a final
concentration of 0 5% (w/v) and incubate at 65°C for 10 min Add proteinase K
to 0 5 mg/mL and 1ncubate at 65°C for a further 15 min

Spin out debris in microcentrifuge for 3 min, Add magnesium chloride (MgCl,)
to 100 mM and spin out any precipitate that forms Remove supernatant to a fresh
tube and extract with 0 5 mL phenol/chloroform Microcentrifuge for 5 min
Remove aqueous supernatant to a fresh tube

To selectively precipitate intact viral DNA, excluding fragmented DNA, add
MgCl, to 100 mM and 0 6 mL 30% PEG and incubate at room temperature for 10
min Pellet precipitate in microcentrifuge for 5 min Discard supernatant and take
up pellet m 0.4 mL SDW and add MgCl, to 100 mM Precipitate DNA by addi-
tion of an equal volume of 1sopropanol, mix, and pellet precipitate Wash DNA
precipitate two to three times with 70% ethanol to remove traces of PEG

3.4. 2D Gel Electrophoresis of Caulimoviral DNA

1

For a 20 x 20 x 0 45 cm 1% agarose gel, melt | 8 g agarose in 180 mL TA buffer
and pour gel The sample well 1s formed by placing a 2-mm diameter sealed
Pasteur pipet or custom-made well former 1n a horizontal position about 1-2 cm
in from each side of the gel at one of its comers. The well former should not quite
touch the glass plate on which the gel 1s cast

Assemble the set gel into 1ts running apparatus Pour on neutral buffer (TA) to
submerge the gel totally Set up a buffer recirculation system

Prepare DNA sample 1n a total volume of less than 5 puL containing 0 5-1 uL of
tracking dye If the sample 1s purified virion DNA to be detected by hybridization
with a radioactive probe, then less than 20 ng should be loaded If the sample 1s
from a total cellular DNA preparation from mfected plants, about 10 pg 1s loaded

Electrophoresis 1n the first dimension 1s at 1 25 V/ecm for about 24 h

To prepare the gel for the second (denaturing) dimension, carefully remove the
gel from the running apparatus (1t 15 best to keep the gel on the glass plate on
which 1t was cast) and place in alkaline running medium for 15 min, with
gentle agitation, then into fresh alkaline medium for a further 30 min to com-
plete the denaturation

Reassemble the gel into the electrophoresis apparatus, being careful to reorientate
1t at 90° relative to the first dimension Pour denaturing medium nto the appara-
tus and recirculate as before. Size markers can then be loaded into the sample
well before denaturing electrophoresis

Electrophoresis 1n the second (denaturing) dimension 1s at 1 25 V/em for
about 24 h

After electrophorests, in preparation for Southern blotting, the gel 1s washed for
5 mun 1n distilled water

DNA 1n the gel is depurinated to prevent snap-back of supercoiled or hairpin
species. Soak the gel for exactly 10 min in 100 mM HCl Wash briefly
distilled water
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10 DNA in the gel 1s then denatured, neutralized, and transferred to nitrocellulose
for conventional Southern blot hybridization (see Chapter 43).

4. Notes

1. Intheir original 1solation method, Hull et al. (15) reported CaMYV yields of 0 61
mg virus per 100 g tissue Using a more rapid method of purification from rela-
tively large amounts of leaves, in which virus inclusion bodies were pelleted
before they were disrupted with urea and Triton X-100, Hull et al (135) reported
virus yields of 70% of their original method. Our standard method typically yields
1 5-2 mg virus per 100 g tissue We have found that higher yields are generally
obtained from younger leaves Greater virus yields (2—4 mg/100 g tissue) have
been reported for the rapid CaMV purification method of Gardner and Shepherd
(20) suitable for use with small amounts of tissue Our quick method yields only
0 1 mg virus/100 g tissue, but 1s most suitable for rapid preparation of viral DNA
from large numbers of samples of small amounts of tissue for DNA restriction
analysis, PCR, sequencing, or cloning Further virion purification can be achieved
by ultracentrifugation through a sucrose gradient, as described by Hull et al. (15)

2 Purification of all other caulimoviruses should be possible using the methods
described herein, employing urea to disaggregate the inclusion bodies, which are
a characteristic feature of the group

3 CaMV particles have shown resistance to disruption by phenol, and this feature
can be exploited to specifically 1solate nonencapsidated viral DNA and RNA by
phenol chloroform extraction of whole-cell nucleic acid (19} The resistance to
phenol might be explained in part by occlusion of virions m inclusion bodies,
which are probably pelleted during centrifugation to separate the phenol.chloro-
form from the aqueous phase We have heard that some CaMV strains do not
show such resistance to phenol, possibly because they are not retained so tightly
1n inclusion bodies

4 The CP of CaMV is glycosylated (23) and phosphorylated (24), and synthesis of
the mature CP polypeptide proceeds via a processing step However, analysis of
the composition of CaMV CP has been hampered, because during virus purifica-
tion, the CP can undergo degradation into specific fragments It can also aggre-
gate to form multimeric polypeptides, as resolved on denaturing PAGE (25).

5 CaMV virton DNA can be 1dentified by 1ts characteristic mobtlity during gel
electrophoresis (Fig. 2) Under nondenaturing conditions, virion DNA separates
as a genome-length (8 kbp) linear form produced by breakage of the circular
DNA, together with more slowly migrating open-circular components The most
rapidly migrating open-circular form 1s of typical open conformation (Fig. 2, ND).
However, a series of more slowly migrating forms are also observed, which com-
prise molecules that are twisted to varying degrees (not supercoiled, because the
DNA has single-strand discontinuities) The single-stranded components of virion
DNA can be revealed by denaturing the sample before electrophoresis (Fig. 2D),

6. 2D gel electrophoresis (Fig. 3) 1s an extremely powerful method of resolving
complex populations of DNA It allows separation of linear single-stranded and
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Fig. 2. Gel electrophoresis of caulimovirus virion DNA. DNA from purified CaMV
virions was electrophoresed in a nondenaturing minigel and stained with ethidium bro-
mide. M, size markers; ND, nondenatured virion DNA showing typical components resolved
as an 8 kbp (left) linear, and open circular (oc) forms, including twisted molecules. D, shows
the same DNA as in ND, but denatured by incubation in 50 mM NaOH at 65° for 10 min
prior to loading on the gel. This shows the typical pattern of three single-stranded DNA compo-
nents of virion DNA with sizes of 8 kb, 5.4 kb, and 2.6 kb. Note that, since these forms are
migrating as single-stranded DNAs in a nondenaturing medium, they do not run with
mobility consistent with their sizes relative to the double-stranded DNA size markers (M).

Fig. 3. (opposite page) 2D gel electrophoresis of CaMV intracellular DNA. Total cellu-
lar DNA was isolated from infected plants by phenol:chloroform extraction, under which
conditions most of the cellular virion DNA is not purified. The sample thus contains viral
replicative forms and minichromosome (supercoiled) DNA. This complex population of
molecules can be readily resolved on 2D gels. In the first (nondenaturing) dimension,
DNAs are separated according to size and conformation. Then, in the second (denaturing)
dimension at 90° orientation relative to the first, molecules are resolved largely according
to single-stranded size. Theoretical migration of various forms is shown in the upper dia-
gram. The sample well is to the top left. Molecules with equivalent relative mobility in
both dimensions migrate along a line we call the unit diagonal (UD). Double-stranded
linear molecules (L) fall on this line according to size. Open circular molecules (OC) with
linear components resolve as slowly migrating forms in the neutral dimension, but are
separated into their various single-stranded forms in the second dimension. For instance,
conventional OC molecules are resolved into an 8 kb linear and a more slowly migrating
closed single-stranded circular form (filled OC spots); CaMV virion DNA is resolved into
the three single-stranded components (half-tone OC spots), as described in the legend to Fig. 2.
Supercoiled (SC) forms migrate more rapidly in the first dimension. Smaller SC molecules
form a diagonal to the lower right of the main SC DNA. Hairpin (HP) molecules migrate as
double-stranded linear forms in the first dimension, but at half their double-stranded mobil-
ity when denatured, since they melt to form single-stranded molecules of twice the double-
stranded size. Native single-stranded forms migrate along a diagonal between the UD and
the HP diagonal. The lower part of the figure shows an actual separation of CaMV DNA
forms. For further explanation of 2D gels and their interpretation, see refs. 21 and 22.
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double-stranded DNAs, discontinuous double-stranded DNAs, open circular,
supercoiled, and hairpin molecules (21,22). After electrophoresis and before blot-
ting, a depurination step 1s included to introduce breaks into molecules, which
would otherwise renature by snapback on neutralization The duration/acid
concentration of the treatment 1s fairly critical and will depend upon gel thick-
ness A balance has to be attained between undertreatment, resulting in
underrepresentation of snapback forms on the final autoradiogram, and over-
treatment, causing a general reduction n hybridization signal of all forms
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Reovirus Isolation and RNA Extraction

Ichiro Uyeda, Bong-Choon Lee, Yuko Ando, Haruhisa Suga,
Yun-Kun He, and Masamichi Isogai

1. Introduction

Plant reoviruses are classified in three genera in the family Reoviridae:
Phytoreovirus, Fyvirus, and Oryzavirus. Fifteen viruses, including possible
members, are described (I) With two exceptions, all of them infect plants n
gramineae. They possess 10—12 segmented double-stranded RNAs (dsRNAs)
as a genome and are transmitted propagatively by leafthoppers or planthoppers.
Rice dwarf Phytoreovirus (RDV) 1s the only plant reovirus whose complete
nucleotide sequence 1s known (2). Rice dwarf virus has 12 genomic segments
separated by PAGE. They are numbered from S1 to S12, from the slowest
migrating segment, and all the structural and nonstructural proteins of RDV
have been assigned (3) (Fig. 1). Genome characterization of other plant reovi-
ruses 1s reviewed by Uyeda et al (4).

Although methods described in this chapter are mostly for RDV, those for
virus 1solation and genome extraction should be applicable to other viruses,
since most plant reoviruses have gramineae hosts, and all of them have dsRNAs
as a genome. However, purification of the virus particles must be carefully
chosen and there seems to be no universal or general methods. We describe
those for RDV, rice black-streaked dwarf virus (RBSDV), and rice ragged-
stunt virus (RRSV). The most difficult part of the plant reovirus study 1s to
obtan good plant matenal to start with. The best plant material 1s fresh and
young infected plants grown under an appropriate greenhouse or growth cham-
ber condition. In order to do so, one has to maintain the virus culture by fre-
quent transfers through the vector insect, because they often lose vector
transmissibility after prolonged culturing in a plant host Field-grown plant
material contains a genomically heterogeneous population of viruses (5) and a
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Fig 1 Genome organization of nice dwarf virus

low titer of the virus. A homogeneous virus culture can be obtained by serial
transfers from one plant to another by an insect vector. Therefore, one sub-
heading 1s devoted to virus i1solation and propagation

The methods of genomic RNA extraction are described only for those from

infected plants, not from purified virions. Since dsRNAs are rare components
of a virus-free plant, genomic RNAs of plant reoviruses can be purified directly
from infected plants relatively free from other nucleic acid components of plant
origin; and they are pure enough to use for a polymerase chain reaction coupled
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with reverse transcription (RT-PCR) and subsequent cDNA cloning into a bac-
terial plasmid vector

2. Materials
2.1. Isolation and Propagation of Rice Dwarf Virus

1.

2.
3.

Insect culture. A colony of green leafhopper, Nephotettix cincticeps, 1s maintained

on rice seedlings at 25°C under fluorescent lights for 16 h

0 1M Phosphate buffer, pH 7 3 and pH 7 8, containing KH,PO, and Na,HPO,

Requirements for microinjection into a vector insect are the following

a Stereoscopic microscope

b Fine glass needle Stretch the 50-ul glass capillary (Drummond Scientific)
with micropipet tension (Narishige, Model PB-7)

¢ 2-mL Glass syringe and silicone tubes to joint the needle and the syringe

d Petr1 dish (9-cm diameter)

¢ Compressed CO, gases to anesthetize mnsects

Rice seedlings for inoculation are prepared as follows Soak 50-60 seeds 1n water

for 2 d at 25°C to germunate Transfer the individual seedling 1nto a glass test tube

(2.5-cm diameter and 13-cm length) containing 15-20 cm3 of horticultural granu-

lar so1l Grow for 3-5 d

2.2. Purification of Viruses
2.2.1. Rice Dwarf Virus

1

SN - NV NV N

Virus source Infected rice leaves and leaf sheaths showing clear symptoms 12
mo after inoculation

0 1M Phosphate buffer, pH 6 0, containing KH,PO, and Na,HPO,

Triton X-100

Chloroform

Carbon tetrachloride

40% (w/v) Sucrose 1n 0 1M phosphate buffer, pH 6.0

Hitach: RP 30-2, RP 65, and RPS 27 rotors (or equivalents)

Glycerol

2.2.2. Rice Black-Streaked Dwarf and Rice Ragged Stunt Viruses

1.

2

3.
4.

Extraction (GMT) buffer. 0 3M glycine, 0 03M MgCl,, 0 05M Tris-HCI, pH 7 5.
Carbon tetrachloride

Triton X-100

40% (w/v) Sucrose in GMT buffer

2.3. Extraction of Viral RNAs and RT-PCR Amplification
of Genomic dsRNAs

2.3.1. Reagents for General Use

1.
2.

Milli-Q grade autoclaved H,0.
TE. 10 mM Trnis-HCI, | mM EDTA, pH 8.0
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3. Phenol (nucleic acid grade): Equilibrate phenol with TE
4 Chloroform.1soamyl alcohol (24.1)
5 3M Sodwum acetate, pH 5 2.

2.3.2. Direct Extraction of Genomic dsRNAs from Plants

1 10X STE buffer 1M NaCl, 100 mM Tns-HCI, pH 6 8, 10 mM EDTA.
2 1X STE buffer Dilute the 10X STE buffer with sterile H,O
3 CC41 cellulose powder (Whatman).

2.3.3. Direct Extraction of Viral mRNAs
and Genomic dsRNAs from Plants

1 Milli-Q grade H,O treated with 0 1% DEPC and autoclaved

2 RNA extraction solution: 4M guanidinium thiocyanate, 25 mM sodium citrate,

pH 7 0, 0 5% sarcosyl, 0 1M 2-mercaptoethanol This solution is made by mixing

the following

a 250 g Guamdmium thiocyanate (Fluke) 1s dissolved 1n 293 mL Miili-Q grade
H,0

b 17 6 mL 0 75M Sodium citrate, pH 7 0

¢ 264 mL 10% Sarcosyl The stock solution (a + b + ¢) can be stored for at least
3 mo at room temperature

d 036 mL 2-Mercaptoethanol/50 mL. RNA extraction solution (a + b + ¢ + d)
can be stored for 1 mo at room temperature

Phenol (nucleic acid grade) Equilibrate phenol with Milli-Q grade H,O

2M Sodwum acetate, pH 4 0.

5 4M LiCl

2.3.4. RT-PCR of Genomic dsRNAs

Dimethyl sulfoxide (DMSQO) (Spectrum grade). Fiushed with N, gas

2.5 mM dNTPs mix, pH 8 0, in 1 mM Tris

Actinomycin D (500 pg/mL).

AMYV reverse transcriptase XL (Life Sciences)

10X RTase buffer for AMV reverse transcriptase 500 mM Tris-HCI, pH 8 3 , 100
mM KCl, 40 mM DTT, 100 mM MgCl,

Tth DNA polymerase and 10X reaction buffer supplied by the manufacturer

7 05 MEDTA,pH 80

8 Mineral o1l (Sigma M-3516 or equivalent).

B W

u..l:-wt\);—

=)}

3. Methods
3.1. Isolation and Propagation of Rice Dwarf Virus

1 Preparation of inoculum Homogenize 10-50 mg of infected rice leaves 1n a small
mortar and pestle with 19 times (v/w) of 0 LM phosphate buffer, pH 7 3. Transfer
the homogenates to a 1.5 mL mucrotube, and centrifuge at 1800g for 5 min at
0°C Dilute the supernatant 1n 525 times of 0 1M phosphate buffer, pH 7 8, and
use this extract as an inoculum
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2

Collect the second instars of N cincticeps in a small bottle and inject CO,
gases into the bottle for 30—60 s to anesthetize Arrange the insects on a Petri
dish using a toothpick and cover them with Parafilm™ (American National
Can) to immobilize

Cut the point of the glass needle, and suck the moculum into a glass needle with
a syringe

Inject a small amount of the inoculum (>1 yL) into the abdomen of each nsect
under a stereoscopic microscope

Rear the msects on rice seedlings in a conical flask covered with a fine mesh
screen for 1012 d at 25°C under continuous fluorescent lights (latent periods)
Transfer individual insect to a rice seedling cv Norin No 8 grown for 57 d after
germination 1 a test tube Inoculate for 1-4 d by feeding

Remove the 1nsect, and grow the plant under fluorescent lights for 18 h at 25—
27°C About 1-2 wk after mnoculation feeding, viral symptoms (white specks
along veins) appear on new leaves

3.2. Purification of Viruses
3.2.1. Rice Dwarf Virus

1
2

(98]

h

11

12

13

14.
15.

16

Harvest 10-50 g fresh rice leaves

Homogenize the leaves with ELISA juice press (Erich Pollahne, Germany) in
three to five times (v/w) of 0 1M phosphate buffer

Add 1% (w/v) Driselase while stirring at 6°C with a magnetic stirrer for 1 h.
Add one-third vol of chloroform, mix the extract thoroughly for 3 mun with
Polytron homogenizer on ice

Centrifuge at 3000g for 15 min

Transfer the aqueous phase to a centrifuge tube, leaving interface Centrifuge at
62,000g in a Hitachi RP 30-2 rotor for 60 min at 4°C

Decant the supernatant, Add 4 mL of 0.1M phosphate buffer containing 1% Tri-
ton X-100, store the tube overnight at 4°C

Dissolve the pellet thoroughly with Teflon homogemzer on ice Add an equal
volume of carbon tetrachloride; vortex for 3 mimn

Centrifuge at 3000g for 15 min

Transfer the aqueous phase to a centrifuge tube, leaving mterface Centrifuge at
80,000¢ 1n a Hitach1 RP 65 rotor for 60 min at 4°C

Decant the supernatant quickly, and dissolve the pellet in 1 mL of 0 1M phos-
phate buffer with Teflon homogenizer on 1ce

Overlay the suspension on a 10-40% (w/v) linear sucrose density gradient, and
centrifuge at 80,000g 1n a Hitach1 RPS 27 rotor for 60 min at 4°C

By inserting a L-shaped needle into the tube from the meniscus, collect the virus
zone Transfer into a centrifuge tube

Centrifuge at 80,000g 1n a Hitach1 RP 65 rotor for 60 min at 4°C

Decant the supernatant quickly, and dissolve the pellet in a small amount of 0.1 M
phosphate buffer.

Add an equal volume of glycerol, store at —80°C
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3.2.2. Rice Black-Streaked Dwarf and Rice Ragged Stunt Viruses

1

(98]

w

[e o]

10.

Fresh infected leaf and sheath tissue (100 g) (rice for RRSV and corn for
RBSDV) are cut into about 1-cm pieces and ground with a meat grinder with
35 mL GMT buffer

The homogenate 1s further extracted with a ELISA juice press

Squeeze through a double layer of medical gauze.

Add 30% (v/v) carbon tetrachloride and 3% (v/v) Triton X-100 while stirring
with a magnetic stirrer at 4°C for | h

Centrifuge at 1500g for 20 min 1n an angle rotor at 4°C

The aqueous phase 1s centrifuged at 80,000g for 1 5 h at 4°C through one-third
vol of a tube capacity of 40% sucrose in GMT buffer in a RPS 27 rotor
Suspend the pellet in 2 mL of GMT buffer.

Centrifuge 1n a microcentrifuge tube at 3500g for 5 min at 4°C

The supernatant is layered onto a 10-40% sucrose density gradient tube and cen-
trifuged at 80,000¢g for 1 5 h at 4°C 1n a RPS 27 rotor

Recover the virus zone at the middle of the tube, using an ISCO density gradient
fractionator equipped with an UV monitor

3.3. Direct Extiraction of Viral RNAs from Plants
3.3 1. Direct Extraction of Viral Genomic dsRNAs from Plants

1

bR W

=)}

10

11.

12

13

Extract the virus with ELISA juice press from 0 05-0 50 g of infected rice leaves,
while adding 600 pL of STE buffer into a microcentrifuge tube

Add an equal volume of phenol.

Vortex for 3 min

Centrifuge at 10,000g for 1 min at room temperature

Transfer the aqueous phase (normally, the aqueous forms the upper phase) to a
fresh microcentrifuge tube

Add an equal volume of phenol chloroform-1soamy! alcohol (25 24 1) into the
aqueous phase and repeat steps 3—5

Add 80 mg of CC41 cellulose (Whatman) powder and 0 2 vol of ethanol into the
mucrocentrifuge tube containing the aqueous phase Agitate the mixture for 30
min at room temperature

Collect the celtulose by centrifugation at 10,000g for 3 min

Add 1 2 mL STE buffer, pH 6 8, containing 15% ethanol, into the pellet of cellu-
lose after removing the supernatant Vortex for 1 min

Repeat the washing of steps 8 and 9 once more.

Elute dsRNA by adding 150 uL of sterile H,O and vortex for 1 min

After centnifugation at 10,000g for 3 min, transfer aqueous phase to a fresh
mucrocentrifuge tube Repeat the elusion of steps 11 and 12 once more Combine
the second aqueous phase with the first

Remove traces of cellulose by centrifuging briefly the combined aqueous phase
and transfer the supernatant into a fresh microcentrifuge tube
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14

15

16

17.

18

19

Add 0 1 vol of 3.0M sodium acetate, pH 5.2, and 2 5 vol of ethanol, mix, and then
incubate for 60 min on 1ce

Precipitate dsRNA by centrifugation at 15,000g for 15 min at 4°C in the
microcentrifuge

Remove supernatant and then wash the pellet with | mL of 70% ethanol
Recover the pellet by centrifugation at 15,000g for [0 min at 4°C 1n the
microcentrifuge

Stand the open tube on the bench at room temperature until the last traces of fluid
have evaporated

Dissolve the dsRNA pellet (which 1s often invisible) in the desired volume of TE
or sterile H,O. Rinse the walls of the tube well with the buffer or sterile H,O

3.3.2. Direct Extraction of Viral mRNAs and Genomic dsRNAs
from Plants

1

2

H oW

00 ~) O L

11
12
13
14
15
16
17
18

Infected fresh rice leaves are homogenized with the RNA extraction solution (500
pL/100 mg) 1n a mortar and pestle

Transfer the homogenate to a 1 5-mL microcentrifuge tube and centrifuge for 1
min at high speed

Transfer 500 pL supernatant to a new microcentrifuge tube

Add 50 pL 2M sodium acetate and 500 pL phenol, 100 uL chloroform 1soamyl
alcohol Mix thoroughly by inverting the tube after the addition of each reagent
Vortex for 10 s

Stand the tube for 3 min at room temperature

Centrifuge for {5 min at 10,000g at 4°C

Transfer the aqueous phase to a new microcentrifuge tube

Add 500 plL 1sopropanol

Stand for 5—10 min at room temperature

Centrifuge for 10 mn at 10,000g at 4°C

The RNA pellet 1s washed with 1 mL 70% ethanol

Dry the pellet for 5 mimn under vacuums

Suspend 1n 250 pL sterile H,O

Add 250 pL 4M L1Cl and vortex.

Place on 1ce for more than 8 h

Centrifuge for 10 min at 10,000g at 4°C

Supernatant contains dsSRNAs and tRNAs Collect them by ethanol precipitation
dsRNAs are further purified by CC41 treatment as in Subheading 3.3.1., step 7
The pellet contains viral mRNAs suitable for Northern blotting analyses

3.4. RT-PCR Amplification of Genomic dsRNAs
3.4 1. Basic RT-PCR

1
2
3

Add 100 pL of DMSO to 5 pg of genomic dsRNAs 1n 5 uL sterile H,O
Incubate at 50°C for 30 mun
Add 10 pL 3M sodium acetate and 300 pL 1ce~-cold ethanol
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Incubate at —80°C for 30 mun or place 1n dry ice for 5 min

Centrifuge at 16,000g for 10 min at 4° C

Remove supernatant, rinse the precipitate with 1 mL 70% ethanol

Dry under vacuum

Make up the following master mix for one sample

5 uL. 10X RTase buffer

5 uL Actinomycin D

20 uL 2 5 mM dNTP mix

1 uL 3' Antisense-strand primer (100 pmol/1 pL)

19 pL Sterile H,O

0 3 u. AMV reverse transcriptase XIL (30 U/uL)

Add the master mix to the dried denatured genomic RNAs, vortex, and
spin briefly

Incubate at 45°C for | h and terminate the reaction by adding 1 pL 0 5M
EDTA, pH 8.0.

Add 25 ul each of phenol and chloroform 1soamy! alcohol (24 1)

Vortex for 3 min and centrifuge for 5 mm

Transfer the aqueous phase to a new microcentrifuge tube and add 50 pL chloroform
Vortex for 3 min and centrifuge for 5 mun,

Transfer the aqueous phase to a new microcentrifuge tube and add 0 t vol of 3M
sodium acetate and 2 5 vol of ethanol

Place on 1ce for 30 mun and centrifuge at 16,000g for 10 min at 4°C

Rinse the precipitate with 70% ethanol and dry under vacuums

Suspend 1n 25 L sterile H,O and 5 uL. was subjected to a PCR reaction

In a 0 5-mL microcentrnifuge tube, mix 1n the following n order

5 uL 10X amplification buffer.

8 L 125 mM dNTPs

I ylL §' Sense-strand primer (100 pmol/1 pL).

1 uL 3' Antisense-strand primer (100 pmol/1 pl)

30 uL Sterile H,O.

1 uL Tth DNA polymerase (4U/ul)

g. 5 uL Furst-strand cDNA made from up to 1 ug dsRNA.

Overlay the reaction mixture with one drop (about 30 pL) of light mineral o1l and
briefly spin

Carry out the amplification of cDNAs with a thermal cycler Typical condi-
tions for the synthesis of cDNA, denaturation, annealing, and polymerization
are as follows

24 PCR cycles 94°C for | min
55°C for 2 min
72°C for 3 min

Final extension 72°C for 10 min

-0 c g

-0 a0 o

Withdraw a portion of the amplified DNAs from the reaction mixture and analyze
1t by gel electrophorests, Southern hybridization, or DNA sequencing
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3.4.2. Single-Step RT-PCR

1

In a 0.5-mL microcentrifuge tube, mix 1n the following order

5 pL 10X amplification buffer

5-uL Mixture of four dNTPs, each of 5 mM

1 uL 5' Sense-strand primer (100 pmol)

1 uL 3' Antisense-strand primer (100 pmol)

30 uL Sterile H,O

1 L Tth DNA polymerase (4U/uL.)

0 3 uL AMV reverse transcriptase XL (30 U/pL)

5 pL Template dsRNA denatured with DMSO (up to 1 ug)

Overlay the reaction mixture with one drop (ca 30 pL) of light mineral o1l and
briefly spin

Carry out the cDNA synthesis and amplification of cDNAs in the same tube with
a thermal cycler Typical conditions for the synthesis of cDNA, denaturation,
annealing, and polymerization are as follows

One cycle for cDNA synthesis 42°C for 15 min
An imtial denaturation 95°C for 1| min
30 PCR cycles 95°C for 1 min
55°C for 2 min
72°C for 3 min
Final extension 72°C for 10 min

SR o o0 o

Withdraw a sample of the amplified DNA from the reaction mixture and analyze
1t by gel electrophoresis, Southern hybridization, or DNA sequencing

4. Notes

1

Equipment for handling leafhoppers and planthoppers, such as cages for man-
taining and tools for transferring the insects, are described elsewhere (6). Injec-
tion of viruses into the vector insects 1s a good alternative to a conventional
acquisition feeding Nearly 100% of the injected insects become viruhiferous
The younger the larvae, the more they recover and survive after injection of the
viral extract Use larvae or male adults for inoculation feeding to prevent laying
eggs nto moculated plants Hatching eggs on the moculated plants becomes a
serious source for contamination of viral cultures Most rice cultivars are not
resistant to virus infection, but some are resistant to vector insects The cultivar Norm
no 8 1s used 1n our laboratory and TN 1 1s used worldwide (Subheading 3.1.)
Since individual virus 1solates have similar but distinct electrophoretic mobulity
of the genomic segments (5), viral cultures collected from fields should be exam-
ined for genomic homogeneity by PAGE of genomic dsRNAs, 50-100 ng of
dsRNAs should give clear bands in 40-cm-long and 0 8-mm-thick gel after silver
staining (Subheading 3.1.)

Plant materials for purification of RBSDV and RRSV are very critical for obtain-
ing a good yield Young and fresh leaves showing good symptoms within 1 mo
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after inoculation should be used Freezing the plant materials drastically reduces
the virus yield In the case of RRSV, no virus can be recovered after freezing of
infected rice plants

The purification protocol described here (7) was originally developed for
maize rough dwarf virus and works well for both RBSDV and RRSV Rice
ragged stunt virus can be purified by other methods as well (8,9) (Subhead-
ing 3.2.2.)

At the second organic solvent treatment during the purification of viral particles,
we have previously used freon Since freon 1s not available anymore, carbon tet-
rachloride 1s used as a substitute (Subheading 3.2.1., step 8)

Techniques mvolved n extraction of dsRNAs are reviewed 1n detail by Dodds et
al (15) Direct extraction of genomic dsRNAs described here 1s a modification
of a method described by Dodds et al (10) The major modification 1s a use of
CC41 (11), instead of CF11 cellulose Fine granular texture of CC41 makes 1t
easter to handle by a batch method 1n a microcentrifuge tube Anadditional modi-
fication 1s that the STE buffer does not contain mercapthoethanol, SDS, and ben-
tonite at an extraction step Quality of dsRNAs obtained from RDV-infectecl rice
plants 1s pure enough to subject to RT-PCR So far as we tested with RDV S§, S9,
and S10, we have successfully amplified full-length cDNAs We have not yet
tested this protocol for RRSV and RBSDV (Subheading 3.3.1.)

Our standard procedure for direct extraction of the genomic dsRNAs includes
additional steps After the phenol and chloroform extraction, total nucleic acids
are precipitated by ethanol and suspended n 100400 L of TE, and then an
equal volume of 4M LiCl 1s added to precipitate high-mol-wt ssRNAs (12)
Supernatants containing the dsRNAs are then treated with CC41, exactly as
described by Dlieu and Bar-Joseph (11). The standard method has been used rou-
tinely 1n our laboratory for purifying genomic dsRNAs of RDV (5), RBSDV, and
RRSV (13). The method should yield ~5—10 pg from 0 5 g of infected leaves for
RDV, 0 1 ug for RBSDV, and 0 5 ug for RRSV Using genomic dsRNA templates
prepared by this method, we have successfully amplified full cDNAs of RDV S4,
S5,86,S57,S8,59,S10,S11, and S1 2 by the basic protocol of RT-PCR described
in Subheading 3.4.1.

A method for extraction of both viral mRNAs and genomic dsRNAs described
here 15 based on a protocol of Chomczynski and Sacchi (14) (Subheading 3.3.2.)
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Procedures for Plant Rhabdovirus Purification,
Polyribosome Isolation, and Replicase Extraction

Andrew O. Jackson and John D. O. Wagner

1. Introduction

The Rhabdoviridae family consists of a large number of nonsegmented nega-
tive-strand RNA viruses. As a group, the rhabdoviruses cause many serious
plant and animal diseases that have detrimental effects on agricultural produc-
tivity, public health, and wildlife populations. The members of the family col-
lectively have an unusually broad host range composed of viruses that infect
both plants and animals (1) Many of these viruses are persistently transmitted
to therr mammalian and plant hosts by 1nsect or arthropod vectors m which
they are able to multiply Consequently, these members of the family may have
been able to expand their evolutionary diversity by use of their vectors as inter-
mediate hosts to bridge the boundaries between the animal and plant taxa. Other
rhabdoviruses are known to infect fish and aquatic invertebrates, and probably
are transmitted via contaminated water.

Rhabdovirus particles are recognized easily 1n plants by electron micro-
scopic observation of sap from diseased tissue or in thin sections of infected
cells (2). The virions are normally bacilliform 1f extracts are fixed in glutaral-
dehyde prior to negative staining, but are bullet shaped 1f the fixative is omut-
ted Because the particles, with sizes reported to range from 45 to 100 nm wide
and 150 to 400 nm long, can be distinguished so readily from the constituents
present 1n uninfected tissue, numerous possible rhabdovirus diseases have been
described 1n many different plant families (2). Microscopy of thin sections of
infected cells reveals that the particles of different members normally have two
characteristic patterns of accumulation: they are found either in association
with the nucleus or in the cytoplasm. The Sixth Report of the International
Committee on Taxonomy of Viruses (3) has used these subcellular distribution
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patterns to separate plant rhabdoviruses into two major taxonomic groups. the
Cytorhabdovirus genus and the Nucleorhabdovirus genus.

Presently, eight viruses (barley yellow striate mosaic virus, broccoli necrotic
yellows virus, Festuca leaf streak virus, lettuce necrotic yellows virus, north-
ern cereal mosaic virus, Sonchus virus, strawberry crinkle virus, and wheat
American striate mosaic virus) are assigned to the Cytorhabdovirus genus. The
Nucleorhabdovirus genus has six members (Datura yellow vemn virus, egg-
plant mottled dwarf virus, maize mosaic virus, potato yellow dwarf virus,
Sonchus yellow net virus, and sowthistle yellow vein virus). Of these, Sonchus
yellow net virus (SYNV) and lettuce necrotic yellows virus (LNY V) have been
the most extensively characterized. Less extensive cytopathological and physi-
cochemical information is available about other rhabdoviruses within the
Cytorhabdovirus and Nucleorhabdovirus genera. Only preliminary and less
reliable descriptions are available for other plant rhabdoviruses, consequently,
more than 60 members and possible members have yet to be assigned to a
genus (3).

The bacilliform or bullet-shaped rhabdovirus virions are complex, with three
distinct layers varying in electron density observed 1n high resolution electron
micrographs (Fig. 1A). These layers appear to represent glycoprotein surface
projections, an outer membrane, and a helical striated inner nuclear core with a
central canal (Fig. 1B). The membrane contains host-derived lipids and glyco-
protein spikes that probably associate as trimers and protrude 5—10 nm through
the membrane. The nucleocapsid contains three proteins, designated N (nucleo-
capsid), P (phosphoprotein), and L (polymerase), that encapsidate the nega-
tive-strand genomic RNA This RNA ranges in size from 11 to 14 kb, depending
on the virus. A matrix (M) protein 1s thought to mediate coiling of the nucleo-
capsid and its association with the membrane. Analogs of these five proteins
have been found 1n all rhabdoviruses that have been carefully analyzed. A sixth
protein 1s encoded by the genomes of some rhabdoviruses. In SYNV, this gene,
which we have provisionally designated sc4, is virion-associated and has no
obvious sequence relatedness to the sixth accessory proteins of other rhabdovi-
ruses (4). The entire genome of SYNV has been sequenced; consequently, we
have available a detailed genetic map (Fig. 1C), and have considerable infor-
mation about the nature of the viral proteins (see ref. 4 and references therein)
A genome map (5) and himited sequence analysis of LNYV is also available (6).

The methods that have the broadest spectrum of applicability for purifica-
tion of thabdoviruses have arisen from studies of SYNV and LNY'V. We have
described the method developed for SYNV 1n this review because 1t has been
successfully used for a large number of rhabdoviruses. An earlier procedure
was developed for LNYV, which used chromatography over calcium phos-
phate gels, and the last iteration of the protocol has been described 1n some
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Fig. 1. Rhabdovirus particle morphology and Sonchus yellow net virus genome
map. (A) Electron micrograph of negatively stained particles of SYNV. The negative
stain reveals the surface structure of the particle on the left, and deeper penetration
reveals the core of the particle on the right. Note the typical internal striated nucleo-
capsid core and the projecting spikes surrounding the membrane. (B) Model illustrat-
ing the components of rhabdovirus particles. The helical nucleocapsid core consists of
the genomic RNA, the nucleocapsid (N) protein, the phosphoprotein (M2), and the L
protein. A matrix protein (M1) is involved in attachment of the envelope to the nucleo-
capsid. This membrane consists of host lipids interspersed with an orderly array of
glycoprotein (G) spikes. A sixth protein, sc4, is associated with the membrane, but its
location or contribution to the particle morphology is not known. (C) Drawing illus-
trating the organization of the genes encoded by the 13,760-nucleotide genome of
Sonchus yellow net virus. The genome order from the 3' to the 5' end of the (—)-strand
RNA is presented from the left to right, according to convention. The genes consist of
the leader sequence, the nucleocapsid (N) gene, the phosphoprotein (M2) gene, a gene
encoding an envelope protein (sc4) of unknown function, the glycoprotein (G) gene,
the polymerase protein (L) gene, and the trailer sequence. The relative size of each
gene is proportional to the size of the viral RNA. A and B were adapted from refs. 2
and 10, respectively.

detail by Francki et al. (7). The concepts developed by the late Richard Francki,
and his encouraging advice were also of enormous assistance during the devel-
opment of the SYNV procedure (8). Studies of the replication of SYNV have
also required development of several other techniques that may be applied
directly to studies of virus replication, so we have included two additional pro-
cedures that we believe may have general applicability to studies of plant rhab-
doviruses. These include techniques developed for isolation of polyribosomes



80 Jackson and Wagner

(9) and a polymerase complex from nuclei of plants infected with SYNV (10)
These techniques each permit analysis of transcription and translation of SYNV
genes in vivo.

1.1. Problems Encountered During Purification
of Plant Rhabdoviruses

The single most important factor limiting studies of plant rhabdoviruses 1s
the difficulty of devising simple and reproducible purification protocols suit-
able for recovery of adequate amounts of highly purified virus for biochemical
analyses. Therefore, we have provided a synopsis emphasizing the factors that
have proven to be important for optimizing recovery of highly purified virus
that retains 1ts infectivity.

Before embarking on development of a purification procedure, several fac-
tors related to the interaction of the virus with the host should be considered in
order to obtain good virus yields. If the virus 1s virulent on several hosts, the
particular hosts or cultivars that give the highest infectivity titers should be
investigated further. Identification of suitable hosts for purification was par-
ticularly important for development of purification protocols for SYNV, potato
yellow dwarf (PYDV), and LNYV. In some cases, the choice of the host was
critical. For instance, strawberry crinkle virus (SCV) was successfully purified
(11) only after 1t was transferred from strawberry into Physilis floridana. Since
SCV could be mechanically transmitted from Physilis, this eliminated the
necessity of using the aphid vector for routine serial transfers, and 1t also per-
mitted mechanical transmission to a range of experimental hosts that are not
preferred by the vector. Even so, we were unable to purify the virus from Nic-
otiana edwardsonii or N. glutinosa, both of which had strikingly intense symp-
toms. In addition to the host used for purification, the age of the plants, and the
light and temperature requirements, as well as the length of infection, are criti-
cal factors that can drastically alter the amount of virus recovered from tissue.
As described below, these factors are extremely important for purification of
optimal amounts of SYNV. Thus, to obtain the highest yields and purity of
rhabdoviruses, one must consider a number of host and environmental vari-
ables. However, the time invested 1n a systematic analysis of host and biolog-
cal factors that contribute to optimum recovery of rhabdoviruses can help
minimize numerous problems that otherwise might arise during subsequent
development of purification protocols (2).

A reliable procedure for virus detection during different stages of purifica-
tion 1s a second important consideration that can help in determining the effi-
cacy of procedures used for virus separation, and minimize the effort necessary
to optimize a purification protocol. Electron microscopy 1s an obvious choice
for following particle enrichment, but the labor, precision, and expense of this
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technique compromises 1ts utility, and no indication of biological activity can
be obtained by microscopy observations alone. Therefore, when available, an
infectivity assay should be used 1n conjunction with physical methods of
detection. In the case of SYNV, LNYYV, and PYDV, local lesion hosts have
provided a suitable assay to monitor the amount of virus 1 different subcellu-
lar fractions. In a few specific cases, tissue cultures or cultured explants from
insects that are vectors of the virus have been used for bioassays (12). Even
though these cultures are difficult to maintain and have not been established
from vectors of most rhabdoviruses, they do provide the most sensitive and
rapid bioassays yet devized for plant viruses. Chemical methods may also pro-
vide a useful means of detection, especially when combined with electron
microscopy and biological assays For example, glycoprotein detection using
specific lectins, in combination with Coomassie blue staming of polyacryla-
mude gels, has been used to assess the effectiveness of the early stages 1n puri-
fication (11,13). Use of an antiserum, and even antibody preparations that have
some reactvity to host components when used 1n Western blots, can also be of
enormous help for evaluating the presence and concentration of virus particles
at different stages of purification.

In general, yields of rhabdoviruses from infected plants are low compared
with other plant viruses, and the membrane-containing particles are often diffi-
cult to separate from host components. These problems are often compounded
because of the lability of the virions The ease with which rhabdovirus virions
lose infectivity prohibits commonly used heating and freezing treatments, or
the pH adjustments frequently used for clarification. Moreover, the common
organic solvents and the mild detergents used to purify simple RNA viruses
will solubihize the lipid membranes of rhabdovirus particles However, several
general components of the extraction media that expedite purification of plant
rhabdoviruses, such as the appropriate pH, a high osmoticum, and the presence
of reducing agents and divalent cations, have been known for more than 20 yr
(14) More specific requirements for stability of several individual rhabdovi-
ruses have been determined more recently, and these should provide valuable
guidelies for developing purification protocols for uncharacterized rhabdovi-
ruses. The reader 1s referred to Jackson et al. (2) for a more elaborate description
of the requirements needed for these viruses than can be accommodated here.

Almost all purification schemes devised for the rhabdoviruses have relied
on some form of centrifugation to concentrate the virus. Unfortunately, rhab-
dovirus preparations obtained by centrifugation without prior clarification are
normally too contaminated with host components for even crude chemical char-
acterization The most difficult contaminants to remove are chloroplast and
membrane fragments, and the presence of these components appears to be a
major cause of irreversible virus aggregation following pelleting by high-speed
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centrifugation. Therefore, host components must be selectively removed with-
out substantial virus loss before concentration of the virions. Selective filtra-
tton normally provides the most effective method to separate rhabdoviruses
from plant host contaminants. For this purpose, rhabdovirus preparations are
often filtered through thin pads of Celite before concentration (2). When Celite
pads of approprnate thickness are used, and the washing steps are optimized,
greatly enriched virus particles pass through the Celite pads before significant
elution of host chloroplast and mitochondrial membrane fragments occurs
However, filtration through other supports may be useful with certain rhab-
doviruses For example, LNYV has been clarified by shaking extracts with
DEAE cellulose and decolorizing charcoal or bentonite before Celite filtration
(14). Unfortunately, these clarification procedures are not equally effective with
all rhabdoviruses, because DEAE cellulose, bentonite, and various clays can
adsorb other rhabdoviruses (A. O. Jackson, unpublished observations).

After clarification, rhabdoviruses are usually concentrated from homog-
enized plant brei by differential centrnifugation. Unfortunately, because of par-
ticle lability, the reduction in biological activity caused by compression forces
during ultracentrifugation 1s more pronounced with rhabdoviruses than with
simpler RNA viruses. Even with SYNV, with which we have routinely used differ-
ential centrifugation, the infectivity of the virus 1s reduced when clarified extracts
are centrifuged at high speed (8). Therefore, we have also employed a simple
polyethylene glycol (PEG) precipitation procedure as an alternative to differ-
ential centrifugation to prepare highly infectious SYNV (15). Thus, when 1t 1s
important to maintain infectivity, precipitation with PEG, followed by low-speed
centrifugation, provides a suitable alternative to ultracentrifugation. However,
PEG concentrations required for optimum precipitation of rhabdoviruses vary
somewhat (12), and this will need to be evaluated with individual viruses.

Following concentration, rhabdoviruses are normally subjected to rate-zonal
and equilibrium centrifugation 1n sucrose gradients during the final stages of
purification. However, various types of chromatography have been used in a
few limited cases in the final stages of purification (2) Chromatography over
calctum phosphate 1s routinely used as a step n purtfication of LNYV (7)
However, this method 1s somewhat limited 1n utility, since different batches of
calcium phosphate may not be uniform (R. I. B. Francki, personal communica-
tion), and our experiments have also shown that there 1s considerable variation
n the absorption of SYNV and PYDYV by calcium phosphate (A O Jackson,
unpublished observations) Electrophoresis into sucrose gradients has also been
used, but major disadvantages with this method are the time involved and pos-
sible losses 1n infectivity. Therefore, although these alternative steps may have
some utility for specific purposes, neither method 1s really satisfactory for gen-
eral use with rhabdoviruses.
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2. Purification of Sonchus Yellow Net Virus
2.1. Introduction

The procedure used for SYNV has been adapted for use with several other
rhabdoviruses. This method was mitially developed by Jackson and Christie
(8) in conjunction with an infectivity assay using the local lesion host Che-
nopodium quinoa (see Subheading 2.4., Note 1). The local lestons formed
after inoculation permitted us to evaluate the most appropriate host, the opti-
mum greenhouse conditions for virus replication, and the relative levels of
infectivity at different times after inoculation of plant tissue, as a prelude to
development of the purification protocol. These bioassays revealed that N
edwardsonii 18 a suttable host for virus maintenance and recovery, and subse-
quent experiments have shown that equal or better yields can be recovered
from N. benthamiana. Local lesion assays were also valuable for assessing
virus recovery after each purification step. As the procedure developed, par-
ticular attention was directed to reproducible removal of host components.

2.2. Materials

1 Inoculation buffer- Shortly before use, prepare 40 mM sodium sulfite (Na,SO3),
contaming Celite as a mild abrasive by adding 125 mg of Na,SO; and 500 mg
(2%) of Celite Analytical Filter Aid (Johns-Mansville, Denver, CO) to 25 mL of
H,O Store on ice and mix well immediately before use

2 Extraction buffer. Add 60 g of Tris base, 1 1 g of Mg acetate, and 120 mg of
MnCl, to 450 mL of H,O Adjust the pH to 8 4 with HCI. Store at 4°C until just
before use, then add 2 5 g of Na,SO; and bring the volume to 500 mL The final
extraction buffer 1s 100 mM Tris-HCI, pH 8 4, 10 mM Mg acetate, | mM MnCl,,
and 40 mM Na,SO;

3. Maintenance buffer: Maintenance buffer 1s 1dentical to extraction buffer, except
that the pH 15 adjusted to 7 5

2.3. SYNV Purification Method

1. Transfer SYNV at 14-d intervals by inoculating N benthamiana or N
edwardsonii plants grown 1n 15-cm clay pots containing autoclaved loam soil.
Prepare inoculum by macerating 2 g of infected leaves in a chilled mortar con-
taining S mL of freshly prepared cold (~4°C) inoculation buffer (see Subheading
2.4., Note 2). Gently rub the leaves with cheesecloth dipped 1nto the leaf extract.
Under optimum growth conditions 1n the greenhouse (~25°C) and normal sum-
mer sunlight, the light yellow netting symptoms characteristic of SYNV begin to
appear on the leaves by 810 d after inoculation

2 Harvest systemucally infected leaves, with the midribs and petioles, including the
youngest rosette leaves, where the most intense symptoms are normally found
The 1noculated leaves generally contain much lower titers and are not harvested.
Either extract immediately or store for several days at 4°C
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Blend 60 g of leaves for 1 mun mn 120 mL of cold (~4°C) extraction buffer
Squeeze the brer through two layers of cheesecloth and centrifuge immediatety at
4000g for 10 mun 1 a low-speed fixed-angle rotor (1n a Sorval GSA rotor)
While the centrifuge 1s running, make six discontinuous gradients 1n 25 x 89-mm
centrifuge tubes for a Beckman SW28 rotor. Pipet 8 mL of 600 mg of sucrose/mlL.
n mantenance buffer into each tube to form the bottom layer Then, gently pipet
5 mL of 300 mg/mL sucrose over the bottom layer to make a distinct interface
between the two layers (see Subheading 2.4., Note 3)

Adjust the supernatant recovered from the low-speed centrifugation to pH 7 5
Then, load 20-mL aliquots on the top of each of the six discontinuous gradients
Centrifuge the gradients for 60 min at 4°C at 110,000g 1n a Beckman SW 28 rotor
to concentrate the virus between the 300 and 600 mg/mL sucrose layers (see
Subheading 2.4., Note 4)

Prepare a Celite filter pad during the 60-mun centrifuge run For this purpose,
suspend 17 g of Celite 1n about 100 mL of maintenance buffer. Pour the slurry
onto 2 Whatman 3MM filter paper in a 10-cm Buchner funnel Insert the funnel
mto a 1-L sidearm flask attached to a strong vacuum pump Pull a vacuum and
quickly release the vacuum just before the liquid reaches the top of the pad. Then,
gently pour 100 mL of maintenance buffer over the pad and suck this through the
pad under a vacuum Again, release the vacuum just as the liquid reaches the top
of the pad The pad should be firm, with just a slightly wet sheen Gently pipet
about 5 mL of maintenance buffer over the pad and store upright, attached to the
sidearm flask (see Subheading 2.4., Note 5).

Collect the green band between the 300 and 600 mg/mL sucrose layers from the
tubes with a 15-gage or larger diameter bore needle, bent at a right angle near the
tip, and attached to a 50-mL syringe Dilute the green material (usually about 30
mL total) with an equal volume of maintenance buffer that had been allowed to
equilibrate to 4°C Stir 1 g of Celite into the suspension

Gently suck the maintenance buffer through the Celite pad with a vacuum Again,
leave a shight sheen at the top of the pad Swirl the plant material recovered from the
sucrose interface and gently layer it over the Celite pad while pulling a strongei
vacuum Try not to disturb the surface of the pad. When the green slurry 1s about 5
mm above the pad, slowly begin to add maintenance buffer to the pad, and wash with
100 mL of the buffer. The filtrate should be a hight-tan color and should exhibit light
scattering when held up to a focused light source (see Subheading 2.4., Note 6)
Pour the filtrate into 30-mL tubes and centrifuge at 90,000g n a fixed-angle rotor
it a Beckman Type 30 rotor for 30 min at 4°C to pellet the virus Small light-tan
to slightly green pellets about 5 mm 1n diameter will usually be visible The color
of these pellets 1s an excellent indicator of the final purity that can be expected
Quuckly aspirate the solution from the pellets and resuspend them 1n a total vol-
ume of 1 mL of maintenance buffer

Layer the suspension over a rate-zonal sucrose gradient formed 12—24 h previ-
ously by layering 5-, 10-, 10-, and 10-mL layers, respectively, of 50, 100, 200,
and 300 mg of sucrose/mL of maintenance buffer
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Fig 2 Sedimentation of purified SYNV and viral RNA SRZ panel. Patterns from

SYNV-infected tobacco (solid line) and uninfected tobacco (dashed line) on rate-zonal
sucrose gradients The preparations were separated from tobacco and centrifuged in
the gradients after clarification by Celite filtration and concentration by high-speed
centrifugation The particles have a sedimentation coefficient estimated at 1044 S

SQE panel Banding of the particle recovered from SRZ 1n quasiequilibration sucrose
gradients. The particles have a density of | 18 g/mL in sucrose RNA panel Compari-
son of the sedimentation rates of SYNV RNA (S) with the three RNAs of brome mosaic
virus (B-1, B-2, and B-3), and tobacco mosaic virus RNA (T) Note that the purity of
the preparation can be determined from the amounts of the ribosomal RNAs
sedimenting near BMV RNAs 2 and 3 Modified from ref. 8
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Centrifuge at 110,000g 1n a Beckman SW28 rotor for 30 min at 4°C

Recover the major light-scattering band slightly more than halfway down the
gradient (Fig. 2, SRZ) by use of a density gradient fractionator Layer the recov-
ered band over quasiequilibrium sucrose gradients made from 5.6-mL layers of
300, 400, 500, and 600 mg/mL sucrose 1in maintenance buffer

Centrifuge for 1 h at 110,000g 1 a SW28 rotor at 4°C, and recover the hight-
scattering band (Fig. 2, SQE) Dilute the virus with an equal volume of mainte-
nance buffer. Pellet at 90,000g 1n a Type 30 rotor for 30 min at 4°C Quickly
aspirate the supernatant from the pellet and resuspend m 0 5-1 mL of mainte-
nance buffer with a Pasteur pipet.

The pellets should resuspend easily, and highly purified preparations wiil have a
milky appearance Optimum virus recovery 1s 2—5 A,q, U/100 g of tissue, but the
purified virus preparations exhibit considerable light scattering because of the
membrane and si1ze of the virions Also, because the virions contain a low propor-
tion of RNA (<2%), a prominent peak is not observed at 260 nm However, the
yields may vary, depending on the age of the plants, the environmental condi-
tions under which the plants were grown, and the variables introduced during
preparation

Recovery of SYNV RNA 1s relatively straightforward by dissociation of virus by
1% sodium dodecy! sulfate (SDS) followed by sucrose density gradient centrifu-
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gation (Fig. 2, RNA) This procedure also provides a sensitive estimate of the
contamination, since ribosomes are the major host contaminants and they contain
~65% RNA, whereas SYNV has <2% RNA Also, a variety of phenol extraction
methods can be used, but the yields are low and are somewhat variable

Notes on SYNY Purification

About 8 d after mechanical inoculation of leaves, C guinoa develops water-soaked
lestons about 1 mm 1n diameter that turn tan-colored 2-3 d later Virus can be
transferred from single lesions during the first 1-2 d after their appearance Upper
uninoculated C' quinoa leaves usually develop a mild systemic mottle in 3—4 wk
The infectivity of SYNV 1s lost quickly unless tissue 1s ground 1n the presence of
a reducing agent, such as sodium sulfite or mercaptoethanol In the presence of
0.5% sodium sulfite, the infectivity of leaf extracts 1s mamntamed for more than
48 h at 4°C. Purified preparations of the virus stored at —80°C 1n maintenance
buffer maintain their infectivity indefinitely

The interfaces and the layers used to make gradients form more easily 1f a glass
pipet with a sealed tip and a 2- to 3-mm hole 1n the side just above the tip 1s used
The amount of tissue extracted can be imcreased 1f one has access to a large-volume
zonal rotor for step 5 Under these conditions, a larger Buchner funnel containing a
proportionately increased surface area will be needed to accommodate the larger vol-
ume recovered from the interface between the 300 and 600 mg/mL sucrose layers
A particularly critical variable in the purification procedure 1s the thickness of the
Celite pad used for filtration Pads thicker than 7 5 mm diminish yield of virus, but
pads less than 2 5 mm result in filtrates contaminated with chloroplast fragments
Despite care 1n filtration, contamination with host components at this stage 1s
variable, and some filtrates may contain traces of chlorophyll These contami-
nants are normally difficult to remove at this stage, because repeated filtration
will result 1n loss of virus Moreover, a considerable quantity of the contaminat-
g host material will sediment with the virus 1n subsequent stages of purifica-
tion, so these preparations should be kept separate from virus preparations of
higher purity However, the partially pure preparations can be used for purposes
that requure less purity

3. Polyribosome Purification from Tobacco

3.1.

Introduction

Routine and reproducible procedures for isolation of polyribosomes from a
variety of plant tissues was first accomplished by Jackson and Larkins (9)
This procedure, which was initially developed to isolate polyribosomes from
SYNV infected tobacco leaf tissue, relied in part on the use of EGTA
(ethyleneglycol bi1s-[2 amino ethyl ether] tetra-acetic acid) for chelation of met-
als that cause polysomes to precipitate during the first low-speed centrifuga-
tion steps. The method subsequently proved to be adaptable to most tissues of
tobacco and to a wide variety of different plant, fungal, and insect species
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Because of 1ts general utility for studies of the replication of SYNV (16,17) and 1ts
potential use in studies of other viruses, we have introduced this method here.

3.2. Materials

Buffers- All solutions are prepared in baked glassware using analytical grade
reagents, and are autoclaved before using. Use ultrapure ribonuclease free
sucrose and maintain RNase-free reagents by wearing gloves when handling
them, and by using flamed or baked spatulas and autoclaved stir bars when
preparing solutions. Add EGTA, PB-mercaptoethanol, and Triton X-100 to
appropriate buffers, just before use

1 EGTA stock Add 38 g of EGTA to 85 mL of H,O Adjust pH to 8 0 with 50
NaOH and adjust the volume to 100 mL. Store at —20°C 1n 5-mL aliquots

2 Triton X-100 (20%) Add 20 mL of reagent grade Triton X-100 to 80 mL of
dd-H,0. Autoclave, then mix occasionally, as the temperature cools, to prevent
separation of the phases Store at room temperature

3 Extraction buffer' 200 mM Tris-HCI, pH 9.0, 400 mM KCl, 35 mM MgCl,, 25
mM EGTA, and 200 mM sucrose and 1% Triton X-100 To prepare 2X extraction
buffer, add 24 22 g Tris base, 29 82 g KCI, 7 10 g MgCl,, and 68 46 g sucrose
(RNase-free) to 450 mL of H;O Adjust the pH to 9 0 with HCI, and bring the
volume to 500 mL Store at —20°C indefinitely as 100-mL ahiquots Just before
use, dilute the necessary volume of 2X extraction buffer with an equal vol-
ume of a dilution buffer contamning 50 mM EGTA from the 1 M stock solution,
2% P-mercaptoethanol, and 2% Triton X-100 diluted from the 20% stock (see
Subheading 3.4., Note 1).

4 Sucrose pad buffer 40 mM Tris-HCI, pH 9.0, 200 mM KCI, 35 mM MgCl,, 5 mM
EGTA, and | 75M sucrose. Add 1 92 g Tris Base, 5 96 g KCl, 3 44 g MgCl, and
240 g sucrose to 450 mL of H;O Adjust the pH to 9 0 with HCl, and the volume
to 500 mL Store at —20°C 1n 50-mL aliquots Add 250 pL of 1M EGTA to each
50-mL aliquot just before use

5 Resuspension buffer 40 mM Tris-HCI, pH 8 5, 200 mM KCl, 30 mM MgCl,, and
5 mM EGTA Add 048 g Tris base, 1 49 g KC1, and 2 03 g MgCl, to 95 mL of
H,0 Bring the pH to 8 5 with HC1 Store at —20°C 1n 12-mL aliquots Add 60 pL
of 1M EGTA (5 mM) just before use

6 Sucrose gradient buffer 40 mM Tris-HCI, pH 8.5, 20 mM KCl, and 10 mM
MgCl,. To make 10X stock sucrose gradient buffer, add 4 84 g Tris base, 1.49 g
KCl, and 2 03 g of MgCl, to 95 mL of H,O. Adjust the pH to 8 5 with HCL, and
the volume to 100 mL Store at--20°C 1n 5-mL aliquots

3.3. Methods
3.3.1. Method for Polyribosome Extraction

1 Prechill all buffers, mortars, pestles, rotors, and centrifuges to 4°C (see Sub-
heading 3.4., Note 2)
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For 1solation of polysomes from tobacco and similar dicots, collect leaves and
remove the midribs Separate into eight batches, each of which consists of 2 5
g of leaf blades (see Subheading 3.4., Note 3 for 1solation of polyribosomes
from cereals)

For 1solation of total (free and membrane-bound) polysomes, immediately grind
each batch for 2 min 1 25 mL of cold 1X extraction buffer using a prechilled
(~4°C) mortar and pestle Change to a fresh, cold mortar and pestle after two
grinds Perform this procedure 1n a fume hood, because B-mercaptoethanol 1s
noxtous Pour each of eight homogenates into chilled 50-mL plastic or glass
centrifuge tubes that can withstand g-forces of up to 25,000g Store on 1ce prior
to centrifugation

To separate membrane-bound polysomes from the free polysomes (I7), modify
the extraction buffer used to grind the tissue by adding only 50 mM KCl (final
concentration), and eliminate the Triton X-100. Then centrifuge the brer for 5
min at 500g 1n a preparative fixed-angle rotor (1n a Sorval SS34 Rotor) to pellet
nucle1, chloroplasts, mitochondrta, and organelle fragments Discard the low-
speed pellet and transfer the supernatant 1nto eight fresh plastic or glass tubes
Then centrifuge at 20,000g 1n the SS34 rotor to separate the supernatant fraction
(free polysomes) from the pellet (membrane-bound polysomes). Save both the
supernatant and pellet fractions. Add KCI to 400 mM and Triton X-100 to 1% to
the supernatant Resuspend the pellet containing the membrane-bound polysomes
n the same volume of extraction buffer (contamning 400 mM KCl and 1% Triton
X-100) as the free polysome supernatant fraction

Centrifuge the samples from steps 3a (total polysomes) or 3b (supernatant = free
polysomes, pellet = membrane-bound polysomes) at 20,000g for 10 min at 4°C
While the samples 1n step 4 are spinning, pipet 5 mL of sucrose pad buffer
mnto 30-mL Beckman polycarbonate bottles Chill onice Remove the cleared
supernatant from the cell debris pellet carefully with a 25-mL disposable plas-
tic pipet Load the supernatant over the sucrose pad, being careful not to dis-
turb the interface

Pellet the polysomes by centrifuging at 315,000g 1n a fixed-angle ultracentrifuge
rotor (Beckman T160 rotor) for 80 min at 4°C (see Subheading 3.4., Note 4)
Remove and discard the supernatant by aspirating off the green material Then,
rinse the sides of the tubes with S mL of ice-cold ddH,O Remove the rinse water
by aspiration, then repeat the rinsing procedure Aspirate the sucrose pad off of
the pellet and nvert the tube to expose the clear polysome pellet Quickly rinse
the pellet with 1 mL of cold H,O to remove residual sucrose. To do this, turn the
tube so that the side containing the pellet 1s on top Add 1 mL of H,O and rotate
the tube 1 a complete circle during a 15-s interval Resuspend each pelletin 1 25
mL of 1X resuspension buffer by dislodging them with a Pasteur pipet and
vortexing. Leave on 1ce for 15 min Combine the suspensions, then rinse each
tube sequentially with 1 25 mL of 1X resuspension buffer

Measure the optical density at 4,4 to determine the yield (see Subheading 3.4.,
Note 5)
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9 Transfer the suspensions to glass or polypropylene tubes. Aliquots (~100 L) of
the resuspended polyribosomes may be pipeted into hiquid nitrogen and the fro-
zen spheres may be stored in sealed vials indefinitely These polysomes may be
used for in vitro translation, RNA extraction, or for fractionation over sucrose
gradients (see Subheading 3.4., Note 6)

3.3.2. Method for Sucrose Gradient Fractionation

This procedure allows visualization of the extent of polysome polymeriza-
tion and permits recovery of different size classes of polysomes. The poly-
somes are separated by centrifugation over sucrose gradients, as described
below, to separate the polysomes according to the number of ribosomes on the
mRNA molecule. Figure 3 shows the nearly 1dentical profiles of free and mem-
brane-bound polysomes from uninfected and SYNV-infected tobacco leaves,
and gives some 1ndication of typical profiles recovered from this tissue. The
gradients are analyzed 1n a density gradient fractionator that can monitor the
absorbance of the eluate at 254 nm. For analysis, 1t 1s recommended that two
duplicate samples are run To prepare samples for the gradients, use 100 pL of
polysomes in 1X resuspension buffer. Add 30 pL of proteinase K solution (20
mg/mL) and incubate the samples on 1ce for 15 min. Proteinase K treatment
reduces aggregation of polyribosomes, which are sometimes formed by inter-
actions of nascent polypeptides, to give a more reliable estimate of the poly-
some size distribution than would be obtained with untreated samples

1 Sucrose gradient preparation Prepare gradients for 1848 h before they are
needed, to permit equilibration Protect the solutions from RNase contamination
by using flamed glass pipets with a sealed tip and a small hole in the side to form
the gradient layers Normally, use a Beckman SW 41 rotor with si1x buckets that
hold 12-mL tubes (14 x 89 mm) The sucrose layers contain 2 mL of 150 mg/mL
(layer A), 4 mL of 300 mg/mL (layer B), 4 mL of 450 mg/mL (layer C), and 2 mL
of 600 mg/mL of 1X gradient buffer (layer D) Load layer D on the bottom, then
load the C, B, and A layers, consecutively.

2 Let the gradients equilibrate at 4°C for at least 18 h before use.

3 Load 05 mL samples containing 2.5-6 Ayq units of polysomes on top of the
equilibrated gradients and centrifuge at 235,000g for 70 min at 4°C

4 For larger scale separations, use a SW 27 rotor with 25 x 89-mm tubes. Form a
36-mL gradient with 6 mL of 150 mg/mL, 12 mL of 300 mg/mL, 12 mL of 450
mg/mL, and 6 mL of 600 mg/mL. Layer 1-mL samples containing 10-20 4,4
units on top of the gradients. Centrifuge at 110,000g for 2 h 20 min at 4°C.

5 For analytical use, and to conserve sample size, use a SW 50 1 rotor with 13 x 51-
mm tubes. The 4 8-mL gradients should be composed of 0 8, 1.6, 1 6, and 0.8 mL
of 150 mg/mL, 300 mg/mL, 450 mg/mL, and 600 mg/mL, respectively The
sample size should be 0.2 mL with 1-2 4,49 unuts, Centrifuge at 245,000g for 45
mun at 4°C Alternatively, use a SW 60Ti rotor with 11 x 60-mm tubes containing
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Relative Gradient Depth

Fig 3 Sucrose density gradient analysis of free and membrane-bound polyribo-
somes 1solated from unmnfected and SYNV-infected tobacco. The panels designated
U-F, U-M, S-F, and S-M refer to free and membrane-bound polysomes 1solated from leaves
of uminfected and SYNV-infected plants, respectively. Although the profiles vary slightly,
there 1s no major correlation between the number of monomers associated with the differ-
ent classes of polysomes. However, we have shown (16,17) that about 2-5% of the mes-
senger RNA 1n SYNV-infected plants 1s viral-specific The free polysomes contain
sequences hybridizing to nearly 100% of the viral RNA, but the RNA derived from mem-
brane-bound polysomes hybridizes to only 40% of the RNA These results suggest that
a specific subset of the viral mRNAs are membrane-associated. Adapted from ref. 17

3.4.

0.66, 1 34, 1 34, and 0 66 mL layers of sucrose, as described above The sample
stze should also be 0 2 mL with 1-2 A,4, units After centrifugation at 335,000g
for 30 min at 4°C, the gradients should be fractionated in a density gradient frac-
tionator attached to a UV monitor at 254 nm

Notes on Polysome Procedure

The recovery of polyribosomes 1s critically dependent on maintaining the correct
ratios of EGTA to Mg?* 1n the solutions. Because of metals found 1n vacuoles,
polyribosomes precipitate when insufficient amounts of EGTA are present How-
ever, when the ratio of Mg?* to EGTA 1s too low, the polyribosome subunits
dissociate (see ref. 9 for a discussion of these variables).

Mamntaining the temperature close to 4°C throughout the various steps 1s impor-
tant for polysome stability Minor amounts of RNase will quickly degrade poly-
somes, and, although the relatively high pH and ionic strength of the buffers
mediate agamnst RNase activity, transient increases in the temperature can affect
the extent of polymerization observed in the polysome profiles.

For cereals (18), reduce the extraction buffer to 2 mL for each gram of leaf tissue
The relative proportion of vascular tissue 1s much higher in cereals than in dicots
and this tissue cannot be easily removed This results 1n lower recovery of cyto-
sol from the cereal tissue
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4 To avoid polycarbonate tube breakage and subsequent run failure at these high
gravational forces, always wash these alkali-sensitive tubes in very mild deter-
gent approved for this purpose Reuse the tubes only three times, and, before
each centrifuge run, pipet ~100 uL. of H,O into the rotor receptacles before
inserting the centrifuge tubes This provides a cushion that helps create a uniform
force around the base of the tubes during centrifugation The cushion disperses
the gravitational stress uniformly around the tube and reduces tube cracking and
sample loss.

5 The yield of polyribosomes 1s 0.75 mg/g fresh weight of young tobacco leaves,
assuming an extinction coefficient of ~15 Ayq U/mg for ribosomes containing
~65% RNA

6. Variations of the extraction procedure have been used for recovery of polyrtbosomes
from many different tissues and species of plants, from fungi and from insects.
The procedure thus has broad applicability that extends beyond its use 1n plants

4. Preparation of Replicase Extracts from Nuclei
of SYNV-infected Tobacco

4.1. Introduction

An indispensable tool 1n studies of the replication of thabdoviruses and other
negative-strand viruses has been the use of 1n vitro polymerases for the analy-
sis of the factors that contribute to transcription of the viral messenger RNAs
and to the replication of the genomic RNAs. These studies have been espe-
cially important in our understanding of the biochemustry and regulation of the
replication processes of vesicular stomatitis virus (19). However, purified
SYNV virions lack an active polymerase, and this has hampered research.
Wagner et al. (10) have recently circumvented this problem by devising a pro-
cedure for 1solating polymerase activity from the nucle:r of infected tobacco
leaves. We hope this procedure will be of general utility for studies of other
nuclear associated rhabdoviruses

4.2. Materials

1 Nuclei extraction buffer: Mix 40% v/v glycerol, 600 mM ribonuclease-free
sucrose, 5 mM MgCl, Adjust the mixture to 480 mL with ddH,0. Then, add | mL
of diethylpyrocarbonate (DEPC), mixed with 1 mL of ethanol, to destroy RNase
activity. Caution: DEPC 1s toxic, so carry out this step in a hood (see Subhead-
ing 4.4., Note 1) Let the DEPC-treated H,O sit overmght at 37°C, and autoclave
to destroy the DEPC. Store at 4°C. Shortly before use, add Tris-HCI, pH 8 0, to
25 mM, spermine to 2 mM, and B-mercaptoethanol to 10 mM Immediately (<5
min) before use, add phenylmethane sulfonyl fluoride (PMSF) to 1 mM and add
H,O to 500 mL The PMSF stock 1s stored at room temperature as a 200-mM
solution in 1sopropanol

2. Mannitol buffer. For a 500-mL solution, add 250 mM manmtol (22 9 g), 5 mM
MgCl, (0 51 g) and H,0 to 480 mL. Add 0 5 mL DEPC, leave at 37°C overnight,
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autoclave, and equilibrate the buffer to 4°C. Add Tris-HCl, pH 8 0, to 25 mM and
B-mercaptoethanol to 10 mM Add PMSF to 1 mM immediately before use and
adjust the volume to 500 mL

95% Percoll stock solution This solution contains 95% Percoll (Pharmacia,
Uppsala, Sweden)/5% mannitol buffer Prepare the 95% Percoll stock solution in
a sterile beaker by mixing 70 mL of Percoll, 1 842 mL of 1M Tris-HCI, pH 8 0,
368 pL of 1M MgCl,, and 3 37 g of mannitol Remove 19 75 mL for the 75%
Percoll stock solution Just before use, add 57 5 pL B-mercaptoethanol and 216
puL of 200 mM PMSF stock solution Do not autoclave or filter the Percoll con-
taining buffers

75% Percoll stock solution Make a 25-mL solution containing 75% Percoll/25%
mannitol buffer To prepare the 75% Percoll buffer, mix 19 75 mL of the 95%
Percoll stock solution from step 3 and dilute with § 25 mL of mannitol buffer
containing 10 mM B-mercaptoethanol and 1 mM PMSF added immediately
before use

Polymerase elution buffer Prepare a 5-mL solution contaming 40% v/v glycerol,
200 mM (NH4),SO,4, 25 mM hydroxyethylpiperazine ethane sulfonic acid
(HEPES, pH 8 0), 5 mM MgCl, Immediately before use, add dithiothreitol (DTT)
to 3 mM, Aprotinin and Pepstatin to | pg/mL each, Leupeptin to 0 5 ug/mL, and
PMSF to 1 mM

4.3. Methods
4.3.1. Method for Isolation of SYNV Polymerase

1

Harvest 100 g of SYNV-infected N edwardsonu leaf tissue displaying netting
symptoms at 10—14 d postinoculation (7). Tissue frozen at —~80°C may be stored
for several months without detectable loss in polymerase activity

Grind tissue 1n liquid nitrogen 1n a stainless steel blender Using a reostat, start
the blender at medium speed, and add some liquid nitrogen Then add the frozen
tissue, hold the cover top down with an asbestos glove, and grind the tissue at the
highest setting 1n three 30-s bursts Lower the speed to a medium setting, and
remove the top, letting the remaining nmitrogen evaporate Do not stop the blender
between the bursts or until the nitrogen evaporates, because 1t will freeze up and
you will not be able to start 1t again

Quickly transfer the ground tissue into an Omnimixer (Dupont, Wilmington, DE)
Add 400 mL of chilled nucler extraction buffer, and mix at the highest setting to
get a uniform slurry Step 3 and all subsequent 1solation steps are performed at 4°C.
Put the slurry in a 600-mL beaker containing a stirbar While the solution stirs,
add Nonidet P-40 (NP40) to 0 6%, and stir for 5 min

Pour the cold slurry through autoclaved 350-um, 62-pm, then 44-pum nylon mesh
filters This 1s accomplished by attaching the meshes to a 2-L plastic beaker with
rubber bands. First, put a course mesh net on the bottom, then add the fine mesh
filter, the middle mesh, and another course mesh net on the top

Fulter the slurry by gravity flow. Then remove one mesh at a time and squeeze the
remaimng liquid into the beaker Save this filtrate Next, scrape the material from
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the course mesh back nto the omnimixer and mix with the remaining 100 mL of
nucler extraction buffer

Add NP40 to 0 6%, and filter this slurry through the meshes Combine this with
the first filtered slurry

Transfer the filtered slurry to 250-mL centrifuge bottles and centrifuge for 10
mun at 4000g 1n a Sorvall GSA rotor If the detergent has worked as expected, a
dark-green mass of disrupted chloroplast fragments should float to the top of the
bottles The pellet will contain the nucler and will be a grayish green Using a
vacuum, remove the top layer carefully, then carefully aspirate the buffer from
the pellet Wipe the sides of the bottles with kimwipes to remove the rest of the
dark-green supernatant

Gently resuspend the pellets 1n 95% Percoll stock solution and distribute to four
30 mL silanized Corex tubes (we use silanized tubes, because the mixtures tend
to stick to the surface of unsilanized glass) Bring each tube to ~15 mL with the
95% Percoll stock, gently mix, then gently pipet a 10-mL layer of manmitol buffer
over the resuspended Percoll pellets.

Centrifuge at 4°C for 10 min at 4000g 1n a Sorvall HB-4 swinging-bucket rotor
Collect nucler from the mannitol buffer/95% Percoll interface 1n each tube The
materal at this interface should be hight-green and very viscous Use a bent-tip
15-gage, or larger, diameter needle, or a ssmilar wide-bore device, attached to a
syringe, to collect the viscous band

Distribute the nuclet to two fresh 30-mL glass tubes, and dilute the nucler in each
tube to 15 mL with mannitol buffer After dilution, the concentration of Percoll
should be less than 50%

Underlayer 10 mL of the 75% Percoll stock solution to make a cushion on the
bottom of each tube

Centrifuge for 5 min at 4000g 1n the HB-4 rotor

Collect the nucle1 from the interface and the top half of the 75% Percoll layer and
pool them 1n one fresh 30-mL tube (see Subheading 4.4., Note 2)

Dilute the nucler to 25 mL with Mannitol buffer, and centrifuge for 5 min at
1000g in the HB-4 rotor Aspirate the supernatant from the nuclear pellet. At this
stage, the very loose pellet will be about 1-2 mL Shake the pellet gently to resus-
pend the nucler

Transfer the nucler from the pellet to 1 5-mL Eppendorf centrifuge tubes 1n
500-pL batches, using a wide-bore nstrument (e.g , a Prpetteman P-1000 with a
cutoff tip) If the pellet 1s too viscous to pipet, adding a small amount (~1-2 mL)
of mannitol buffer will facilitate the transfer

To recover the polymerase from the nuclei, add 500 pL of nucle:r to 1 5-mL
Eppendorf centrifuge tubes, and an equal volume of polymerase elution buffer to
each tube Then, add 50 U of RNasin (Promega) to each tube Rock the tubes
gently for 30 min at 4°C.

Centrifuge the tubes for 30 min at 16,000g in an Eppendorf microcentrifuge at 4°C.
Collect the supernatants from the tubes, pool, and mix the supernatants and store
as 200-pL aliquots Freeze the polymerase extract in liquid nitrogen and store at
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—80°C Usually, 3-5 mL of SYNV polymerase extract is obtained from 100 g of
tissue using this protocol

4 3.2. Polymerase Reactions

1

4.4.

For each reaction mixture, prepare 20 pL of the polymerase extract in a 200-pL
reaction. The final concentration of the reactants 1s 6 mM MgCl,, 50 mM
(NH),S0,, 12.5 mM HEPES, pH 8 0, 2 mM DTT, | mM ATP, 0 5 mM CTP, 0.5
mM GTP, and 20 pM UTP, plus 50 uCi of [a32P] UTP, 5 U of DNase I, 50 U of
RNasin (Promega), and 2% v/v glycerol.

Incubate the reactions at 28°C for various periods (see Subheading 4.4., Note 3)

Stop the reactions by adding SDS to 0 5% and EDTA to 5 mM React for 30 min
at 42°C with protemase K (500 ug/mL) to digest the proteins.

Extract the RNAs with phenol-chloroform and precipitate by adding 200 pL of
5M NH,Acetate and | mL of ethanol to 200 pL of extracted RNA

Figure 4 shows the results of a slot blot hybridization obtained from transcrip-
tions with purified nucler and extracted polymerase from uninfected and SYNV-
infected plants (see Subheading 4.4., Note 4)

Notes

Caution: DEPC 1s volatile, so a hood should be used at all times DEPC can
be extremely 1rritating to the eyes, mucous membranes, and skin when used
without ventilation DEPC can also cause loss of sensation 1n the fingers and
outer extremities when working 1n areas where high concentrations are
allowed to accumulate The compound is also suspected of being a carcino-
gen Therefore, it should always be used in a hood DEPC reacts with primary
amines and also 1nactivates both proteins and nucleic acids, so direct contact
with the agent can destroy the biological or biochemical activity of enzymes
and single-stranded nucleic acids Upon autoclaving, DEPC decomposes to
yield ethanol and CO,. Mixture with ethanol increases the solubtlity 1n H,O,
and a 50% solution disperses much more readily 1n solutions than concen-
trated DEPC.

Most of the nucle1 pellet through the 75% Percoll, but the SYNV transcriptase
activity 1n the pelleted nucler 1s far lower than that of the nucle1 from the 75%
interface From this result, we believe that the nucle1 containing the highest
amounts of polymerase activity have lower densities than nucler derived from
cells that do not contain actively replicating virus

The polyadenylated leader RNA, and full-length polyadenylated N, M2, sc4, M,
and G mRNAs appear in the order of their location on the SYNV genome By 6 h
postinoculation, full-length polyadenylated mRNA products can be detected by
selection with oligo(dT) cellulose chromatography

We have also analyzed the polymerase RNA products by a variety of other proce-
dures that are described in Wagner et al. (10) and Wagner and Jackson (20)
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Fig. 4. Slot-blot hybridization of RNA synthesized in reactions containing purified
tobacco nuclei and polymerase extracts from nuclei. For this experiment, unlabeled
DNA probes representative of various parts of the viral genome, or to a ribosomal DNA
clone from plants, were placed in individual slots and filtered onto a nitrocellulose mem-
brane support. The DNA was bound to the membrane, and radioactive RNA products syn-
thesized in 30-min polymerase reactions were used for hybridization. The probes were
derived from the SYNV (+)-strand leader RNA, the N, M2, sc4, M1, G, and L genes, and
a ribosomal RNA control. (A) Illustrates the hybridization of RNA products from purified
nuclei and polymerase extracts derived from SYNV-infected tissue (S) and from
uninfected plants (U). The results show that nuclei from SYNV-infected plants actively
synthesize abundant amounts of the SYNV leader RNA and the M2 RNA, as well as
host rRNA; the nuclei from uninfected plants synthesize only the host RNAs. In con-
trast, the polymerase activity eluted from the nuclei is specific for the SYNV RNA.
(B) Shows that nuclei from SYNV-infected plants synthesize each of the SYNV genes
and rRNA, and verify that nuclei from uninfected plants synthesize only rRNA.
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Hordeivirus Isolation and RNA Extraction

Diane M. Lawrence and Andrew O. Jackson

1. Introduction

The hordeivirus group of RNA viruses contains three members- barley stripe
mosaic virus (BSMV), poa semilatent virus (PSLV), and lychnis ringspot virus
(LRSV), with anthoxanthum latent bleaching virus (ALBV) considered to be a
possible fourth member (7). Hordeiviruses have a diverse host range; BSMV,
PSLV, and ALBV primarily infect members of the graminae, and LRSV 1s
known to infect several members of the dicots. As yet, no vectors have
been 1dentified that are capable of transmitting hordeiviruses. BSMV and
LRSV are transmitted through seed and pollen, with the efficiency being
dependent on many factors, including the virus strain, the host plant, and envi-
ronmental factors. However, to date, PSLV and ALBV have not been shown to
be seed-transmitted.

Hordeiviruses are tripartite viruses containing a positive-sense single-
stranded RNA genome. Each genome 1s encapsidated within a rod-shaped
(100—160 nm 1n length) particle that is comprised of a single-capsid protein
species (Fig. 1). Extensive studies have been performed on the type mem-
ber of the group, BSMYV, and therefore we will focus on this member through-
out this chapter.

The three genomes of BSMV are designated a, B, and Yy The o and P
genomes are 3.8 and 3 3 kb 1n size, respectively, but the y genome differs in
size depending on the strain; for example, the ND 18 strain is 2.8 kb, and the
type strain is 3.2 kb 1n size. The complete nucleotide sequences of the a, B, and
y genomes of the type strain of BSMV have been known for several years (2—
4). The availability of infectious transcripts has permitted mutational analyses
and dissection of the viral genome, to further our understanding of the BSMV
infection process.
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Fig. 1. Hordeivirus morphology. Electron micrograph of negatively stained par-
ticles of BSMV. The virus particles are ~25 nm in width and vary in length from
~100 to 160 nm.

The genome organization of BSMV is shown in Fig. 2. All three RNAs have
a 7-methylguanosine cap at the 5' terminus and a conserved 3' region contain-
ing an internal poly(A) tail directly following the stop codon of the 3' proximal
open reading frame (ORF). Following the poly(A) tail is a 238 nucleotide
tRNA-like structure that is capable of binding tyrosine in vitro. The a, B, and y
genomes are required to establish a systemic infection in plants; the o and y
genomes are sufficient for viral RNA replication in protoplasts (5). The a
genome encodes a single 130-kDa protein (ca) that contains both methyl trans-
ferase- and nucleotide-binding domains. At least four proteins are encoded by
the B genome: Ba (23 kDa) is followed by an intergenic region that precedes a
series of overlapping genes, designated the triple gene block. The triple gene
block encodes proteins of 58 kDa (Bb), 14 kDa (Bd), and 17 kDa (fc). The Ba
protein is the BSMV capsid protein, but, despite its role in formation of virus
particles, it is not essential for systemic spread (6). b is known to bind RNA
and nucleotide triphosphates in vitro. Hence it is speculated that it has a role as
an RNA helicase in vivo, even though in vitro helicase activity has not been
associated with the purified protein (7). Bd and B¢ are both hydrophobic pro-
teins, and immunolocalization of Bd in infected barley tissue has shown that it
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Fig 2 Genetic organization of BSMV. The filled circles and rectangles represent a
cap structure and a tRNA-like structure, respectively. The sgRNAs utilized for expres-
ston of the 3' proximal genes are depicted directly beneath the genomes

1s associated with the cell wall and membrane fractions (8). Mutational analy-
s1s of the triple gene block has shown that Bb, Bd, and Bc are each essential for
systemic infectivity in barley (6). It 1s postulated that Bb, Bd, and Bc are
expressed 1n vivo from two subgenomic (sg) RNAs that are 2.5 and 0.96 kb
in size (9) When 1n vitro generated transcripts of the 3 3 kb genomic RNA
and the 2.5 kb sgRNA containing authentic 5' termin1 were used to program
1n vitro translation reactions, the coat protein, and the b protein, respec-
tively, were detected. However, the 0.96 kb RNA served as an mRNA for synthe-
s1s of the Bd protein, minor amounts of a translational readthrough product, pd’,
and Bc (9)

The y genome encodes two proteins of 74 kDa (ya) and 17 kDa (yb) 1n size
The ya protein contains the GDD domain present in polymerase proteins of
single-stranded positive-sense RNA viruses, and is strictly required, 1n concert
with aa, for viral replication (16). The yb protein 1s cysteine-rich and 1s
expressed from a sgRNA (11). yb 1s known to affect virulence and expres-
ston of genes encoded by RNAP; however, its biochemical function in
infection 1s unclear at this time. It has been demonstrated that yb protein
can bind nucleic acid (72) and that deletion of this gene attenuates viral
replication; mutations 1n the cysteine-rich domain affect the symptom phe-
notype in barley (13) Thus far, all the proteins encoded by BSMV, except
for Bc, have been detected in infected barley tissue during infection.
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Table 1
Preparation of Sucrose Solutions for 6—24% (w/v) Sucrose Gradients

% (w/v) Sucrose solutions

6% 12% 18% 24%
60% (w/v) Sucrose 25mL 10 mL 15 mL 20 mL
200 mM Potassium 12 5mL 25 mL 25 mL 25 mL
phosphate buffer, pH 6 8
20% (v/v) Triton X-100 125 uL 250 yL 250 uL 250 uL
H,0 9875 mL 14 75 mL 975 mL 475 mL
2. Materials

1

2

Borate buffer 0 SM boric acid (H3BO3), bring to pH 9 0 with NaOH Store at
room temperature indefinitely Chill the buffer to 4°C prior to virus purification
20% (v/v) Triton X-100 Add 20 mL of Triton X-100 to 80 mL of H,O and auto-
clave for 5§ min When the solution cools to approx 60°C, swirl intermittently to
prevent two phases from forming Store at 4°C indefinitely

Potassium phosphate buffer Mix equal quantities of 200 mM solutions of
KH,PO, and K,HPO, and store at 4°C The pH of this solution should be 6 §
Dilute 200 mM potassium phosphate to obtain 50 mM and 10 mM potassium
phosphate buffers and store at 4°C

60% (w/v) Sucrose Dissolve 60 g sucrose to 100 mL with H,O, store frozen
or at 4°C.

20% (w/v) Sucrose pad Mix 30 mL of 60% (w/v) sucrose, 54 mL of 0 5M borate
buffer, pH 9.0, 4.5 mL of 20% (v/v) Triton X-100 and 1 5 mL of H,O

6-24% (w/v) Sucrose gradients Prepare 24, 18, 12, and 6% (w/v) sucrose solu-
tions (see Table 1)

Proteinase K (2 mg/mL) in H,O Store at —20°C.

Bentontte, prepared as described by Fraenkel-Conrat et al (14) Stir 5 g of bento-
nite in 100 mL of H,O, making sure that the bentonite 1s suspended well Centri-
fuge at 600g for 10 min. Recover the supernatant and recentrifuge at 8000g for
20 min. Resuspend the pellet in 100 mL of 100 mM disodium ethylenedia-
minetetraacetate (EDTA), pH 8 O Break the pellet up well with a glass rod and
stir for 48 h at room temperature Perform the two centrifuge steps as described
previously Resuspend the pellet obtained following the second centrifuge step in
100 mL of 10 mM sodium acetate, pH 6 0 Break the pellet up and stir overmight
at room temperature. Centrifuge at 8000g for 20 min Resuspend the pellet in 10
mL of 10 mM sodium acetate, pH 6 0. Determine the concentration of bentonite
by adding 1.0 mL of bentonite to a preweighed weighing boat Dry off the hquid
n an oven at 60°C overnight and determine the weight of the bentonite Dilute
the bentonite to 10 mg/mL with 10 mM sodium acetate, pH 6 0 Store the bento-
nite stock at —20°C.
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9

10.

11.

12

13

Ammonium carbonate buffer (pH 9 0). 200 mM ammonium carbonate, 2% (w/v)
sodium dodecyl sulfate (SDS), 2 mM disodium EDTA and 200 mg/mL bentonite
Kirby’s phenol Take a 500-g bottle of crystalline phenol and add 50 mL m-cresol,
0 5 g 8-OH quinoline, and 0 1M Tris-HCI, pH & 8, to saturation Store 1n a dark
bottle at 4°C.

Phenol-chloroform (1 1) Mix equal volumes of Kirby’s phenol and chloroform
and store 1n a dark bottle at 4°C

3M sodium acetate, pH 4 8 24 6 g sodium acetate 1n 75 mL H,O, pH to 4 8 with
glacial acetic acid, and make up to 100 mL with H,O

TAE 40 mM Trns-acetate, pH 7 5, 1 mM EDTA 20X stock solution 96 8 ¢
Tris base, 22 8 mL glacial acetic acid, 40 mL 0 SMEDTA in I L Dilute to 1X
prior to use

3. Methods
3.1. Virus Purification

Extensive work on hordeivirus purification was mitially carried out by

Myron Brakke The purification described here 1s based on this methodology
and incorporates minor modifications to the method described by Jackson and
Brakke (15)

1

2

Collect BSMV-infected plant tissue, approx 7-10 d postmoculation Use imme-
diately, or store at 4°C for up to a week (see Note 1)

Cut the leaves nto approx 2-cm pieces and extract i borate buffer (300 g tissue
300 mL buffer) Usually 100 g of tissue are blended in 300 mL of buffer in a
Waring blender at high speed for 2 min, or until the tissue 1s ground into a
fine slurry

Squeeze the extract through several layers of cheesecloth to remove the macer-
ated pulp

The filtrate 1s returned to the blender, another 100 g of tissue are added, and the
extraction 1s repeated. The resuiting filtrate 1s then used for a third round of
extraction The final volume of the filtrate should be 350400 mL

Centrifuge the filtrate at 3000g for 10 min

Remove the supernatant and measure the volume. Then add 0.05 vol of 20% (v/
v) Triton X-100 to the supernatant and stir for 10 min at room temperature to
dissociate membranes and chloroplast material

Add 7 mL of the 20% (w/v) sucrose pad to twelve 30-mL polycarbonate centri-
fuge tubes Carefully layer the tissue extract over the sucrose pad, causing as
little disturbance to the sucrose pad as possible Centrifuge at 180,000g for 1 h at
4°C 1n a fixed-angle rotor

Decant the supernatants, including the sucrose pad, and resuspend each pellet in 4 5
mL of 50 mM potassium phosphate buffer, pH 6.8 To ensure that the pellets are
suspended, a glass homogemzer 1s used to disperse the insoluble material 1nto a fine
suspension Combine the resuspended pellets 1n a beaker and stir at 4°C for 30 min
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9. Centrifuge the resuspended pellets at 2000g at 4°C for 10 min Remove the
supernatant. Be careful not to transfer any particulate matter from the pellet and
adjust the volume to 57 mL with 50 mM phosphate buffer, pH 6 8. Add 3 mL of
20% (v/v) Triton X-100 and stir at 4°C for 10 min,

10 Prepare six 25-mL discontinuous step gradtents in 25 x 89-mm centrifuge tubes
These gradients can be prepared just prior to use. Carefully layer 7 mL 24% (w/v)
sucrose, 7 mL 18% (w/v) sucrose, 7 mL 12% (w/v) sucrose, and 4 mL 6% (w/v)
sucrose 1mto the tubes It 1s not essential that you keep the interfaces between the
layers sharp, because the gradients are primarily being used for flotation during
pelleting of the virus

11 Layer 10 mL of the extract over each of the sucrose gradients and centrifuge at
80,000¢g 1n a swinging bucket rotor for 3 h at 4°C

12 Remove the gradients and resuspend the first pellet in S mL of 10 mM potassium
phosphate buffer, pH 6 8 Transfer the suspended pellet to the next tube and
resuspend each pellet sequentially 1n the original 5 mL of buffer. Resuspend any
clumps with a glass homogenizer immediately, because aggregation can occur at
this point If the pellets are green, they should be dituted to 9 5 mL with 10 mM
potassium phosphate buffer, pH 6 8, and 0 5 mL of 20% (w/v) Triton X-100,
thoroughly mixed into the solution This 1s followed by repelleting through a
single 6-24% (w/v) sucrose gradient, as described 1n step 10.

13 Immediately centrifuge the suspended pellets at 2000g for 10 min at 4°C to
remove nsoluble material

14 Remove the supernatant and measure the absorbance spectrum from 220 to 320
nm The extinction coefficient at 260 nm 1s 2 6 OD/mg for BSMV

15 Normal yields for BSMV from barley leaves are 1-2 mg virus/g tissue

16. If the preparation 1s to be stored, add ethylene glycol to 5% and store at —~20°C
(see Note 2)

3.2. Viral RNA Extraction

This protocol 1s based on a modification of the protocol described by Jack-
son and Brakke (75).

1 Dulute the virus to approx 5 mg/mL 1 10 mM potassium phosphate buffer, pH

6 8, or H,O to yield a volume of approx 2.5 mL

Add 100 pL of 2 mg/mL proteinase K and incubate on ice for 30 min

Add 2 6 mL of ammonium carbonate buffer, pH 9 0, and mix well

Add 5 2 mL of phenol-chloroform and vortex well to emulsify

Centrifuge at 7000g for 5 min to separate the aqueous and organic phases

Remove the upper aqueous phase, being careful not to disturb the interface, and

transfer to another tube

Repeat steps 4-6

8 To precipitate the RNA, measure the volume of the aqueous phase and add 1/20th
volume of 3Mf sodium acetate, pH 4 8, 2 vol of ethanol, and place at —20°C for
several hours

[ R S
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9 Centrifuge at 7000g at 4°C for 15 min, decant the ethanol, and drain the tube well

10 Resuspend the pellet in | mL H,0 and add 3 mL of 4M sodium acetate, pH 6 0,
and incubate on 1ce for 2 h. This step precipitates single-stranded RNA but tends
to solubilize protein and DNA contaminants that are insoluble 1n ethanol

11. Centrifuge as before, drain the pellet well, and resuspend the pellet in 2 mL H,0
Note: This pellet 1s more difficult to resuspend than the previous ones, so a larger
volume of H,O is added Add 2 vol of ethanol, plus 0 05 vol of 3/ sodium acetate,
pH 4 8, incubate at —20°C, and centrifuge as before

12 Resuspend the pellet 1n 500 pL. H,0 and determine the concentration of RNA by
measuring the absorbance at 260 nm and scan the sample from 210-310 nm 1
OD at 260 nm is equal to a concentration of 40 uyg/mL RNA

13. To check that the RNA 1s not degraded, analyze a portion on a 1% (w/v) agarose
gel prepared in 1X TAE

4. Notes

1 Hordeivirus particles tend to aggregate because the particles have a strong nega-
tive charge and, hence, polycations will interact with them When performing the
virus purification, try to complete 1t 1n 1 d, because aggregation of the particles
mcreases as the time used for purification increases

2 If BSMV 1s stored 1n 5% ethylene glycol at —20°C, 1t remains infectious for
many years
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Furovirus Isolation and RNA Extraction

Salah E. Bouzoubaa

1. Introduction

The Furovirus (fungus-transmutted rod-shaped) group, whose type member
1s soil-borne wheat mosaic virus (SBWMV) (1), 1s a very heterogeneous group
infecting a wide variety of hosts The group consists of viruses that are natu-
rally transmitted by soil-borne fungal vectors, generally of the family
Plasmodiophorales Virions are rigid rods and contain two or more genome
components consisting of positive-sense RNA. Furoviruses typically infect
roots, but can also invade, or be moculated to, leaves. As sequence data for
different furoviruses has become available, 1t has become clear that there are
significant differences 1n genetic organization within the group (2,10). We find
1t convenient to divide the viruses mto two major subgroups (Fig. 1), which are
distinguished by the nature of the protein(s) putatively involved 1n cell-to-cell
movement, Subgroup 1 consists of SBWMYV, which appears to have a move-
ment protein (MP) of the type characterized by the 30-kDa protein of tobacco
mosaic virus (TMV) (6) Subgroup 2 furoviruses (beet necrotic yellow vein
virus [BNYVV], peanut clump virus [PCV], and potato moptop virus [PMTV])
do not have a TMV type MP but instead possess a cluster of three shghtly
overlapping genes known as the triple gene block (TGB), which has been
shown for BNYVYV (11), and 1s presumed for the other viruses (7—9) to mediate
viral cell-to-cell movement

Within Subgroup 2, there are further differences 1n genetic organization con-
cerning the number of genome components (four for BNY VYV, three for PMTYV,
and two for PCV) and the manner in which other genes are distributed upon
them (Fig. 1). For example, in BNYVV and PCV, the TGB and the coat protein
(CP) are situated on the same genome component; in PMTYV they fall on sepa-
rate RNAs. These changes have presumably arisen from gene shuffling in the
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Fig 1 Genetic organization of characterized members of the furovirus group RNAI
of PMTV has not yet been sequenced, but presumably encodes the viral replicase
ORFs are represented as hollow rectangles. Asterisks indicate suppressible termina-
tion codons TGB, tripe gene block, Cys-rich, cysteine rich protein, CP, coat protein,
mvt, putative movement protein of SBWMYV, AA, poly(A) tail, black rectangle, con-
sensus core polymerase motif (12).

course of evolution It should also be mentioned that the replicase sequence
encoded by RNA1 of BNYVYV 1s taxonomically distant from the putative rep-
licases of the other furoviruses (6,12) In spite of the aforesaid differences,
however, 1t 1s important to note several elements that are common to all four
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sequenced furoviruses: first, the 5'-proximal position of the CP cistron on a
genomic RNA; second, the presence of an open reading frame (ORF) adjacent
to the CP cistron, which 1s expressed by translational readthrough for BNYVV
(13,14), SBWMYV (6,15), and probably PMTYV (10), and by ribosome scanning
for PCV (7,16) In the case of BNYVYV, this protein has been implicated 1n
fungus transmussion (77). Finally, all the characterized furoviruses have an
OREF for a small cysteine-rich protein, which has been shown in the case of
BNYVYV to be involved in regulation of CP expression (18).

At present, a dozen viruses have been classified within the furovirus group
(19), and, for each of them, a distinct purification procedure (or several such
procedures) has been described. Because of this diversity, this chapter will only
detail the technique described by Putz and Kuszala (see ref. 20), which i1s cur-
rently used in slightly modified form n this laboratory for large-scale purifica-
tions of BNYVV, However, significant differences with the purification
methods for other well-studied furoviruses are mentioned in Subheading 4.

Generally speaking, furoviruses do not multiply well in their hosts (79).
Another obstacle to their purification is a tendancy of the virions to self-aggre-
gate or to adhere to large cellular components. Aggregation is reported to be
particularly severe in the case of PMTV and Nicotiana velutina mosaic virus
(NVMV) (21-23). Consequently, yields of purified virus rarely exceed 30 mg/kg
of leaves However, the method described 1n this chapter has given yields of
BNYVV of as much as 80 mg/kg of leaves of the local lesion host Chenopo-
dwm quinoa.

2. Materials

1 Plant host C gquinoa, aged 7-8 wk

Inoculum. Freshly ground leaves of infected C quinoa Leaves that have been

frozen for some weeks or lyophilized (preferable) can also be used

Inoculum buffer (4X): 0 2M potasstum phosphate, pH 7 0

Abrasive powder Celite.

Sterile cotton, mortar, and plastic gloves

Variable speed food blender of approx 1-L vol

Extraction buffer. Sterile 0 1M sodium tetraborate, adjusted to pH 9 0 with

boric acid

Clarification agent carbon tetrachloride (CCly)

Miracloth or equivalent filter tissue

10 Precipitation agent NaCl (8 g/L of clarified sap), polyethylene glycol (PEG) 6000
(20 g/L of clarified sap)

11. 20% Sucrose cushion (w/v) prepared in 10 mM extraction buffer

12 Low-speed centrifuge equipped with fixed-angle rotors and with tubes of capac-
ity approx 0.5 L, 0 25 L, and 30 mL Ultracentrnifuge with fixed-angle rotor and
accepting ultracentrifuge tubes of approx 25 mL

NowAewL N
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13 RNA extraction. Phenol saturated with 10 mM Tris-HCI pH 8 0 Saturated
phenol chloroform (1 1). Distillated ethanol Sterile SM NaCl Sterile dH,O
Microcentrifuge tubes

3. Method
3.1. Virus Isolation

1 For the moculum, grind heavily infected C quinoa leaves in a cold mortar in 50
mM moculum buffer. About 30 mL of buffer 1s used for five leaves. This amount
of inoculum 1s sufficient for inoculation of 60 C quinoa plants, which will yield
approx 200 g of infected leaves (see Note 1) for virus extraction Be careful to
maintain the moculum on ice at all times. Leaves sprinkled with Celite are
mechamcally inoculated with a wad of cotton saturated with inoculum When all
the plants are inoculated, wash the leaves with water 1n order to eliminate excess
inoculum and Celite

2. After moculation, the plants are mamntamed for 9-13 d in the greenhouse (see
Note 2) in the following conditions 16 h light at 22-24°C, 8 h dark at 16—-18°C,
with 65-85% humidity. Infected leaves are harvested, weighed, and homogenized
1n the blender 1n the presence of 170 mL cold extraction buffer and 100 mL cold
CCly for 100 g of leaves (see Note 3). Add the leaves little by little at low speed,
and, when all the leaves are 1n the blender, cover 1t and blend at high speed for 2-
3 min to obtain a uniform homogenate

3 Decant the homogenate into the 0 5-L centrifuge tubes and centrifuge at 9000g
for 30 min at 4°C.

4 Filter the supernatant through Miracloth into a big beaker or other recipient

Measure the volume and then add (with stirring) solid NaCl, and then solid PEG,

to concentrations of 0 8 and 2%, respectively

Let the mixture precipitate for at least 2 h 1n the cold room, with gentle stirring

6 Pour the liquid mto the 0 25-L centrifuge tubes and centrifuge at 17,000g for 20
min at 4°C
7 Resuspend the pellets in 100 mL (total volume) of 10 mM extraction buffer and
let the virus resuspend overnight at 4°C, with gentle stirring The following day,
centrifuge the viral suspension in 30-mL centrifuge tubes at 5000g for 20 min
(see Note 4) to remove debris

8 Combine the supernatants and repeat the precipitation (0 8% NaCl, 2% PEG) for
2hat4°C

9 Centrifuge the viral suspension 1n the 30-mL centrifuge tubes at S000g for 30
min The pellets are resuspended 1n 35 mL (total volume) of 10 mM extraction
buffer overmight, with gentle stirring at 4°C

10 The viral suspension is again clarified by 30 min centrifugation at 5000g at 4°C

and the supernatant 1s retained

11. Two 25-mL ultracentrifuge tubes are each filled with 7 mL of a 20% sucrose

cushion, upon which 17.5 mL of the supernatant is overlaid The tubes are centri-
fuged for 2 h at 100,000g at 4°C

n
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12 The viral pellets are gently resuspended overnight in 0 5 mL of 10 mA/ extraction

buffer and the optical density (OD) at 260 nm 18 measured on an aliquot after a
1 100 dilution The virus concentration (C) 1s established according to the fol-
lowing formula C (mg/mL) = OD x 100/3 2 The number 1n the denominator 1s
the weight extinction coefficient (20) In general, we obtain, depending on the
viral isolate, 20-80 mg/kg of leaves (see Note 5). The virus so obtained can be
stored at 4°C for a few days or frozen at--20°C for several months, but its infec-
tivity decreases abruptly after the first few days.

3.2. RNA Extraction

1

For RNA extraction, transfer the viral suspension to Eppendorf tubes and add
NaCl to a final concentration of 200 mM Extract with phenol for 5 min, with the
tubes being placed in 1ce from time to time Mix vigorously during the phenol
extraction, to produce a good emulston Centrifuge for 5 min at 8000g and remove
the supernatant to new sterile tubes Repeat the extraction two times, but with
phenol chloroform rather than phenol Add 2 vol of ethanol to the supernatant
and let the RNA precipitate at —20°C The RNA can be stored 1n this form for
several months or years, and then collected by centrifugation at 17,000g for
15 mim. The RNA pellet 1s washed once with 70% ethanol, followed by cen-
trifugation, as above, the pellet 1s dried and then dissolved 1n a small volume of
sterile water

The RNA concentration can be determimed by spectrophotometry at 260 nm The
concentration (mg/mL) = OD x dilution factor/25 The viral RNA constitutes
approx 5% of the particle, with an 80% RNA extraction yield, we obtain 0 8-4
mg of viral RNA from a virus preparation

4. Notes

1

Note that the host used 1s C quinoa, which gives a local lesion response to
BNYVV The lesions differ somewhat 1n size and appearance, depending on the
viral 1solate Isolates carrying RNA3 produce intense yellow lesions, which have
a tendency to extend along the veins (24) These 1solates give the best purifica-
tion yield Isolates carrying only RNA-1 and RNA-2 induce mild chlorotic local
lesions and give a lower purification yield. Systemic infection hosts, such as spin-
ach (Spinacia oleracea), did not give superior yields of BNYVV (20). For other
furoviruses (for example, SBWMYV or PMTV (23,25,26), systemic infection hosts
have been used for viral propagation and purification

The viral multiplication period depends on the season, being short 1n the summer,
when the light intensity 1s strong, and longer n the winter The best time to har-
vest infected leaves 1s when the lesions are well visible, but the leaves are still
green Do not wait until the leaves become senescent For other furoviruses
(SBWMV or PMTYV), leaves are harvested for 3—4 wk postinoculation (25,26)
The clarification agent changes from one virus to another For PCV, the organic
solvent 1s a mixture of butanol and chloroform (27) Sap clarification with an
organic solvent 1s omitted for viruses such as PMTV or NVMV (21-23), for
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which heavy losses caused by aggregation would occur during centrifugation

These viruses are purified from pellets obtained during the first sap centrifuga-
tion, using Triton X-100 and/or urea as detergent

Large cellular components are ehiminated at this stage, but there 15 a risk of also
losing aggregated viral particles So 1t 1s necessary to let the virus resuspend
slowly at 4°C with gentle stirring Some viral particles may be damaged, but the
losses will be less important during centrifugation (Ethylenedimtrolo)tetra-ace-
tic acid (EDTA), which 1s employed 1n many virus purification protocols, and
which 1s thought to favor virus disaggregation, 1s, curiously, not used in most
furovirus purtfication protocols

The virus can be further purified by ultracentrifugation through a Nycodenz
(Nycomed, Oslo) gradient (28) In this case, the virus 1s adjusted to a volume of
8 4 mL, with 10-times-diluted extraction buffer, and 5.85 g of Nycodenz are
added The volume 1s then adjusted to 11 5 mL with the same buffer, followed by
centrifugation at 300,000g overnight at 15°C m a vertical rotor The opalescent
band 1s collected and diluted with the 10-times-diluted extraction buffer Virus 1s
then concentrated by ultracentrifugation
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Tobravirus Isolation and RNA Extraction

Sally C. Taylor

1. Introduction

The tobraviruses have a genome consisting of two positive-sense, single-
stranded RNA molecules The two genomic RNAs, RNA-1 and RNA-2, are
encapsidated separately in rod-shaped particles with lengths of 180-215 nm (L
particles) and 46-115 nm (S particles), respectively (Fig. 1) (1,2). Both the
RNAs are encapsidated by a single species of coat protein (CP) with a mol wt
of approx 23 kDa. Tobraviruses can be divided into three serologically dis-
tinct subgroups- tobacco rattle virus (TRV), which 1s the type member, pea
early browning virus (PEBV), and pepper ringspot virus (PRV). In the field,
these viruses are transmitted by soil-inhabiting nematodes of the family
Trichodoridae, and certain isolates are also transmitted through the seed.
Tobraviruses can fect a wide range of plant species including economically
important crops such as potatoes and ornamental bulbs.

The nucleotide sequence of several tobraviruses has now been determined
(3—8). This revealed that RNA-1 of each of the three virus subgroups 1s of a
similar size (6.8—7.0 kb) and contains at least four open reading frames (ORFs)
(Fig. 1ai and bi). RNA-2, however, varies considerably in length (1 8—4.5 kb),
even between 1solates of the same subgroup, and may contain 1-4 ORFs (Fig.
1aii and bii). Both RNA-1 and RNA-2 have a 7-methylguanosine cap structure
at the 5' end and a tRNA-like structure at the 3' end (2,9).

The genomic organization of RNA-1 of tobraviruses is very similar to the
monopartite tobamovirus, tobacco mosaic virus (TMV) (10). The two 5' proxi-
mal ORFs on RNA-1 of the type member TRV encode proteins of 134 and 194
kDa. The 134-kDa protein terminates in an opal (UGA) stop codon and
readthrough of this codon results m the production of a 194-kDa protein. The
134- and 194-kDa proteins have been found to share ammno acid homology
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Fig. 1. Tobravirus structure and genome organization. (ai) Genome organization of
RNA-1 of TRV isolate SYM. (aii) Genome organization of RNA-2 of various TRV
isolates. (bi and bii) Genome organization of RNA-1 and RNA-2 of PEBV isolate
SP5. RNA is shown as a horizontal line and the positions of the open reading frames
(ORFs) are indicated by boxes. The numbers inside the boxes are the approximate
mol wt in kDa of the proteins encoded by each ORF. The coat protein ORF is
denoted by CP. The position of the readthrough termination codon on RNA-1 is
indicated by an asterisk.

with the TMV 126- and 183-kDa replicase proteins. The third ORF on TRV
RNA-1 encodes a 29-kDa protein that has homology with the TMV 30-kDa
movement protein. Unlike TMV, the 3' proximal ORF on TRV RNA-1 does not
encode the CP, but encodes a cysteine-rich 16-kDa protein. Although the func-
tion of this protein is not yet known, it is thought that in PEBV the equivalent
12-kDa protein may have a role in virus multiplication (S. A. MacFarlane, per-
sonal communication).

The TRV 29- and 16-kDa proteins are coded by RNA-1, but they are not
translated directly from the genomic RNA and are expressed from individual
subgenomic RNA species that are 3' coterminal with RNA-1 (11). TRV
RNA-1 also has the potential to code for a 59-kDa protein by translation of
an internal ORF. This ORF initiates at an AUG codon present 87 nucle-
otides downstream of the termination codon for the 134-kDa protein and ter-
minates at the stop codon for the 194-kDa protein. This protein has not been
detected; however, plants transformed with the equivalent readthrough regions
of PEBV and TMV have been found to be resistant to subsequent infections
with the same viruses (712,13).
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The tobraviral CP 1s the 5' proximal gene on RNA-2, but 1t 1s not translated
efficiently from the genomic RNA and 1s expressed from a 3' coterminal
subgenomic RNA (4,5). The CP 1s thought to be an important determunant of
nematode transmission (14). Additional ORFs have been 1dentified on RNA-2
of several tobravirus isolates. Some TRV RNA-2 species have undergone
recombination 1n the 3' region with part of the same region of RNA-1, and thus
carry part or all of the RNA-1-coded 29K and 16K genes (3-5,15) TRV
1solate TCM and PEBYV 1solate SP5, RNA-2, contain an ORF for a 29.1-
and a 29.6-kDa proten, respectively (5,8). Sequence comparison of RNA-2
of nematode-transmittable and nematode-nontransmittable 1solates of PEBV
suggest that the 29 6-kDa protein may be involved 1in nematode transmission
(16). There 1s evidence that the additional 9- and 23-kDa ORFs on PEBV (SP5)
RNA-2 may also have some function in vector transmission (S. A MacFarlane,
personal communication).

2. Materials
2.1. Purification of Virus

[ Celite
2. 30 mM Sodium phosphate buffer, pH 7 5
3 Virus extraction buffer 50 mM sodium phosphate buffer, 0 15% thioglycollic
acid (v/v) Add | 5 mL of thioglycollic acid to 250 mL 200 mM Na,HPQ, and
550 mL of distilled H,0, adjust to pH 7 5 with NaOH, and make up to 1 L. with
distilled H,O Make buffer up fresh and keep at 4°C (Caution: Wear gloves
when handling thioglycollic acid and use 1n a fume hood )
Commercial blender
Muslin
Polyethelene glycol (PEG), mol wt = 6000
Sodium chloride (NaCl)
Chloroform'butan-1-0] 1 1 (v/v) (Caution: Wear gloves and use solvents in a
fume hood.)

9 Sucrose cushion. 30% sucrose 1n 30 mM sodium phosphate buffer, pH 7 5
10 10 mM Tris-HCL pH 7 5

2.2. Extraction of Viral RNA

Deoxyribonuclease I (DNase I) RNase-free

1 X DNase reaction buffer- 50 mM Tris-HCI, pH 7 9, 5 mM MgCl,

EDTA

Proteinase K

1X Proteinase K buffer 100 mM Tris-HCL, pH 7 4, | mM EDTA, 0 1% SDS
Tris-equilibrated phenol, pH 8 0 (Caution: Wear gloves and use 1n fume hood)
Chloroform/i1soamyl alcohol 24 1 (Caution: Wear gloves and use in fume hood)
Phenol/chloroform 1soamyl alcohol 1 1

o BEN B o SRV TN TN
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9 3M Sodium acetate, pH S5 5
10. 70 and 100% Ethanol

3. Methods
3.1. Purification of Virus

The virus purification method described 1n this chapter has been developed
to purify PEBV from Nicotiana benthamiana or Nicotiana clevelandin This
method has proved equally successful for purifying TRV from Nicotiana
tabacum. An alternative method 1s also included (see Note 4). Chenopodium
amaranticolor 1s a local lesion host for both viruses and can therefore be used
as an imdicator plant for infection

1 Take plants at the 45 leaf stage, dust one leaf with Celite and mechanically
moculate with virus (see Notes 1 and 2)
2. Harvest plants 10-12 d postinoculation and, using a blender, homogenize the
tissue 1n approx 2 vol of 50 mM sodium phosphate buffer, pH 7 5, containing
0 15% (v/v) thioglvcollic acid, adjusted to pH 7 5, with NaOH (see Notes 3
and 4)
3. Freeze the homogenate at —20°C for 1-2 wk, and then aliow 1t to thaw slowly
overnight to room temperature
4 Clanfy the homogenate by filtering through two layers of musln, followed by
centrifugation at 10,000g for 5 min at 4°C
5 To precipitate virus particles from the supernatant, add PEG 6000 to a final con-
centration of 10% (w/v) and NaCl to 2% (w/v), at room temperature, then stir
slowly at 4°C for 3 h (see Note 5)
6 Pellet the virus by centrifugation at 15,000g for 15 min at 4°C, and resuspend 1n
30 mM sodium phosphate buffer, pH 7 5 (see Note 6)
7 Clanfy the resuspended virus by centrifugation at 10,000g for 5 min
8 To remove any remaining plant material, extract the virus suspension with an
equal volume of chloroform butan-1-ol 1 1 Collect the upper layer containing
the virus by centrifugation at 2500g for 5 min
9 Re-extract the chloroform butanol lower layer with distilled water, then pool the
aqueous upper layers and re-extract with chloroform-butanol (see Note 7)
10 Pellet the virus by centrifugation for 4 h at 85,000g and 18°C and resuspend 1n 10
mM Tris-HCI, pH 7 5 (see Note 8)
11 If the virus 1s to be further purified, resuspend the viral pellet in 30 mM sodium
phosphate buffer, pH 7 5, and layer the suspension onto a 30% sucrose cush-
1on Sediment the virus by centrifugation for 2-3 h at 140,000g and 15°C in a
swing-bucket rotor and resuspend the pellet in 10 mM Tris-HCI, pH 7 5 (see
Note 9)
12 To determine the concentration of the virus measure the optical density (OD) at
260 nm. An ODy¢ of 3 = 1 mg/mL for TRV and PEBV. An OD,4/OD,4 ratio of
1 15 1s expected for a pure tobravirus prep
13. Store virus at 4°C
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3.2. Extraction of viral RNA

L.

To remove any contaminating host DNA, incubate the purified virus for 2 h on ice
with 25 pg/mL RNase-free DNase I 1n 1X DNase buffer Stop the reaction by
adding EDTA to 17 mM

Incubate the virus at 37°C for 2 h with 200 pg/mL proteinase K 1n 1X proteinase
K buffer to 1solate RNA from the virus particles (see Note 10)

To extract the RNA, add 1 vol of phenol, and vortex vigorously Separate the two
phases by centrifugation at 10,000g for 5 min

Remove the aqueous upper layer and re-extract 1t with an equal volume of
phenol chloroform-1soamylalcohol (1 1)

Pool the aqueous layers and precipitate the RNA with 0 | vol of 3M sodium
acetate, pH 5 5, and 2 5 vol of ethanol and collect the RNA by centrifugation
Wash the pellet with 70% ethanol, then dry the RNA under vacuum and resus-
pend 1n sterile distilled water

To determine the concentration of RNA measure the OD at 260 nm using an
OD,¢o 0f 25 = 1 mg/mL, or, alternatively, estimate the concentration after analy-
sts by electrophoresis on an denaturing agarose gel (see Note 11)

4. Notes

1

Sap from a virus-infected plant or purified virus can be used as an inoculum Sap
1s prepared by grinding virus-infected tissue 1n 30 mM sodium phosphate buffer,
pH 7 5 (1 g tissue/1 mL buffer) The sap 1s then diluted 1 10 with 30 mM sodium
phosphate buffer, pH 7 5, and 20 L 1s inoculated onto each plant The moculum
is stored at —20°C 1n an undiluted form Alternatively, plants can be inoculated
with purified virus at a concentration of approx 10 ug/mL

Local lestons should appear on Chenopodium indicator plants 3—5 d postinocula-
tion, confirming the infectivity of the inoculum

Harvest whole plants, remove the roots, and homogenize the remaining plant
matertal 200-300 g of plant tissue should yield approx 20-30 mg of virus
Tobraviruses can be purified using an alternative method that avoids the use of
thioglycollic acid and solvents, and instead involves repeated cycies of low-
and high-speed centrifugation. Omit thioglycollic acid from the extraction
buffer and homogenate the tissue 1n 50 mM sodium phosphate buffer. pH 7.5
Freeze the homogenate at —20°C for approx 2 wk, thaw overnight, and then
proceed with steps 4—7 of Subheading 3.1, Obmit the solvent extraction steps
8 and 9 of Subheading 3.1. and proceed with step 10 of Subheading 3.1.
Repeat the low- and high-speed centrifugations (Subheading 3.1., steps 7
and 10) until all traces of pigment and other contaminating materials are
removed and the viral pellet is white The purity of the virus prep can be
assessed by determining the OD,4,/ODygq ratio A ratto of 1 15 1s expected for a
pure tobravirus prep

The solution should be stirred at room temperature until all the PEG dissolves,
and then stirred 1n a cold room for 3 h
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6

10.

11

Resuspend virus pellet in approx 40 mL of 30 mM sodium phosphate buffer, pH
7 5, clarify as in Subheading 3.1., step 7, and then split into two tubes before
extracting with chloroform butanol

Chloroform butanol extractions should be repeated until no contamuinants are vis-
ible at the interface

The purification procedure can be stopped at step 10 of Subheading 3.1., and the
viral peliet resuspended 1n 20-30 mL 10 mM Tris-HCI, pH 7 5 This should
result 1n a virus preparation at approx | mg/mL, from an initial 200-300 g of
nfected tissue. To determine the exact virus concentration, measure the OD
at 260 nm (see Subheading 3.1., step 12) Ifa purer virus preparation 1s required,
then the viral pellet should be resuspended in 2030 mL 30 mM sodium phos-
phate buffer, pH 7.5, and centrifuged through a sucrose pad to remove any
remaining contaminants

Carefully layer 7 mL of virus onto 3 mL of 30% sucrose 1n 30 mM sodium phos-
phate buffer, pH 7 5, and sedimented by centrifugation for 2-3 h at 140,000g and
15°C 1n a swing-bucket rotor

The virus suspension should clear after incubation with proteinase K

TRV RNA should be visible as two bands of approx 6 8 kb and 1 8-3 9 kb, and
PEBYV as two bands of approx 7 0 and 3 4 kb on denaturing agarose gels. Addi-
tional smaller bands may also be visible These are subgenomic RNA species
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Tobamovirus Isolation and RNA Extraction

Sean N. Chapman

1. Introduction

The tobamoviruses produce rigid, rod-shaped particles, with dimensions of
approx 300 x 18 nm, and form one of the most extensively studied groups of
plant viruses (1). Members of the group infect a wide range of angiosperms,
and individual members frequently have wide experimental host ranges.
Tobamoviruses cause diseases 1n tobacco, tomato, pepper, orchid, cucumber,
melon, bean, and crucifer plants. The characteristic symptoms of disease are
stunting and chlorotic mosaics, mottles, or ringspots. These symptoms are often
accompanied by distortion of leaves and fruits,

The tobamoviruses form particles that contain a single-stranded genomic
RNA. Complete genomic RNAs of the majonity of the definitive tobamoviruses
have been cloned and their nucleotide sequences determined. The genomic
organization of each of these viruses 1s very similar and each have four open
reading frames (ORFs) The best characterized of the tobamoviruses 1s the type
member tobacco mosaic virus (TMV) (Fig. 1) The TMV genomic RNA has a
7-methylguanosine cap structure at the 5' end (2), followed by an untranslated
leader sequence of 68 nucleotides, which 1s an enhancer of translation (3).
Downstream of the untranslated region are two ORFs that encode proteins of
126 and 183 kDa (4), which are involved 1n the viral replication process (5).
Translation of the two proteins, which occurs from the genomic RNA, 1s miti-
ated at the same methionine codon. The larger 183-kDa protein is produced by
readthrough of a leaky amber stop codon at the end of the 126-kDa ORF, with
a frequency of about 5% (6). The third ORF overlaps the 183-kDa ORF by 17
nucleotides, but 1s out of frame. The ORF encodes a protein of 30-kDa that 1s
produced by translation of a subgenomic RNA, which 1s 3' coterminal with the
genomic RNA, The 30-kDa protein is necessary for intercellular movement of
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Fig. 1. Tobacco mosaic virus structure and genome organization. The positions of
ORFs in the genomic RNA are indicated by boxes. The sizes of the proteins in kDa
produced from these ORFs are indicated in brackets. The 17.5-kDa CP is encoded
by ORF 4. Additional features of the genomic and subgenomic RNAs are indi-
cated above and below.

the virus (7). The protein has been shown to increase the plasmodesmatal size
exclusion limit (8) and to have nucleic acid-binding activity (9). The fourth
ORF encodes the coat protein (CP), which is required for virion formation and
systemic movement of the virus (70). The CP is produced from a second 3'
coterminal subgenomic RNA that is capped at its 5' end, and starts nine nucle-
otides upstream of the initiating methionine of the CP. The origin of assembly
site (OAS) (11), from which particle formation is initiated, is located within
the third ORF. Some other tobamoviruses have an OAS in the CP gene. Hence,
depending on the tobamovirus, one or both subgenomic RNAs can be
encapsidated. The TMV CP gene is followed by an untranslated region that
contains several pseudoknot sequences, which are involved in translational
enhancement (72). At the 3’ end of the genomic RNA is a tRNA-like structure
that can be aminoacylated.

TMV was the first virus to be purified, in 1935 (13), and since then many
methods have been developed for its purification. Tobamoviruses have proven
easy to purify because of the high accumulation of viral particles in many host
plants, and because the particles are stable under a wide range of chemical and
physical conditions. The purification method described in Subheading 3.1.
has been chosen because of its simplicity, and because it does not involve
ultracentrifugation. The method presented is based on that described by
Gooding and Hebert (14). Purification is dependent on the process of virion
precipitation in the presence of the hydrophilic polymer polyethylene glycol
(PEG), described by Leberman (15).
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2. Materiais

1

NN AW

®

10

11
12

13
14.

0.5M Phosphate buffer Prepare a 0 5M solution of disodium hydrogen ortho-
phosphate and adjust the pH to 7.2 with 0.5M potassium dihydrogen orthophosphate
Virion extraction buffer. Add 1% (v/v) 2-mercaptoethanol to 0.5M phosphate
buffer just before use (see Note 1)

Acid-washed sand

Miracloth' purchased from Calbiochem (San Diego, CA) (see Note 2)
Butan-1-ol

20% (w/v) PEG (average mol wt 8000)

10 mM phosphate buffer. Prepared by 50-fold dilution of 0.5M phosphate buffer
described above

5M Sodium chloride

5X RNA extraction buffer 0 5M sodium chloride, S mM ethylenediamine-
tetra-acetic acid disodium salt, 5% (w/v) sodium dodecyl sulfate, 0.1M
Tris(hydroxymethyl)-methylamine (Tris), pH adjusted to 8 0 with hydrochlo-
ric acid

Phenol chloroform Dissolve 250 g of molecular biology grade phenol 1n 250 mL
of 0 1M Tris-Cl, pH 8 0, and add 1 25 g of 8-hydroxyquinoline Equilibrate by
extracting several times with 0 1M Tris-Cl, pH 8 0, and check that the pH 1s close
to 8.0. Remove most of the overlying aqueous layer; add 240 mL of chloroform
and 10 mL of 1soamyl alcohol Mix and allow phases to separate Store refriger-
ated and protect from light

Chloroform

3M sodium acetate, pH 5 0 Dissolve sodium acetate in water and adjust pH to
5 0 with glacial acetic acid Adjust volume and treat with diethylpyrocarbonate
(DEPC) to mactivate RNase To cach liter of solution add 1 mL of DEPC; mix
and incubate overnight at room temperature in a loosely capped bottle Autoclave
to destroy residual DEPC

Absolute ethanol

Distilled water treated with DEPC, as described above

3. Method
3.1. Virus Purification

1

Collect 20 g of systemically infected leaf tissue displaying infection symptoms
(see Notes 3 and 4). Using a pestle and mortar, with a little acid-washed sand to
aid homogenization, grind the leaf tissue in 60 mL of virion extraction buffer (see
Note 5). Start grinding with a small amount of buffer and progressively add more.
Continue grinding until the tissue 1s well-macerated

Filter the homogenate through two layers of Miracloth into polypropylene centri-
fuge tubes. Squeeze as much liquid as possible out of matenal retained by the
Miracloth without contaminating the filtrate with particulates.

Add butan-1-0l (0 8 mL/10 mL of filtrate) dropwise to the filtrate, while swirling
the tube contents Cap the tubes and incubate at room temperature for 15 mn
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Every few minutes mix the tube contents by mversion Chlorophyll and coagu-
lated material should collect in the upper organic phase

4 Centrifuge the tube contents at 10,000g for 30 muin at 12°C Recover the lightly
pigmented aqueous phase Avoid taking any of the pelleted material or the upper,
organic layer If any of this undesired material 1s carried over, the aqueous phase
should be centrifuged again in fresh tubes for 15 min Filter the clarified extract
through two layers of Miracloth into fresh centrifuge tubes

5 Add 20% PEG solution to give a final concentration of 4% Mix the tube contents
by nversion and incubate on 1ce for 15 min Periodically mix the tube contents
The solution should turn cloudy as the virus precipitates.

6. Pellet the virus by centrifugation at 10,000g for 15 min at 4°C. This should yield
a whitish pellet that may be contaminated with some traces of pigmented mate-
rial Decant the supernatant and centrifuge briefly to collect residual iquid at the
bottom of the tube Pipet off the residual hiquid.

7. Dissolve the pellet in 8 mL of 10 mM phosphate buffer (see Note 6) Centrifuge
at 10,000g for 15 min at 4°C Transfer the supernatant to a fresh tube

8 Add to the supernatant 1 7 mL of SM NaCl and 2 42 mL of 20% PEG Mix tube
contents and incubate on 1ce for fifteen min. Pellet the virus by centrifugation at
10,000g for 15 min at 4°C. This should yield a white viral pellet. Decant the
supernatant, centrifuge briefly and pipet off the residual liquid

9. Dissolve the pellet in 2 mL of 10 mM phosphate buffer Divide the solution
between two 1 5-mL microcentrifuge tubes Centrifuge the tubes in a
microcentrifuge at 13,000g for 30 s and pipet the supernatants to fresh
microcentrifuge tubes

10 This procedure should yield at least 20 mg of virus (see Notes 7 and 8) To deter-
mine the yields, prepare dilutions of small aliquots of the preparation and mea-
sure the absorbance at 260 and 280 nm Estimate the yield assuming an extinction
coefficient (E} %) of three An A,40/4,50 ratio of about 1-19 1s expected for TMV,
however, this ratio varies between different tobamoviruses

3.2. RNA Extraction

1 Dilute an aliquot of the virion preparation to 10 mg/mL with 10 mM phosphate
buffer Pipet 0 8 mL of this dilution to a 2-mL microcentrifuge tube and add 0 2
mL of 5X RNA extraction buffer Add 1 mL of phenol.chloroform, vortex briefly
until an emulsion 1s formed, then centrifuge 1n a microcentrifuge tube at 13,000g
for 5 mn at room temperature.

2 Collect the upper aqueous phase without taking any of the denatured protein from
the interface and transfer 1t to a fresh microcentrifuge tube Repeat the extraction
with phenol.chloroform twice.

3 Collect the aqueous phase from the third phenol-chloroform extraction Add an
equal volume of chloroform, and vortex briefly to form an emulsion Separate the
phases by microcentrifugation.

4. Collect the upper aqueous phase, which should contain about 0 7 mL, and divide
1t equally between two 2-mL microcentrifuge tubes Add to each tube 0 1 vol of
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3M sodium acetate and 2 5 vol of ethanol Mix and incubate the samples at—20°C
for 15 min to precipitate the RNA

Pellet the RNA by microcentrifugation at 13,000g for 15 mun at 4°C This should
yield a visible white pellet. Decant the supernatant, centrifuge briefly to collect
residual liquid at the bottom of the tubes and pipet this off without disturbing the
pellet Dry the pellet under vacuum for a few minutes Add 0 2 mL of DEPC-
treated water and dissolve the pellet by gently vortexing

This procedure should yield about 200 pg of RNA (see Note 9) Prepare dilutions
of the dissolved RNA and measure the absorbance at 260 and 280 nm The prepa-
ration should have an 4,405, ratio of 20 The RNA yield can be estimated by
assuming that a 40 pg/mL solution of RNA has an absorbance of |

4. Notes

1

Anyone using this protocol should familiarize themselves with the health and
safety hazards related to 2-mercaptoethanol, butan-1-ol, diethylpyrocarbonate,
phenol, 8-hydroxyquinoline, 1soamyl alcohol, and chloroform All manipulations
mvolving these chemicals should be carried out 1n a fume hood

If Miracloth 1s unavailable, muslin can be substituted However, muslin 1s less
effictent at retainng particulates and 1ts use 1s likely to lead to poorer purification
Before commencing purification, 1t 1s advisable to prepare a reasonably homoge-
neous viral population that has the desired phenotype This can be achieved by
passaging the virus several times through a local lesion host at high viral dilu-
tions, preparing inocula for each subsequent passage from individual lesions The
final moculum should be tested on a range of diagnostic host species before
moculation onto the host species from which the virus 1s to be purified

Choice of a propagation host 1s an important consideration 1n virus purification,
and 1t 1s worthwhile testing a range of host plants in advance The choice of host
plant is determined not only by the level of virus accumulation, but also by aspects
of the host plant’s biology Host plants that are not heavily lignified should be
chosen to facilitate homogenization of host tissue, and hosts containing high lev-
els of secondary products, which might interfere with the purification procedure,
should be avoided The levels of virus that accumulate in the host plant are
dependent on the growth conditions used; extremes of temperature and light
should be avoided Hosts that the author has found useful for purification of the
definitive tobamoviruses (tobacco mosaic virus, tomato mosaic virus, tobacco
mild green mosaic virus, odontoglossum ringspot virus, ribgrass mosaic virus,
and turnip vein clearing virus) iclude Nicotiana benthamiana, N clevelandn,
and N tabacum cultivars

The mntial steps of this purification process should be carried out at room tem-
perature, because use of lower temperatures may result in precipitation of salts
Though the tobamoviruses are stable 1n a wide range of chemical environments
and are thermotolerant, the particles are susceptible to fragmentation Therefore,
dissolution of the viral pellet should be performed by gentle stirring with a teflon-
coated rod, and the use of vortexers or tissue homogenizers, which produce mgh
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shear forces, should be avoided. Dissolution of the viral pellet may prove diffi-
cult if large quantities of virus are present. If difficulties are encountered, the
volume of buffer used for solvation should be increased

Ideally, the mntegrity of the purified virions should be confirmed by electron
microscopic analysis. Samples of the virus can be stained with 2% sodium phos-
photungstate, pH 7 0 The majority of particles should be 300 nm rods Depend-
ing on the tobamovirus, rods of one or two other discrete size classes may be
visible These short rods result from the presence of encapsidated subgenomic
RNAs

Dafficulty 1n extracting TMV from some hosts has been reported and extraction
has been facilitated by the use of the detergent Triton X-100. Another problem
encountered during the purification process 1s adsorption of host components to
the virus Methods involving adsorbents, such as charcoal, bentonite, and Celite,
have been developed to eliminate this problem An alternative method for the
purtfication of TMV, which makes use of Triton X-100 and Celite, has been
described by Asselin and Zaithin (16).

The ntegrity of the purified RNA should be checked by gel analysis A predon-
nant band of 6.4 kb should be visible on denaturing gels. Minor bands may result
from extracted subgenomic RNAs If high levels of RNA degradation are visible,
this suggests that either the particles are fragmented or that there 1s RNase con-
tamination The degree of particle fragmentation can be assessed as described
above If RNase contamination 1s suspected more stringent procedures should be
employed to avoid this Precautions should be taken to ensure that none of the
plasticware used 1n the RNA extraction process 1s touched with bare hands and,
when possible, solutions should be treated with DEPC Solutions containing Tris
cannot be treated with DEPC, because 1t reacts with primary amines Therefore,
1t may be necessary to purchase molecular biology grade Tris, certified free of
RNase, which can then be dissolved in DEPC-treated water
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Potexvirus Isolation and RNA Extraction

Mounir G. AbouHaidar, Huimin Xu, and Kathleen L. Hefferon

1. Introduction

The potexvirus family has at least 30 definitive and possible members, of
which potato virus X (PVX) is the type member (I—4). All potexviruses are
motrphologically similar, with flexuous, filamentous virions that range from
470 to 580 nm 1n length. Each virus particle contains a single-stranded, posi-
tive-sense RNA molecule, 5845-7015 nucleotides 1n length, which 1s encap-
sidated by 1000—1500 molecules of a single species of capsid protein (CP),
with a mol wt ranging from 21 to 27 kDa ¢5) The particle has a helical struc-
ture, with 8.75 protein subunits per turn for papaya mosaic potexvirus (PMV)
(6). The genomic RNA (gRNA) contains a cap structure at the 5' terminus and
1s polyadenylated at the 3' terminus. The N- and C-terminal regions of the
capsid proteins of potexviruses are quite variable (7). The variability of amino
acids at the N-terminus of potexvirus CP results in the low serological
crossreactivity seen in potexviruses (8). Individual potexviruses have mol wt in the
order of 35 x 10 and sedimentation coefficients ranging from 100 to 130 S.

Five principal open reading frames (ORFs) have been 1dentified in potex-
viruses (Fig. 1). ORF 1 encodes a protein that contains three amino acid
sequence motifs characteristic of the conserved domains of methyltransferase,
NTP-binding helicases, and RNA-dependent RNA polymerases (5). ORFs 24
slightly overlap each other and are known as the triple gene block. The prod-
ucts of these three ORFs are all necessary for infectivity in the plant host, but
may be dispensable for infection of protoplasts, and are believed to be involved
in cell-to-cell movement of potexviruses (9). ORF § is the 3'-terminal ORF and
encodes the CP.

Genomic RNA of potexviruses 1s believed to be functionally monocistronic,
and only ORF 1 protein can be translated directly from the gRNA (10,11).
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Fig 1 General organization of a potexvirus genome and 1ts subgenomic RNAs
Genomic organization of PVX, the type member of the potexviruses Three sub-
genomic RNAs (sgRNAs) are shown below genomic RNA (gRNA) A(n) indicates
the poly(A) tails at the 3' end of gRNA and sgRNAs. m’GpppGp represents the cap
structure at the 5' end of both genomic and subgenomic RNAs ORF1-ORFS corre-
spond to the five ORFs ORFS5 encodes the coat protein Sizes of RNA 1n kb are indi-
cated 1n parentheses

However, recent information indicates that the CP of PVX could be expressed
in vivo from a dicistronic message (51). In addition to the gRNA, several
subgenomic RNAs (sgRNAs) of 0.9, 1.4, and 2.1 kb in length have been
detected from plants infected with potexviruses (12—15, Fig. 1) These sgRNAs
are capped and polyadenylated like the gRNA (13,16,17). The 5' ends of
potexviral sgRNAs correspond to internal genomic regions; the 3' ends are
coterminal with the genomic RNAs (73). The results of i vitro translation of
sgRNAs suggest that the 25-kDa protein (ORF2) of PVX 1s expressed as a
single translation product of the 2.1 kb sgRNA, both 12-kDa (ORF3) and
8-kDa (ORF4) proteins are expressed from the same 1 4-kb sgRNA, which
appears to be functionally bicistronic (78). The CP can be efficiently translated
from the 0.9 kb sgRNA (19).

2. Materials
2.1. Virus PBurification

0.1M Phosphate buffer, pH 7 2

0.1M Tris-borate acid buffer, pH 7 5

n-Butanol

Polyethylene glycol (PEG), mol wt 8000

Sodium chloride

Sucrose cushion 30% Sucrose in 0 1M Tris-borate acid buffer, pH 7 § (w/v).

AN bW~
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7

8

Cestum chloride (CsCl) density gracdient 10 g of CsCl 1s mixed with 20 mL of
virus solution to reach a density of 1 3667
Sodium azide.

2.2. Viral gRNA Extraction

1

~N >

9
10
11

10X DNase I reaction buffer (1X buffer = 20 mM Tris-HCI, pH 8 3, 50 mM KCl,
2 5 mM MgCl,, 100 pg/mL of acetylated bovine serum albumin [BSA])
Deoxyribonuclease I (DNase I)

Sodium dodecy! sulfate (SDS), 10%.

TE buffer 10 mM Tris-HCl, | mM EDTA, pH 7 5

Phenol* The phenol used 1s pre-equihibrated with 0 1M Tris-HCI, pH 8 0, con-
taining 0 2% B-mercaptoethanol

Chloroform

70 and 95% Ethanol

Diethyl pyrocarbonate-treated distilled water (DEPC-dH,0) DEPC (0 5 mL) 1s
dissolved n 2 mL 95% ethanol, and then mixed with 1 L dH,O The mixture 1s
stored at 4°C overnight before being autoclaved

RNase-free glassware

Sodium acetate

Triton X-100.

2.3. Extraction of Viral or Polyribosomal RNAs
from Infected Plant Tissue

AN N R W -

8

9

10.

11

Oligo(dT)-cellulose

Loading buffer A. 20 mM Tris-HCI, pH 7 5, 0.5M LiCl, | mM EDTA, 0 1% SDS

Loading buffer B 20 mM Tris-HC1, pH 7 5, 0 1M LiCl, 1| mM EDTA, 0 1% SDS

Solution A 0 1IN NaOH, 5 mM EDTA

Solution B 10 mM Tris-HCI, pH 7 5, | mM EDTA, 0 05% SDS

Extraction buffer A 200 mM Tnis-HCL, pH 9 0, 400 mM LiCl, 25 mM EDTA, 1%
SDS, all in DEPC-dH,0

Extraction buffer B 200 mM Tris-HCI, pH 8 5, 400 mM KCl, 200 mM sucrose,
35 mM MgCl,, 25 mM EDTA, and 1% [B-mercaptoethanol

Sucrose cushion: 60% sucrose m 40 mM Tris-HCI, pH 8 5, 200 mM KCI, 30 mM
MgCl,, and 5 mM EDTA

Buffer A: 100 mM Tnis-HCL,pH 7 5, IM KCl, 10 mM MgCl,, and 2 5 mM puromycin,
Buffer B- 50 mM Tris-HCI, pH 7 5, 500 mM KCl, 5 mM MgCl,

Liquid nitrogen

3. Methods
3.1. Purification of Virus

Many potexviruses occur in high concentration 1n their host plants and are
relatively stable in extracted leaf sap. These properties make it possible to
develop protocols for the purification of most potexviruses with high virus
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Table 1
Propagation Host Species of Some Potexviruses

Refs for

purification
Potexviruses Propagation species methods
Bamboo mosaic (BaMV) Hordeum vulgare 34
Cactus X (CVX) Chenopodium quinoa 35
Cassava common mosaic (CCMYV) Euphorbia prunifolia 36
Clover yellow mosaic (CYMV) Vicia faba 37
Cymbidium mosaic (CybMV) Datura stramonium 38
Dioscorea latent (DLV) Nicotiana megalosiphon 39
Foxtail mosaic (FMV) H vulgare 37
Hippeastrum latent (HsLV) Hippeastrum hybridum 40
Hydrangea ringspot (HRSV) Hydrangea macrophylla 41
Lily virus X (LVX) Lilium hybrid 42
Nandina mosaic (NdMV) N benthamiana 43
Narcissus mosaic (NMV) Narcissus tazetta 44
Nerine virus X (NVX) Nerine sarniensis 45
Papaya mosaic (PMV) Carica papaya 22
Pepino mosaic (PpMV) N glutinosa 46
Plantago asiatica mosaic (PIAMYV) Plantago asiatica 47
Potato aucuba mosaic (PAMYV) N tabacum cv Xanth nc 32
Potato X (PVX) N tabacum 22,23
Strawberry mild yellow edge- Rubus rosifolius 31
associated (SMYEAV)

Viola mottle (VMV) C quinoa 21
White clover mosaic (WCIMV) Phaseolus vulgaris 48
Wineberry latent (WbLV) C quinoa 49
Zygocactus X (ZVX) C quinoa 50

yields. Approximately 0.25-3 g/kg tissue of punified virus preparations can be
obtained for most potexviruses (20,21, see Note 1). To purify different
potexviruses, a variety of methods have been developed A potexvirus 1s inocu-
lated onto an appropriate propagation host (Table 1). Approximately 10—14 d
postinoculation, the infected leaf tissues can be collected and homogenized in
a suitable buffer. Clarification of the sap 1s achieved by passing through cheese-
cloth, by filtration/absorption, by treatment with organic solvents, or by low-
speed centrifugation. The virus can be concentrated either by differential
centrifugation, or by precipitation with PEG. Further purification of the virus
can be achieved by density gradient centrifugation 1n sucrose or in CsCl.

The purification method described here is based on PVX, according to
Erickson and Bancroft (22) and Huisman et al. (23).
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Nicotiana tabacum cv Samsun 1s a good propagation host for PVX. The plants
(four true-leaf-age) are Lightly dusted with Carborundum (400-mesh), and mocu-
lated with either purified PVX (1 pg/mL or higher concentration) or infected leaf
extracts (see Note 2) The inoculated plants are kept under greenhouse condition
(25°C, 16-h photoperiod) Two weeks postinoculation, the leaves of mnoculated
plants can be collected for virus purification (see Note 2)

Homogenize infected leaves in Tris-borate buffer containing 0 2% -
mercaptoethanol (1-2 mL/g of leaves). The subsequent steps were performed at
4°C (see Note 3)

Squeeze the homogenized tissue through four layers of cheesecloth Add
n-butanol to the sap to a final concentration of 6%

Keep the mixture on 1ce for 45 min with constant stirring Centrifuge for 10 min
at 15,000g and save the supernatant

Precipitate the virus from the supernatant by the addition of PEG 8000, to a final
concentration of 8% 1n the presence of 2% NaCl, and keep the mixture at 4°C for
30—60 min

Centrifuge at 15,000¢ for 10 min, resuspend the pellets in Tris-borate buffer, pH
7 5, overnight at 4°C without vortexing. The virus solution 1s then centrifuged
three times at 7500g for 5 min each. Keep the supernatant

Overlay the virus solution onto 4 mL of sucrose cushion 1n Tt 60 ultracentrifuge
tubes (Beckman) (see Note 4) Pellet the virus at 86,500g for 3 h at 4°C Pellets
are redissolved, 1n the same buffer as above, overmight at 4°C, and centrifuged
three times at 7500¢ for 10 min each (see Note 5§)

The virus 1n the supernatant 1s then centrifuged 1n a CsCl density gradient for 17
h at 86,500g (15°C) The virus bands (white opalescent seen with light from
beneath against a black object or 1n a dark room) are collected and diluted four
times with Tris-borate buffer A CsCl purification 1s only required for uitrapure
preparations of the virus, otherwise, go to step 10.

The virus 1s then collected by centrifugation at 100,000g for 2 h. Pellets are redss-
solved 1n the same buffer overnight.

Optical density (OD) readings are taken at 260 and 280 nm to determine the virus
purity (A,e0/Aas ratio of 1 2 for PVX) and concentration using extinction coeffi-
cient 260 nm (E3%,"} ., = 3 0 for PVX) (1). The yield 1s approx 0 5 to 1 0 g/kg
leaf tissues The virus particles can be negatively stained with 1% uranyl acetate
and examined by transmission electron microscopy

Keep the punified virus preparations at 4°C in the presence of 0 1% sodium azide.
Under these conditions, the virus remains infectious for at least 3 yr

3.2. Extraction of Viral gRNA and sgRNA
3.2.1. Extraction of Viral RNA from Purified Virions

In general, to extract viral gRNA from the purified virions, the virus is

treated with SDS to strip off the capsid protein. The capsid protein 1s then
removed by extraction with phenol. Chloroform 1s used to remove the phenol,
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and the RNA can be precipitated from the aqueous layer with ethanol in the
presence of sodium acetate Host DNA left in purified virus preparations
will also be carried over to RNA extraction. This usually causes some prob-
lems for further cDNA synthesis and cloning experiments. Therefore, the
host DNA must be removed using deoxyribonucleases (DNase) before RNA
extraction. Another problem during the 1solation of viral gRNA 1s the deg-
radation of RNA by nucleases, mainly RNase A. To minimize RNA degra-
dation, all tubes, tips, containers, and glasswares should be washed 1n
DEPC-dH,0, and the glasswares are further baked for more than 6 h at
160°C (see Note 6) To obtain full-length gRNA, which 1s of great impor-
tance 1n cloning full-length cDNAs, the viral RNA should be centrifuged mm a
sucrose gradient

Host DNA contaminating the virus preparations may be removed before the
1isolation of RNA from the purified virions as follows

I To 1 mL of virus solution, add 100 ul. of DNase I reaction buffer (10X) and 5 U
of DNase I Keep the mixture at 37°C for 30 min and termuinate the reaction with
addition of EDTA to S mM

2 Centrifuge the DNase treated virus at 86,500g for 2 h and dissolve the virus pel-
lets in DEPC-dH,0

Viral gRNA can be extracted according to the methods of AbouHaidar and
Bancroft (24), and Mamatis et al. (25). Bamboo mosaic virus has been found to
have a satellite RNA (sRNA), which 1s also encapsidated by CP, and the sSRNA
can also be extracted from purified virions (ref. 20, see Note 7).

1 Add SDS to the DNase I-treated purified virus solution, to a final concentration
of 0 1% (w/v).

2 Add 2 vol of phenol-chloroform (1 1 v/v), keep the mixture at 40°C for 5-10
man, with occasional vortexing

3 Centnifuge at 12,500g for S min at room temperature and transfer the aqueous
phase to a new tube

4. Add DEPC-dH,0 (0.1 vol) to the phenol'chloroform phase, vortex, and centri-
fuge as above Collect the aqueous phase

5 Combine the two aqueous phases. Extract the aqueous phase with an equal vol-
ume of phenol chloroform and centrifuge as above.

6 Transfer the aqueous layer to a new tube and subsequently re-extract twice with 2
vol of chloroform/isoamyl alcohol (24 1, v/v)

7 Precipitate the RNA by the addition of sodium acetate to a final concentration of
0 25M and 2 5 vol of ice-cold 95% ethanol.

8 Keep the mixture at —70°C for 20 mun (or —20°C overnight) The viral RNA 1s
then collected by centrifugation at 12,500g for 10 min

9. Runse the RNA pellets with 70% ethanol, vacuum-dry the RNA pellet for 5-8
min, and dissolve 1n a desired volume of DEPC-dH,0 (or TE buffer) (see Note 8)
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10. The purity and concentration of the RNA can be measured according to the OD
readings at 260 and 280 nm The RNA preparation can also be analyzed by elec-
trophoresis on agarose gel A ratio of OD,¢/OD,g0 2 1 9 indicates that the RNA
is essentially free from protein

An extinction coefficient E%Gﬂ%',’,"l‘ em = 25 is used to quantify the amount of

RNA. To obtain high-quality, full-length, infectious gRNA, the RNA extracts
should be further centrifuged in 5-20% (w/v) RNase-free sucrose gradient in
10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, as follows-

1 Load the RNA solution onto a continuous 5-20% sucrose gradient and centrifuge
at 87,800g for 13 h 1n a swing-bucket rotor at 4°C.

2 Pass the gradient through a UV scanner-fractionator

3 Collect fractions corresponding to the full-length gRNA, precipitate RNA
with 2 vol of 95% ethanol at —20°C overnight and recover RNA by centri-
fugation for 10 min at 12,500g Wash RNA pellets with a large volume of
70% ethanol

3 2.2. Extraction of Viral RNA from Infected Plant Tissue

This technique can be used for extracting viral genomic and subgenomic
RNAs from infected tissues or from transgenic plants expressing viral
sequences. Total plant RNA 1s 1solated by grinding frozen plant tissue n
extraction buffer, extracting with phenol, and precipitating with ethanol. RNA
quantity can be determined by UV absorption or by electrophoresis on agarose
gels. Viral RNA can be 1dentified from plant RNA by Northern blot analysis
(see Note 9).

A variety of procedures can be used to 1solate viral RNA from infected plant
tissues. These include extraction in a phenol—cresol solution (26) and extrac-
tion with hot phenol-SDS (27) The highest yield of PVX RNA was achieved
n the following manner:

1 Place leaves (0.4 g) in a prechilled mortar and pestle and grind to a powder 1n
liquid mitrogen. Add 6 mL of extraction buffer A and allow to freeze.

2 Add 6 mL Tris-saturated phenol, pH 8 0, and DEPC (to a final concentration of
1%), and thaw the mixture at room temperature for 10 min Pour the slurry into a
tube and maintain on ice (see Note 10)

3 Remove large debnis by centrifugation at 12,000g for 10 mun at 4°C Extract
supernatant with phenol, then twice with 1 vol phenol.chloroform (1 1), and twice
with chloroform. Transfer the aqueous phase to a new tube and precipitate RNA
by adding 2 vol 95% ethanol and storing at —20°C for I h. Pellet RNA by cen-
trifugation at 5800g for 20 min Wash RNA 1n 70% ethanol, vacuum-dry for 15
min, and resuspend in 1 mL TE buffer

4. Viral RNA can be 1dentified from cellular RNAs by electrophoresis on a 1 5%
agarose gel containing 10% formaldehyde, and by Northern blot analysis.
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3.2.3 Selection of Poly(A)* mRNA

If the proportion of viral RNA 1s very low compared to plant total RNA, 1t
may be helpful to select for viral and plant mRNAs using an oligo(dT)-cellu-
lose column. This 1s a modification of the method of Guilford and Forster (14),
and is performed as follows:

1 Add oligo(dT)-cellulose to loading buffer A to make a final concentration of 0 5
mg/mL Pour 1 mL of this solution into a sterile silicomzed Pasteur pipet plugged
with siliconized glass wool (see Note 11)

2 Wash the column 1n 3 vol each of DEPC-dH,0 and solution A Test the effluent
to ensure that the pH of the column 1s maintained between 6 0 and 8 0 Wash
column with 5 vol of loading buffer A

3 Heat RNA sample at 65°C for 5 min and add an equal volume of loading buffer
A Cool the mixture to room temperature and apply to the column

4. Wash the column 1n 4-6 vol of loading buffer A, then 1n another 4-6 vol of load-
ng buffer B

5 Elute poly(A)* RNA with 3 vol of solution B Add 3M sodium acetate, pH 5 2
(final concentration of 0 3M), to elute RNA. Add 2 5 vol 95% ethanol to precipi-
tate RNA, and store at —20°C

6. Pellet the RNA by centrifugation at 5800g at 4°C and resuspend i TE buffer
Determine RNA concentration by UV absorption

3 2.4. Isolation of Polyribosomal RNAs

Translationally active RNAs can be 1solated by extracting polysomes and
purifying them on a sucrose cushion. The ribosomes remain tightly bound to
the mRNA by incubation with puromycin, and polysomes can be 1solated by
centrifugation on a sucrose gradient Polysomal RNAs were 1solated by the
method of Palukaitis (28)

1 Freeze 2 g of leaf tissue mn liquid nitrogen and grind to a powder in a prechilled
mortar Resuspend powder in 3 mL extraction buffer B (see Note 10).

2 Remove large debris by centrifugation at 12,000g for 24 min at 4°C and add
Triton X-100 to the supernatant to a final concentration of 1% Pellet polyri-
bosomes on a 4-mL sucrose cushion by centrifugation at 100,000g for 90 min
at 4°C

3 Remove sucrose solution with an aspirator, wash the pellet with 1 mL of water,
and store at —20°C unt1l use

4 Resuspend pellets in 0 2 mL of dH,0 and 0 25 mL of buffer A Incubate mixture
on 1ce for 15 min, then at 37°C for 10 min

5 Layer mixture onto a 5-20% (w/v) sucrose gradient in buffer B and centrifuge at
4°C for 4 h at 100,000g (see Note 12)

6. Collect fractions (0.5 mL) on a density gradient fractionator and determine the
RNA concentration of each sample by UV absorption The first peak (top of the
gradient) 1dentified contains mostly tRNA, the middle peak(s) contains mRNA
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7.

followed by rRNA, and the final peak corresponds to viral RNA. Phenol-extract
and ethanol-precipitate each fraction. Pellet RNA and resuspend 1n TE buffer.
Load one-half of each fraction onto a 1.5% agarose gel containing 10% formal-
dehyde and 1dentify viral RNA by Northern blot analysis

4. Notes

L.

It 1s usually easy to purify those definitive members of potexviruses, most of
the possible members, especially those potexviruses that only infect woody
hosts, have not been successfully purified, and some purification attempts have
failed (29) In those cases, virus replicative nucleic acids (dsRNAs) can be
extracted from virus infected tissues and used as templates for gene cloning
(30,31) and RNA analysis

If the infected tissues are used as moculum, the tissues are ground 1n 0 1A phos-
phate buffer, pH 7.2 (2 mL buffer/l g tissue), and centrifuged briefly (10,000g
for 4 min) before the extracts are used for inoculation Virus-infected plants
will be ready for virus purification 10—-14 d postinoculation Infected leaves
can also be stored at —20°C Both fresh and frozen leaf tissue can be used for
virus purification

For most potexviruses, pretreatment of the infected tissues 1s usually not neces-
sary In the case of potato aucuba mosaic virus (PAMYV), however, infiltrating the
tissues with extraction buffer under vacuum before homogenizing them 1s
believed to be helpful (32)

It 1s recommended that centrifuge tubes be filled first with the virus solution and
then that the sucrose cushion be deposited at the bottom of each tube with a
Pasteur pipet

The virions of potexviruses have a tendency to aggregate side-to-side or end-to-
end and to break This will result in a lower yield of purified virus and difficulties
n the 1solation of full-fength gRNA To avoid or minimize these problems, 1t 1s
recommended that during purification, after each centrifugation step, the pellets
be covered with buffer at 4°C for a prolonged period (e g, overnight) before
complete resuspension It 1s also recommended to dissolve the pellets by gentle
repeated pipeting and not by vortexing Many potexviruses (e g., papaya mosaic
virus) may have a high yield of virus It 1s recommended to dilute the virus prepa-
rations prior to ultracentrifugation. High concentrations of the virus result in
increased viscosity and prolonged ultracentrifugation time and/or loss of yield
Pellets of diluted virus preparation are generally cleaner.

It 1s essential in the steps involving the handhing of RNA that all glasswares and
solutions are RNase-free This can be accomplished by baking glasswares at
160°C for at least 6 h and making all solutions with DEPC-dH,0

Bamboo mosaic virus 1s the only potexvirus to contain a packaged satellite RNA
(sRNA) Both gRNA and sRNAs can be extracted from purified virions and sepa-
rated by electrophoresis in nondenaturing 1% low-melting agarose gel After elec-
trophoresis, both RNAs are then 1solated from gel shices, followed by phenol
extraction and ethanol precipitation (33)
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RNA pellets can be dissolved in DEPC-dH,0 (or RNase-free TE buffer) and the
solution of 1solated viral gRNA is kept at —20°C If the RNA is not used immedi-
ately after 1solation, it 1s recommended to keep the RNA under ethanol at —20°C
or in the form of dried RNA pellets at —20°C

To synthesize viral-specific cDNA probes, primers (either random primer or syn-
thetic viral-specific primers) are annealed to the viral RNAs (gRNA, sgRNA, or
RNA fragment) The cDNA strand 1s synthesized by reverse transcriptase using
vtral RNA as templates in the presence of dCTP, dGTP, dTTP, and «3?P-dATP (or
biotin-14-dATP) Unincorporated nucleotides can be removed by passing the
reaction muxture through a Sephadex G50 column

When extracting RNA from leaf tissue, make sure that the tissue, extraction
buffer, and phenol are frozen 1n liquid nitrogen Proceed with experiment imme-
diately after thawing to avoid any loss of RNA through degradation Make sure
plant extract and all solutions are kept on 1ce

Glass wool was soaked 1n dimethyldichlorosilane for 30 min at room tempera-
ture under a fume hood Afterward, glass wool was removed with a forceps, air-
dried on Whatman 3MM paper, and was ready for use

It may be necessary to decrease the speed and duration of centrifugation, depend-
ing on the potexvirus used
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Carlavirus Isolation and RNA Extraction

Gary D. Foster

1. Introduction

All members of the genus are known to be transmitted mechanically,
with the majority also being transmitted in a nonpersistent manner by
aphids (1), though one confirmed carlavirus 1s known to be transmitted by
whiteflies (2). Carlaviruses are noted for their narrow host range and ten-
dency to induce little or no symptoms. This has led to many of the common
names of carlaviruses, including carnation latent (CLV), American hop
latent (AHLV), and lily symptomless virus (LSV). Although most
carlaviruses do cause mild symptoms, there are a number of viruses that
cause serious diseases on their own, for example, potato virus S (PVS) and
M (PVM), blueberry scorch virus (BBScV), poplar mosaic virus (PMV),
and a number of others that cause serious disease in mixed viral infections
(with other viruses).

The virus particles of carlaviruses are slightly flexuous, with a typical length
of 660 nm and diameter of 12 nm (). These particles, which consist of a single
species of protein of ca. 34 kDa organized with helical symmetry, have sedi-
mentation coefficients of approx 157 S, a buoyant density in CsCl of 1.322 g/em?,
an extinction coefficient at 260 nm of 2.88 cm?/mg!, and a nucleic acid content
of ca. 6% (1,3).

The genomic RNA of a range of carlaviruses has been estimated by agarose
gel analysis to be in the size range of 7.3—7.7 kb. However, the recent reports of
two full-length genomic RNA sequences have indicated a genome size of 8534
nucleotides for PVM (4), and 8512 for BBScV (5). In addition, a wide range of
carlaviruses have been sequenced in therr 3' terminal region, including PVS,
HeLVS, CLV, LSV, chrysanthemum virus B, and cowpea mild mottle virus (2).
All show a similar genome organization, with similar sized open reading
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frames, and a high level of homology in the amino acid sequences between
corresponding proteins

Only the replicase ORF (approx 223 kDa) 1s translated from the full-length
genomic RNA In vitro translation data from a range of carlaviruses suggested
that this large ORF was proteolytically processed, with approx 30-40 kDa
being removed Recent elegant experiments by Lawrence et al. (8), using in
vitro transcribed and translated replicase ORF and full-length infectious clones
of BBScV, have clearly demonstrated that this 1s indeed the case

The 3' terminal ORFs appear to be translated from two subgenomic mRNAs,
which can be found 1n infected tissue, and, for some viruses, can be detected
within purified virus preparations (9,10). The 3' ORFs encode proteins of 25,
12, and 7 kDa, which have been designated the triple gene block, the 34 kDa
coat protein, and an ORF of approx 11 kDa, present at the 3' terminus, which 1s
unique to carlaviruses (1) The sizes of reported RNAs and typical ORFs for
carlaviruses are summarized n Fig. 1, with the position of the 34-kDa coat
protein (CP) indicated.

2. Materials
2.1. Virus Isolation

0 5M borate buffer, pH 7 8, with 5 mAM EDTA
Diethyl ether

Polyethylene glycol (PEG), average mol wt 8000
Thioglycolic acid

Triton X-100

Cesium chloride

Sterile dH,0

High-capacity (500 mL) centrifuge, capable of 10,000g
Ultracentrifuge capable of 110,000g

Blender

Stir plate and magnetic stirrers

2.2. RNA Extraction

RNA dissociation buffer, TE buffer, and 3M sodium acetate should be auto-
claved to avoid nuclease contamination

1 RNA dissociation buffer 40 mM Tris-HCI, 2 mM EDTA, pH 9 0, 2% sodium
dodecyl sulfate (SDS) (w/v), 0 Smg/mL bentonite (see Note 6).

TE buffer 10 mM Tris-HCI, | mM EDTA, pH 7 5

Phenol saturated in TE, pH 7 5 (see Note 1).

Chloroform

3M Sodium acetate, pH 5 2, with acetic acid (autoclaved)

Ethanol (kept at —20°C)
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=/
7K1
12K
AAA 3!
34K-CP
(Genomic RNA 7 5kb - 8 53kb)
AAA 3
(Subgenomic mRNA 2 1kb - 3 3kb)
AAA 3

(Subgenomic mRNA 1 3kb - 1 6kb)

Fig 1 General gene organization of the carlavirus genome Particle morphology,
s1zes of typical RNAs, and encoded ORFs are indicated

7 Vortexer.
8 Microcentrifuge

3. Methods
3.1. Virus Isolation

The method described below has been used by the author to purify a wide
range of carlaviruses and has been found to generate high yields of pure virus,
when compared with a number of purification procedures for carlaviruses. It
should be noted, however, that this purification procedure uses the highly vola-
tile diethyl ether as the clarification agent. If diethyl ether cannot be used for
safety reasons, then 1t 1s recommended that solvent, such as chloroform,
butanol, or carbon tetrachloride should be tried

1. Homogemize infected leaves (see Note 2) in 0.5M borate buffer, pH 7 8, contain-
ing EDTA (0 005M) and thioglycolic acid (0 1% v/v) at the ratio of 1 2 (w/v)

2 Transfer to a beaker and stir gently with an equal volume of diethyl ether (see
Note 3).

3 Separate phases by centrnifugation at 5000g for 20 min (at 4°C if possible) and
transfer the aqueous phase to a fresh beaker
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4, Slowly stir in PEG (6%) (w/v), and continue stirring at 4°C overnight

5 Collect the resulting precipitate by centrifugation at 10,000g for 15 min and
resuspend 1n 0 5M borate buffer containing Triton X-100 (0.5%) (w/v)

6 Centrifuge at low speed (10,000g for 15 min) and transfer the supernatant to a
fresh tube.

! Sediment the virus by high-speed centrifugation (30,000g for 90 min) and resus-
pend the resulting pellet in 0 05M borate buffer containing 1% Triton X-100 and
sonicate for 20s (21Kc/s) (see Note 4)

8 Subject the suspension to a further cycle of low- and high-speed centrifugation

9 Purify the virus by 1sopycnic centrifugation in cestum chloride (0.439 g/mL, 20
h, 5°C, 110,000g).

10 Collect the virus band from the cesium gradient (see Note 5) and dilute at least
twofold with 0 005M borate buffer

11 Collect the virus by centrifugation (40,000g for 90 mm) and resuspend the pellet
in 0 5 mL of sterile distilled water (see Note 6)

12 Virus can then be used immediately, stored at 4°C for 1-2 d, or placed at —20°C
for long-term storage

3.2. RNA Extraction

All of the carlaviruses that we have worked with have yielded good quality
RNA from purified particles, using a method essentially as reported by Shields
and Wilson (11)

To prevent degradation when extracting RNA, gloves should be worn at all
times and all tips and microcentrifuge tubes should be autoclaved to avoid
nuclease contamination.

1 Add an equal volume of RNA dissociation buffer (see Note 7) to a volume of

virus suspenston and mix by vortexing for 5—10 s

Incubate at 60°C for 3—5 min.

Add an equal volume of phenol, mix briefly, and incubate at 60°C for one more minute

Separate phases in a microcentrifuge (12,000g) for 2--3 min

Remove aqueous phase to a fresh tube and add an equal volume of phenol and an

equal volume of chloroform and mix by vortexing for 5-10 s

Separate phases 1n a microcentrifuge (12,000g) for 2-3 min

7 Remove aqueous phase to a fresh tube and add an equal volume of chloroform

and mix by vortexing for 510 sec

Separate phases in a microcentrifuge (12,000g) for 2--3 min

9 Remove aqueous phase to a fresh tube and precipitate RNA by adding 0 | vol

sodium acetate (3M) and 2 5 vol ethanol

10. Store at —20°C overnight, or —70°C for 1 h, before recovering RNA by centrifu-
gation 1n a microcentrifuge (12,000g).

11 Dry the RNA pellet under vacuum to remove all traces of ethanol before resus-
pending 1n a suitable volume of sterile distilled water

12 Run a sample of RNA on an agarose to check yield and quality (see Note 8)
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4. Notes

1

Caution: Care should be taken when working with phenol, because 1t 1s highly
corrostve Wear gloves at all times and remove all spills immediately.

The vast majority of carlaviruses are present in infected tissue at very low con-
centrations It 1s therefore recommended to use as much plant matenal as pos-
sible, though this will be dictated by the volume that can be handled during the
first two centrifugation steps

Add cold diethyl ether, which has been stored 1n a cold room at 4°C over-
night It 1s also advisable to carry out all work with diethyl ether 1n a well-
ventilated fume hood

Carlaviruses will often form aggregates with themselves and with plant materal,
and we have found sonicating the pellet is the best way to resuspend the virus If
a sonicator is not available, the pellet must be resuspended well with a glass rod
before further cycles of low- and high-speed centrifugation

Virus band can be visualized by shining a light directly at the tube, with the band
being removed with a Pasteur pipet or syringe and needle

The purity of virus preparation can be checked by comparing the absorbance
at wavelengths of 260 and 280 nm 1n a spectrophotometer Assume an 4,4, of
2 8 for a I-mg/mL virus preparation Alternatively, view the virus with elec-
tron microscopy

We have found that the addition of bentonite to the extraction buffer increases the
yield of RNA, though it 1s not essential.

Any standard RNA gel technique can be used to analyze RNA quality However,
1t should be noted that 1t 1s typical for carlaviruses to have a band of genomic
RNA with a substantial smear of smaller RNAs decreasing in mol wt below 1t

These smaller RNAs are generated from broken particles as part of the virus
purification and also as part of the RNA extraction procedure
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Potyvirus Isolation and RNA Extraction

Philip H. Berger and Patrick J. Shiel

1. Introduction

The Potyviridae are the largest single group of plant viruses, and as such are
the most important from an economic standpoint. There are nearly 200 distinct
recognized species or other viruses that are possible or probable members of
the group Two recent books provide an excellent and 1n depth review of the
Potyviridae (1,2). Generally, they are filamentous particles of ca. 11-12 x 680—
900 nm. The single-stranded, message sense RNA molecule of the virus
genome 1s encapsidated by single species of CP of ca 30-36 kDa This RNA
(ca. 8500-9800 nucleotides) 1s polyadenylated and also contains a VPg
covalently bound to the 5' end. Coat protein amino acid sequences show sig-
nificant homology, particularly within the core region. Virions are approx 5%
RNA and 95% protemn by weight. The virus RNA 1s translated initially as a
large polyprotein that 1s autoproteolytically cleaved to provide the mature viral
proteins (Fig. 1)

The sheer size and diversity of this group, as well as diversity and range of
susceptible hosts, makes description of general procedures difficult, at best.
There are probably as many variations on the methods presented below as there
are potyviruses. Some of the problems assoctated with purification are amelio-
rated by virtue of the ease with which many potyviruses can be manipulated,
e.g., mechanical transmission. Although many members of the group have rela-
tively restricted host ranges, most are not so restrictive that suitable propaga-
tion hosts cannot be found Therefore, many of the common guidelines outlined
in this chapter are applicable in terms of propagation host selection and choice
of a purification procedure, if there 1s no precedent in the literature. Neverthe-
less, no single method 1s suitable for purification of all (or even the majority)
of potyviruses.

From Methods in Molecular Biology, Vol 81 Plant Virology Protocols
From Virus Isolation to Transgenic Resistance
Editedby G D Fosterand S C Taylor © Humana Press Inc, Totowa, NJ
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Fig. 1 General gene organization of the potyvirus virus genome

Perhaps the biggest single problem with the purification of potyviruses 1s
aggregation of virions during the purification process. When aggregation
occurs, particularly at earlier stages of purification, significant losses occur
during the low-speed centrifugation (clarification) steps. Thus, many procedures
utilize the nonionic detergent Triton X-100 to prevent this. Once aggregation
occurs, 1t 1s difficult 1f not impossible to reverse Here, we present methods
that have proven successful for a number of potyviruses Once purified virus 1s
avatlable, methods for purification of viral RNA are relatively straightforward

2. Materials
2.1. General Materials

1 Organic solvents Reagent grade chloroform (CHCI,) and carbon tetrachlo-
ride (CCly).

2 Other reagents' Polyethylene glycol (PEG) (mol wt 6000 or 8000), Triton X-100,

optical grade CsCl, optical grade sucrose, NaCl

High capacity (500 mL) centrifuge capable of 10,000g

Centrifuge tubes resistant to CHCl; and CCl, (polypropylene)

Ultracentrifuge capable of 120,000g

Blender. We recommend the use of the 4-L Waring (New Hartford, CT) blender

with a stainless steel container. This blender 1s rather expensive, but 1t has the

torque to handle tough, fibrous tissues. If such a blender 1s unavailable, be sure to

cut coarse, fibrous tissues (like grasses) to 1-2 in or smaller lengths.

Stir plate and magnetic stirbars

Vortexer

40°C Water bath

—80°C Freezer

= R

SO 0

1

2.2. Buffers for General Potyvirus Purification

1 Buffer A 0.5M borate, pH 8 0 (boric acid titrated to pH with NaOH)
2 Buffer B- Buffer A with 0 15% sodium thioglycollate (grinding buffer)
3 Buffer C 0 05M borate, pH 8 0, with 5 mM EDTA

2.3. Buffers for Purification of Maize Dwarf Mosaic Virus

1 BufferA' 0 1M ammonium citrate, dibasic, adjusted to pH 6 0 with sohd KOH A
1.0M stock solution can be prepared
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2 Buffer B Buffer A containing 1% polyvinyl pyrrolidone (mol wt 40,000) and
0 5% 2-mercaptoethanol (grinding buffer).

3 Buffer C Buffer A containing 0.5% 2-mercaptoethanol

4 Buffer D. Buffer C containing 20% (w/v) sucrose

5 Buffer E: Buffer A containing 10, 20, 30, and 40% sucrose (w/v), for preparation
of sucrose density gradients

2.4, Buffers for Purification of Legume-infecting Potyviruses

1 Buffer A. 0.5M potassium phosphate buffer, pH 7.5.

2 Buffer B: Buffer A containing 0 02M sodium sulfite (grinding buffer).

3. Buffer C. 0 25M potassium phosphate buffer, pH 7.5 (dilute buffer A 1.1 with
delonized dH,0).

4, Buffer D' 20% (w/v) PEG 1n 0.02M Tris-HCl, pH 8 2

2.5. Buffers for Purification of Rymoviruses

1 BufferA Gnndimg buffer 0 01M K,HPO, Chill buffer and tissue to 4°C before use
2 Buffer B- 0 01M sodium citrate, adjusted to pH 8 0 with 1M HCI

2.6. RNA Isolation

1. A 10 or 20% sodium dodecyl sulfate (SDS) stock solution made 1n deronized dH,O
2 Tns-equilibrated phenol, pH 8 0 (available from US Biochem [Cleveland, OH]
and other suppliers)

Chloroform 1soamyl alcohol, 24 1

TE buffer 10 mM Tris-HCI, 1 mM EDTA, pH 8.0.

7.5M Ammonium acetate

Reagent grade ethanol

DEPC-treated water: Add diethyl pyrocarbonate to 0 1% and stir vigorously for 1
h. Autoclave for at least 25 mun (121°C) Freeze aliquots in RNase-free contamn-
ers until needed. Care should be taken to avoid contamination with RNase by use
of RNase-free (or disposable) containers

3. Methods
3.1. Potyvirus Purification

This procedure 1s perhaps the most common starting point when attempting
to purify an unknown potyvirus. It was first developed by Moghal and Franck:
(3) and 1s presented here. Improvements and modifications (from numerous
laboratories) are incorporated into the protocol Many of the notes for this
method that follow (see Subheading 4.1.) are applicable or relevant to steps in
the other protocols.

1. Grind leaves 1n 2 vol (400 mL) grinding buffer until thoroughly triturated Add
0.5 vol (v/v) of chloroform and carbon tetrachloride (100 mL each). Blend again
for 1 min at highest speed 1n the blender (see Notes 1 and 2)
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2 Centrifuge at 10,000g for 20 min at 4°C

3 Filter aqueous phase through large kimwipes supported by cheesecloth Make
sure that no chloroform or carbon tetrachloride remains 1n this initial extract (see
Note 3)

4 Add PEG (mol wt 8000) to 4% (w/v) and NaCl to 1 75% (w/v) Stir on 1ce for 1
h (see Note 4)

5 Centrifuge at 10,000g for 15 min at 4°C Carefully discard supernatant and retain
the pellets

6 Resuspend pellets inca 0 1 vol of initial extract, using cold 0 5M borate, pH 8§ 0
{see Note 5).

7. Just before low-speed centrifugation, add Triton X-100 to 0 25% (v/v) and stir
until thoroughly dissolved Low-speed centrifuge at 8000g for 15 min at 4°C
Retain the supernatant

8 Ultracentrifuge the retained supernatant at 70,000g for 1 5 h at 4°C (see Note 6)

9 Resuspend pellets 1n buffer C, using about one-thirtieth vol of the initial extract
(see Note 5)

10 Repeat steps 7-9, but resuspend pellets in 5 mL buffer C Centrifuge briefly at
low speed (8000—10,000g) for 1-2 min

1. Layer supernatant on 10-40% sucrose density gradients made n buffer C, and
centrifuge 2 h at 95,000g n a SW 28 swing bucket rotor (see Notes 7-9)

12, If desired, dilute virus-containing fractions with at least 3 vol of buffer C and
mix thoroughly Ultracentrifuge as 1n step 8, above, to concentrate virus-con-
taining fractions

13 Resuspend pellet in | or 2 mL of buffer C (see Note 10).

3.2. Purification of Maize Dwarf Mosaic Virus

This method, oniginally developed by W. Langenberg, has been used by a
number of laboratories for purification of potyviruses infecting Gramineae,
particularly maize dwarf mosaic (MDMV) and the related sugarcane mosaic
virus (SCMV), sorghum mosaic virus (SrMV), and johnsongrass mosaic virus
(JGMV). Langenberg reports that addition of 2M guanidine HCI, at steps 1-6,
will significantly increase virus yield (personal communication).

1 Collect 500—-1500 g infected tissue and grind 1n a large, prechilled blender with a
mimimum of 1 L buffer B Strain the contents through several layers of cheese-
cloth, squeezing out as much sap as possible (see Notes 11—13)

2 Add carbon tetrachloride to 5% (v/v) and mix 1n a blender for about 5§ s

3 Centrifuge for 10 min at 10,000-15,000g at 4°C and reserve the supernatant (see
Note 14)

4 While stiring, add Triton X-100 to 0.25% final concentration Then, add solid PEG
to 6% final concentration Stir until dissolved (about 0 5 h) (see Notes 15 and 16)

5. Centrifuge solution for 20 mm at 10,000-15,000¢ at 4°C and discard superna-
tant Resuspend pellet in ca 100 mL buffer C and clarify by centrifuging for 10
min at 10,000g at 4°C, reserving the supernatant.
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6. Layer the supernatant on a sucrose pad consisting of 5—8 mL buffer D (depending
on tube si1ze) and centrifuge 90 min at 100,000g at 4°C. Resuspend the pellets 1n
buffer A and centrifuge at 8000g at 4°C for 10 mun.

7 Layeraliquots of the supernatant on 10-40% sucrose density gradients (buffer E) and
centrifuge for 2 h at 100,000g Collect the high 4,5, absorbing fraction (see Note 17)

8 Daalyze the virus-containing fractions overnight against several changes of
buffer A, or simply dilute the fractions and centrifuge at high speed to con-
centrate the virus

3.3. Purification of Legume-Infecting Potyviruses

This procedure has been used successfully by several laboratories for purifi-
cation of strains of bean common mosaic virus, bean common mosaic necrosis
virus, and bean yellow mosaic virus. It should be applicable to many other
related legume-infecting viruses. The method presented here 1s a modification
of the procedure of Morales, as cited in ref. 4.

1 Harvest 200 g leaf tissue 1011 d after inoculation and homogenize with 200 mL
cold grinding buffer (buffer B). Add, for each 200 mL buffer, 50 mL chloroform
and 50 mL carbon tetrachloride and homogenize briefly (about 10 s)

2 Centrifuge for 5 min at 5000g Pour off supernatant carefully (see Note 18)

3 Add PEG to 6% (w/v), stir 1 h at 4°C, and centrifuge for 10 min at 12,000g (see
Note 19)

4 Allow pellet to resuspend undisturbed in buffer A for at least 6 h, and then clarify
by centrifugation for 10 min at 12,000g (see Note 20).

5 Add 2 mL of a 20% (w/v) PEG solution in 0 02M Tris-HCI, pH 8 2, per S mL

virus suspension Incubate 1 h at 4°C.

Centrifuge for 10 min at 17,000g

Resuspend pellets in buffer C You can resuspend this pellet overnight at 4°C

Centrifuge for 10 min at 12,000g

Add CsCl to 35% (w/v), gently dissolve, and centrifuge for 18 h at 120,000g (see

Note 21).

10 Recover virus zone Dilute the CsCl with buffer C and concentrate by centrifuga-

tion at 84,500g for 90 min at 4°C

=S IC N

3.4. Purification of Rymoviruses

This method was originally developed by Brakke and Ball (5) and subse-
quently modified by Sherwood (6) Although this procedure works quite well,
it has the disadvantage that relatively large volumes of extract must be sub-
jected to ultracentrifugation because a PEG precipitation step 1s not (and can-
not be) used. Thus, a large capacity ultracentrifuge rotor 1s very useful here

1. Grind young leaves (about 3 wk after inoculation) in 2 mL buffer A per gram leaf
tissue. Squeeze tissue through cheesecloth as described above (see Notes 22 and 23).
2 Check pH of filtrate If above pH 6 1, lower to pH 6 1 with acetic acid
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Incubate filtrate 1n a 40°C water bath for 1 h (see Note 24)
Centrifuge for 20 min at 10,000g at 4°C and retain the supernatant.

5 Adjust supernatant to pH 8 0 with 1M NaOH Measure initial extract While
stirring, add Triton X-100 to 1.5% (v/v) and sodium citrate powder to 0 01
final concentration

6 Centrifuge for 10 min at 10,000g at 4°C, and retain the supernatant

7 Centnifuge for 90 min at 100,000g at 4°C. Resuspend the pellet in buffer B (see
Note 25)

8 Centnfuge for 10 min at 10,000g at 4°C, and retain the supernatant

9 Layer supernatant over 0 2 vol (about 8 mL) 20% sucrose 1n buffer B and centri-
fuge at high speed, as in step 8

10. Resuspend the pellet in buffer B, and centrifuge briefly at 8000-10,000g at 4°C

11 Layer supernatant on a 10-40% sucrose density gradients prepare in buffer B,
centrifuge, and collect the virus-contamning fraction, as described previously (see
Notes 7-9)

12 Dilute the sucrose-containing fractions with buffer B and centrifuge for 90 min at

100,000g at 4°C to concentrate virus Resuspend the pellet in buffer B, which can

be resuspended overnight at 4°C (see Note 26)

Foy

3.5. RNA Isolation from Virions

1 Virus in the same buffer used after the final punfication step can be used here

(see Notes 27 and 28)

Add SDS to 1% (v/v) final concentration (1 ¢ , add 5 uL of a 20% stock solution

for every 100 uL virus preparation)

Incubate at 55°C 1n a heat block or water bath for 5 mm

Add an equal volume of Tris-equilibrated phenol, preheated to 55°C

Vortex vigorously for 5 s and centrifuge at 10,000g for 2 mmn

Remove aqueous phase to a fresh (RNase-free) microcentrifuge tube Add an

equal volume of chloroform (chloroform:isoamyl alcohol [24-1])

Vortex vigorously for 5 s and centrifuge at 10,000g for 1 min

8 Remove aqueous phase to a fresh (RNase-free) microcentrifuge tube Add 05
vol of 7 5M ammonium acetate. To this, add 2 5 vol of cold (—20°C) reagent
grade ethanol

9 Invert tubes until fully mixed. Place 1n the cold (—80°C for 30 min or —20°C
for [ h)

10. Centrifuge at 12,000g for 25 min at 4°C Remove supernatant and save pellet
Add 1 vol (of original virus prep) of cold 70% ethanol (made with DEPC-
treated water).

11 Immediately centrifuge at 12,000g for 5 min Remove supernatant and save pel-
let Vacuum-dry pellet (10—15 min without heat)

12 Resuspend 1n a small volume (ca 20 uL of DEPC-treated water or RNase-free
TE buffer).

13 Dilute a 5-ul. aliquot in DEPC-treated water to obtain absorbances at 260 and
280 nm on an UV spectrophotometer to determine yield (20 OD,q9 = 1 mg RNA)

N W o

~
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In addition, you can electrophorese 5 uL. RNA (mixed with 3 L. of an RNase free
loading dye) on a 2% agarose gel in TAE buffer (Tris-acetate-EDTA) to obtain
quality and yield information Potyviral RNA should migrate as a clear single
band with little or no degradation Store RNA preparations at —80°C (see Notes
29 and 30)

4. Notes
4.1. Potyvirus Purification

1

This procedure 1s designed for 200 g of infected tissue, but can be scaled-up by
concomitant increase in added reagents When working with virus hosts that
result in viscous extracts (e g, hosts m the Malvaceae or Allium spp.), try
including 2% (w/v) Polyclar AT (Sigma, St. Louts, MO) and 0 02M sodium
sulfite to the extraction buffer Many procedures also will use EDTA (0 05M)
1n the extraction buffer The need for these or other amendments can only be
determined empirically

(Subheading 3.1., step 1) Excessive mixing may cause foaming A foam
suppresser, available for the 4 L Waring blender, will reduce this Caution: Pro-
tective clothing and gloves should be used when handling organic reagents Chlo-
roform and carbon tetrachloride cause burning pain and redness 1f contact with
skin occurs Inhalation or ingestion can cause central nervous system depression,
with dizziness, drowsiness, and vomiting These reagents are suspected carcino-
gens based on animal studies

(Subheading 3.1., step 3) Use a separatory funnel, 1f necessary, to remove all
carbon tetrachloride and chloroform

(Subheading 3.1., step 4) A common source of virus loss 1s failure to release
virus from the PEG In many procedures, NaCl 1s included to aid 1n virus release
and, although not used 1n some procedures, 1t may be mmportant Therefore, 1t
may be useful to consider inclusion of 1 5-1 75% (w/v) NaCl when purifying an
uncharacterized virus, if yields are unsatisfactory

(Subheading 3.1., steps 6 and 9) Do not resuspend using vortex mixer You can
resuspend overnight at 4°C, 1f you wish

(Subheading 3.1., step 8) This 1s about 30,000 rpm 1n a Beckman T: 70 rotor
(Subheading 3.1., step 11) It 1s important not to add more than 2 mL (derived
from the equivalent of 50-75 g tissue) to every 35 mL sucrose gradient Over-
loading by using more than 2 mg virus per gradient will likely cause virion
aggregation and precipitation Prevention of this can be enhanced by the
addition of Triton X-100 to the sucrose solutions (to 0.1% final concentra-
tion) before gradient preparation However, Triton X-100 strongly absorbs
light at 254 nm and can make fractionation using a spectrophotometer (1 €., ISCO
system) difficult

(Subheading 3.1., step 11) Assumption here 1s that a Beckman SW 28 rotor or
equivalent 1s used Centrifugation times will have to be adjusted 1f a different
rotor is used Vertical or fixed-angle rotors can be used for sucrose density gradi-
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ent centrifugation, but separation may be unsatisfactory 1f there 18 turbulence
during deceleration caused by even slight rotor imbalance
9 (Subheading 3.1., step 11) Visualize virus-containing band after centrifugation

by shining a light (like from a binocular microscope hight source) You can remove
this band directly with a Pasteur pipet, or fractionate 1t using absorbed light at
254 nm with a commercial fractionator

10 (Subheading 3.1., step 13) We recommend that one determine absorbance,
regardless of purification method used, at 260 and 280 nm spectrophotometri-
cally The 260/280 ratio for potyviruses should be around 1 2-13 (orup to 1 4
for rymoviruses) Readings that are well out of this range (more than ca 0 1 U)
indicate probable contamination and/or degraded virus Store potyviruses by
refrigeration at 4°C 1n the presence of 0 04% (w/v) NaN;. EDTA can also be
added as a preservative We do not recommend freezing virus preparations and,
although there appears to be wide variation 1n storage life of potyviruses, most
should remain stable and useful for several months

4.2. MDMV Purification

11 Titer of viruses such as MDMYV does not seem to be as time-dependent as many
dicot-infecting viruses, but yields will be greater if younger infected tissue is
used, rather than older leaf tissue. Some workers remove leaf mid-rib tissue prior
to grinding

12 (Subheading 3.2, step 1) Try to keep the ratio of extraction buffer to tissue low,
in the 1-1-1-1 5 range, 1f possible

13. (Subheading 3.2., step 1) Perhaps the greatest loss of virus at this stage is caused
by poor or mcomplete grinding of tissue and failure to extract as much sap as
possible from the cheesecloth

14 (Subheading 3.2., step 3) Be sure to carefully decant the supernatant to remove
all carbon tetrachloride Failure to do so will require repeating Subheading 3.2.,
step 3

15 (Subheading 3.2., step 4) Making a 25% stock solution will make 1t easier to
pipet Triton X-100

16. (Subheading 3.2., step 4) Do not stop at this point Extended contact between
virus and the detergent will significantly reduce yield

17 (Subheading 3.2., step 7) The band containing virus should be clearly visible 1f
the tube 1s 1lluminated from the bottom Alternatively, one can simply remove
the virus-containing fraction by pipeting gently with a U-shaped Pasteur
pipet, or by inserting a 20-gage needle through the side of the tube Most
laboratories will use an ISCO density gradient fractionation system to retrieve
the virus-containing band

4.3. Purification of Legume-infecting Potyviruses

18 (Subheading 3.3., step 2) The organic phase will come loose, but you do not
want any of this mixed with supernatant. Pour off the rest into a separatory fun-
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19

20

21.

nel, allow to separate, and add the remainder of aqueous phase to rest of superna-
tant Discard pellet and organic solvents 1n proper containers

(Subheading 3.3., step 3) Alternatively, add PEG to 4% (w/v) and NaCl to 0.25M
We have done this both ways and occasionally some viruses or virus strains appear to
yield better with this method, rather than with 6% PEG and no NaCl
(Subheading 3.3., step 4) We have done this for less time with no apparent loss
1n yield. Probably as Iittle as 2 h 1s adequate.

(Subheading 3.3., step 9) One may use thick-wall polycarbonate tubes and the
T1 70 rotor at 125,000g Fill these tubes no more than half full If your ultracentri-
fuge will calculate w?t, use ~12,000. Some potyviruses are unstable in CsCl This
will be apparent if most of the virus 1s lost during ultracentrifugation to remove
the CsCl If this should happen, use 35% (w/v) Cs,SO,, rather than CsCl.

4.4. Purification of Rymoviruses

22

23
24

25.

26

(Subheading 3.4., step 1) Brakke and Ball (2) report that the best yields are
obtammed from younger leaves, but not until these leaves had well-developed
symptoms throughout.

(Subheading 3.4., step 1) Take care not to heat up blender excessively
(Subheading 3.4., step 3) It 1s best to keep track of temperature during this period
of time

(Subheading 3.4., step 7) When resuspending the first high-speed pellet, use
about one-thirtieth vol of the initial extract This step can be performed overnight
at 4°C.

(Subheading 3.4., step 12) Our average yield for WSMV 1s about 1 2 4,5, units,
or about 0 4 mg/100 g tissue, using 3 0 as the extinction coefficient The A,40/280
should be ~1 37.

4.5. RNA Isolation from Virions

27

28

29

30.

Do not use buffers that have over 50 mM potassium in them Caution: Do not
inhale SDS and avoid contact with skin, eyes, and clothing. Phenol 1s toxic 1f in
contact with skin or swallowed and causes burns Always use with gloves and
protective eye wear DEPC 1s toxic if in contact with skin or swallowed and causes
burns Always use with gloves and protective eye wear

Use virus at concentrations greater than 250 ug/mL whenever possible Lower
starting concentrations of virus will adversely affect RNA yields.

Nucleic acid content of potyviruses is about 5%. One mulligram of virus should
yield close to 50 ug of RNA.

Although 1solation of viral RNA 1s necessary for some experimental procedures
involving viruses, 1t 1s not always necessary to 1solate viral RNA to clone viruses
via reverse transcription Recent work has shown that a stmple procedure can be
used to obtain high-quality cDNA directly from potyviral virions (7) This proce-
dure circumvents the sometimes difficult 1solation of high-quality, pure RNA
from virions Full-length or near-full-length cDNA from potyviruses can be syn-
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thesized using this method and can be incorporated mto an immunocapture/
reverse transcriptase/polymerase chain reaction procedure (S D Wyatt, per-
sonal communication)
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Trichovirus Isolation and RNA Extraction

Sylvie German-Retana, Thierry Candresse, and Jean Dunez

1. Introduction
1.1. Trichoviruses: A New Plant Virus Genus

The genus Trichovirus, a newly established plant virus genus (1), contains
five viral species (including three tentative members), with similar biological,
morphological, physicochemtcal, and ultrastructural properties. Apple chlo-
rotic leaf spot virus (ACLSV) and potato virus T (PVT) are definitive mem-
bers of the genus (2,3), whereas heracleum latent virus (HLV) (4),
grapevine virus A (GVA), and grapevine virus B (GVB) (3,6) are regarded
as putative members.

ACLSYV, the type-member of the Trichovirus genus, has previously been
classified 1n the closterovirus group, according to the morphology of 1its flexu-
ous and filamentous viral particle (7). ACLSV was the first clostero-like virus
whose complete genome was sequenced and genomic organization determined
(8.9). When molecular information became available on other closteroviruses
(10, 11), 1t became evident that there were differences 1n genome properties and
structure between ACLSV and beet yellows virus (BY V), the type-member of
the closterovirus group. Those molecular differences, when added to the differ-
ences in particle and genome length, vector transmisston, and cytopathic inclu-
sions, led to the establishment of a new viral genus called Trichovirus (“tricho™
from the Greek “thrix,” meaning hair), which was approved by the ICTV com-
mittee at the Ninth International Congress of Virology, Glasgow, 1993.

Most of the individual species of the trichovirus genus are fairly well-char-
acterized biologically and physicochemically.

Complete sequence data 1s available for two strains of ACLSV (8,12);
whereas only partial sequences are available for PVT, GVA, and GVB (13,14),
and none for HLV.
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1.2. Biological Properties
1.2.1. Host Range

Trichoviruses infect dicotyledonous plants and differ 1n their geographical
distribution. ACLSV, GVA, and GVB are found worldwide, but PVT was
reported only in the Andean region of South America. The natural host range of
trichoviruses 1s restricted to either a single host (PVT, HLV, GVA, and GVB),
or to a somewhat wider host range (ACLSV).

ACLSYV 1s known to infect woody rosaceous plants, mcluding apple,
pear, plum, peach, cherry, and apricot. Although 1t 1s more or less symp-
tomless 1n pome fruits, 1t 1s responsible for serious diseases 1n stone fruits,
including peach dark-green mottle, false plum pox, and plum bark split
(15). The economic importance of ACLSYV 1s largely because of 1ts world-
wide distribution, and to 1ts capacity to induce severe graft incompat-
ibilities 1n some Prunus combinations, which causes important problems
1N nurseries.

PVT host range 1s limited: The main disease has been reported only for
potato (Solanum tuberosum), in which 1t 1s usually latent, but occasionally pro-
duces a mild leaf mottle (3) GVA and GVB are associated with, respectively,
Kober stem grooving and corky bark diseases of the grapevine—rugose wood
complex. These diseases are associated with symptoms of pitting and grooving
(5.6) HLV occurs commonly 1n Scotland 1n wild Heracleum sphondylium
(hogweed) plants, without causing any symptoms (4)

1.2.2 Transmission

All trichoviruses are experimentally transmutted by sap 1noculation and by
grafting. The viruses can be propagated on the following herbaceous hosts:
Chenopodium quinoa (ACLSV, PVT, and HLV), Nicotiana benthamiana
(GVA), and Nicotiana occidentalis (GVB). The mode of natural transmission
differs among the species. No natural vectors are known for ACLSV and PVT,
dissemination being mediated by propagative material, and PVT 1s also seed
transmitted 1n different hosts. Seed transmission also seems to be possible for
ACLSYV in apricot (15). Both GVA and GVB are transmitted by mealybugs.
HLV 1s transmitted by aphids in a semipersistant mode.

1.2.3. Morphological and Physicochemical Properties

The morphology of all trichoviruses 1s characterized by a highly flexuous
filamentous particle of 12 nm in diameter and 640-800 nm in length, with a
pitch of 3.3-3.5 nm and approx 10 subunits per turn of the helix. The viral
particle encapsidates a single-stranded positive sense genomic RNA of 2 2-2 5
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x 10¢ Dalton (about 7.5 kb) that accounts for 5% of the particle weight. The
particles contain a single coat protemn (CP) species with a mol wt of 22—27 kDa.

1.3. Molecular Properties

The genomic RNA of ACLSV 1s polyadenylated (76) and 1s probably capped at
its 5' end (8). The determination of the complete or partial nucleotide sequence
of the RNA of some members of the group (8,12—14) has provided knowledge
on the genome organization and the gene expression strategy of trichoviruses
(9). The ACLSV RNA contains at least three open reading frames (ORFs),
encoding proteins with approximate mol wt of 216, 50, and 22 kDa (Fig. 1).

The 5' large ORF1 codes for a protein that contains three signature
sequences, typical of replicase-associated proteins of the a-like supergroup of
plant viruses: The methyl-transferase, nucleotide-binding site helicase, and
polymerase signatures (8)

The ORF2 of ACLSV shares distant similarities with the cauliflower mosaic
virus gene [ and TMV 30-kDa movement proteins (MP) (8) The ORF2 encoded
protein has been included i the proposed family I of MP (17), which also
mcludes the MP of tobamoviruses, tobraviruses, comoviruses, caulimoviruses,
and geminiviruses.

The capsid protein ORF 1s located at the 3' terminus of the genomic RNA.
The CP contains motifs that are present in a highly conserved region of fila-
mentous virus CPs, hypothesized to be involved in the formation of a salt
bridge, and possibly vital for tertiary structure formation (18).

As shown 1n Fig. 1, GVA and GVB have an additional small ORF at the 3’
end of the genome, downstream of the CP gene, which is missing in ACLSV
and PVT (14). In the case of GVB, this small ORF has homologies with the
small, cystemn rich, nucleic acid-binding protems found in the genome of other
plant viruses, such as hordeiviruses and carlaviruses. Distinct sequence
homologies exist between the movement protemns and CPs of all members of
the trichovirus group.

1.4. Virus Purification

The trichovirus group includes viruses that are routinely propagated in
different herbaceous hosts, so that different protocols for virus purification
are used for the various members. This chapter describes in detail the
method of purification currently used in our laboratory for ACLSV, the type
member of the trichoviruses. The reader 1s directed to the references for sources
on other trichoviruses.

ACLSV purification is done by the bentonite—polyethylene glycol proce-
dure adapted from Lister and Hadidi (19), with modifications by Dunez et al.
(20) and other unpublished modifications.
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Fig. 1. Comparison of the genomic organization of the complete ACLSV RNA
(strain “P” isolated from Prunus sp., and strain “A” isolated from Malus sp.), with the
3'-terminal regions of PVT, GVA, and GVB RNAs. The position of the ORFs (boxed)
and the sizes of their putative translation products are shown. MP, putative movement
protein; CP, coat protein.

2. Materials
2.1. Virus Purification
1. Buffer A: 10 mM Tris-HCI, pH 7.5 (autoclaved) (Bioprobe Systems).
2. Buffer B: 10 mM Tris-HCI, 5 mM MgCl, (Prolab), 0.2% 3-3' diaminodi-

propylamine (Fluka Chemika), pH 7.8. This buffer should be freshly prepared
and the pH should be adjusted after the addition of the polyamines.
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3 Buffer C 10 mM Trnis-HCI, 5 mM MgCl,, pH 7 8 (autoclaved)
4. 10% Sucrose: 10 g of sucrose dissolved in 100 mL of buffer C
5 40% Sucrose 40 g of sucrose dissolved in 100 mL of buffer C

The last two solutions are used to prepare sucrose gradients and should be
kept aliquoted and frozen to avoid bacterial contamination.

2.2, Viral RNA Extraction

Protemnase K (20 mg/mL 1n water) (Sigma)

20% SDS (w/v) (Bioprobe)

Phenol saturated with 50 mM Tris-HCI, pH 8 0 (Bioprobe)
Chloroform/1soamyl alcohol (24/1, v/v) (Prolabo)

3M Sodium acetate, pH 5 3 (autoclaved) (Sigma)

96% Ethanol (kept at —20°C) (Carlo Erba)

TE. 10 mM Tris-HCI, 1 mM EDTA, pH 8.0 (autoclaved)

2.3. Gel Electrophoresis of RNA

1 10X MOPS/EDTA,pH 7 0 500 mM MOPS (Sigma), 10 mM EDTA, adjust to pH
7 0 with NaOH (Sigma) (autoclaving of this buffer will result 1n a yellow color
that does not interfere with the migration)

2 Buffer D 294 uL. 10X MOPS/EDTA, pH 7 0, 706 uL H,O

3 Buffer E- 89 pl formaldehyde (Sigma) (37%, 12 3M), 250 uL formamide (Sigma)
(freshly deionized)

4 Dyes mix 322 uL buffer D, 5 mg xylene cyanol (Serva), 5 mg bromocresol green
(Si1igma), and 400 mg sucrose

5 Gel-loading buffer: 2 pl. formaldehyde (37%, 12 3M), 5 uL formamide (freshly
deronized), and 7 uL Dyes mix

6 Electrophoresis buffer 1X MOPS/EDTA,pH 7 0

7 Gel preparation The 0 8% agarose gel 1s prepared by dissolving 0 4 g agarose
(Eurobio) 1n 36 mL of H,0, cooling to 70°C, and adding 5 mL of 10X MOPS/
EDTA, pH 7 0, and 9 mL 37% formaldehyde (final concentration 2 2M)

8 Gel-staining solution 10 mM sodium acetate (Merck), 10 mAM magnesium
acetate (Merck), 0 05% (w/v) Ortho-tolmdine blue (Sigma), pH adjusted to 5 5
with acetic acid

3. Methods

The following procedure was adopted for purifying ACLSV. All steps are
done at 4°C on a refrigerated bench

3.1. Bentonite Suspension Preparation

The protocol we currently use in our laboratory is the one proposed by Lister
and Hadid1 (19), with a few modifications. For a typical batch, 10 g of bento-
nite (Bentonite powder, Fisher Scientific) are suspended in 200 mL of buffer A
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by blending 1n an electric blender. The bentonite fraction, which does not pellet
in 3 mun at 600g (first centrifugation), but which does pellet in 15 min at 5500¢g
(second centrifugation), 1s resuspended in 100 mL of buffer and kept overnight
at 4°C. The following day, the same procedure 1s repeated, but the last pellet
obtained is finally resuspended 1in 50 mL of buffer A using a blender, resulting
in a suspension ready to use, and which contains about 40—50 mg/mL of bento-
nite. It 1s important to correctly estimate the bentonite titer by weighing I mL
of the bentonite suspension after water evaporation.

3.2. Virus Purification
3.2.1 Grinding

ACLSYV 1s propagated 1n the herbaceous host Chenopodium quinoa (see
Note 1). Symptoms vary depending on the ACLSV strain. Sunken or necrotic
lesions can develop after 46 d on inoculated leaves, followed by systemic
yellow spotting or mottling 2 d later on noninoculated apical leaves.

ACLSV 1s purified from systemically infected leaves harvested 7—10 d after
tnoculation Leaves can be kept frozen before purification, but should not be
kept longer than 2 mo at —-20°C. Leaves (100 g) are homogenized 1n 3 vol of
buffer B 1n a blender. Both Mg?* 10ons and polyamines tend to limit viral par-
ticle degradation during the purification process

3.2.2. Clarification

The homogenate is strained through cheesecloth and then clarified by add-
ing bentonite suspension n steps, starting with an mnitial amount of 10 mg of
bentonite per gram of leaves. The homogenate 1s mixed, kept at 4°C for 10
min, and then centrifuged 5 min at 1400g The supernatant 1s recovered, and
bentonite 1s added again to a final concentration of 5 mg/g of leaves. The
homogenate is mixed and kept at 4°C for 10 min, followed by another centrifu-
gation at 1400g for 5 min. This step 1s repeated until the supernatant becomes
straw yellow 1n color and the pellet grayish, each time using decreasing
amounts of bentonite (2.5 mg/g, 1.25 mg/g, and so on).

Bentonite is used to adsorb plant material (organelles, membranes, and so
on), which is then pelleted and eliminated after centrifugation. It is important
to keep 1n mind that an excessive use of bentonite will lead to the adsorption of
virus particles, and loss of virus. Therefore, the bentonite clarificatton proce-
dure must be performed very carefully and should generally not exceed four
successive steps.

3.2.3. Polyethylene Glycol (PEG) Precipitation

The virus is precipitated from the bentonite-clanfied extract by adding PEG
{mol wt 6000, Merck) to 8% (w/v) of the volume of the clanfied extract (see
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Note 2). The solution 1s gently stirred until the PEG 1s completely dissolved,
then held without stirring for 1 h at 4°C. After centrifugation for 30 min at
12,000g, the pellets are resuspended 1in a maximum of 3 mL of buffer C (see
Note 3).

3.2.4. Separation on Sucrose Gradient

Sucrose gradients 10—40% are prepared from two stock sucrose solutions
(see Subheading 2.1., items 4 and 5). Viral pellets, resuspended 1n buffer C,
are loaded directly onto six gradients (500 pL per gradient) and ultracentrifuged
for 2.5 h at 300,000g, 1n a Beckman SW 41 rotor. Gradient tubes are scanned at
254 nm with a ISCO ultraviolet absorption monitor and the UV absorbing
regions corresponding to virus fractions are collected in ultracentrifuge tubes.

3.2 5. Concentration

To concentrate the virus, the virus-containing fractions are ultracentrifuged
16 h at 95,000g in a Beckman 60 T1 rotor. The final virus pellet 1s then resus-
pended 1n 200 pL of buffer C. The virus concentration can be estimated by
measuring the absorption at 254 nm. Concentration 1s then calculated based on
the formula: 2 4 U of OD,s4,,,, correspond to a concentration of 1 mg/mL of virus

3.3. Viral RNA Isolation
3.3.1. RNA Extraction

The virus suspension 1s incubated 1n the presence of proteinase K (200 ng/
uL) and 0.5% SDS for 15 min at 50°C. This suspension 1s then extracted with
an equal volume of Tris-HC] saturated-phenol:chloroform-isoamyl alcohol
(25:24:1, {v/v/v]), and then with an equal volume of chloroform:1soamyl alco-
hol (24:1, [v/v]). The aqueous phase is ethanol-precipitated 1n the presence of
0.1 vol of 3M sodium acetate, pH 5.3, and 2.5 vol of 96% ethanol at —20°C, for at
least 1 h. Viral RNA 1s recovered by centrifugation for 20 mn at 4°C at 15,000g.
The RNA pellet 1s finally resuspended in 1020 pL of TE buffer or water

3.3.2. Analysis of Viral Nucleic Acid

RNA 18 denatured with formaldehyde and electrophoresed in a 0.8% agar-
ose formaldehyde gel, as described by Miller (21), with few modifications (see
Note 4) The RNA volume should be reduced to 1 uL, to which 2 2 uL of buffer
D and 5.8 pL of buffer E (see Subheading 2.3., item 3) are added. After dena-
turation by heating at 70°C for 10 mun, 1 pL of gel-loading buffer 1s added and
the sample 1s loaded on the gel (see Subheading 2.3., items 5-7). After elec-
trophoresis, the gel 1s stained for 15 min and destained 1n water (see Subhead-
ing 2.3,, item 8)
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3.4. Yields of Virus and Viral RNA

ACLSV is known to replicate at a relatively low level in the infected plants.
Yields of virus typically range from 100 ug to 400 ug/100 g tissue. This corre-
sponds to about 5-20 pg of viral RNA/100 g tissue. This yield can vary,
depending on the experiment, but rarely exceeds 20 pg. In the case of the Japa-
nese apple strain of ACLSYV, the reported yield was higher: 50 pg of viral RNA/
100 g tissue (12). Simular virus yields are obtained for PVT. 300 g to 1 mg of
virus/100 g tissue, corresponding to 15 ug to 50 ug of RNA (3).

The purification yield 1s reportedly higher for HLV: Yields of virus average
5 mg/100 g tissue, which 1s about 250 pg of viral RNA (4).

3.5. Purification of Other Trichoviruses

GVB 1s purified from leaves of N. occidentalis The method also includes
clarification by bentonite, followed by differential centrifugation and sucrose
density gradient centrifugation (6). GVA is purified from leaves of N
clevelandu. The method includes either clarification by bentonite or chloro-
form extraction, before PEG precipitation (35).

A protocol very similar to the one given for ACLSV 1s used for HLV (4)

For PVT, the method does not include the bentonite clarification step, but
uses carbon tetrachloride clarification instead (13).

4. Notes

1. Inoculation of C quinoa (young plants at the four-node stage) (see Subheading
3.2., step 1) 1s done by dusting leaves with Carborundum (600-mesh), then rub-
bing pairs of leaves at the third node with infectious C guinoa sap This sap 1s
prepared by grinding 10 g of infected leaves of C' guinoa 1 30 mL of buffer B,
and by adding activated coal (90 mg/mL) 1n this homogenate just before the
inoculation The infectious C. guinoa sap must be kept at 4°C It must be noted
that ACLSV 1s very susceptible to high temperatures, therefore, inoculation
should not be done during the summer period Grinding the leaves in the blender
should be done carefuly and should not last too long, because excessive blending
will result in virus degradation. The homogenate obtained should be thick and
not too ligmd The choice of the Fisher Scientific brand to prepare the bentonite
solution seems to make a difference in the purification 1ssue

2 The choice of the Merck brand for PEG also seems to make a difference for the
effective viral particles precipitation (see Subheading 3.2., step 3)

3. The virus pellet after PEG precipitation (see Subheading 3.2., step 3) may be
contaminated by plant components and appear very green Because excess ben-
tonite can lead to the loss of virus particles, 1t 1s better not to exceed four steps of
clarificatton To remove any noticeable green color from the pellet, additional
differential centrifugation steps can be done before loading onto the gradients, to
avoid interference in the UV absorption analysis of the gradients The virus pellet
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after PEG preciprtation 1s resuspended 1n 10 mL of buffer C, and then subjected
to centrifugation for 10 min at 10,000g The first supernatant 1s collected, and the
pellet 1s washed again with 10 mL of buffer C After centrifugation the superna-
tants are pooled and subjected to high-speed centrifugatton for 2 h at 160,000g m
a Beckman 60 Ti rotor The final virus pellet 1s then resuspended in 3 mL of
buffer C and loaded onto the sucrose gradients (see Subheading 3.2., step 4)
The method we present for gel analysis of the viral RNA can be substituted by
any other molecular biology technique of nucleic acid analysis described by
Sambrook et al (23)
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llarvirus Isolation and RNA Extraction

Deyin Guo, Edgar Maiss, and Glinter Adam

1. Introduction

The genus llarvirus belongs to the family Bromoviridae, together with three
other genera Bromovirus, Cucumovirus, and Alfamovirus (1) The 1ilarvirus
genus includes at present 15 approved species and 1s divided into 10 subgroups
according to serological relationships (2). The members are listed 1n Table 1.

Most of the members of the 1larvirus genus have a wide host range and infect
woody plants. They can cause diseases of economical importance 1n stone fruit
trees (Prunus spp.), apple, hop, citrus, and rose plants (2,3) The type member,
tobacco streak virus (TSV), however, infects mainly herbaceous plants and
causes diseases 1n tobacco, dahlia, cotton, tomato, asparagus, and some legume
species The chief measure to control ilarviruses 1s the use of virus-free propa-
gating material, but the healthy plants can become reinfected easily, since many
ilarviruses are transmitted by pollen. Engineered resistance may become a
promising perspective for the future control of ilarviruses (4).

The morphology of ilarvirus particles 1s quasi-isometric, with diameters
between 23 and 35 nm. Occastonally, bacilliform particles are visible 1n the
electron microscope (EM) (Fig. 1A) with 12—35 nm width and 2038 nm length
(2,3). The vanability in particle size 1s caused by the encapsidation of the three
different-sized RNAs into three separate virions (Fig. 1A). The particles are
very unstable 1n plant sap, can be easily deformed, and the virus concentration
in leaf tissue 1s low. This renders 1larviruses difficult to purify in good quality
and sufficient quantity, and has led to the sigla of the genus which was dertved
from 1sometric /abile ringspot viruses

Ilarviruses possess a tripartite, positive-sense single-stranded RNA genome
encapsulated by a coat proten (CP) of approx 25-30 kDa (3). A schematic
drawing of the genome organization and position of the open reading frames 1s
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Table 1

Species in the Genus llarvirus

Species (acronym) Subgroup Taxonomic status
American plum line pattern (APLPV) 5 Approved
Apple mosaic (ApMV) 3 Approved
Asparagus virus 2 (AV-2) 2 Approved
Citrus leaf rugose (C1ILRV) 2 Approved
Citrus vanegation (CVV) 2 Approved
Elm mottel (EMoV) 2 Approved
Humulus japonicus (HJV) 9 Approved
Hydrangea mosaic (HIMV) 8 Approved
Lilac ring mottle (LRMV) 7 Approved
Parietaria mottle (PMoV) 10 Approved
Prune dwarf (PDV) 4 Approved
Prunus necrotic ringspot (PNRSV) 3 Approved
Spinach latent (SpLV) 6 Approved
Tobacco streak (TSV) 1 Type member
Tulare apple mosaic (TAMY) 2 Approved

The list contains the species according to ref, I

shown 1n Fig. 1B. The two larger genomic RNAs (1 and 2) are monocistronic
and encode nonstructural proteins mvolved in viral replication (5). In con-
trast, RNA-3 1s bicistronic, encoding a polypeptide presumably required for
cell-to-cell movement at the 5' proximal end and the viral CP at the 3' distal end
(5-7). The putative movement protein is translated directly from RNA-3; the
CP 1s expressed from a subgenomic RNA-4, which 1s colinear with the 3' end
of RNA-3 and also becomes encapsidated Ilarviruses are not as intensively
studied at the molecular level as other viruses with tripartite genomes, such as
alfalfa mosaic virus (AIMV), and brome mosaic virus (BMV); nevertheless,
some sequence data became available recently (Table 2). So far, however, no
complete 1larvirus genome sequence has been published. Some information of
ilarvirus molecular biology has been deduced from results obtained for the
single member of the next-closest related genus, Alfamovirus, alfalfa mosaic
virus (AMV),

A unique property of ilarviruses, as well as AMV, which separates them
from the other genera of the bromoviridae, 1s the necessity of CP or CP
subgenomic mRNA to initiate infection (712). This phenomenon, referred to as
genome activation, has been studied 1n most detail with AMV (13). The genome
activation depends on the interaction of the N-terminus of the CP with the 3'-
untranslated region of the viral genomic RNAs (13) Moreover, the respective
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Fig. 1. Morphology and genome organization of ilarviruses. (A) Electron micro-
graph of purified ApMV. Differently sized virions are clearly recognized. Bar = 100
nm. (B) Schematic drawing of the genome organization of ilarviruses.
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Table 2
Sequence Information Available for llarviruses
Virus RNA segment Accession no for sequence?
Prunus necrotic ringspot RNA-3 L 38823 Hammond (6)
Applec mosaic RNA-3, RNA-4 U15608 (Shier et al ,
unpublished),
L03726 (8), U03857 (9)°
Tobacco streak RNA-3 X00435 (10)
Prune dwarf RNA-4 L28145(11)
Citrus variegation RNA-3 U17389 (7)
Citrus leafrugose RNA-2; RNA-3 U17726 (5), U17390 (7)
Lilac ring mottle RNA-3 U17391 (20)

“The corresponding references are given 1n parentheses
5This sequence was published as ApMV sequence, but probably 1s really PNRSV according
to sequence comparisons (see refs. 6 and &)

CPs of several ilarviruses and AMYV are freely exchangeable 1n the process of
genome activation. For example, the TSV genome can be activated by AMV
CP and vice versa, although they have no apparent sequence similarity (74).
Obviously, this shared function depends only on the secondary and tertiary
structure of the CP and the viral genomic RNAs, which allow the recognition
and nteraction between the proten and the viral RNA, even 1n heterologous
combinations (13).

2. Materials
2.1. Equipment (see Note 1)

Centrifuge for Eppendorf (Netheler-Hinz Gmbh, Hamburg, FRG) tubes
Low-speed centrifuge with swingout rotor

High-speed centrifuge, like Sorval (Newtown, CT)

Ultracentrifuge with fixed-angle and swingout rotor

ISCO (Columbus, OH) density gradient fractionator

pH meter

Waring blender

Spectrophotometer

Pipeting devices like Eppendorf pipets

D
N

. Buffers and Reagents

Inoculation buffer- 0 03M HEPES buffer, pH 7 5, or standard virus buffer (see
item 2) without mercaptoethanol, but with diethylditmmocarbamate (DIECA) and
2% polyvinylpyrrolidon (PVP), average mol wt 10,600

p—
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2. Buffers for virus purification, 0.03M sodium phosphate, pH 8 0, 1s used as buffer
for purified virus and for the homogenization step For the homogenization step,
add 0.02M 2-mercaptoethanol (2-ME) and 0 02M sodium DIECA just before use.
Caution: 2-ME 1s harmful, handle 1t 1n a fume hood

3 Chemucals for virus purification. Antifoam A solution (Sigma Chemie GmbH,
Deisenhofen, FRG)

4 Triton X-100 solution

5N NaOH

6. 40% (w/v) Sucrose solution n virus buffer, used as stock solution for preparation
of sucrose gradients Gradients are best prepared from four different sucrose con-
centrations. 10, 20, 30, and 40% In order to prepare lincar gradients, divide the
nominal volume of the centrifuge tube, minus 1 mL, by four This gives the nec-
essary volume for each concentration per each gradient Pipet the calculated
amount of the 10% solution 1nto the tube and underlay the remaining concentra-
tions one after the other with a syringe and long cannula The hinear gradient 15
formed by diffusion during storage of the tubes overmght at 4°C

7 TE buffer 10 mM Tris-HCI, | mM ethylene diaminetetraacetic acid (EDTA),
pH 7.5

8 Twofold proteinase K buffer 0 2M Tris-HCI, 0 3M NaCl, 25 mM EDTA, 2%
(w/v) sodium dodecyl sulfate (SDS), pH 7.5.

9 TE phenol Phenol saturated with TE buffer, pH of 75 Caution: Phenol and
chloroform are dangerous for your health and the environment, as well as very
corrosive Handle them with gloves, protect your eyes with goggles, and work 1n
a fume hood Dispose of residues according to regulations Remove spills, espe-
cially 1n centrifuges, and rotors immediately

10. Phenol-chloroform mix 50% (v/v) TE phenol, 48% (v/v) chloroform, and 2%

1soamyl alcohol

11 Chloroform mix chloroform 1soamyl alcohol = 241 (v/v)

12 3M Sodium acetate Adjusted to pH 5 2 with acetic acid

13 Proteinase K stock solution 10 mg/mL in water Store at—20°C

w

3. Methods (see Note 1)
3.1. Propagation of Viruses

For most 1larviruses, cucumber (Cucumis sativus) is a good source of virus
for propagation and purification. Most suitable are the varieties “Riesenschal”
and “Lemon”; however, 1f these varieties are not available, other varieties may
be used. These should be tested before use for their sensitivity and the virus
titer that 1s achieved upon 1noculation The best condition for cultivating
cucumber plants 1s 24-25°C with an 18-h photoperiod. In uncontrolled condi-
tions, the virus concentration in plants varies seasonally. The most suitable
tumes are spring, autumn, and winter, but additional hight 1s essential. The time
required to reach a maximum concentration in cucumber cotyledons 1s nor-
mally 3—6 d after inoculation, but 1t may take up to 10 d under unfavorable
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conditions. For TSV, Nicotiana tabacum and Datura stramonium are more suit-
able propagating hosts, but the same procedure as described below can be used
for purification

3.2, Extraction and Crude Purification

All purification steps should be performed in the cold with precooled buft-
ers, equipment, and rotors. Temperatures between 0 and 4°C are sufficient.

1 Harvest the infected cucumber (Cucumis sativus) cotyledons and leaves 36 d after
moculation Cool the plant tissues, buffers, and Waring blender to 4°C for 30 min

2 Homogenize the tissue with a Waring blender 1n extraction buffer (volume
equivalent to twice the weight of tissue) for 5 min at maximum speed To prevent
excessve foaming when blending, add five drops of antifoam A per 100 g leaf
tissue, but this can be omitted if antifoam A 1s not available

3 Centrifuge the homogenate for 20 min at 1520g 1n a Sorvall GS-3 rotor to remove
cell debris. Carefully decant the supernatant into a beaker, and discard pellets

4 Adjust the pH of the supernatant to 4.9 with glacial acetic acid under the control
of a pH meter, and incubate at 4°C for 30 mimn This step will precipitate most
chloroplast matenal, host proteins, and cell debris

5. Centnfuge for 20 min at 11,000g, 1in the same rotor as above, to remove precipi-
tated matenal Carefully rescue the clear yellow supernatant and adjust the pH of
it immediately back to 7 0 with S¥ NaOH Discard pellets

6 Add Triton X-100 slowly to the supernatant to a final concentration of 2% (v/v)
and stir slowly at 4°C for 1 h Ths step dissolves any remaining membranes and
membrane vesicles, and thus prevents their sedimentation during the following
ultracentrifugation

3.3. First Concentration

Sediment the virus by centrifugation at 105,000g for 4 h in a Beckman (Ful-
lerton, CA) T1-45 rotor and let the pellets resuspend overnight at 4°C 1n a vol-
ume of 0.03M sodium phosphate, pH 8.0, equivalent to one-tenth of the original
tissue weight. The pellets should be clear and glassy, with a small center of tan-
colored, msoluble material. If the pellets are very difficult to resuspend, a
Dounce glass homogenizer with a loose fitting piston can be applied to speed
up the resuspension process

3.4. Fine Purification

1. Centrifuge the resuspended pellet at 16,300g for 15 min 1n a Sorvall HB4 rotor
and save the supernatant This will remove most of the opaque portion of the
original pellet

2 Sediment the virus again by centrifugation for 3 h at 93,000g 1n a Beckman T:-70
rotor The resulting pellet should be nearly colorless and the opaque material
reduced to a small dot 1n the center of the pellet. Most of this will be removed by
the subsequent low-speed centrifugation
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3. Resuspend the pellet by gentle shaking 1n 200 pL of 0 03 sodium phosphate,
pH 8 0, per 100 g leaf tissue, and then centrifuge for 10 nun at 12,000g 1n a
cooled Eppendorf centrifuge Using a Pasteur pipet, carefully transfer the virus-
containing supernatant to a new ! 5-mL centrifuge tube The preparation at this
step, although containing still a hittle host-plant contamination, 1s good for viral
RNA 1solation and subsequent cDNA cloning The quality can be controlled n an
electron microscope and spectrophotometrically The OD,4g050 0f the prepara-
tion should range from | 45 to 1 60. The concentration can be estimated from the
extinction coefficient Eygy o ®5 1-5.3, which 1s equivalent to 1 mg/mL at 1 cm
length of the light path

3.5. Sucrose Gradient Centrifugation

If the preparation is to be used for antiserum production, a further purifica-
tion step by sucrose density gradient centrifugation 1s recommended. Load at
maximum 1 mL, with up to 3 mg of the virus suspension per each preformed
sucrose gradient, ranging from 10 to 40% sucrose mn 0.03M sodium phosphate,
pH 8.0, and centrifuge for 4 h at 113,000g 1n a Beckman SW-28 rotor Care-
fully collect the virus-containing zones from the gradients with an ISCO
density gradient fractionator, according to the absorption profile, monitored
at 254 nm. Dilute the virus-containing fractions four times in 0.03M sodium
phosphate, pH 8.0, and sediment the virus by centrifugation at 123,000g for
2.5 h in a Beckman Ti-60 rotor. Resuspend the final pellet 1n 0.2 mL of the
same buffer.

3.6. Storage of Purified Virus

For short pertods, 1.e , a few days, purified virus 1s stored at 4°C at the high-
est concentrations possible. For long-term storage, the purified virus should be
aliquoted m useful amounts and stored frozen at —80°C or in liquid nitrogen.

3.7. Extraction of Viral RNA (see Note 11)

1 Mix the virus preparation with ! vol of twofold proteinase K buffer and add pro-
temnase K to an end concentration of 400 pg/mL. Incubate the mixture at 37°C for
30 min to digest the viral coat protein.

2 Add 1 vol of TE phenol to the digestion muixture and strongly vortex for 30 s,
break the emulsion by a centrifugation for 4 min at room temperature and 8000g
n a table centrifuge equipped with a swingout rotor Using a pipet, carefully
remove the upper aqueous phase, which contains the RNA

3. Extract the aqueous phase again, first with phenol chloroform mix, and then with
the chloroform mux, as described above Each time, carefully remove the aque-
ous phase

4. Add 01 vol 3M sodium acetate, pH 5 2, and 2 5 vol of 1ce-cold 100% ethanol to
aqueous phase and incubate for at least 30 min at —70°C This will precipitate the
RNA from the solution
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5 Sediment the RNA by centrifugation for 20 min at 4°C and 12,000g mn a cooled
Eppendorf centrifuge

6 Wash the resulting pellet once with 70% ethanol and centrifuge again for 5 mn at
12,000g as above

7 Dry the pellets for 5 mm 1 a vacuum concentrator and resuspend it in 50 pL
sterile water or TE buffer The RNA preparation can be stored under 70% etha-
nol, as ethanol precipitate at —70°C, for many years The quality and quantity of
the RNA should be controlled spectrophotometrically for contammating proteins
(a ratio of absorbance 260/280 nm of 22 0 1s indicative for the absence of pro-
tein) and by agarose gel electrophoresis, where the presence or absence of degra-
dation can be observed

4. Notes

1. The equipment list also contains branch names of some manufacturers and equip-
ment. The authors do not want to state that the success of the experiments and
methods relies on the use of these specific instruments Instead, 1t 1s, of course,
possible to use equivalent equipment and nventory The procedures described
here were developed for Prunus necrotic ringspot virus, but are also suitable for
other 1larviruses (for suggestions for modifications, refer to subsequent notes)

2 The success 1n purification depends to a large degree on the greenhouse work,
1 ¢, the choice and culture of the propagation plants Only well-kept plants
develop high titers of virus, and this makes purification easier Second, 1t 1s hughly
advisable to plan the purification schedule carefully Speed 1s a highly underesti-
mated factor Do not start with more plant material than you can process The
bottleneck 1s usually the first ultracentrifugation step, in which the volume 1s
limited to about 450 mL when using one Ti-45 rotor

3 Choice of propagation plants and their inoculation The varieties of cucumbers or
other herbaceous host plants may vary 1n their suitability for propagation, 1n case
you start anew with work on 1larviruses, make sure you have a suitable variety
available The plants should be inoculated at an early developmental stage For
cucumbers, this 1s after the two cotyledones have developed and the first real leaf
1s barely visible When inoculating with material from woody hosts, add PVP to
your inoculation buffer

4 Choice of extraction buffer In some cases, the use of HEPES buffer for extrac-
tion and resuspending of the virus seems better than phosphate buffer We have
had this experience, especially with PDV, when 0 03M HEPES buffer, pH 7 5,
worked best In this case, acidify the clarified homogenate with 0 5M citric acid
and neutralize back later with 0 5M NaOH

5 Homogemzation step: The homogenization should not last longer than 5 min,
otherwise, 1t will disrupt virus particles Addition of antioxidants 2-ME and
DIECA stabilizes the virus particles during the first steps, but are obsolete later

6 First purification steps The yellowish supernatant should be decanted carefully
without any green material, which lies between the supernatant and the unsoluble
pellet. The green matenal interferes with the following steps
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7

10.

11

12

13

14

pH adjustments: When adjusting the pH, slowly drop the acidic or basic solution
into the extract and stir with a magnetic stirrer to avoid extremely low or high pH
and drastic pH changes

Other clarification procedures: The method described to clarify the extract 1s
acidification, because the virus can withstand the acidity for the time required to
remove the precipitate by centrifugation. If the purification fails, check espe-
cially this step, preferably by electron microscopy, to make sure the virus 1s not
lost here. Precipitation of plant material starts around pH 5.2, so maybe a slightly
higher pH, as in Subheading 3.2., can help Otherwise the clanfication with
hydrated calcium phosphate (HCP) has been used to efficiently adsorb host ma-
terial at the buffer concentration of 0.03M (16-18). The HCP 1s prepared by add-
ing shightly less than an equal volume of 0 1M CaCl, to a 0 1M solution of
Na,HPOQ,. The white precipitate (HCP) should be washed in distilled water 15—
20 times by repeated decantation and resuspenston of the precipitate, to remove
soluble salts A volume of HCP equivalent to 0 9 of the original weight of tissue
1s normally needed to clarify the extracts. The buffer concentration of 0.03M
should be obeyed, since the virus 1s also adsorbed at lower 10n1c strength and the
host material 1s not efficiently adsorbed in higher concentrations Finally,
ilarviruses can also be concentrated by 10% polyethylene glycol (PEG) 8000 and
1% NaCl (Wang, personal communication) In addition, this would allow the
processing of more tissue and larger volumes when the virus titers are low and/or
only small-volume ultracentrifuge rotors are available

Alternative method to remove host contaminants: Host material may also be effi-
ciently removed from virus preparations by precipitation with an antiserum pre-
pared against host protein The procedure 1s described 1n detail by Gold (19)
Choice of final purification steps. Usually the sucrose gradient purification 1s
sufficient, however, equilibrium density gradient centrifugation has also been
apphed, using either CsCl (only after fixation of the purified virus with alde-
hyde) or Cs,S0,

Caution: The general precautions for work with single-stranded RNA, such as
sterile buffers, glassware, and use of examination gloves to prevent contamina-
tion with RNases, should be strictly obeyed Work at low temperature or on 1ce is
recommended, until otherwise stated

When extracting viral RNA with phenol and chloroform, three phases normally
appear after centrifugation The upper aqueous phase, containing RNA, should
be very carefully removed The intermediate and lower phases, composed of
denatured protemns and organic solvent, should be strictly avoided Any trace of
them may interfere with the suitability of the RNA preparation for cloning work
During the wash steps, 1t 1s important to note that the RNA pellet should not be
strongly shaken and thereby released from the tube wall, otherwise, the RNA
may be easily lost when decanting the solution Gently overturning the centri-
fuge tube several times may be sufficient.

Choice of RNA extraction methods The described method 1s normally success-
ful and yields RNA with little degradation and is well-suited for cloning steps In
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case the RNA looks undegraded according to their electrophonetic pattern, but
cloning fails despite a control RNA yielding good results under the same proto-
col, the following procedure might help Precipitate RNA with ethanol, pellet the
RNA, and, after drying in a vacuum concentrator, redissolve the RNA 1n sterile
cacodylate buffer (0 02M cacodylic acid, 0 002M sodium-EDTA, pH adjusted to
7 2 with 1N NaOH) at a concentration of | mg/mL Add, per mL of RNA, 0 2 mL
cacodylate buffer, 80 ul. mercaptoethanol, and 0 2 mL of a sterile 20% SDS solu-
tion 1n water Mix well and incubate for 1-2 min at 60°C 1n a water bath There-
after, add 4 mL of TE-phenol and incubate, with occasional shaking, for 10 mn
n an ice bath Break the emulsion by centrifugation 1n a low-speed centrifuge
with swingout rotor at 8000g for 15 min at 20°C, remove the aqueous phase, and
precipitate the RNA as described in Subheading 3.7. Two wash steps with 70%
ethanol should be performed to remove phenol residues Caution: Be careful
with cacodylate buffer, it 1s toxic
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Bromovirus Isolation and RNA Extraction

Jozef Julian Bujarski

1. Introduction

Bromoviruses are a group of plant single-stranded RNA viruses that belong
to the genus Bromoviridae Their polyhedral particles of ca 26 nm in diameter
have the icosahedral T-3 surface lattice symmetry (1), with 180 1dentical
polypeptides used to build their virion particles Because of the tripartite na-
ture of their genomic RNA, three different particles exist. one containing one
molecule of RNA-1, one containing one molecule of RNA-2, and one contain-
ing one molecule each of RNA-3 and RNA-4 (see Fig. 1).

The physicochemical properties of all bromoviruses are similar Their viri-
ons are 1n a stable, compact form at pH between 3 and 6, but swell when the pH
1s raised above 6.5 (2). They also swell reversibly in presence of Ca?* or Mg?*,
with concomitant changes in capsid conformation (3) Besides coat protein
(CP), no lipids or carbohydrates are reported to be contained within
bromovirus particles.

Three type members. brome mosaic virus (BMV), cowpea chlorotic mottle
virus (CCMV), and broad bean mottle virus (BBMYV), as well as melandrium
yellow fleck virus and cassia yellow blotch virus, appear to have the character-
1stics of bromoviruses (4) The bromoviruses have restricted host range: BMV
infects mostly Graminae, whereas BBMV and CCMYV 1nfect a few species in
the Leguminosae. All three bromoviruses can nfect Nicotiana benthamiana, a
useful virus purification host. In all these hosts, bromoviruses cause systemic
mottle or mosaic symptoms, in which they reach and maintain levels of 0.3-3
mg/g of leaf tissue. BMV, BBMV, and CCMV give local lesions in some
Chenopodium species

The nucleotide sequences of the genomic RNAs of BMV, BBMV, and
CCMYV are known (5). The BMV replicase protemns la and 2a are encoded by
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Fig 1 Molecular organization of the brome mosaic virus genome The ORFs are
boxed and labeled The domains within ORFs | and 2 are marked by double-sided
horizontal arrows The noncoding sequences are marked as solid lines The 5' CAP
and 3' tRNA-like structures are marked, respectively, at the 5' and 3' RNA ends The
size of BMV CP is 27 kDa

RNA-1 and RNA-2, respectively. Protein la has at least two domains: one for
a putattve helicase, and one for putative capping enzyme (guanylyl- and/or
methyltransferases), 2a represents the catalytic unit (Fig. 1). BMV RNA-3
component encodes the nonstructural movement (3a) protein and the CP. Minus-
strand synthesis promoters are located within the 3' noncoding tRNA-like struc-
ture region (6). Other sequences responsible for BMV RNAS3 replication are
within the intercistronic region and at the 5' end The 5' noncoding region
also contains internal regulatory motifs. The intercistronic region has the
subgenomic RNA-4 promoter (7), as well as signals involved 1n asymmetric
RNA synthesis (8)

2. Materials

1 Virus moculation buffer 0.01M NaH,PO,, 0 01M MgCl, pH 6 0 (with NaOH)

2 Virus extraction buffer: 0 SM sodium acetate, 0.3M acetic acid, 0 01M MgCl,,
0 1M ascorbic acid (only for BBMV).

3. Virus storage buffer 0.05M sodium acetate, 0 01M acetic acid, 1 mM Na,EDTA,
1 mM MgCl,

4. 10X RNA extraction buffer: 0 SM glycine, 0 5M sodium chlonde, 0 1M
EDTA, pH 9.0

5 RNA loading solutton 0 5% bromophenol blue, 0 5% xylene-cyanol, 15% Ficoll
dissolved m DEPC-treated water
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6

7

RNA electrophoresis separating buffer (0 5X TBE buffer). 0.045M Tris, 0 045M
boric acid, 0 001M EDTA, pH 8.0

Polyethylene glycol (PEG) solution' 30% (w/v) of PEG, average mol wt 8000,
1n water.

3. Methods

3.1.

L.

2.
3

11.

Virus Propagation

Arrange a set of pots filled with a so1l mixture (PRO-MIX R6) Equal the top by
pressing with another pot

Water the so1l

Put 1020 barley seeds on top and cover with a 1-cm layer of so1l Press with
another pot and water

Put pots 1nto greenhouse and keep 1n a full-light condition, below 25°C. If neces-
sary, use artificial light with a photoperiod of 16 h ight/8 h dark

Prepare virus mnoculum by grinding 1 g of infected leaves (taken from another
plant) with a mortar and pestle in 2 mL of inoculation buffer Add a 600-mesh
Carborundum powder to the moculum

Dust the two- to three-leaf stage barley plants with Carborundum and 1noculate
the virus by rubbing each leaf with gloved fingers moistened with inoculum The
leaves must be rubbed hard, but not hard enough to damage the leaves

Using a household sprayer, spray the inoculated plants with water immedately
after moculation to prevent leaf dehydration

Keep the noculated plants 1in greenhouse for another 2 wk

. Virus Purification (see Note 1)

Collect those leaves that show systemic symptoms (a mosaic) of BMV infection,
Do not collect inoculated leaves

Grind infected leaf tissue 1n chulled mortar using pestle and crushed glass, with 1
mL extraction buffer per gram of tissue (see Note 1)

Transfer 1nto a centrifuge tube (e.g., Corex glass tube or plastic Oakridge tube)
and add 0.2 mL chloroform/g tissue, then emulsify by vortexing for 30 s
Centrifuge for 5 min at 5000g in a low speed centrifuge at 4°C Use a pre-
cooled rotor.

Remove supernatant, avoiding the interface, and filter 1t through a coarse filter
paper or three layers of Miracloth

Add one-third vol of 30% PEG, stir for 1 min, and leave on i1ce for 30 min
Collect the precipitate by centrifugation for 10 mn at 12,000g

Dissolve the pellet in 0 2 mL storage buffer per gram of the origtnal tissue and
emulsify again with 0 4 mL of chloroform per ! mL of virus solution
Centrifuge 5 min at 12,000g and discard the supernatant

Leave the virus pellet on ice overmght 1n 0.2 mL of storage buffer per gram of the
original tissue to resuspend the virus

Ultracentrifuge the dissolved pellet for 2 h at 100,000g.
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12 Remove the supernatant

13. Dissolve pellet (see Note 2) in the storage buffer and centrifuge for 10 min at
30,000¢

14, Withdraw the supernatant (discard the pellet) and repeat steps 11-14

15. Determine virus concentration by measuring UV light absorption at 260 nm (see
Note 3)

16 Store the virus frozen at —70°C (see Note 4)

3.3. Extraction of Virion RNA (see Note 5).

1. Pipet out 200 L purified virion preparation into an Eppendorf tube, add 25 pL
10% SDS (w/v), 25 uL. 10X RNA extraction buffer, and 250 uL phenol

2 Vortex for 20 s.

3 Centrifuge for 4 min at 14,000 rpm 1n an Eppendorf microcentrifuge

4 Transfer the upper (aqueous) phase to a new tube, then add 125 uL phenol (see
Note 6) and 125 pL chloroform (see Note 7).

S5 Vortex for 20 s

6 Centrifuge for 4 min at 14,000 rpm

7 Transfer the upper phase to a new tube, then add 250 pL chloroform

8 Vortex for 20 s

9 Centrifuge for 3 min at 14,000 rpm
10. Transfer the upper phase to a new tube and add 2 5 vol ethanol
11 Keep on ice for 30 min
12 Centnfuge for 12 min at 14,000 rpm
13 Discard supernatant, wash the pellet by vortexing 30 s with 200 uL of
70% ethanol
14 Centnifuge for 3 min at 14,000 rpm
15 Duascard the supernatant
16. Dry the pellet in SpeedVac (under vacuum) for 3—5 min
17 Dissolve in 50 ul. DEPC-treated water.
18 Store the RNA preparation at —70°C (see Note 8)

3.4. Electrophoresis of Virion RNA

=

Melt the stored RNA preparation slowly on ice.

2 Vortex for 10 s

3 Spin down all the droplets by centrifugation for 10 s at 14,000 rpm (e.g., 1n
Eppendorf microcentrifuge)

4. While melting RNA samples, cast a 1% agarose gel in an autoclaved 0.5X TBE
buffer The electrophoresis tank should be pretreated with hot 1% SDS for 15 s,
followed by immediate rinsing three times with sterile distilled water

5 Load 0 1-0 5 ug RNA to each well in a sterile RNA loading solution

6. Run electrophoresis for 1-3 h, depending on the length of the unit (the longer the
unit, the better separation of the RNA segments) at 100 V

7. Stain the gel with ethidium bromde (0 001% [w/v] solution) for one-half hour,

then examine the gel under UV lamp.
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4. Notes

1

This protocol works well for BMV and CCMV In the case of BBMYV, especially
1f the virus 1s extracted from broad bean leaves, the ascorbic acid should be added
to virus extraction buffer The basic protocol can be scaled-down for virus
extraction from mg quantities of leaf tissue In this case, the centrifugation steps
are accomplished using Eppendorf tubes and a microcentrifuge, and ultracen-
trifugation steps are omitted The entire procedure should be done on 1ce or n
cold room (see also ref. 9)

Pellet should appear clear and glassy

1 ODs¢ corresponds to 0.2 mg of the virus. The punty of virion RNA samples
can be estimated by measuring the ratio of UV absorbency at 260/280 A ratio
of 1 8-2 0 indicates that the RNA sample contains no, or only residual,
amounts of proteins

The virus will preserve 1its biological activity for years when stored n storage
buffer at —70°C To avoid thawing and refreezing of the samples, store the virus
in small aliquots Virus yield 0 5-5 mg/g infected leaf tissue

The procedure gives good yields of viral RNA for three bromoviruses The RNA
purification procedure should be done entirely on ice or 1n a cold room
High-quality phenol saturated with 0 1M Trs buffer, pH 7 0 (e g, from Gibco-
BRL) should be used for RNA 1solation High-quality water (double-distilled)
should be treated with DEPC overnight at 37°C, followed by autoclaving
High-quality chloroform stabilized with isoamyl alcohol (mix 1 vol of 1soamyl
alcohol with 24 vol of chloroform) 1s recommended for RNA 1solation

Store the RNA preparations in small aliquots of DEPC-treated water at —20 to
—80°C The RNA preparation is stable for years Avoid thawing and refreezing of
the samples Yield' 0 03-0 1 mg/g infected leaf tissue
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Cucumovirus Isolation and RNA Extraction

Marilyn J. Roossinck and P. Scott White

1. Introduction

The Cucumoviruses are tripartite (+) sense RNA viruses in the Bromoviridae
family of plant viruses The genus includes cucumber mosaic virus (CMV, the
type species), peanut stunt virus (PSV), and tomato aspermy virus (TAV)
(reviewed in refs, I and 2) A fourth member, bean distortion mosaic virus
(BD1MV), has also been proposed as a new species (3). CMV 1s further divided
into two subgroups, based on hybridization data and serology (2). PSV prob-
ably also contains at least two subgroups, and perhaps as many as six (4) CMV
has the broadest host range of any known plant virus, infecting up to 1000
species of plants, and inducing a very wide range of symptoms 1n infected
plants (2). PSV has a narrower host range, infecting predominantly solana-
ceous plants and legumes, and TAV 1s predominantly restricted to solanaceous
plants and composites (7) Symptoms for all of the cucumoviruses may include
stunting, mosaic, and leaf distortion, and may range from mild to severe.

The Cucumoviruses encode at least four proteins (outlined in Fig. 1), and
possibly a fifth (5). RNA-1 and RNA-2 contain large open reading frames
(ORFs) encoding the Ia and 2a proteins, respectively, the viral components of
the replicase complex (6,7). A second ORF 1s found on RNA-2 of all reported
cucumoviruses, but the gene product for this ORF has not been shown for all
strains of CMV (5). RNA-3 encodes the 3a protein, necessary for virus move-
ment, and recently shown to mnteract with plant plasmadesmata (8) The 1a, (9),
the 2a (10), and the coat protemn (CP) (11) have also been implicated 1n virus
movement. The CP 1s translated from a subgenomic RNA-4, which 1s collinear
with the 3' portion of RNA-3 The genomic RNAs are packaged individually,
with the subgenomic RNA-4 packaged along with RNA 3 (12). Some strains of
CMYV, especially Subgroup II strains, contain additional smaller RNA species

From Methods in Molecular Biology, Vol 81 Plant Virology Protocols
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Fig. 1. Cucumovirus genome organization. CMV-Fny, a subgroup I CMV, genomic
RNAs 1, 2, and 3, and subgenomic RNA 4 are shown. Genomic segments of other
Cucumovirus species are of similar sizes. The minor subgenomic segments 4a and 5
are found in some subgroup Il CMV isolates, and RNA 6 is found in isolates from both
CMV subgroups and PSV. Other subgenomic RNAs have been observed in several
PSV isolates. RNAs 1, 2, and 3 are sufficient for establishing systemic infection. A
defective RNA (3pB) has been found associated with CMV-Fny, and satellite RNAs
have been observed with isolates of CMV and PSV.

(2). In addition, defective RNAs have been found associated with one strain of
CMV, which are also packaged (13), and satellite RNAs are often associated
with CMV and with PSV (reviewed in ref. 14).

The virions of CMV, TAV, and most strains of PSV are approx 30 nm in
diameter, with icosahedral symmetry and a T number of 3 (15). The robinia
strain of PSV is reported to have a larger virion, of approx 40 nm (16), although
the CP sequence is highly similar to other PSV strains (F. Garcia-Arenal and J.
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J Bernal, personal communication, and our unpublished observation). Virion
integrity 1s dependent upon protein—RNA interactions, and the virions are par-
tially permeable, making them subject to degradation on exposure to low con-
centrations of ribonucleases (17). In addition, the virions are not stable to
freezing. Hence, all steps of virus purification are done at 4°C The half-life of
purified virions 1s about 2 wk to 1 mo. Long-term storage of cucumoviruses 1s
most reliable in the form of viral RNA, which 1s highly infectious, and very
stable at temperatures of —20°C. Alternatively, many strains may be stably
stored as virions 1n buffer C, plus 50% glycerol, at —20°C

The method for virus purification described here 1s based on that published
by Lot et al (18), with modifications for PSV as in ref. 19, for TAV as 1n (20),
and for the universal buffer system as in (3) Nicotiana tabacum (tobacco), N
clevelandii, or N benthamiana are suitable hosts for propagation of most
cucumoviruses, although some strains of PSV do not infect tobacco CMV may
also be propagated in Cucurbita pepo (zucchini squash), or Cucumis sativus
(cucumber), and PSV may be propagated in Vigna unguiculata (cowpea) The
RNA extraction method 1s based on that of Palukaitis and Zaitlin (21) RNA 1s
very susceptible to degradation by ribonucleases. Caution: All glassware used
for RNA should be baked overmight at 160°C, and gloves should be worn to
prevent contamination by ribonucleases found on the skin

Purification of cucumoviruses involves thoroughly grinding infected tissue
n a buffer appropriate to the particular virus, followed by a chloroform extrac-
tion, and high-speed centrifugation through a sucrose cushion Virus pellets
are then resuspended and contaminants are removed by a low-speed centrifu-
gation, followed by a second high-speed centrifugation. For very pure virus, a
sucrose gradient may be utilized, but for most purposes the sucrose cushion 1s
sufficient The buffers given in Subheading 3.1. are standard buffers for CMV
purification. Other buffers used for other cucumoviruses, as well as a universal
buffer system, are given in Subheading 4. Viral RNA is readily purified from
virus by the addition of SDS, and three extractions with phenol:chloroform

2. Materials
2.1. Virus Purification

All buffers should be used at 4°C. Buffers are given for CMV. (See Notes
1—4 for buffers for other cucumoviruses )

1 CMV buffer A 0 5M sodum citrate, pH 7 0, S mM EDTA, 0 5% thioglycolic
acid (stored 1n hiquid form at -20°C, and added just before use).

CMV cushion I' 0 5M sodum citrate, pH 7.0, 5 mM EDTA, 10% sucrose

CMV buffer B 5 mM sodium borate, pH 9.0, 5 mM EDTA, 2% Triton X-100
CMV cushion II* S mM sodium borate, pH 9 0, 5 mM EDTA, 10% sucrose.
CMV buffer C 5 mM sodium borate, pH 9 0, 5 mM EDTA Autoclave

S R L
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2.2. RNA Exiraction

1. VEBA (21a) 02M Tris,pH 8 5, IM NaCl, 1% SDS, 2 mM EDTA Autoclave and
store at room temperature VEBA must be warmed shghtly before use, to resus-
pend the SDS

2 Phenol chloroform, 5 1, saturated with water (store at 4°C) Phenol should be
ultrapure quality, or should be redistilled Caution: Use care 1n handling, phenol
1s extremely caustic

3 NAE 0 3M sodium acetate, pH 6.0, 0 | mM EDTA Autoclave and store at
room temperature

4 01 mMEDTA, pH 8 0, autoclave and store at room temperature

3. Methods
3.1. Virus Purification

All centrifugation values are given as maximum relative centrifugal force
(RCF) See Note 5 for handling of glassware.

1 Harvest fresh plant leaf tissue, removing major ribs and stems Use as soon as
possible, or store for a short period at 4°C. Avoid any freezing of infected tissue

2  Weigh tissue and place 1n a chilled blender jar (see Note 6) For each gram of
tissue, add 1 mL of buffer A and 1 mL of cold (4°C) chloroform Blend until
thoroughly homogenized, about 2 min

3 Transfer homogenate to a centrifuge bottle, and centrifuge at 15,000g at 4°C
for 10 min

4 Filter the aqueous phase through dampened Miracloth (see Notes 7 and 8) Trans-
fer the filtrate to ca 25-mL ultracentrifuge tubes, and underlay with 5 mL of
cushion I It 1s most convenient to use thick-walled polycarbonate tubes,
because the volume can be varied, and they are available with sealable screw
caps The ultracentrifugation should be completed as soon as possible Do not
keep the virus in buffer A for more than a few hours

5 Centrifuge at 212,000g for 1 5 h (see Note 9) at 4°C.

6. Pour off the supernatant, and add 4-5 mL of buffer B to each pellet Allow the
pellets to sit at 4°C overnight

7 Vortex the pellets in buffer B briefly, pool the samples, and stir at 4°C for 2 h

8 Centrifuge the stirred samples at 7500g at 4°C for 10 min. Pour off the
supernatant immediately to an ultracentrifuge tube Underlay with 5 mL
of cushion II

9 Centrifuge as in step 5 (see Note 10) Pour off supernatant and add 2-5
mL of buffer C (depending on size) to the pellets Allow the pellets to sit at
4°C overnight.

10 Virus can be stored i buffer C, or used for RNA extraction To quantitate the
virus yield, measure the OD,q. CMV has an extinction coefficient of 5 (22)
Virus yields vary from 100 to 1 g/kg of tissue, dependent on the strain of virus
The virus may be stored at —20°C 1 50% glycerol.
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3.2. RNA Extraction

1

(S

[ee]

10.

11

12

Vortex the virus pellets i buffer C, and add an equal volume of VEBA Immed:-
ately pour the mixture into a tube containing an equal volume of phenol-chloro-
form For total extraction volumes of 20 mL or less, a 50-mL disposable tube
may be used with a wrist-action shaker For larger volumes, use a beaker or flask
Shake or stir the extraction for 15 min at room temperature

Centrifuge the emulsion at top speed m a tabletop centrifuge for 10 min
Remove the aqueous phase to a fresh tube containing the same volume of
phenol chloroform Also, remove most of the fluffy interface Repeat steps 2
and 3

Remove only the aqueous phase to a fresh tube containing phenol chloroform,
and repeat steps 2 and 3 above

Remove only the aqueous phase to a clean 30 mL Corex tube, and add 2-2 5 vol
of absolute ethanol Store at —20°C for several hours or overnight

Centrifuge the ethanol precipitate at 12,000g at 4°C for 30 mun

Pour off the supernatant and dry the pellets under vacuum

Resuspend the pellets in 5 mL of NAE per tube, with vortexing If the RNA pellet
1s very large, freezing and thawing can help resuspend the pellet Concentrations
of RNA can be as high as 10 mg/mL before saturation 1n water.

Add 12 5 mL absolute ethanol and store at—20°C as in step 6 Repeat steps 7 and 8
Resuspend the pellets in 0 5 mL of NAE, and transfer to an Eppendorf tube Add
1 mL of absolute ethanol for a final precipitation

Centrifuge at top speed 1n a microcentrifuge for 10 min Pour off supernatant, dry
pellets under vacuum, and resuspend 1n 0 5 mL of 0 1 mM EDTA Dilute 10 pL
into 1 mL of water, and measure the OD at 260 and 280 nm The 260/280 ratio
should be 2 The extinction coefficient for RNA 15 25 (23) The virus 1s about
18% RNA Store the RNA at-20°C

4. Notes

1

Alternate buffers for PSV are: buffer A, 0 1M sodium citrate, pH 7 0, 20 mM
EDTA, 0 1% thioglycolic acid (v/v, add just before use), extraction 1s done with
2 mL buffer A and 2 mL chloroform per gram of tissue, initial pellets are resus-
pended 1n water, and 0 1 vol of CMV buffer A, plus Triton X-100 to 2% 1s added
before stirring, the second pellet 1s resuspended 1n water, and 0 1 vol of CMV
buffer A 1s added for storage; cushion I, 0.1M sodum citrate, pH 70, 1 mM
EDTA, 10% sucrose, cushion II, 50 mM sodum citrate, pH 7 0, 0 S mM EDTA,
10% sucrose

Alternate buffers for TAV are* buffer A, 0 1M sodium or potassium phosphate,
pH 7 0, 0 5% thioglycolic acid, buffer B, 20 mM phosphate, pH 7 0, 1% Triton
X-100, buffer C, 20 mM phosphate, pH 7.0, or, 1f viral RNA 1s to be extracted,
virus may be resuspended 1n water (avoid EDTA 1n the final resuspension buffer),
cushion I, 0.1M phosphate, pH 7 0, 10% sucrose, cushion II, 20 mM phosphate,
pH 7 0, 10% sucrose
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3 Alternate universal buffers, which work well for all cucumoviruses tested, are
buffer A, 0 1 sodium citrate, pH 7 0, 20 mM EDTA, 0 1% sodium diethyldithio-
carbamate (DIECA) (w/v, add just before use), 0 1% (v/v) 2-mercaptoethanol,
buffer B, 10 mM Tris, pH 7 0,0 5 mM EDTA, 2% Triton X-100, buffer C, 10 mM
Tris, pH 7 0,0 5 mM EDTA (for TAV use 20 mM phosphate, see Note 2), cushion
I, 10 mM Tris, pH 7 0, 0 5 mM EDTA, 2% Triton X-100, 20% sucrose, cushion
II, 10 mM Tris, pH 70, 0 5 mM EDTA, 20% sucrose For alternate universal
buffers, use 2 mL buffer A and 2 mL chloroform per gram of tissue for extraction,
ultracentrifugations are done at 150,000g for 35 h

4 One strain of CMV, M-CMV, requires a unique method for punfication Because
of a modification of the CP, M-CMYV 1s unstable 1n the presence of chloroform
and of EDTA (24) M-CMV s extracted as follows buffer A, 0 1M dibasic sodium
phosphate, 0 1% thioglycolic acid (add just before use), and 0 1% DIECA (add
just before use), extract in 3 mL buffer A per gram of tissue and filter the homo-
genate through two layers of cheesecloth and two layers of Miracloth Centrifuge
the filtrate at 15,000¢ at 4°C for 10 min. Add Triton X-100 to 2%, and stir at 4°C
for 15 mmn Centrifuge at 78,000g for 2 h Resuspend m 0 1M dibasic sodium
phosphate, as for CMV resuspension Centrifuge at 5500g at 4°C for 10 mn, and
pour the supernatant into an ultracentrifuge tube Underlay with S mL 0 1M diba-
sic sodium phosphate, 10% sucrose, and centrifuge, as above Resuspend final
pellet in 10 mM sodium borate, pH 8 0

5 To avoid crosscontamination, especially of satellite RNAs, all plastic and glass-
ware must be thoroughly cleaned after each use It 1s preferable to bake all glass
and metal components of blender jars, tubes, flasks, and stir bars overnight at
160°C Items that cannot be baked should be soaked for 2 h in 0 1M sodium
hydroxide, followed by thorough rinsing

6 For less than 20 g of tissue, a polytron works best for homogenization Alterna-
tively, small amounts of tissue can be ground in buffer A in a mortar and pestle,
squeezed through several layers of cheesecloth, and extracted with chloroform
by shaking in the centrifuge bottle, before low-speed centrifugation For 2050 g
of tissue, use a small blender jar (500-mL capacity), for 50-250 g of tissue, use a
large blender jar (1000-mL capacity)

7 For very large-scale preparations, virus may be concentrated by precipitation with
polyethylene glycol (PEG) prior to the first ultracentrifugation step Replace the
thioglycolic acid 1n buffer A with 40 mM 2-mercaptoethanol (S Flasinski, per-
sonal communication}) Add 10 g of PEG 8000 for every 90 mL of extract in
buffer A Stir at 4°C for 45 min Centrifuge at 15,000g at 4°C for 10 min Drain
the pellets thoroughly, because residual PEG may cause the resuspended virus to
precipitate Resuspend the pellet in buffer B, using one-fourth to one-third of the
original extraction volume Stir for 45 min at 4°C Centrifuge at 7500g at 4°C for
10 min The virus will be 1n the supernatant, and the pellet should be very small,
a large pellet indicates that the residual PEG has reprecipitated the virus In this
case, save the pellet, and resuspend 1t again 1n buffer B Continue the purification
with the second ultracentrifugation
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8

10

For small samples, or if the first pellets are very small, volumes can be reduced
and the ultracentrifugation done 1n 10-mL tubes Underlay 10-mL tubes with 2
mL of cushion.

The time and speed for ultracentrifugation may vary depending on the type of
cushion used (20% sucrose, 10% sucrose, or no cushion) In general, centrifuga-
tion should be done at speeds ranging from 150,000g for 3 5 h to 212,000g for
1.5 h If problems arise with centrifuge tubes cracking, lower the speed and
lengthen the time used

For very pure virus (e g., for rabbit injection for antibodies), a 5-25% linear
sucrose gradient in 20 mM sodrum phosphate, pH 7 0, may be used Centrifuge in
a swinging-bucket rotor at 100,000g for 3 h. The viral band can be visualhized and
collected by its light-scattering property A maximum of ca 5 mg of virus can be
loaded onto one 34-mL gradient The pooled virus bands are diluted fourfold in
20 mM sodum phosphate, pH 7 0, and pelleted by ultracentrifugation at 212,000g
at 4°C for 2 h For antisera, the virions must be stabilized with formaldehyde
treatment (25)
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Nepovirus Isolation and RNA Extraction

K. Roger Wood

1. Introduction

Viruses of the nepovirus genus are classified within the family of
Comoviridae, along with the comoviruses and the fabaviruses. At the time of
writing, there are some 27 confirmed members of the genus, with eight or so
viruses that, following further investigation, may be confirmed as members
(1). These viruses infect a very wide range of plant species, producing symp-
toms that include mottles, mosaics, ringspots, and systemic necrosis, often
infections are symptomless, particularly in the later stages. All members are
transmitted through soil by free-living nematodes, principally of Longidorus
or Xiphinema species, feeding on roots. They are also transmitted and dissemi-
nated through seed and pollen of both crop species and weeds It 1s the
combination of a mode of transmission (nematode) and virus morphology
(polyhedral) that provides the name of the genus

They have a worldwide distribution, although, as a result of their transmis-
ston via nematodes, many individual members of the genus have a rather
restricted geographical range This may be wider 1f seed or vegetatively propa-
gated material has been more widely distributed. Diseases occur 1 many
important crop species, including soybean 1n the United States (tobacco
ringspot nepovirus, TobRSV) and raspberries in the UK (raspberry ringspot
nepovirus; RRV). Arguably, the most important 1s the disease of grapevine
caused by grapevine fanleaf nepovirus (GVFV).

Nepoviruses have bipartite, single-stranded RNA genomes of messenger
sense [ss(+)RNA], each species independently packaged mto icosahedral par-
ticles of T = 1 symmetry (2) approx 28 nm 1n diameter, each particle contains
60 copies of a single capsid protein, with an approximate M, of 55 kDa. The
larger of the two genomic RNAs, RNA-1 has M, approx 2.8 x 10° (ref. 3;
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8100—8400 nucleotides), while the smaller of the two, RNA-2, 1s much more
variable in size between members of the genus, ranging 1n size from approx 1 4
to 2.4 x 106 (3400—7200 nucleotides). The genus can be divided into two sub-
groups, according to the size of the RNA-2 component, those 1n Subgroups |
and II having RNA-2 smaller or greater than 5400 nucleotides, respectively.

Virus particles, 1solated from infected tissue, are usually, though not always,
of three types. top (T), muddle (M), and bottom (B), named originally accord-
ing to their position following separation by sucrose gradient ultracentrifuga-
tion Those viruses with RNA-2 molecules i the larger size range have T
particles consisting of capsid protein only, M containing RNA-2, and B par-
ticles containing RNA-1 Those with RNA-2 components 1n the smaller size
range have particles containing two molecules of RNA-2, 1n addition to
those containing a single copy. In these cases, the sedimentation coefficient
of the particles containing two copies overlaps that of particles containing
RNA-1, so that the B component particles are of two types (4). Often, T par-
ticles are not present In addition, multiple copies of a satellite RNA, 1f present,
may also be encapsidated by viral coat protein.

Each RNA has a small virus-encoded protein (VPg) attached covalently to
the 5'-terminus (the presence of which is essential for infectivity), and a poly(A)
sequence at the 3'-termius Each has a single open reading frame (ORF),
encoding a polyprotein that 1s proteolytically cleaved to produce a series of
smaller functional proteins

The genome organization of a representative nepovirus, tomato black ring
(TBRV), 18 indicated 1n Fig. 1A and C. Nucleotide sequence data (5), and com-
parison with the genome sequences of the related como- and picornaviruses,
suggests that RNA-1 (M, 2.69 x 10°) encodes proteins of M, 92, 72, 60, 23, and
2 3 kDa, which would be expected to be processed from a primary transcript of
254 kDa Proteins 1dentified from either in vitro translation experiments (6, 7),
or from the investigation of proteins produced in vivo (8), are also indicated 1n
Fig. 1B and D. The sizes of the proteins 1n Fig. 1B and D are those derrved
from electrophoretic data, which may differ from the values predicted from the
nucleotide sequence.

The capsid protein 1s represented by amino acids 838—1348 at the 3'-termu-
nus of the primary translation product of RNA-2 (ref. 9; 1.66 x 10%), a
polyprotein of 1357 amino acids, M, 150 kDa. It 1s produced from the 150-kDa
polyprotein by cleavage to a 59-kDa protein, which then loses nine C-terminal
amno acids, to become the 57-kDa capsid protein, M, 55,888 (10).

The function of some, but not all, the other proteins has been established.
The 92-kDa protein 1s a component of the viral replicase, the 23-kDa protein is
a protease, and VPg (2.3 kDa) becomes attached to the genomic RNAs. VPg 1s
cleaved from the 120-kDa protein, although neither this protein nor the 92- and
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Fig 1 The proposed genome organization of TBRV RNA-1 and RNA-2 The
polypeptides mdicated 1n (A) and (C), with putative cleavage sites, are those predicted
from sequence data The sizes of the polypeptides 1in (B) and (D) are deduced from
electrophoretic analysts of polypeptides identified 1n vitro or in vivo (Data used with
permission from refs, 5—-10.)

23-kDa proteins have been detected as separate entities either i vitro or in
vivo. Both the 120-kDa and 117-kDa products have proteolytic activity (7),
and 1n vitro translation experiments suggest that the activity of this protease 1s
necessary for processing of genome-encoded products. In the absence of RNA-1,
for example, the 150-kDa RNA-2-encoded polyprotein 1s not processed.
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There is also complete sequence data available for the RNA-2 species of a
number of other nepoviruses, including Hungarian grapevine chrome mosaic
(11), GFLV (12), RRV (13), and tomato ringspot (TomRV, ref. 14) The last of
these has an unusually large RNA-2 component (7273 nucleotides), which 1s
partially accounted for by a long 3' noncoding region The capsid protein
sequence occupies the same position 1n the polyprotein sequence as that of
other nepoviruses Although the genome of strawberry latent ringspot virus has
much 1n common with the nepoviruses, the viral capsid contains two proteins,
M, 29 and 44 kDa; the position of this virus within the Comoviridae family
remains to be resolved (15)

Nepoviruses are usually stable and relatively easy to purify. The virus puri-
fication procedure outlined below utilizes the standard procedures of sap clari-
fication using an organic solvent, virus precipitation with polyethylene glycol
(PEQ), and several cycles of differential centrifugation. It 1s essentially that
of Mayo et al. (16), and works well for many of the nepoviruses For others,
however, the use of chloroform to clanfy sap extracts may be preferred
(see Subheading 4.) RNA 1s obtained from virions using a standard
phenol-chloroform procedure

2. Materials
2.1. Virus Purification

Carborundum (F 500, Carborundum, Manchester, UK)

Butter mushn

Omnimixer (Camlab, Cambridge, UK)

Butan-1-ol (n-butanol; Merck, Luttenworth, UK)

PEG 6000 (Merck)

Homogenmization buffer 0 07M sodium phosphate buffer, pH 7 0, 0 01A/1n di-Na
EDTA and containing 0 1% (v/v) mercaptoacetic acid

Resuspension buffer A 0 07M sodium phosphate buffer, pH 7 0

8 Resuspension buffer B 10 mM Tris-HCI, 50 mM NaCl, 1 mM di-Na
EDTA,pH 75

2.2. RNA Purification

Wrist-action shaker (Fisher Scientific, Loughborough, UK)

2. Sodrum dodecyl sulfate (SDS, Merck)

3 Phenol mix' phenol, containing 0 1% 8-hydroxyquinoline, saturated with
resuspenston buffer B

4 Chloroform mix chloroform and 1soamyl alcohol mixture (24°1, {v/v]), saturated
with resuspension buffer B

5 Sodwum acetate

6 70% (v/v) Ethanol

AN bW N -

~]

—
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3. Method
3.1. Virus Purification

1

(o]

10
11

12

13
14
15

16

Dust approx 20 Nicotiana tabacum (cv. White Burley) plants (at approximately
the 4-5 leaf stage), with carborundum, and mechanically moculate with virus
moculum (see Notes 1 and 2)

Maintain the plants at approx 23°C for 7-10 d (see Note 3)

Collect the inoculated leaves (ca. 200-250 g), and homogemze thoroughly 1n
homogenization buffer (1 2, w/v) using an Ommmaxer (see Notes 4—6)

Filter the homogenate through two layers of muslin, make 8.5% (v/v) with
n-butanol, and stir gently for 30 min (see Note 7)

Centrifuge at 10,000g for 20 min and discard the pellet

Make the supernatant solution 10% (w/v) i PEG 6000 and 0 17M sodium
chloride

Stir gently for [ h

Centnifuge at 10,000g for 20 min Discard the supernatant solution

Resuspend the pellet in resuspension buffer A (10% original volume of the
homogenate, step 3, sece Note 8)

Allow the mixture to stand overnight.

Centrifuge at 10,000¢ for 10 min and discard the pellet

Centrifuge the supernatant solution at 150,000g for 2 h, discard the superna-
tant solution

Resuspend the pellet in a small volume (ca 2—3 mL) of resuspension buffer A
Repeat steps 11 and 12

If the virus 1s to be used for RNA extraction, resuspend the pellet in 2-3 mL
resuspension bufter B, alternatively, use buffer A

Dilute a small sample 100X 1n the same buffer used for final resuspension and
assess the virus concentration spectrophotometrically, assuming that a suspen-
sion of | mg/mL has an absorption of 10 (260 nm, 1 cm path length) (see Note 9).

3.2. RNA Purification

1,

2,

Make the virus suspension (ca 5 mg/mL m buffer B) 1% (w/v) in SDS, and
vortex briefly (see Note 10).

Add an equal volume of phenol mix and shake vigorously for 5 min at room
temperature on a wrist-action shaker (see Note 11)

Add chloroform mix (same volume as phenol mix) and shake again for 5 min at
room temperature

Add ca. 50 pL silicone grease and centrifuge at 2500g for 5 min (see Note 12)
Collect the (upper) aqueous phase, and make 0 2M 1n sodium acetate

Add 2 vol of ethanol and allow to stand for at least 2 h at —20°C to precipitate
the RNA

Centrifuge at 12,000g for 20 min

Add 70% (v/v) ethanol (approximately twice the volume of the original virus
suspension) and vortex for a few seconds
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9 Centrifuge at 2500¢g for 1 min and remove the ethanol
10 Repeat this ethanol washing at least twice more
11 Either store the RNA pellet in 70% (v/v) ethanol at 4°C or resuspend the RNA 1n
distilled water and store at —80°C until required

4. Notes

1 Tobacco 1s a suitable source of TobRSV-infected tissue for purificatton purposes
However, for this and other nepoviruses, several other hosts are appropriate, Nic-
otiana clevelandi 1s suitable for many, but for TomRY, for example, cucumber or
squash may be more appropriate

2 The yield of virus to be expected will vary, depending on the virus to be used For
TobRSYV, a conservative estimate would be 50 mg/kg; 5-20 mg/kg 1s typical A
convenient amount of tissue to process 1s 250—400 g, but this can clearly be
adjusted 1f large amounts of virus or viral RNA are required

3 The tume at which tissue 1s harvested 1s not absolutely critical, but, in our hands,
7—10 d after inoculation has provided highest y1elds from noculated tissue, when
plants are maintained under the conditions described

4 Harvested tissue may be processed immediately, or stored at —80°C for several
months, unttl required If stored frozen, the tissue must be brought close to 4°C
before homogenization

5 TobRSV 1s stable for several days at room temperature i sap However, unless
otherwise stated, 1t 1s preferable to perform all steps at 4°C to maintain maximum
infectivity and integrity of the viral RNA

6 An Omnimixer top-drive macerator is ideal for tissue homogenization, all
liquid 1s effectively contained Bottom-drive blenders of the Waring type are
also satisfactory

7 Clanfication using n-butanol 1s appropriate for many of the nepoviruses A useful
alternative, which also gives good results, 1s to use chloroform (e g , refs. 77 and
18) In this method, tissue 1s homogenized in homogenization buffer and chloro-
form (1 1 1 {w/v/v}), and the mixture allowed to stand for 30 min The mixture 1s
then centrifuged at 10,000g for 20 min, and the lower layer discarded The super-
natant solution 1s then processed as indicated (steps 6—16)

8 A cnitical aspect of this purification process, that 1s common to all procedures
which include pelleting of the virus by high-speed centrifugation, 1s efficient
resuspension of the virus pellet Since some viruses are susceptible to aggrega-
tion, this can be difficult, although nepoviruses do not pose as severe a problem
as do some other groups of viruses, (e g , potyviruses) Iuse glass rods and rubber
policemen (crude but effective) An additional modification 1s to sediment virus
paricles onto a cushion of Maxidens (Nycomed), a high-density perfluorinated
liquid that 1s immiscible with water

9 The method described here provides a mixture of the two genomic RNAs If
1t 1s 1tended to use RT-PCR to clone the sections of the genome required,
then this 1s all that 1s required However, if purified preparations of RNA-1
and RNA-2 individually are required, additional steps will need to be included
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10.

11

12

(see Chapter 26) If the two genome components are encapsidated 1n particles
which differ in their sedimentation coefficient, then 1t 1s possible to obtain
preparations of virus particles enriched 1n either of the two RNAs by sedi-
mentation through 10-40% sucrose 1n 0.07M phosphate buffer, pH 7 0 Fur-
ther purification may be necessary, particularly 1f the RNA-2 component of
the virus 1n question 1s in the lower size range The M component, containing
RNA-2, may be sutjected to a second centrifugation through a sucrose gradi-
ent; RNA-1-containing B particles may be purified by 1sopycnic centrifuga-
tion 1n cesium chloride (19). RNA may then be extracted from pooled
fractions containing the appropriate component The preparations of RNA-1
and RNA-2 thus obtamned may then be further purified by a final electro-
phoretic separation through agarose or polyacrylamide gel To obtain a sample
of RNA-1 without contaminating RNA-2, a preliminary particle separation
will almost certainly be necessary

A muxture of pronase and SDS has been used by some 1n RNA 1solation (Sub-
heading 3.2., step 1) However, 1f infectious RNA 15 required, the use of a pro-
teolytic enzyme 1s not recommended There 1s a possibility that the 5'-terminal
VPg will be removed from the viral RNAs

It 1s possible to use a prepared phenol:chloroform mix 1n Subheading 3.2., step
2 However, my experience 1s that a two-stage procedure as described gives bet-
ter results

The addition of a small quantity of silicone grease (Subheading 3.2., step 4),
which collects at the interface between the organic and aqueous phases dur-
ing centrifugation, greatly facilitates the collection of the aqueous layer with-
out contamination
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Comovirus Isolation and RNA Extraction

Joan Wellink

1. Introduction

Comoviruses are small, icosahedral viruses with a diameter of approx 28
nm (Fig. 1) Presently the genus Comovirus 1s comprised of 15 different
viruses, of which the type species, cowpea mosaic virus (CPMV), 1s the most
thoroughly studied (1,2) All viruses are transmitted by beetles and have a rather
narrow host range. Most comoviruses have legumes as their natural hosts and
usually cause mosaic or mottling symptoms Comoviruses are mechanically
transmissible, and can replicate to high levels i infected cells. Purified prepa-
rations of comoviruses consist of two, sometimes three, distinguishable
particles, which can be separated by centrifugation on sucrose density gradi-
ents. These particles are designated as bottom (B), middle (M), and top (T)
component, corresponding to their position 1n the centrifuge tube The B- and
M-component are nucleoprotein particles, each containing a segment of the
single-stranded, bipartite RNA genome (denoted RNA-1 and RNA-2, respec-
tively); T-component consists of empty protein shells Both B- and M-compo-
nents, or thetr RNAs, are necessary for infectivity (3)

The protein capsids of B-, M-, and T-component are 1dentical, consisting of
60 copies each of a large (L) and small (S) coat protein, the observed differ-
ences 1n sedimentation coefficient and density are exclusively caused by dif-
ferences in RNA content. Top components do not seem to have a specific
function 1n virus infectivity and may be regarded as a side product of the viral
assembly process. The amount of T-component produced varies greatly among
different comoviruses and even among different 1solates of the same virus, and
seems to be dependent on the condition for growth

Molecular weights of RNA-1 and RNA-2 reported for different comoviruses
are all n the range of 2.0-2 4 x 10° and 1.2-1.45 x 109, respectively. The

From Methods in Molecular Biology, Vof 81 Plant Virology Protocols
From Virus Isolation to Transgenic Resistance
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Fig 1 Genetic organization of the CPMV genome The 1cosahedral virus particles
consist of two components, denoted B and M, that contain RNA-1 and RNA-2, respec-
tively The ORFs in the RNA molecules are mdicated with open bars and VPg with a
black square The RNAs are translated into polyproteins that are proteolytically
processed at six specific sites, indicated below the ORFs, 1nto several stable inter-
mediate and nine final cleavage products These latter products are indicated in
the ORFs Functions of the different domains 1n the polyproteins are shown above
the ORFs with the following abbreviations MP, movement protein, CO-PRO, cofac-
tor required for protemnase, HEL?, putative helicase, PRO, proteinase, POL, RNA-
dependent RNA polymerase

genomic RNAs of the comoviruses have a small protein covalently linked to
their 5' end (denoted VPg Viral Protein genome-bound) and a poly(A) tract at
therr 3' end (Fig. 1).

All comoviruses sequenced so far contain a single, long open reading frame
(ORF) that occupies over 80% of the length of the RNA. Expression of both
RNAs 1nvolves the production of large polyproteins, from which several
smaller proteins are derived by proteolytic processing through the action of a
viral proteinase (Fig. 1) The RNA-2 of all comoviruses tested are translated in
vitro 1nto two carboxy coterminal polyproteins, because of initiation of trans-
lation at a second in-frame AUG codon. For CPMYV, this has also been shown
to occur mn infected cells A total of 15 intermediate and final cleavage products
have been 1dentified 1n cells infected with CPMV as a result of processing at
six specific dipeptide sequences (Fig. 1). CPMV RNA-1I 1s able to replicate
independently from RNA-2 1n cowpea protoplasts, and all proteins coded for
by RNA-1 are needed for viral RNA replication. RNA-2, on the other hand, 1s
needed for the infection of whole plants and specifies the two capsid proteins
and the movement protein (Fig. 1)

The purification and extraction methods described below have been devel-
oped for CPMV. With minor modifications, these methods should also be
applicable for other comoviruses (see Subheading 4.). The precipitation of
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viruses with polyethylene glycol was first described by Hebert (4), the RNA
extraction protocol 1s based on the procedure as described by Zimmern (5).

2. Materials

1 Stock 0 1M phosphate solution, pH 7 0
2 Sucrose cushion 40% sucrose mn O 1M phosphate bufter, pH 7 0.
3 Extraction buffer 0 02M Tris-HCI, pH 7 6, 0 2M NaCl, 2mM EDTA, 4% SDS
4 Phenol Equilibrated to a pH >8 0 and containing 0 1% hydroxyquinoline
5 Chloroform used for the RNA extraction chloroform 1soamyl alcohol (24 1)
3. Methods
3.1. Purification of Virus

1

3.2.

Homogenize infected leaves with 0 1M phosphate buffer, pH 7 0 (0°C, 2mL/g
leaf tissue) 1 a blender or a mortar, and press the homogenate through two layers
of Miracloth (see Notes 1-3)

Clarify the extract by centrifugation at 15,000g for 20 min

Stir the supernatant for 1 min with 0 7 vol of chloroform and #n-butanol (1 1) and
centrifuge at 1000g for 5 min (see Note 4)

Remove the clear aqueous layer and add to 1t polyethylene glycol 6000 (PEG) to
a final concentration of 4% (w/v) and NaCl to a concentiation of 0 2Af Stir the
mixture at room temperature to dissolve the PEG and NaCl, and mncubate for 1 h
(see Note 5)

Collect the precipitate by centrifugation at 20,000g for 15 min and resuspend the
pellet in 0.01M phosphate buffer, pH 7 0 (0 5 mL/g leaf tissue) (see Note 6)
Clanfy the suspension by centrifugation at 10,000g for 15 min at 4°C (see Note 4)
Layer the suspension on a sucrose cushion and sediment the virus by centrifuga-
tion at 150,000g for 3 h at 4°C (see Note 4)

Resuspend the virus pellet 1n sterile distilled H,O (pH >5 2) and clarify the sus-
pension by centrifugation at 10,000g for 15 min at 4°C If the infectivity has to be
preserved add phosphate buffer, pH 7.0, to a final concentration of 10 mM (see
Note 7)

To determine the virus concentration, measure the OD at 260 nm A 1 mg/mL
CPMY suspension has an OD of 8 1 (see Note 8)

Extraction of Viral RNA

Dilute the virus suspension to a concentration of 10 mg/mL or less and add 1 vol
of extraction buffer and 2 vol of phenol Vortex for 3 min (see Note 9)

Add 2 vol of chloroform, vortex for 2 min and separate the phases by centrifuga-
tion at 10,000g for 2 min (see Note 10)

Repeat the extraction of the aqueous layer two times with 1 vol phenol and 1 vol
chloroform added simultaneously

Precipitate the RNA with 0 1 vol of 3M NaAc, pH 5 2, and 2 2 vol ethanol, and
wash the pellet with 70% ethanol
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4. Notes

1

10.

Other methods, as decribed by Van Kammen (6), and Bruening and Agrawal (7),
result 1n lower yields of virus.

A pH of 6.0 has been used to prevent formation of brown-colored substances (8)
[t may be important to carry out the initial steps 1n the purification in rapid suc-
cession to decrease the tendency of the virus to aggregate (8)

During virus purification, steps 3, 6, and 7 of Subheading 3.1., can be omitted This
shortens the procedure; however, the virus suspenston will contain more contaminants
Higher amounts of PEG have been used (up to 10%) This may be useful when
the virus concentration 1s low.

To prevent aggregation and formation of brown-colored substances, 1t may be
helpful to use a phosphate buffer containing 2 mM EDTA and 2 mM
B-mercaptoethanol 1n this step

When the virus pellet 1s not clear, the virus suspension can be further purified by
an extra high-speed centrifugation in 0 1M phosphate buffer (150,000g for 2 h)
and repetition of Subheading 3.1., step 8

Prior to RNA extraction, virus components can be separated on sucrose density
gradients (9) and/or by isopycnic centrifugation on, for example, CsCl or
Nycodenz (refs. 10 and 11, see also Chapter 26). A 1-mg/mL suspenston of puri-
fied CPMV B- and M-component has an ODy¢ of 10 0 and 6.2, respectively
Other methods to extract the RNA from comovirus particles include the disrup-
tion of the particles mn a detergent solution by heating (12), and treatment by
protemase K (13) After RNA extraction, the RNAs can be separated and further
purified by sucrose density gradients, as described, for example, by Van
Klootwyk et al (ref. 12, see also Chapter 26)

Re-extraction of the phenol-chloroform layer with 0 5X extraction buffer con-
taining 0 1% SDS can be used to improve the yield of viral RNA
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Carmovirus Isolation and RNA Extraction

Juana Diez, Jose F. Marcos, and Vicente Pallas

1. Introduction

The Carmovirus group 1s named after carnation mottle virus (CarMV), its
type member. Carmoviruses have 1cosahedral particles about 30 nm in diam-
eter that sediment at 120—130 S. They are also characterized by a monopartite
positive-sense, single-stranded RNA genome of M, 1 4-1.6 x 10¢ and a single
capsid protein of M, 36,000-46,000 (1)

There 1s relatively little information on epidemiology and control of the
majority of carmoviruses, though some of them, including CarMV, melon
necrotic spot (MNSV), or cowpea mottle (CPMoV) viruses, have significant
economic importance A common characteristic of carmoviruses 1s their rela-
tive facility of transmission by mechanical inoculation Many carmoviruses
have been reported to be transmitted to plants through soil, either in the ab-
sence of vectors (CarMV or galinsoga mosaic virus, GMV) or by soil-inhabit-
ing fungi (the case of cucumber soil-borne virus, CSBV, and MNSV) For only
one member, pelargonium flower break virus (PFEV), transmission facilitated
by thrips has been demonstrated

CarMV 1s, together with turnip crinkle virus (TCV), the best-studied of
carmoviruses. The complete sequence of CarMV consists of 4003 nucleotide
residues (2). CarMV RNA contains a 69-nucleotide 5' leader sequence before
the first AUG and a 288-nucleotide 3' untranslated region Sequence analysis
of the CarMV genome revealed the presence of five open reading frames (Fig.
1) that could potentially encode proteins of 27 (p27), 86 (p86), 98 (p98), 7
(p7), and 38 (p38) kDa. p86 and p98 would be synthesized from the first AUG
by readthrough at two different UAG amber termination codons, respectively
p86 contains the GDD motif characteristic of RNA-dependent RNA poly-
merases of positive-strand RNA viruses. The sequence coding for the CarMV
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ORF 1/2/3 (27/86/98K)

scap 4 [ - 3 OH GENOMIC RNA
a | = | {4003 nt)
ORF 5 (38K)
ORF 4 (7K)
5 FOH  SUBGENOMIC RNA
(1689 nt)
CarMV (Carmovirus) 5 3OH  SUBGENOMIC RNA

(1472 nt)

Fig. 1. Virus structure and genomic organization of carnation mottle virus (CarM V).
Location of the five open reading frames is indicated, together with the sizes of the
proteins they code for. Location and length of the two 3' coterminal subgenomic RNAs
is also indicated.

coat protein (CP) is the 3'-terminal p38 reading frame. Two subgenomic RNAs
(sgRNA) of 1.5 and 1.7 kb, coterminal with the 3' genomic end, are synthe-
sized and encapsidated in vivo. In vitro translation assays have identified all
the proteins that CarMV codes for (3—5). The most abundant translation prod-
ucts from the genomic RNA are p27 and p86, CP and p7 being almost silent
(3). p98 was identified as an in vitro translation product of CarMV RNA only
after using a lysate optimized for double readthrough (4), although comparison
with other carmoviruses (see next paragraph) has questioned its in vivo exist-
ence. The smaller of the sgRNAs directs the translation of the CP p38; transla-
tion of the 1.7-kb sgRNA renders p7 (3).

TCV genome organization is closely related to that of CarMV (6). Remark-
able differences are, however, that TCV lacks the second readthrough protein
that would correspond to CarMV p98 and codes for a set of two, instead of one,
small proteins (p8 and p9) in the central region of the genome. The use of
infectious in vitro transcripts has allowed the identification of some of the func-
tions of the TCV proteins (7). Thus, p8, p9, and the CP were shown to be
required for systemic invasion; p28 and p88, which correspond to CarMV p27
and p86, were required for viral RNA replication.

In general, carmoviruses reach high levels of accumulation in their corre-
sponding hosts. The virions are highly stable in plant sap, where they may
remain infectious for long periods (2—6 wk) at room temperature. Ultrastruc-
tural studies have shown that the virus particles are easily recognized in the
cytoplasm of infected cells. Carmoviruses are also good immunogens and gen-
erally there is not crossreactivity among them.

Initially, carmovirus purification methods consisted of the extraction of the
tissue in neutral phosphate buffers and subsequent clarification with organic
solvents, followed by differential and density gradient centrifugations (1).
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Nelson and Tremaine (8) developed an alternative protocol in which the tissue
was homogenized 1n an acidic sodium acetate buffer to achieve clarification of
the extract in the absence of organic solvents. A later improvement of this
method included a polyethylene glycol precipitation step (9) and has been
widely used for carmovirus purification (see Note 6) Here, we describe a dif-
ferent modification of the acetate buffer method that renders high yields of
high-quality virus 1n a significantly shorter time. The method described here 1s
based on a high-speed centrifugation to pellet the virions through a sucrose
cushion. Our experience with several carmoviruses shows that the virions
obtained in this way are pure enough for different virological and molecular
analyses (see Notes 4 and 5) Viral RNA extraction from purified virions 1s
carried out essentially as described previously (10).

2. Materials
All the solutions should be prepared with MilliQ water.

2.1. Virus Purification

Liquid nmitrogen

0.2M Sodium acetate, pH 5 0 Autoclave and store at room temperature

10 ma Tris-HCI, pH 7 3 Autoclave and store at room temperature

20% (w/v) Sucrose in 10 mM Tris-HCI, pH 7 3 Freshly prepared in each experi-
ment Alternatively, the solution can be autoclaved at 121°C for no more than 15
min to avoid caramelization of sucrose

2.2. Viral RNA Extraction

1 4 mg/mL Proteinase K dissolved 1n sterile water Store aliquoted at —20°C

2 10% (w/v) Sodium dodecyl sulfate (SDS) i 50 mM Tris-HCI, pH 8 0 Autoclave

and store at room temperature

1M Tris-HCIL, pH 7 6 Autoclave and store at room temperature.

SM NaCl Autoclave and store at room temperature

5. Phenol.chloroform:1soamyl alcohol (25 24.1). Prepared and stored as described
by Sambrook et al (71) Caution: Phenol 1s highly toxic and gloves must be
worn when handling 1t

6 Daethyl ether or chloroform Caution: Diethy! ether 1s highly volatile and should
be stored and used in a fume hood

7 3M Sodum acetate, pH 5 5 Prepared and stored as described (11)

8 Absolute ethanol and 70% (v/v) ethanol in water Store at —20°C

BN -

W

3. Methods

When possible, keep the extract on ice or at 4°C. Also, once the virus purifi-
cation (and RNA extraction) has been started, 1t should be carried out as quickly
as possible. Caution: Caution must be taken with RNase contamination; gloves
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should be worn and plasticware and glassware should be either autoclaved
or treated with 15% H,0, for 15 min, and then washed twice with auto-
claved water.

3.1. Virus Purification

We normally extract Chenopodium quinoa leaves, since this 1s the experi-
mental host for most of the viruses we work with In the case of CarMV and
PFBY, the tissue 1s collected at 6-8 d postinoculation, which 1s about 2-3 d
after the appearance of the first viral lesions. Tissue may be kept frozen for
long periods at —20°C.

1 Homogenize the mnfected tissue to a fine powder 1n liquid nitrogen with mortar
and pestle We use mortars for 5-20 g of tissue, when larger amounts are
extracted, homogenization can be carried out in a food blender

2 Wait until the homogenized leaves defrost and then add 2 vol of 0 2M sodium

acetate, pH 5 0 Keep mixing thoroughly for up to 5 min (see Note 1) Alterna-

tively, the fine powder can be poured 1nto a tube containing the buffer and mixed
by vortexing

Filter the homogenate through cheesecloth to remove large debris

4  Centrifuge at 7700g in a Beckman JA.20 rotor for 20 min Keep the supernatant,
which should be light green and free of any particulate material that would impair
the next purification step

5 Slowly, layer the supernatant (10—15 mL) on top of S mL 20% sucrose in 10 mM
Tris-HCl, pH 7 3, cushion, loaded in ultracentrifuge tubes Be careful to layer the
sample on the center of the cushion surface, to avoid 1t sliding between the cush-
1on and the walls of the tube Centrifuge at 146,000g in a Beckman 50 2 Ti rotor
for2h

6 A small, lightly colored, and opalescent pellet should be visible Discard the
supernatant and drain any excess by keeping the tube upside down on filter paper
for a minute or so0. Resuspend the pellet in 10 mM Tris-HCI, pH 7 3 (ca 0 04 of
the mitial volume) Make sure resuspension 1s complete. Resuspension will
improve by pipeting in and out with an automatic pipet If needed, pellet can be
left overnight with buffer at 4°C

7 Transfer to an Eppendorf tube Centrifuge at top speed for 1 min n an Eppendorf
centrifuge to remove any unresuspended material

8. Keep the supernatant as purified virus fraction (see Note 2) Store aliquoted at
—20°C In general, carmoviruses are rather stable, 1n our experience, aliquots of
purified virus stored at —20°C retained infectivity for several months

3.2. Viral RNA Extraction

1. Incubate the purified virus at 37°C for 1 h 1n 400 pL of a solution contatning 50
ug/mL protemase K, 0.5% SDS, 10 mM Trnis-HCI, pH 7 6, and 0 1M NaCl We
have extracted up to 2 mg of virions 1n a single Eppendorf tube with good yields

2. Extract twice with 1 vol of phenol-chloroform 1soamyl alcohol.

(9%
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3 Extract twice with 1 vol of diethy! ether or chloroform.,

4 Add 01 vol of 3M sodium acetate, pH 5 5, and 2 vol of cold absolute ethanol.
Mix thoroughly and leave at—20°C for 2 h, or at--70°C for 30 min, to allow RNA
precipitation

5 Collect the RNA by centrifugation for 15 min at top speed in an Eppendorf cen-
trifuge at 4°C

6 Wash the pellet with 70% ethanol

7 Dry the pellet and resuspend 1t 1n sterile water (see Note 3)

4. Notes

1 Be aware that the pH of the homogenate does not become alkaline during extrac-
tion Some carmoviruses tend to swell by the shift from acidic to slightly basic
pHs, making the viral RNA susceptible to the degradation by nucleases The use
of low pH extraction buffers avoids this possibility, having the additional advan-
tage that many of the host proteins precipitate at these pHs.

2 Measure the virus concentration by UV absorption (1 ODygo 1s 5 mg/mL for
CarMV) We routinely follow the procedure described here 1n the punification of
PFBV and CarMV, with yields that range from 1 6-3 mg virus/100 g tissue for
PFBV, up to 2 mg/g n the case of CarMV Purity can be checked with agarose
gel-TBE electrophoresis (11), direct electrophoresis of the virion solution will
render a single ethidium bromide-stained band, when free of contaminants After
ethidium bromide staining, the agarose gel 1s suttable for Coomassie blue stain-
Ing to reveal proteins, again, a single band located at the same position should
appear 1n reasonably pure preparations Additionally, protein contamination can
be assayed with polyacrylamide gel electrophoresis (12)

3. Measure viral RNA concentration by UV absorption, to calculate RNA extrac-
tion yield, consider that carmovirus particles have a 17-22% RNA content (1)
RNA quality and contamination can be checked by agarose gel-TBE electrophore-
sts (11), a single sharp band should be visible; sometimes weak smaller bands
corresponding to sgRNAS also appear In order to store the viral RNA for long
periods, we strongly recommend addition of 0 1 vol of 3M sodium acetate, pH
5 5, and 2 vol of absolute ethanol to the RNA solution, keep 1n aliquots as ethanol
precipitate at —70°C

4 Inourexperience, the virus preparation obtained by high-speed pelleting through
sucrose cushions has excellent infectivity and 1s pure enough and suitable for
several experimental approaches For instance, we have used viral RNA extracted
from virtons purified n this way for n vitro translation, Northern detection,
cDNA synthesis to obtain nonradioactive probes, and direct RNA sequencing by
reverse transcription

5 Should a higher purity of virions be needed, the method described above can be
continued by centrifugation through a linear sucrose gradient as follows
a Layer the virus fraction obtained in Subheading 3.1., step 8 on a 10-40%

sucrose win 10 mM Tris-HCL, pH 7.3, gradient. We recommend preparation of
the gradient the day before by loading 1n ultracentrifuge tubes equal volumes
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of 40, 30, 20, and 10% sucrose in 10 mM Tris-HCI, pH 7 3, let 1t diffuse at
4°C overnight. Centrifuge at 82,000g 1n a Beckman SW40 rotor for 2 h

b Remove equal volume fractions and analyze them by UV absorption and/or
agarose electrophoresis (see Note 2)

¢. Pool together fractions containing the virus, dilute them twofold with 10 mM
Tris-HCL, pH 7 3, and centrifuge at 146,000g in a Beckman 50 2 Ti rotor
for 2 h.

d. Resuspend the pellet in 10 mM Tris-HCI, pH 7 3 Remove unresuspended
material as in Subheading 3.1., step 7

6 There is an alternative method to the one described here that includes a polyeth-

ylene glycol (PEG 6000) precipitation step (9) If followed, supernatant obtained
in Subheading 3.1., step 4 1s brought to 8% PEG 6000 and 200 mM NacCl, and
stirred for 1 h at 0-4°C Virions are then pelleted by centrifugation at 7700g for
20 mun Pellets are resuspended 1n 10 mM Tris-HCL, pH 7 3, and solution 1s finally
ultracentrifuged at 146,000g for 2 h to pellet the virions again We must stress,
however, that in side-by-side experiments the sucrose cushion protocol described
here rendered higher amounts (as much as twice) of better quality virus prepara-
tions, 1n a significantly shorter period of time, when compared to the PEG pre-
cipttation protocol

As reported previously (1), caution must be taken with carmoviruses that have
been reported to be 1soelectric at acidic pHs, since virus precipitation may occur
during extraction In these cases, tissue must be extracted in neutral phosphate
buffers and clarification of the homogenate achieved with organic solvents
(n-butanol and/or chloroform) (1) We do not predict any problems with the use
of centrifugation through sucrose cushions 1n these examples
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Tymovirus Isolation and Genomic RNA Extraction

Adrian Gibbs and Anne M. Mackenzie

1. Introduction

At least 20 tymovirus species are known. The generic acronym, tymovirus,
comes from furnip yellow mosaic virus (TYMV), the name of the first to be
described (1), now the type species The tymoviruses infect dicotyledonous
angiosperms, mostly those that have the C3 photosynthetic pathway; few have
been recorded 1n crop plants, and none are known to infect monocotyledonous
angiosperms. They cause bright yellow mosaics, vein-clearing, and mottling.
Their natural vectors, when known, are beetles, mostly halticid or galerucid
flea beetles Only four tymoviruses have been recorded as seed-borne (2)

Tymoviruses have been recorded from all continents except Antarctica. Most
species have only been recorded from a single continent and often from only a
single noncrop plant species, after which they are named; cacao yellow mosaic,
okra mosaic, and voandezia necrotic mosaic viruses from Africa; abelia latent,
desmodium yellow mottle, eggplant mosaic, passiflora yellow mosaic, physa-
lis mosaic (syn. BMV-Iowa), plantago mottle, potato Andean latent, and wild
cucumber mosaic viruses from the Americas; kennedya yellow mosaic virus
from Australia; belladonna mottle, dulcamara mottle, erysimum latent, ononis
yellow mosaic, and scrophularia mottle viruses from Europe; melon rugose
mosaic virus from the Middle East, turnip yellow mosaic from Australia and
Europe, clitona yellow vein from Africa and Southeast Asia, and poinsettia
mosaic virus, which is only tentatively grouped with the tymoviruses, 1s found
in ornamental poinsettias worldwide

The serological relationships of tymovirus virions correlate with their known
genomic sequence differences and place them in four groups: the turnip yellow
mosaic viruses, the legume-infecting species plus cacao yellow mosaic and
okra mosaic, those infecting solanaceous plants plus ononis yellow mosaic and
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Fig. 1. Map of the 63 19-nucleotide long genome of turnip yellow mosaic tymovirus.
The first and last nucleotides of the ORFs of the replicase polyprotein (RP), overlap-
ping protein (OP), and virion protein (VP) are numbered, and the portions of the RP
that probably function as a methyltransferase (Mt), papain-like protease (Prot),
NTPase/helicase (Hel), and RNA-dependent RNA polymerase (Pol) are shaded. The
arrow marks the nucleotides encoding the site, between ala'?%? and thr'2%0, where the
RP is posttranslationally hydrolyzed.

wild cucumber mosaic, and finally erysimum latent, which is the only member
of a fourth lineage.

Tymoviruses cause yellow mosaic and vein-clearing symptoms by clump-
ing and disorganizing the chloroplasts of infected cells (3). The chloroplasts
develop characteristic patches of peripheral vesicles, especially where they
touch. The vesicles develop as invaginations of the outer chloroplast mem-
branes and remain attached by their necks. The vesicles are the site of viral
genomic replication, but the subgenomic virion protein mRNA, at least, is
translated by cytoplasmic ribosomes, and the virions assemble on, or near, the
cytoplasmic end of the vesicle necks.

The virions of tymoviruses are isometric, about 28 nm in diameter, and have
a shell that is a regular T = 3 icosahedron constructed of 180 subunits of a
single protein species. Virions sediment at 1 10—120 S and each contains a single
viral genome, which constitutes 35% of their mass. All tymoviruses also pro-
duce virion-like particles that sediment at 5055 S and consist of genome-free
protein shells. The virions and/or the empty shells of some tymoviruses also
contain small RNA molecules: virion protein (VP) mRNA or host tRNAs.

The genomes of all tymoviruses are single-stranded RNA about 6.3 kb in
length, and are infectious when chemically separated from the virions. They
have an unusally large cytosine content, up to 42% on average, and even more
in the third codon positions of the replicase and virion protein genes. The
genomes of all tymoviruses have three open reading frames (ORFs) (Fig. 1).
There are small untranslated regions at both termini, and also, in some, between
the largest and smallest of the ORFs; the 3'-terminus of most can form a tRNA-
like structure that can be specifically valylated.

The largest of the ORFs is the most conserved and occupies most of the
genome. It encodes the replicase protein (RP) of approx 206 kDa, which has
motifs (N- to C-terminal) characteristic of a N-methyl transferase (4), a papain-



Tymovirus Isolation and Genomic RNA Extraction 221

like protease (5,6), a NTPase/helicase (7), and a RNA replicase (8). After trans-
lation, the RP 1s hydrolyzed specifically by the protease to yield a 66-kDa
C-terminal fragment containing the replicase, and a 140-kDa fragment (9).

Overlapping the 5'-terminal third of the RP, and always starting seven nucle-
otides to the 5' side of 1ts start codon, 1s the least conserved ORF. It encodes the
overlapping protein (OP} of approx 69 kDa that 1s very basic (pl 10.9-11.9).

The third and smallest ORF 1s between the RP gene and the 3' end of the
genome It encodes the virion protein (VP; 188-202 amino acid residues) of
approx 20 kDa, and 1s expressed via a subgenomic RNA. A region of about 50
nucleotides to the 5' side of the start of the VP ORF, and including the 3'
terminus of the VP ORF, has a closely similar sequence 1n all tymoviruses
One part of 1t, the tymobox, 1s probably the complement of the transcription
promoter sequence of the VP gene, and is 1dentical in eleven tymoviruses
(5'-dGAGTCTGAATTGCTTC-3"), with a single difference 1n another three,
and four differences 1n that of the wild cucumber mosaic virus genome
(5'-dGAGTCTTCTTTGCATC-3") (10). An oligonucleotide with the tymobox
sequence 1s thus useful as a probe for tymoviruses or as a PCR primer for
1solating the virion protemn gene of most tymoviruses.

2. Materials

1 Infected plant tissue Tymoviruses are readily transmitted by manual inoculation,

and their virions attain large concentrations 1n infected plants TYMV infects a

wide range of brassicas, but 1ts virions attain very large concentrations (0 5-2 0

mg/g leaf tissue) mn young plants of Chinese cabbage (Brassica campestris ssp

chinensis {Pak-cho1] and ssp. pekinensis [Pe-tsai]) grown in rich, frequently

watered compost, 1n bright hight of 1216 h/d, and a daytime maximum tempera-

ture of 25°C The plants are best inoculated at the 3—6 leaf stage, and inoculated

and systemically infected leaves harvested 2—4 wk later

PA buffer: 100 mM Na,HPQ,, 50 mM ascorbic acid, pH 7 0

50-50 chloroform n-butanol a 50.50 v/v mixture of chioroform and »-butanol

TE buffer 10 mM Tris-HCI, | mM EDTA, pH 7 0

SSC 150 mM NaCl, 15 mM sodium citrate

RNA extraction buffer 10 mM KCl, 1 5 mM MgCl,, 0 2% sodium dodecyl sul-

fate (SDS) in 10 mM Tris-HCL, pH 7.4,

7 TE-saturated phenol' phenol equilibrated with about 0 5 vol TE buffer by shak-
ing them together several tumes, and then keeping the mixture overnight at 4°C
for the phases to separate

3. Methods
3.1. Virion Purification

< RV N VO Y

Tymovirus virions are readily purified by a wide range of methods, because
they are stable and attain large concentrations 1n the tissues of infected host
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plants, thus, tymoviruses are tdeal for teaching virological techniques, and, unlike
tobamoviruses, are not contagious, although they are readily sap transmuitted

The earliest methods used to purify the virions of TYMYV exploited differ-
ences 1n the solubility and stability of the virions and the host sap constituents,
and used only low g-force centrifuges. The best of these methods were the
ethanol:ammonium sulfate method (1) and the pH 4.8 method (11), although
we have found the latter to be unreliable

We find that variants of Steere’s method (12) work well for all the 15 or so
tymoviruses that we have studied. This method uses organic solvents and dif-
ferential high-speed centrifugation

1 Blend fresh or frozen infected leaves n 1 5-4 vol/wt of PA buffer

2 Blend further while slowly adding 0 25 vol of 50 50 chloroform n-butanol to
form an emulsion

3 Centrifuge the emulsion at 5000g, collect, and filter the aqueous (top) layer
through a small cotton wool plug

4 Concentrate and purtfy the virions by one cycle, or more, of differential centrifu-
gation (100,000g for 3 h, and 5000g for 10 min), using 50 mM phosphate buffer,
pH 7 0-8 0, for resuspending the virions

5 The virions can be further purified and separated from the shells by centrifuging
in sucrose gradients (10-40% sucrose in TE buffer at 113,000g for 2 h) or 1n
cestum chloride gradients

6 The final virion preparation 1s usually dialyzed into SSC for use as a source of
genomic RNA, or for use as an immunogen Ifnot used immedsately virion prepa-
rations may be stored at 4°C, but 1t 1s best to add sodium azide to give a concen-
tration of 1-5 mM

The final suspension of virions (2 mg/mL obtained from each 10 g tissue)
can be used for preparing crystals

3.2. Genomic RNA Preparation

We prepare TYMV genomic RNA from purified virions using a proteinase
K method (14)

1. Mix 1 vol of virion preparation 1n SSC with 4 vol of RNA extraction buffer

2 Add proteinase K to give a concentration of 0 8 mg/mL and incubate at 56°C for

{5 min

Add 1M NaCl to restore 1ts concentration to 0.15M

Add 1 vol of TE-saturated phenol and mix thoroughly

5. Add 1 vol of chloroform, mix thoroughly, then centrifuge at 5000g for 10 min
and collect the aqueous (upper) phase carefully

6. Repeat steps 4 and 5 above

7. Precipitate the RNA by adding 0.1 vol 3M sodium acetate, pH S 2, and 2 5 vol
ethanol, mix, place at —20°C for 15 min, and centrifuge at 15,000g for 10 min

AW



Tymovirus Isolation and Genomic RNA Extraction 223

8.

Wash the pellet with cold 70% ethanol and dry.

9. Resuspend the precipitated RNA 1 TE buffer and store at —20°C

4. Notes

1

All the buffers used 1n the methods described above are stable, except for the

phosphate ascorbate buffer used for Steere’s method. It 1s best made from the dry

chemicals just before use, dissolve the ascorbic acid first, because 1t rapidly

degrades above pH 8.0 and produces a yellow compound

Caution: Take care with the fumes of chloroform and r-butanol, use these in

a fume hood or well-ventilated space because chloroform 1s an anesthetic and

n-butanol causes breathing difficulties

The centrifugation times and g-values given above are only indicative and depend

on the machinery available When sedimenting the virions by centrifugation

alone, be guided by the fact that long centrifugation times at large g-values may

produce pellets that are difficult to resuspend, whereas smaller g-values and 1n-

sufficient centrifugation times will produce unstable pellets depleted 1n virion-

like protein shells

We have found the methods described above to work well for more than a dozen

tymoviruses, we always use PA buffer for extraction when the propagation host

of the tymovirus produces a sap extract that oxidizes and becomes brown (e g,

Nicotiana glutinosa with eggplant mosaic virus) However, for other hosts, TE

buffer 1s an alternative to PA buffer for all steps, and, for larger preparations, the

first high-g centrifugation step can be replaced by adding 4% NaCl (w/v) and

12% w/v polyethylene glycol (mol wt 8000), stirring for 1 h, and collecting the

sediment by centrifuging at 5-10,000g for 20 min

The pl of TYMV vinions 1s 3.75, and those of cacao, kennedya, and ononis yel-

low mosaic viruses are similar, those of belladonna mottle, dulcamara mottle,

and eggplant mosaic viruses have pls above 8 0 (J-K Mo, M Fischer and A

Gibbs, unpublished results); however, we obtamned no better preparations of the

basic virions using buffers of pH 5.0

An alternative method that clearly produces very pure virion preparations uses

ethanol and centrifugation to prepare TYMYV virtons for X-ray diffraction analy-

s1s (13), 20 mM potassium phosphate buffer, pH 7.8, and a temperature of 4°C, 1s

used for all stages of the procedure-

a Blend infected leaves in 1 5 vol/wt of buffer

Filter the fiber from the buffered extract using cheesecloth

Add 0 25 vol of 95% ethanol, stir for 30 min

Remove the sediment by centrifuging for 10 min at 5000g

Centrifuge the supernatant at 104,000g for 1 5 h to sediment and concentrate

the virions

Resuspend the virions n buffer; clarify the preparation by centrifuging for 10

min at 5000g

g Further purify the virions by another round of centrifugation, 186,000g for
1 5 h, 5000g for 10 min

o o0 o

~H
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7 The virion protein gene of tymoviruses may be amplified using the tymobox

primer The 3'-terminus of genomic RNA 1s polyadenylated by standard methods,
then a synthetic dTnG primer (usually n = 8) used to prime synthesis of first
strand cDNA The virion protein gene can then be specifically amplified by the
polymerase chain reaction using a dTnG primer and the tymobox primer The
resulting fragment, which 1s ca 700 bp tn s1ze, can be cloned into the Smal site of
M13mp18 or the EcoRV site of Bluescript SKT for sequencing
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Tombusvirus Isolation and RNA Extraction

Jozsef Burgyan and Marcello Russo

1. Introduction

The group Tombusvirus 15 one of the 16 groups of plant viruses established
in 1971 (1). Its name derives from the sigla “tombus” from tomato bushy stunt,
which 1s the disease caused by the type member of the group, tomato bushy
stunt virus (TBSV). The group was later ranked as genus Tombusvirus in the
family Tombusviridae, which includes also the genus Carmovirus, 1n the new
classification of plant viruses 1n families, genera, and species approved by the
International Commuittee on Taxonomy of Viruses (ITCV) at the Ninth Interna-
tional Congress of Virology 1n Glasgow in 1993 (2). A list of selected defini-
tive members of the genus 1s reported 1n Table 1.

The natural host range of individual virus species 1s rather narrow and
restricted to dicotyledons, infecting very few or only one host. But the artificial
host range 1s wide and 1s comprised of several plant species in 20 different
dicotyledonous and monocotyledonous families (3).

The majority of the tombusvirus species occur in temperate regions, where
they occasionally cause outbreaks with economic relevance. Diseases of major
importance have been reported for tomato, pepper, and eggplant caused by
TBSYV, for artichoke caused by artichoke mottled crinkle (AMCYV), for egg-
plant caused by eggplant mottled crinkle (EMCYV), for pepper and tomato
caused by Moroccan pepper (MPV), and for cherry caused by petunia asteroid
mosaic (PAMV) (3). Tombusviruses have stable, highly infectious particles,
which are readily transmissible mechanically, they are often found 1n natural
environments such as soil and surface water, from which they can be acquired
by the hosts 1n the absence of respective hosts without the assistance of vectors. For
only cucumber necrosis virus has 1t been demonstrated that soil-transmission
1s favored by the soil inhabiting chytrid fungus Olpidium bornovanus (4,5).
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Table 1
Selected Species in the Genus Tombusvirus?

Artichoke mottled crinkle (AMCV)
Carnation itahan ringspot (CIRV)
Cucumber necrosis (CNV)
Cymbidium ringspot (CymRSV)
Eggplant mottled crinkle (EMCV)
Moroccan pepper (MPV)
Pelargonium leaf curl (PLCV)
Peturia asteroid mosaic (PAMYV)
Tomato bushy stunt (TBSV)

aSee ref. 8 for complete list and references

Tombusviruses have 1sometric particles ca 30 nm 1n diameter, with a some-
what rounded outline and a surface structure poorly resolved in the electron
microscope. Virions are T = 3 1cosahedra consisting of 180 1dentical structural
subunits, clustered in dimers to give rise to 90 morphological units. The struc-
tural subunit 1s folded into distinct domains: R, the N-terminal internal domain
interacting with RNA, a, a connecting arm; S, the shell domain constituting the
capsid backbone; and P, the C-terminal domain connected by a short hinge to
the S domain and protruding 1n pairs from the particle surface to form 90 pro-
jections (6). The P domain determines the immunological and other biological
properties of the virions.

Tombusvirus genome 1s constituted by a linear single-stranded monopartite
RNA molecule of positive-sense ca 4700 nucleotides (nt) long, which contains
five open reading frames (ORF) coding for proteins with an approximate mol
wt of 33, 92, 41, 22, and 19 kDa (Fig. 1). Translation products of ORFs 1 and 2
are expressed by genomic-length viral RNA; ORF 3, and ORFs 4 and 5 are
expressed through two 3' coterminal subgenomic RNAs of ca. 2.2 and 1 0 kb,
respectively. The readthrough domain of ORF 2 is the viral RNA-dependent
RNA polymerase, because 1t contains the eight conserved motifs (PI-PVIII)
that characterize the RNA polymerase of supergroup II of positive-sense RNA
viruses (7) The product of ORF 3 1s the capsid protein The protein encoded by
ORF 4 1s the movement protein involved 1n the cell-to-cell spread of virus 1n
infected tissues. The functions of translation products of ORFs 1 and 5 are not
yet established with certainty; however, circumstantial evidence suggests that
the product of ORF 1 may be responsible for intracellular localization of the
viral replicative structures and that of ORF 5 carries determinants affecting
severity of symptoms. Artificial viral mutants that cannot express ORF 5 are
st1ll infectious, but induce milder symptoms, compared to wild-type Conversely,
the presence of ORF 1 1s an absolute prerequisite for viral viability (8).
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Fig 1 Virus structure, genome organization, and expression strategy of a
tombusvirus (CyRSV) Noncoding regions are shown as solid lines (UTR =
untranslated leader sequence) and ORFs by boxes with different shading The approxi-
mate mol wt of predicted translation products, and sizes and locations of subgenomic
RNAs, are indicated The virus CP (41 kDa) 1s encoded by ORF 3

Tombusviruses may support the replication of two types of subviral RNAs:
satellite and defective-imterfering (DI) RNAs Satellite RNA 1s a linear mol-
ecule of 619 nt, with little sequence mm common with the genomic RNA, DI
RNAs (400800 nt) are deletion mutants of viral genomes that have generally
lost all essential viral genes required for movement, replication, and
encapsidation (9) Both satellite and DI RNAs require the presence of a helper
virus for trans-acting factors necessary for replication (8).

2. Materials
2.1. Virus Purification

0 5M sodium acetate buffer, pH 5 5 (stock solution)

Polyethylene glycol (PEG) 6000

NacCl

Homogemzation buffer 0 1M sodium acetate buffer, pH 5 5, contamning 0 25%
B-mercaptoethanol (freshly prepared)

High-speed (15K rpm) homogenizer

Beckman J2-21 low-speed centrifuge, with rotor JA-20 or equivalent,

Beckman L7-55 ultracentrifuge, with rotor Type 40 or equivalent

Eppendorf microcentrifuge, or equivalent

2.2. RNA Exiraction

1. RNA extraction buffer 0 1M glycine-NaOH, pH 9.0, containing 100 mM
NaCl, 10 mM EDTA, 2% sodium dodecyl sulfate (SDS), and 1% sodium
lauroyl sarcosine

2 3M Sodwum acetate, pH 5 5

-::-w.r\)-—-
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3 Water-saturated phenol, containing 0 1% 8-hydroxyquinoline
4 Chloroform
5 Ethanol 100 and 70%, autoclaved water

Caution: Take care 1n handling organic solvents (use gloves) and avoid
breathing vapors.

3. Methods
3.1. Virus Purification

I Collect infected leaves of Nicotiana benthamiana or N clevelandu 10—14 d after
moculation, and homogenize them m cold homogenization buffer, 1 g tissue/3
mL of buffer (see Notes 1 and 2)

2 Squeeze through cheesecloth

3 Leave the extract in 1ce for 30 mimn Most plant proteins will precipitate because
of the low pH

4. Clanfy by low speed centrifugation (12,000g for 10 min) (see Note 3)

5 Transfer the supernatant (where the virus particles are) nto a beaker, and adjust
to pH 6 0 with dilute NaOH

6. Add 10 g PEG and 1.1 ¢ NaCl/100 mL and dissolve with magnetic stirrer. Keep
the solution on 1ce for 1 h

7 Precipitate the virus particles by low-speed centrifugation (12,000g for 10 min)
and discard the supernatant

8 Resuspend the pellet in 0 02M sodium acetate, pH 5 5 (use a vortex), leave 1n ice
for 1 h and vortex again

9 Clarify the virus solution by low-speed centrifugation (12,000g for 10 mmn) Save
the supernatant

10 Sediment virus particles by high-speed centrifugation (90,000g for 1 h), discard
the supernatant

11 Let the pellet dissolve in 0 02M sodium acetate, pH 5 5, for several hours or
overmght at 4°C Vortex to dissolve completely the virus pellet, transfer to an
Eppendorf tube, and eliminate the insoluble material by low-speed centrnifugation
i an Eppendorf centrifuge

This virus preparation 1s now sufficently pure for RNA extraction. How-
ever, 1f highly purified virus 1s needed, further purification can be achieved
through density gradient centrifugation in CsCl at equilibrium To do so, con-
tinue as follows:

12 Dissolve 2 65 g of CsClin § mL virus suspenston (initial density of CsCl solution
18 1 36 g/mL) and centrifuge at 90,000g for 16 h at 10°C

13 Collect the sharp opalescent virus band by puncturing the tube with a syringe and
removing the band Remove the CsCl by dialysis against 50 mM NaCl, pH 5 5

Virus yield ranges between 10 and 60 mg/100 g of infected tissues. The
virus preparation can be stored at —70°C.
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3.2.
1

3.3.

p—

4,

3.4.

RNA Extraction from Virus Particles

Add 1 vol of RNA extraction buffer and 2 vol water-saturated phenol to virus
solution, vortex for 3060 s, and centrifuge at maximum speed 1n microcentrifuge
for 5 min at room temperature

Transfer the aqueous phase (upper) to a fresh tube, extract once with equal vol-
umes of phenol.chloroform, and centrifuge for 5 min

Extract the aqueous phase again with chloroform, and centrifuge for 2 min
Transfer the aqueous phase to a fresh tube, add 2 5 vol of cold ethanol and 0 10
vol of 3M sodium acetate, pH 5 5, mix well, and centrifuge for 10 min at 4°C 1n
a microcentrifuge

Wash the RNA pellet with 70% cold (—20°C) ethanol, dry, and resuspend the
RNA 1n 1ce-cold sterile water Store at —70°C for long periods

Total RNA Extraction from Leaf Tissue

Precool mortar and pestle on 1ce for several minutes

Rapidly homogenize 50-100 mg infected leaf tissue in ice-cold mortar with
pestle, and immediately add 600 pL. RNA extraction buffer

Rapidly transfer the mix to a microtube containing an equal volume of phenol,
vortex for 30-60 s and centrifuge at maximum speed in microcentrifuge for 5
min at room temperature

Proceed as above from step 2

Total RNA Extraction from Protoplasts

Total RNA can be extracted in a similar way from protoplasts. Discard the
incubation medium and disrupt the protoplasts (approx 1-2 x 106) in 600 uL
RNA extraction buffer, add an equal volume of phenol, and proceed following
the same protocol described above.

4. Notes

1

N benthamiana or N clevelandu plants, normally used to propagate
tombusviruses, can be mnoculated with infected plant sap, purified virus or viral
RNA The protocol described in Subheading 3.1. 1s applicable to all
tombusviruses and gives consistently reproducible results.

To obtain good virus yield, it 1s important to used a high speed homogenizer The
homogenization buffer must be prepare fresh The low pH 1s important for the
stability of virus particles, extraction media at pHs above neutrality are detri-
mental to tombusvirus particles

. The clarified sap (after Subheading 3.1., step 4) must be pale yellow If plants

are harvested too old and/or necrotic, the virus pellet may result in contamination
by some dark material and may be difficult to clean further

It 1s important to resuspend the virus pellet completely, especially after PEG pre-
cipitation, otherwise, much can be lost



230 Burgyan and Russo

5 To obtain a good RNA preparation, it 1s essential to avoid contamination with

RNases. Laboratory glassware should be treated by baking at 180°C for 3 h or
more It 1s best to use sterile disposable plasticware (Eppendorf microtubes,
tips, pipets, and so on) whenever possible, since 1t is essentially free of
RNases A potential major source of contamnation with RNase are the hands
of the investigator; disposable gloves should be worn during the RNA
manipulation All solutions should be prepared using RNase-free glassware,
autoclaved water, and chemicals reserved for work with RNA that should be
handled with baked spatulas

The concentration of RNA can be determined spectrophotometrically by reading
at wavelength of 260 nm An OD,¢, = 1 corresponds to approx 40 ug of RNA/
mL To estimate concentration 1n a sample, prepare a dilution 1 25 in water and read
at 260 nm; the reading will directly give the concentration of RNA in mg/mL
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RNA Analysis

Size and 3' End Group Determination

Michael Shanks and George Lomonossoff

1. Introduction

The most commonly used method to analyze the quality of RNA 1s electro-
phoresis i agarose gels The distance an RNA molecule moves 1n a gel 1s
dependent both on 1ts mol wt and 1ts conformation. Hence, to accurately com-
pare RNAs across virus groups or to determine their size, 1t 1s crucial to com-
pletely denature the sample. Formaldehyde was the first denaturant to be used
for this purpose (1) and 1s still a popular choice. Other reagents that denature but
do not degrade RNA include formamide, which destroys base pairing, and gly-
oxal (ethanedsal). Glyoxalation introduces an additional ring into guanosine resi-
dues, which then sterically hinders GC-pair formation. The first method descrnbed
here incorporates formaldehyde 1n the gel and is adapted from Lehrach et al.
(2). The second approach, which is based on the method of McMaster and
Carmichael (3), uses glyoxal to denature the sample prior to loading 1t onto a
nondenaturing gel The latter technique has the advantage of allowing native
(nondenatured) RNA to be run on the same gel as denatured RNA

The last part of this chapter deals with the 1dentification of the 3'-terminal
base of an RNA molecule This 1s important, since many cloning techniques
result 1n the addition of extra (nonviral) nucleotides at the 3' end of the viral
sequence. [t may, therefore, not be possible to deduce the true 3' end of a viral
RNA by sequence analysis of cloned cDNA The technique employed makes
use of T4 RNA ligase to add cytidine 3',5"-bis(phosphate) (pCp) to the 3'-OH
terminus of the RNA of interest. By using [5'-32P]pCp, the product of the reac-
tion has a 2P phosphate group in the last phosphodiester linkage, effectively
labeling the RNA at 1ts 3' terminus (4). Complete alkaline hydrolysis of the
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RNA releases nucleoside 3' monophosphates, resulting 1in the transfer of the
32P phosphate group to the nucleotide originally at the 3' end of the RNA. This
nucleotide can then be identified by 1its electrophoretic mobility on paper,
allowing the 1dentity of the 3'-terminal nucleotide to be deduced. The 3'-labeled
RNA can also be used for direct RNA sequence analysis.

2. Materials

Store all materials at room temperature unless indicated otherwise.

2.1. Electrophoresis of RNA
Through Formaldehyde-Containing Agarose Gels

1 Low electroendosmosis (EEO) agarose type I (Sigma, St Louis, MO)

2 10X MOPS buffer 02M 3-N-morpholinopropane-sulphonic acid (Sigma), 50
mM sodium acetate, 10 mM EDTA, adjusted to pH 7 0 with NaOH Autoclave
(Note: The solution will appear yellow after autoclaving This has no apparent
detrimental effect )

3 Formaldehyde, 37% (v/v) solution in dH,O Caution: Formaldehyde solution
and vapors are extremely toxic The solution should be stored in a ventilated area
or a fume hood but not 1n the same location as hydrochloric acid It should be
used 1n a fume hood, but not by a person under 18 yr old

4 1% (w/v) Glycine solution

5 Formamude Puriss, assay >99% (obtained from Fluka, Dorset, UK) Caution: For-
mamude 18 a teratogen and 1s toxtc by inhalation or contact with the skin Take extreme
care Formamide dissolves certain types of plastic and can pass through dispos-
able gloves Should not be used by persons under 18 Store at —20°C (see Note 4)

2.2. Glyoxal Treatment of RNA and Electrophoresis
Through Tris-Acetate Agarose Gels

1 30% (w/v) Glyoxal solution Caution: Glyoxal 1s an irritant to the skin, eyes, and
respiratory system

2. 10X TEAc buffer 0 4M Tris base, 0 2M sodium acetate, 20 mM EDTA Adjust
pH to 7 5 with glacial acetic actd Autoclave before use

3 10% (w/v) Sodium dodecyl sulfate (SDS) solution

4. GFP solution 80% (v/v) detonized formamude, 0 75M deionized glyoxal in 10
mAM sodium phosphate, pH 7 0 Make small volumes and dispense into 100-uL
aliquots Store at —70°C

5. 5X Loading dye. 20% (w/v) Ficoll 400, 1% (w/v) orange G, 5 mM EDTA, pH
70 Autoclave Store aliquots frozen at ~20°C

6. 0 M NaOH.

0 15M Sodwum acetate (NaOAc), pH 5 5

8 Ethidium bromide solution Stock 10 mg/mL 1n dH,O Caution: Extreme care
Ethidium bromide 1s a powerful mutagen and 1s moderately toxic Take appropri-
ate measures to dispose of solid waste correctly (see Note 5) Store at 4°C

~
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2.3. 3' End Labeling of RNA

1

w N

[5'-32P] cytidine 3',5' bis(phosphate) 2000—4000 Cv/mmol (74—148 TBg/mmol)
Store at —-20°C. Take standard precautions for handling radioactive material

T4 RNA ligase, RNase-free, 3—15 U/ul.

Dimethyl sulfoxide (DMSO), 99 9%, spectrophotometric grade Handle in
fume cupboard

4. 0.5M HEPES, adjusted to pH 8 3 with KOH
5 01MMgCl,
6 0 1M Dithiothreitol (DTT) Store at —20°C Labile
7 02 mM ATP. Store at —20°C
8. Sephadex G-50. Suspend 1n approx 50 vol TE (10 mM Tris-HCL, pH 7 5, | mM
EDTA) Leave overnight Autoclave
2.4. Determination of 3'-Terminal Nucleotide
1 10M NaOH
2. Dye mix containing 0 05% (w/v) each of orange G, acid fuchsin, and xylene
cyanol FF 1n water
3  Whatman 3MM paper
4. Paper electrophoresis buffer, pH 3 5, containing 5% (v/v) glacial acetic acid, 0 5%
(v/v) pyridine, and 1 mM EDTA Caution: All solutions containing pyridine
should be handled in a fume cupboard and gloves should be worn at all times
5 X-ray film
3. Methods
3.1. Electrophoresis of RNA

Through Formaldehyde-Containing Agarose Gels

1

2
3

Wash gel apparatus, comb, and spacers with detergent, and rinse well Give a
final rninse with distilled water Dry with 70% (v/v) ethanol solution

Set up apparatus on a level surface 1n a fume hood (see Note 2)

Melt 0.5 g of agarose in approx 30 mL sterile distilled water Cool to about
55-60°C and add 5 mL 10X MOPS buffer and 3 75 mL 37% (v/v) formaldhyde
solution Make up to 50 mL with sterile dH,0

Pour gel into mold and leave to set for approx 30 mun.

Mix RNA sample in ratio 1.3 (v/v) with solution containing 67 parts deionized
formamide solution, 20 parts formaldehyde solution, and 13 parts 10X MOPS
buffer and 100 pg/mL ethidium bromide Heat to 60°C for 5 min in sealed
Eppendorf tube Immediately cool on ice Spin solution to bottom of tube 1n a
microcentrifuge Add 0 2 vol loading dye

Remove comb and end-spacers Load whole of sample on gel Run gel sub-
merged in 1 X MOPS buffer (Minigels will take approx 45 min when run at a
constantb 80 mA.)

At the end of the run, wash gel briefly in dH,O Observe under ultraviolet tllumi-
nation (see Notes 3 and 6)
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3.2. Glyoxal Treatment of RNA and Electrophoresis
Through Tris-Acetate Agarose Gels

1 Make 1.4% (w/v) solution of agarose in 1X TEAc contamning 0 1% (w/v) SDS
Autoclave (Stocks can be prepared 1 advance and will store well in an unopened
container at room temperature )

2. Prepare and set up apparatus as above (No need to position m a fume hood )
Melt agarose 1n a microwave and pour into mold Leave to set

3 Denature 1 vol RNA sample with 9 vol GFP solution Heat to 55°C for 15 min.
Cool Spin briefly

4 Add 02 vol loading dye and load onto gel Cover gel with 1X TEAc buffer and

run at 3 V/em for 2 h, or until dye reaches the end of the gel

Soak for 15 min 1n 0.1M NaOH (see Note 7)

Stain with 0 15M NaOAc, pH 5 5, containing 4 ug/mL ethidium bromide

7 Destamn with dH,O Observe bands under UV illumination (see Note 6)

3.3. 3' End Labeling of RNA

1 Make up 20 L of a reaction mixture contamning 5 pg RNA and 50 uCi (1 85MBq)
[5'-32P]pCp 50 mM HEPES-KOH, 10 mM MgCl,, 33 mM DTT, 20 uM ATP,
10% (v/v) DMSO

2. Start ligation reaction by adding 5 U of T4 RNA ligase Incubate reaction mixture
overnight at 4°C

3 Separate labeled RNA from unincorporated [5'-32P]pCp by spinning through col-
umns of Sephadex G-50

4 To the first peak of radioactivity which comes off the column (excluded volume),
add 01 vol 3M NaOAc, pH 55, 2 5 vol ethanol Precipitate RNA overmight
at—20°C

5 Centrifuge to recover RNA, wash the pellet with 70% (v/v) ethanol, and dry in a
vacuum desiccator

6 Redissolve dried pellet in 20 pL of sterile dH,O

N G

3.4. Determination of 3'-Terminal Nucleotide

1 To 2 uL of pCp-labeled RNA, add 2 pl of 1M NaOH and 6 pL of dH,O Incubate
the reaction mixture overnight at 37°C

2 Apply the sample as a 1-cm-wide strip 15 cm from one end of a 58-cm piece of
Whatman 3MM paper Spot 1-2 uL of dye mix on either side of the sample

3 Wet the paper with pH 3.5 paper electrophoresis buffer. To ensure the sample
does not move during the wetting process, allow the buffer to approach the origin
from both sides simultaneously Blot excess buffer off the paper

4 Place paper 1n suitable electrophoresis tank (see Note 9) and electrophorese
at 3000 V for 90 min The negatively charged mononucleotides migrate
toward the anode

5 Remove paper from tank and allow to dry thoroughly 1n fume hood

6 Mark the position of the dye markers with ink to which a small amount of 33S has
been added. The orange G (orange) and acid fuchsin (pink) dyes run with nearly
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Fig. 1. Separation of 32P-labeled ribonucleoside monophosphates after electro-
phoresis on Whatman 3MM paper at pH 3.5. The position of the dye markers is
indicated on the left.

the same mobility; the xylene cyanol (blue) migrates about half the distance
(Fig. 1).

7. Autoradiograph the paper overnight.

8. The nature of the labeled nucleotide can be deduced by comparing its mobility
with that of the dye markers (Fig. 1).

4. Notes

1. The most important rule when working with RNA is that it is essential to take all
possible steps to avoid the degradative activity of RNases. If care is not taken, the
enzymatic activity can be introduced into an experiment not only from the method
of preparation, but also from a number of outside sources. Disposable plasticware
(yellow tips, and so on) should be sterilized before use and should not be left
exposed to the air. The hands of laboratory workers are a major source of con-
tamination by RNases; investigators should wear disposable gloves at all times
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while handling RNA Solutions should be made using autoclaved distilled water,
or, whenever possible, autoclaved 1n suitable glass containers. (Caution: Toxic
materials or volatile liquids should not be autoclaved )

Caution: Fumes can be given off formaldehyde gels Ideally they should be run
in a fume hood, or at least run with a lid

Formaldehyde gels do not stain well 1f ethidium bromide 1s added after electro-
phoresis 1s completed. If this 1s done, the bands are normally obscured by a gen-
eral fogginess over the gel However, this can be partially overcome 1f the gel 1s
washed with 1% (w/v) glycine solution for 60 mun prior to staming

Many labs have reported that poor quality formamide 1s the most likely source of
degradation of RNA Our experience has shown that the one listed here 1s good
quality As a matter of routine, however, 1t 1s essential that the solution 1s deion-
1zed by stirring for approx 30 min with 40 g/L Amberlite monobed mixed resin
(BDH, Poole, Dorset, UK, Amberlite IRN-150L, formerly MB1) The resin 1s
removed by filtration through Whatman no 1 filter paper The efficacy of the
resin can be monitored by observation of a drop in pH If there 15 no fall to neutral
pH within this time, it 1s likely that the resin 1s exhausted and should be replaced
with a fresh batch

Gloves should be worn at all times when handhng ethidium bromide solu-
tions Also, these solutions should be decontaminated by mixing with acti-
vated charcoal after use Filter solid and destroy by incineration The filtrate
can be discarded into the drains Gels containing the dye should also be
destroyed by incineration

Ultraviolet radiation 1s dangerous to the eyes Ensure that suitable eye protection
1s worn at all times when working with UV light

Glyoxal-modified RNA does not stain with ethidium bromide Thus, 1t 1s essen-
tial to reverse the modification by soaking the gel in 0 1M NaOH before staining
The condition of the RNA after the labeling reaction can be monitored by electro-
phoresing a small portion of 1t on a formaldehyde-containing gel, as described in
Subheading 3.1. After examination of the gel under UV light, 1t can be drned-
down and autoradiographed to confirm that the 32P label 1s associated with full-
length RNA

The design of a suitable paper electrophoresis tank can be found 1n Brownlee (5)
The remaining pCp-labeled RNA 1s suitable for use 1n a variety of direct RNA
sequencing protocols, such as those described by Donis-Keller et al (6) and
Peattie (7)
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RNA Fractionation by Density Gradient
Centrifugation

Michael Shanks

1. Introduction

As shown n previous chapters, many RNA plant viruses have multipartite
genomes, which are divided between two or more viral nucleoprotein compo-
nents. Each nucleoprotein component will display different sedimentation
properties, according to the size of RNA. Thus, 1t 1s possible to fractionate
RNA by density gradient centrifugation. This method 1s particularly useful,
since not only are other possible contaminants removed from the virus prepa-
ration, but also the RNA 1s packaged as a nucleoprotein complex and has less
chance of being attacked by degradative enzymes. Two approaches are gener-
ally recognized The first, and the one most commonly applied to spherical
viruses, 15 used where the different components have different protein'RNA
rat10s. Isopycnic ultracentrifugation of virus preparations in caesium chloride
(or similar density medium) gradients separates the viral components accord-
ing to their buoyant density. A sample of the virus 1s carefully layered on to the
top of the gradient and s centrifuged at very high speed. During centrifuga-
tion, the virus will move down the gradient until 1t reaches a level where den-
sity of the medium equals the density of the virus. When the run 1s complete,
the separated components can be visualized by shining a beam of light directly
through the length of the tube; components can then be removed individually
by puncturing the side of the tube with a syringe fitted with a wide bore needle.
Once the density gradient medium 1s removed, the RNA is extracted by proto-
cols applicable to each particular virus.

In the second method (and the one normally applied to rod-shaped viruses),
separation of the components 1s dependent on the conformation and shape of
the particle, and can include naked RNA. In this technique, during high-speed
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centrifugation, the molecules move along the gradient at various rates. Larger
molecules (1.e., those that have a larger sedimentation coefficient) will migrate
faster down the tube than smaller ones. The density gradient medium, n this
case, 1s usually sucrose (often in the range 10-40%). Fractions of the gradient
are collected manually and the virus (or RNA) repelleted by a second round of
centrifugation

The protocols outlined below describe our preferred methods when working
with CPMV (and other comoviruses). Normally, one cycle of buoyant density
centrifugation 1s sufficient to fractionate the RNAs 1n a sutable form for cDNA
synthesis. However, we also carry out a second round of density gradient cen-
trifugation 1n those cases when 1t 1s essential to have very pure RNA (e.g , for
experiments involving the inoculation of protoplasts with viral RNA)

2. Materials

2.1. Separation of Viral Nucleocomponents
by Buoyant Density Centrifugation and Extraction of RNA

1 30, 40, 50, and 60% (w/v) Nycodenz (obtained from Nycomed, Oslo, Norway)
solutions buffered in 10mM sodium phosphate solution, pH 7.0 Autoclave Store
at 4°C (see Note 1)

Beckman Ultra-Clear SW40T1 and Type 40 centrifuge tubes (or sumilar).

10 mM sodium phosphate buffer, pH 7 0

NET buffer 100 mM NaCl, 10 mM Tris-HCl, pH 7 4, | mM EDTA. Autoclave,
10% (w/v) sodium dodecy! sulfate (SDS) solution

I'1 mixture of phenol chloroform solution. Caution: Phenol 1s extremely toxic
and caustic Chloroform 1s a known carcinogen and volatile Use only 1n a fume
hood Store 1n dark bottles at 4°C Dispose of all waste correctly

T RN

2.2. Fractionation of RNA by Velocity Centrifugation
on Sucrose Gradients

1 185,20, 25, and 30% (w/v) sucrose solutions buffered in NET solution (as
described 1n Section 2.1.) containing 0 1% (w/v) SDS solution Autoclave with
care (see Note 4)

2. Beckman SW40T: tubes.

3 3M Na acetate,pH 5 §

3. Methods

3.1. Separation of Viral Nucleoproteins
by Bouyant Density Centrifugation and Extraction of RNA

I Carefully layer 2 75 mL of each Nycodenz solution in a SW40T1 tube (heaviest
one first).
2 Allow to diffuse overnight at room temperature
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S oW

Load 0.5-0 75 mL (7.5~10 mg) of virus suspension on top surface of the gradient
Centrifuge sample at 163,500g for 23 h at 15°C

Observe separated viral components with a beam of white light shining directly
through the length of the tube Remove bands of interest using syringe fitted with
a 21-gage needle

Dilute virus suspension by adding at least 9 vol of 10 mM sodium phosphate
solution. Spin in a Beckman Type 40 tube at 93,000g for 4 h at 4°C (see Note 2)
Extract RNA by resuspending the pellet in NET buffer, made 2% (w/v) with
respect to SDS Warm to 55°C After 2-3 min, add 1 vol phenol chloroform and
vortex vigorously. Separate two phases by low speed centrifugation and remove
top (aqueous) layer to a fresh tube (see Note 3)

To precipitate the RNA, add 2.5 vol absolute ethanol to aqueous phase and freeze
overnight at —20°C (or 30 min at —70°C).

Pellet the RNA by centrifuging the sample at 12,000g for 10 min Wash with
absolute alcohol, recentrifuge for 5 min and dry briefly in a vacuum desiccator
Dissolve RNA 1n sterile dH,0 and store at —~70°C. Examine on denaturing agat-
ose gel (Fig. 1)

3.2. Fractionation of RNA by Velocity Centrifugation
on Sucrose Gradients

[ T R

[=))

Layer 2 75 mL of each sucrose solution 1n a SW40Ti centrifuge tube

Allow to diffuse for 3—4 h at room temperature (or at 4°C overnight)

Load approx 50 pug RNA on to the top surface of the gradient

Spin at 130,000g for 12 h at 15°C

Puncture the bottom of the tube with a needle and collect approx 0 4 mL fractions
1n sterihized large microcentrifuge tubes.

Determine the presence of the RNA by removing a small sample (5-uL aligout)
of each of the fractions and electrophorese on a formaldehyde (denaturing) agar-
ose gel (see Chapter 25)

Pool appropnate fractions and precipitate the RNA by adding 0.1 vol 3M Na
acetate soution, pH 5 5, and 2 5 vol absolute ethanol

Pellet RNA in a microcentrifuge and wash with absolute alcohol Respin and dry
pellet and dissolve 1n sterite dH,O. Store at —70°C

4. Notes

1

Nycodenz 1s a nonionic derivattve of benzoic acid (systematic name 5-(N-2, 3-
dihydroxypropylacetamido)-2, 4, 6-tri-iodo-N, N-bis(2,3 dihydroxypropyl)
1sophthalamide The original experiments characterizing the use of Nycodenz for
1sopycnic centrifugation of plant viruses have previously been described by
Gugerh (1). Our experience has shown that this matenial 1s the most suitable
density gradient medium for separation of comovirus components. Initial experi-
ments 1n our laboratory showed that CPMV nucleoproteins will separate well in
CsCl gadients, but when the RNA is extracted from them, it 1s often degraded and
of very poor quality This has never been the case when Nycodenz 1s used
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RNA1 —
RNA2 —

Fig. 1. 1.2% formaldehyde/MOPS agarose gel of CPMV RNAs extracted from
whole virus (lane 1) and the two nucleoprotein components separated by ultracentrifu-
gation on a Nycodenz gradient (lanes 2 and 3). Each track contains approx 1 pg of
RNA. The position of RNA-1 and RNA-2 is indicated on the left. The RNAs were
stained with ethidium bromide and photographed under UV light.

2. Nycodenz absorbs strongly at 260 nm. Hence, it is impossible to determine the
concentration of each component by optical density after the first centrifugation.
Dilute the suspension and respin as detailed in Methods. If required, separated
components can be stored in the same way as whole virus (usually this means the
pellet is resuspended in 10 mM phosfate buffer and stored at 4°C).

3. Phosphate ions are extremely insoluble in ethanol solutions. Avoid resuspending
the separated components in phosphate buffer before RNA extraction.

4. Sugar solutions will brown or caramelize if heated at high temperatures for long
periods. Ensure that solutions are autoclaved for no more than 15 min at 121°C.
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cDNA Library Construction for the Lambda
ZAP®-Based Vectors

Marjory A. Snead, Michelle A. Alting-Mees, and Jay M. Short

1. Introduction

Because the vast majority of plant viruses have a positive-sense RNA
genome, which acts as the viral mRNA, the RNA must first be converted into
cDNA before cloning, amplification, and subsequent manipulation. Successful
cDNA synthesis should yteld full-length copies of the original population of
mRNA molecules. Hence, the quality of the cDNA library can be only as good
as the quality of the mRNA. Pure, undegraded mRNA 1s essential for the con-
struction of large, representative cDNA lhibraries (). Secondary structure of
mRNA molecules can cause the synthesis of truncated cDNA fragments. In
this case, treatment of the mRNA with a denaturant, such as methylmercuric
hydroxide, prior to synthesis may be necessary (2). Other potential difficulties
imnclude DNA molecules contaminating the mRNA sample DNA can clone
efficiently and their ntrons can confuse results. RNase-free DNase treatment
of the sample 1s recommended.

After synthesis, the cDNA 1s inserted into an Escherichia coli-based vector
(plasmid or A) and the hibrary 1s screened for clones of interest. Since 1980, A
has been the vector system of choice for cDNA cloning (3—10). The fundamen-
tal reasons are that in vitro packaging of A generally has a higher efficency than
plasmid transformation and A libraries are easter to handle (amplify, plate,
screen, and store) than plasmid libraries. But, most A vectors have the disad-
vantage of being poorer templates for DNA sequencing, site specific mutagen-
esis, and restriction fragment shuffling, although this trend 1s reversing to some
degree with the continued development of PCR techniques.

The development of excisable A vectors, such as those based on restriction
enzyme digestion (11), site-specific recombination (12), or filamentous phage
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51 GAGAGAGAGAGAGAGAGAGAGAGACTCGAGTTTTTTTTTTTTTTTTTT 3!
Protective Sequence Xhol Poly (AT)

Fig 1. 48-bp oligonucleotide hybrid oligo(dT) linker-primer

rephication (13), has increased the flexibility of DNA cloning. Now 1t 1s pos-
sible to clone and screen libraries with the efficiency and ease of A systems and
to analyze positive clones with the ease and versatility of a plasmid The vec-
tors that are compatible with the cDNA synthesis protocol described in this
chapter are based on the Lambda ZAP® excision system (Stratagene Cloning
Systems, La Jolla, CA) (refs. 13 and 14, manuscript 1n preparation for
SeqZAP) These vectors use an excision mechanism that 1s based on filamen-
tous helper phage replication (e.g , M13). The choice of vector (Lambda ZAP,
ZAP Express, or SeqZAP) depends on whether one requires features such as
prokaryotic expression, eukaryotic expression, 1n vitro transcription, in vitro
translation, directional cloning, single-strand replication, automated sequencer
compatibility, and special antibiotic resistance selection

Several cloning procedures for constructing cDNA libraries exist (15-19)
Here we describe a modification of a directional cDNA cloning protocol (76).
This procedure has been successfully used for generating hundreds of direc-
tional cDNA hibraries representing a vast number of plant and animal species
containing poly(A)* mRNA, and 1s 1deal for the generation of cDNA libraries
to viral RNA from purified virus particles and RNA extracted from infected
plant tissue.

A hybrid oligo(dT) linker-primer containing an Xhol site 1s used to make
directional cDNA. This 48-base oligonucleotide was designed with a protec-
tive sequence, to prevent the Xkol restriction enzyme recognition site from
being damaged 1n subsequent steps, and an 18-base poly(dT) sequence, which
binds to the 3' poly(A) region of the mRNA template (see Fig. 1).

First-strand synthesis 1s primed with the linker-primer and 1s transcribed by
reverse transcriptase in the presence of nucleotides and buffer. An RNase H-
deficient reverse transcriptase may produce larger yields of longer cDNA tran-
scripts (20,21). The use of S-methyl dCTP n the nucleotide mix during
first-strand synthesis “hemimethylates” the cDNA, protecting 1t from diges-
tion during a subsequent restriction endonuclease reaction used to cleave the
internal Xhol site 1n the linker-primer

The cDNA/mRNA hybrid 1s treated with RNase H 1n the second-strand syn-
thesis reaction. The mRNA 1s nicked to produce fragments that serve as prim-
ers for DNA polymerase I, synthesizing second strand ¢cDNA. The second
strand nucleotide mixture 1s supplemented with dCTP to dilute the 5-methyl
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dCTP, reducing the probability of methylating the second strand, since the Xhol
restriction site 1n the linker-primer must be susceptible to restriction enzyme
digestion for subsequent hgation into the vector

The uneven termini of the double-stranded cDNA must be polished with
cloned Pfu DNA polymerase, to allow efficient ligation of adaptors (22,23).
Adaptors are complementary oligonucleotides that, when annealed, create a
phosphorylated blunt end and a dephosphorylated cohesive end. This double-
stranded adaptor will ligate to other blunt termint on the cDNA fragments, and
to other adaptors Since the cohesive end is dephosphorylated, ligation to other
cohesive ends 1s prevented. After the adaptor ligation reaction 1s complete and
the ligase has been inactivated, the molecules are phosphorylated to allow liga-
tion to the dephosphorylated vector.

An Xhol digestion releases the adaptor and protective sequence on the linker-
primer from the 3' end of the cDNA. These fragments are separated from the
c¢DNA on a size-fractionation column. The purified cDNA 1s then precipitated
and ligated to the vector. This strategy is illustrated 1n Fig. 2.

2. Materials
2.1. First-Strand Synthesis

1 10X first-strand buffer 500 mM Tris-HCI, pH 7.6, 700 mM KCI, 100 mM MgCl,
2 Fust-strand methyl-nucleottde mixture (10 mM dATP, dGTP, dTTP, and 5§ mM
5-methyl dCTP)

Linker-primer (3 0 pg at 1.5 pg/L)

Diethylpyrocarbonate (DEPC)-treated water.

Ribonuclease inhibitor (40 U)

Poly(A)* mRNA (5 0 pg in €36 pL. DEPC-treated water, see Notes 1 and 2)
[o-32P]-labeled deoxynucleotide (800 Cy/mmol) [0-*2P]JdATP, [a-32P)dGTP, or
[a-32P1dTTP. Do not use [a-32P]dCTP (see Note 3)

8 Reverse transcriptase (250 U) (RNase H-deficient 1s recommended f26,21])

2.2. Second-Strand Synthesis

1 10X second-strand buffer 700 mM Tris-HCI, pH 7 4, 100 mM (NH,),S80,,
50 mM MgCl,

2 Second-strand ANTP muxture (10 mM dATP, dGTP, dTTP, and 26 mM dCTP).

E coli RNase H (4 0 U)

4 E coli DNA polymerase I (100 U).

2.3. Biunting the cDNA Termini

Blunting dNTP muxture (2 5 mM dATP, dGTP, dTTP, and dCTP)
Cloned Pfu DNA polymerase (5 U)

Phenol-chloroform (1.1 {v/v], pH 7 0-8 0) (see Note 5)
Chloroform

w0

SN
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Linker-Primer

TTTTTTTTGAGCTCAGAGAG 5!
5! L JAARARAAA 3¢

Reverse transcriptase
S-methyl dCTP 1n nucleotide mix

3 [FNi W ans&awndnWITTTTTTTGAGCTCAGAGAG 5

50 L _IAAARAARA 3

RNase H
DNA polymerase |

3! s a B R NS sensna 8 |TTTTTTTTGAGCTCAGAGAG 5!
5° AAAAAAAACTCGAGCTCTCT 3¢

Adaptors
Ligase

‘ Fun e anwmwnian drrrrTTTTGAGCTCAGAGAGENN 5
{ IaaaaannnacrceacereTc Tl 3¢

‘ Xho 1
3! TTTTTTTTGAGCT 5
X AAAAAAAAC 3

mRNA
methylated cDNA
non-methylated cDNA

adaptors

Fig 2 Directional cloning strategy

5. 3M Sodwum acetate.
6 100% (v/v) Ethanol

2.4. Ligating the Adaptors

70% (v/v) Ethanol

Adaptors (4 g at 04 pg/ul)

5% Nondenaturing acrylamide gel

10X Ligation buffer. 500 mM Tris-HCL, pH 7.4, 100 mM MgCl,, 10 mM

dithiothreitol (DTT)
10 mM rATP.
6 T4 DNA ligase (4 Weiss U)

2.5. Phosphorylating the Adaptors

I 10X Ligation buffer (see Subheading 2.4., item 4)

2 10 mM rATP
3 T4 polynucleotide kinase (10 U)

BN -

i
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2.6. Xho! Digestion

1 Xhol reaction buffer. 200 mM NaCl, 15 mM MgCl,
2 Xhol restriction endonuclease (120 U)
3 10X STE buffer 1M NaCl, 100 mM Tris-HC], pH 8.0, 10 mM EDTA

2.7. Size Fractionation

1X STE buffer: 100 mM NaCl, 10 mM Tris-HCI, pH 8 0, | mM EDTA
Sephacryl S-500 column filtration medium (Pharmacia)

5% Nondenaturing acrylanude gel

Phenol chloroform (1 1 [v/v], pH 7 0-8 0) (see Note 5).

Chloroform.

100% (v/v) Ethanol

2.8. Quantitating the cDNA

1 70% (v/v) Ethanol

2 TE buffer 10 mM Tnis-HCI, pH 8.0, | mM EDTA.
3 08% Agarose

4 Ethidiom bromide (10 mg/mL)

O\LI\-QWS\)H

2.9. Ligating the cDNA to Prepared Vector

1 & Vector (such as Lambda ZAP, ZAP Express, SeqZAP) double digested and
dephosphorylated Vectors are digested with Xhol and a second restriction
enzyme, which leaves ends compatible with the adaptors

2. 10X Ligation buffer (see Subheading 2.4., item 4).

3. 10 mM rATP

4 T4 DNA ligase (4 Weiss U)

2.10. Packaging and Plating

1 NZY medium, plates and top agarose: 5 g NaCl, 2 g MgSO, 7H,0, 5 g yeast
extract, 10 g NZ amine (casein hydrolysate) per liter Add 15 g agar for plates or
add 0.7% (w/v) agarose for top agarose Adjust the pH to 7.5 with NaOH and
sterilize by autoclaving

2 Appropnate E coli host strains (such as XL 1-Blue MRF' or DHSaMCR) freshly
streaked on an LB agar plate contaiming the appropriate antibiotic (see Note 8)

3 10 mM MgSO;.

4 Packaging extract (such as Gigapack® II A packaging extract [Stratagene] /23,24])

5 SM buffer: 5 8 g NaCl, 2 0 g MgSO, 7H,0, 50 0 mL 1M Tris-HCI, pH 7 5,
5.0 mL 2% (w/v) gelatin per liter. Autoclave

6. Chloroform

7. LB agar plates: 10 g NaCl, 10 g bacto-tryptone, 5 g bacto-yeast extract, 15 g agar
per liter. Adjust the pH to 7 5 with NaOH and sterilize by autoclaving

8. Isopropyl-p-p-thio-galactopyranoside (IPTG), 0.5M n water and 5-bromo-4-
chloro-3-indoyl-p-p-galactopyranoside (X-gal), 250 mg/mL in dimethylforma-
mide (see Note 10}
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2.11. Amplification of the Primary Library

1 Packaged and titered primary library
2. Prepared, appropriate £ colt host strains.
3 NZY medium, plates, and top agarose. (see Subheading 2.10., item 1),
4 SM buffer (see Subheading 2.10., item 5)
5. Chloroform.
6 Dimethylsulfoxide (DMSO)
3. Methods

3.1. First-Strand Synthesis

The final volume of the first strand synthesis reaction should be 50 pl. Take
this into account when determining the volumes necessary.

1 In an RNase-free microcentrifuge tube, add the reagents in order 50 plL 10X first-
strand buffer, 3.0 ul. methyl-nucleotide mixture, 2 0 pb. linker-primer (1 5 pg/ul),
X L DEPC-ireated water, 40 U ribonuclease mhibitor

2 Mix the reagents well Add X pL of poly(A)* mRNA (5 ug) and gently vortex
(see Netes 1 and 2)

3 Allow the mRNA template and linker-primer to anneal for 10 min at room
temperature

4. Add 0.5 uL of [a-32P]-labeled deoxynucleotide (800 Cy/mmol) Do not use
[a-32P]dCTP (see Note 3)

5 Add 250 U of reverse transcriptase The final volume of the reaction should now
be 50 puL

6 Gently mix the sample and briefly spin down the contents in a microcentrifuge

7 Incubate at 37°C for 1 h

8 After the 1-h mcubation, place on ice.

3.2. Second-Strand Synthesis

The final volume of the second strand synthesis reaction should be 200 uL
Take this mnto account when determining the necessary volumes

1 To the first-strand reaction (50 pL), add the following components 1n order 200
uL 10X second-strand buffer, 6 0 uL. second-strand dNTP muxture, X uL sterile
distilled water (DEPC-treated water 1s not required), 4 U E colt RNase H, 100 U
E colit DNA polymerase 1

2 The final volume of the reaction should now be 200 pl. Quickly vortex and spin
down the reaction 1n a microcentrifuge Incubate for 2 § h at 16°C.

3. After the 2 5-h incubation, place on ice

3.3. Blunting cDNA Termini

1. Add the following reagents to the synthesized cDNA 23.0 pL blunting dNTP
nmuxture, 2 0 L. cloned Pfu DNA polymerase (2 5 U/uL)
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2
3
4

5

Mix well and incubate at 70°C for 30 min Do not exceed 30 mm.
Phenol.chloroform/chloroform extract (see Note 5)

Precipitate the cDNA by adding the following. 20 pL 3M sodum acetate, 400 ul.
100% (v/v) ethanol

Mix by gently vortexing and incubate on 1ce for 10 min or overmght at —20°C

3.4. Ligating Adaptors

1.

2

Microcentrifuge the precipitated cDNA sample at maximum speed, 4°C for 1 h
A large white pellet will form at the bottom of the microcentrifuge tube. Care-
fully remove the radioactive ethanol and properly discard Counts left in this
supernatant are unincorporated nucleotides

Wash the pellet by gently adding 500 pL of 70% (v/v) ethanol and micro-
centrifuge for 2 min

Aspirate the ethanol wash and lyophilize the pellet until dry

Resuspend the pellet 1n 9 0 L of adaptors (0 4 pug/ul) by gentle pipeting. Use a
Geiger counter to confirm that the cDNA 1s in solution

Remove 1 0 pL for analysis of cDNA synthesis on a 5% nondenaturing acryla-
mide gel This aliquot may be frozen at -20°C (see Notes 1-—4)

Add the following components to the tube containing the 8.0 uL of blunted DNA
and adaptors 1 0 pL 10X hgation buffer, 1 0 ul. 10 mM rATP, 1 0 uL. T4 DNA
ligase (4 U/pL)

Mix well and briefly spin m a microcentrifuge Incubate overmght at 8°C or for 2 d
at 4°C

3.5. Phosphorylating the Adaptors

The final volume of the phosphorylation reaction will be 25 pl. Take this
into account when determining the necessary volumes

L.
2.

3
4.

5

After ligation, heat mactivate the ligase by incubating at 70°C for 30 min

Spin down and allow the reaction to cool at room temperature for 5 min Add
1 5 pl 10X ligation buffer, 2 0 pl. 10 mM rATP, X uL sterile distilled water, 7 U
T4 polynucleotide kinase

Incubate at 37°C for 30 mun.

Heat 1nactivate the kinase by incubating at 70°C for 30 min

Spin down and allow the reaction to cool at room temperature for 5 min

3.6. Xhol Digestion

|

The final volume of the digestion reaction will be 60 pL.

Add the following components to the phosphorylation reaction (25 uL) 30 0 uL.
Xhol reaction buffer, X uL sterile distilled water, 120 U Xhol restriction endonu-
clease. Be sure the volume of enzyme 1s <10% of the reaction volume,

Incubate for 1 Shat 37°C

Cool the reaction to room temperature and add 15 pL of 10X STE buffer, and 75 pL
water
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3.7. Size Fractionation

There are many types of filtration media used to separate DNA molecules
Sephacryl S-500 medium separates efficiently 1n the 2-kb size range. Drip col-
umns made with Sephacryl S-500 medium separate by size, the larger cDNA
molecules eluting from the column first and the small unhigated adaptors and
unincorporated nucleotides eluting later. The cDNA will not have a high num-
ber of counts, but will be detectable by a handheld monitor at <250 cps.

3.7 1 Drip-Column Preparation

1 Discard the plunger from a |-mL plastic syringe and msert a small cotton plug
Push the cotton to the bottom of the syringe

2 Fill the syringe to the top with Sephacryl §-500 filtration medium

Place the syringe in a rack and allow the column to drip “dry”

4 Fill the syringe up to ~0 5 cm from the top with medium, and drip through as n
step 3

5 Runse the column with two aliquots of 300 L of 1X STE buffer (total wash vol-
ume of 1200 pL). Drip-dry after each addition of buffer

W

3.7 2 Collecting Fractions

I Pipet the cDNA into the washed Sephacryl S-500 drip column, and allow to drip
through This 1s fraction 1 The recovery volume 1s ~150 pL and does NOT con-
tain cDNA (see Note 6)

2 Load two more aliquots of 150 pL of 1X STE buffer on the column and dnp

through. These are fractions 1 and 3

Collect fraction 4 i fresh tube. Load 150 uL of 1X STE buffer and drip as before

4. Collect fraction 5 as in step 3 Two fractions are usually adequate The size of the
cDNA decreases 1n each additional fraction. Most of the radioactivity will re-
main in the column owing to unincorporated nucleotides Discard the radicactive
drip column appropriately

5 Remove 5 pL from each fraction (or up to 1/10 of the fraction volume) for analy-
sis of cDNA size on a 5% nondenaturing acrylamide gel These aliquots can be
frozen at —20°C

6. To remove any residual enzyme from previous reactions, phenol-chloroform/
chloroform extract (see Note 5)

7. Add twice the volume of 100% (v/v) ethanol to precipitate the cDNA

8 Place on 1ce for 1 h or at —20°C overnight

(%]

3.8. Quantitating the cDNA

1. Microcentrifuge the fractionated cDNA at maximum speed for 3060 min at
4°C. Carefully transfer the ethanol to another tube and monitor with a Geiger
counter Most of the counts should be present in the pellet Discard the etha-
nol appropriately
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2 Wash the cDNA pellet with 200 pL of 70% (v/v) ethanol and microcentrifuge
for 2 min

3 Carefully remove the ethanol wash and vacuum evaporate until the cDNA
pellet 1s dry

4 Each fraction can contain 0-250 cps If the pellet contains 010 cps, resuspend
the cDNA 1n 5 0 ul of sterile water If the pellet contains >10 cps, resuspend the
cDNA 1n 12.0 pL of sterile water

5 Quantitate the cDNA by UV visualization of samples spotted on ethidium bro-
mide agarose plates (see Note 7) The cDNA can be stored at —20°C

3.9. Ligating cDNA to Prepared Vector

The cloning vector should be double-digested with X#ol and an enzyme
which leaves ends compatible with the adaptors. The vector should also be
dephosphorylated to prevent vector-to-vector ligations. The final ligation reac-
tion volume 1s 5 pL.

I Toa0 5-mL microcentrifuge tube, add 1n order' X ul water, 0 5 uL. 10X ligation
buffer, 0 S pl. 10 mM rATP, 1 ug prepared A arms, 100 ng cDNA, 0 5 uL T4 DNA
ligase (4 Weiss U/ul)

2 Incubate overnight at 4°C

3.10. Packaging and Plating

The higation 1s packaged and transfected into an appropriate £ coli
host strain

3.10.1. Preparation of Plating Cells

1 Inoculate 50 mL of NZY medum with a single colony of the appropriate £ col
host. Do not add antibiotic

Grow at 30°C with gentle shaking (1000g) overnight (see Note 9)

Spin the culture at 1000g for 10 min.

Gently resuspend the cells 1n 20 mL stenle 10 mM MgSO,

Determine the concentration of the cells by reading ODgq, on a spectrophoto-
meter Store this cell stock at 4°C for no more than 1 wk To use, dilute cells to
ODggo =1 01n 10 mM MgSO,.

3.10.2. Packaging

Package the ligation reaction following manufacturer’s instructions. Stop
the reaction by adding 500 pL. SM buffer and 20 pl. chloroform.

3.10 3. Plating

1 Mix the following components 1n a Falcon 2059 polypropylene tube 200 uL
appropriate diluted host cells (see Subheading 3.10.1.), 1 pL final pack-
aged reaction

W W
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2 Incubate the phage and the bacteria at 37°C for 15 min to allow the phage to
attach to the cells

3 Add 2-3 mL of NZY top agarose (48°C) contaiming IPTG and X-gal (see Note
10) Plate onto NZY agar plates and place them upstde down in a 37°C incubator

4 Plaques should be visible after 6-8 h Background plaques are blue, recombinant
plaques are clear and should be 10- to 100-fold above the background

5 Count the plaques and calculate the titer Primary libraries can be unstable
Immediate amplification of at least a portion of the library 1s recommended to
produce a large, stable quantity of a high-titer stock of the library.

3.11. Amplification of the Primary Library

After amplification, the library 1s suitable for screening by a variety of tech-
niques (2). More than one round of amplification 1s not recommended, since
slower growing clones may be significantly underrepresented

1 Prepare the host strains (see Subheading 3.10.1.)

2 Mix aliquots of the packaged library containing ~50,000 plaque-forming units
(PFU) (<300 pL vol) with 600 uL of host cells 1n Falcon 2059 polypropylene
tubes Usually, 1 x 106 PFU are amplified (20 tubes)

3 Incubate the tubes containing the phage and host cells for 15 min at 37°C

4 Mix 8 0 mL of melted NZY top agarose (48°C) with each aliquot of infected
bactena and spread evenly onto a freshly poured 150-mm NZY plate

5 Incubate the plates at 37°C for 68 h Do not allow the plaques to grow larger
than 1-2 mm

6 Overlay the plates with 810 mL of SM buffer Store the plates at 4°C overnight
with gentle rocking The phage will diffuse into the SM buffer

7 Recover the SM buffer containing the bacteriophage from each plate and pool 1t
1n a sterile polypropylene contamer Add chloroform to a 5% final concentration
and mix well

8. Incubate for 15 min at room temperature

9 Remove the cell debris by centrifugation for 10 mn at 500g

10 Recover the supernatant and transfer 1t to a sterile polypropylene contamer Add
chloroform to a 0.3% final concentration and store at 4°C.

11 Check the titer of the amplhified library by making serial dilutions in SM buffer
and plating on host cells (see Subheading 3.10.3.) The average titer 1s usually
109-10'2 PFU/mL

12. Frozen stocks can be made by adding dimethylsulfoxide (DMSO) to a final con-
centration of 7%, mixing well, and freezing at —80°C

4. Notes

1 The mRNA sample must be highly purified for efficient cDNA synthesis The
mRNA sample may contain inhibitors that can be removed by phenol-chloroform
extractions The presence of DNA or rRNA will give an 1naccurate concentration
of mRNA, leading to an msufficient amount of sample used Treat the mRNA
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with RNase-free DNase or use more mRNA sample

2 Some populations of mRNA molecules may have tight secondary structures
Methylmercuric hydroxide treatment of the RNA sample may be necessary Per-
form the following protocol under a fume hood Resuspend the mRNA in 20 uL
of DEPC-treated water and incubate at 65°C for 5 min Cool to room temperature
and add 2 uL of 100 mM methyl-mercuric hydroxide Incubate at room tempera-
ture for 1 min, add 4 pL of 700 mM B-mercaptoethanol (dilute stock in DEPC-
treated water), and incubate at room temperature for 5 min. The final volume 15
26 pL This denatured mRNA 1s ready for first strand synthesis.

3. Do not use [a-32P]dCTP The 5-methyl dCTP present m the nucleotide mixture
will be diluted and the synthesized cDNA will not be protected from the subse-
quent restriction digest Gel analysis may show a false negative result if the
[a-32P]dNTP is degraded, because 1t may not mcorporate nto the cDNA even
though synthesis 1s occurring

4  Gel analysis may show hairpinning of the cDNA, which 1s caused by a number of
factors an insufficient amount of mRNA was used 1n the first strand reaction (see
Note 1), the mRNA population had tight secondary structure (see Note 2), the
second-strand icubation temperature was higher than 16°C (cool the first strand
reaction by placing it on 1ce before adding the second strand synthesis reaction
components), or an excessive amount of DNA polymerase was used 1n the sec-
ond strand reaction

5 Phenol-chloroform (1:1 [v/v], pH 7 0~8 0) 1s recommended Do not use low-pH
phenol routinely used for RNA 1solation (1,2) To extract the cDNA sample, add
an equal volume of phenol chloroform (1 ! [v/v], pH 7 0-8 0) and vortex
Microcentrifuge at maximum speed for 2 min Transfer the upper aqueous layer,
which contains the cDNA, to a new sterile tube Avoid removing any nterface
Add an equal volume of chloroform, and vortex Microcentrifuge for 2 min at
maximum speed Save the upper aqueous layer and transfer 1t to a new tube

6. Sephacryl S-500 drip columns can be run “dry” A reservoir at the top of the
column 1s not required Each 150-ul. wash yields an ~150-pL fraction volume
Fractions 1-3 can be collected in one tube since these fractions do not contain
¢DNA. The cDNA elutes 1n fractions 4 (containing fragments =1 5) and 5 (con-
taining fragments >500 bp)

7 Ethidium bromide agarose plate quantitation is performed as follows Using a
DNA sample of known concentration (such as a plasmid), make serial dilutions
(200, 150, 100, 75, 50, 25, and 10 ng/uL) 1n TE buffer Melt 10 mL of 0 8% (w/v)
agarose 1n TE buffer and cool to 50°C. Under a hood, add 10 pL of 10 mg/mL
ethidium bromude, swirl to mix, and pour mnto a 100-mm Petr1 dish Allow the
plate to harden Label the bottom of the Petr1 dish with a marker to indicate where
the sample and standards will be spotted Carefully spot 0 5 pl of each standard
onto the surface of the plate Do not puncture the agarose Allow capillary action
to pull the small volume from the pipet tip to the surface Spot 0 5 pL of the
c¢DNA sample onto the plate adjacent to the standards. Allow the spots to absorb
into the agarose for 10—15 min at room temperature. Invert the plate and visual-
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10

1ze on a UV lLightbox Compare the spotted sample of unknown concentration
with the standards to determine the concentration of the cDNA

Since the cDNA 1s heavily methylated, introduction into a host with an McrA,
McrCB, hsdSMR, Mrr phenotype would be subject to digestion by these restric-
tion systems. Therefore, the choice of packaging extract and an £ coli host strain
18 crucial (24-29)

Since A phage can adhere to dead as well as to viable cells, the lower temperature
prevents the bacteria from overgrowing.

Most cDNA vectors have color selection by Isopropyl-p-p-thio-galactopyrano-
side (IPTG) and 5-bromo-4-chloro-3-indoyl-B-p-galactopyranoside (X-gal)
These components can be added to the top agarose before plating to produce the
background blue color Use 15 uL of 0 SM IPTG (1n water) and 50 pL of X-gal at
250 mg/mL 1n dimethylformamide.
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