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Introduction to Classical Crossprotection 

Ron S. S. Fraser 

1. History 
In the first three decades of the 20th century, it was shown that a number of 

plant diseases could be transmitted by mfectious sap that had been passed 
through a bacteria-proof filter Plant virus parttcles had yet to be identified and 
charactertzed, and much of the research effort of plant virologists went mto 
descrtbmg 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 (I) found that, m tobacco and other hosts infected with tobacco 
rmgspot, new growth appeared that dtd not show any signs of disease It was 
not possible to cause rmgspot symptoms on these leaves by a further direct 
maculation Nevertheless, sap from these symptomless leaves caused rmgspot 
when maculated to healthy plants. McKmney (2) noted that tobacco plants 
infected wtth a light green mosaic (now known to be tobacco mosaic virus) did 
not develop further symptoms when maculated with a yellow mosaic form In 
contrast, plants infected with a mild, dark green mosaic form did develop yel- 
low symptoms when remoculated with the yellow form. 

Further work on such mteractions between viruses was facilitated by the 
developing ability of plant virologists to discrimmate between different vu-uses, 
or isolates of the same virus, using differential hosts and the emerging tech- 
mques of serology and virus particle characterization. It was recognized early 
that interference occurred prtmarily between closely related vn-uses, and the 
term “crossprotection” was applied to Indicate this relatedness Indeed, 
crossprotection was used as one diagnostic test for relatedness between virus 
isolates (3,4). However, more modern approaches using nucleic acid sequenc- 
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mg and advanced serologtcal techniques have, m some cases, prompted a 
re-evaluatton of relattonships based on crossprotectton studies (5) Further hmi- 
tations to crossprotectton m studying taxonomic relattonshrps Include the facts 
that m some pans of related vu-us isolates, crossprotectton operates m one order 
of moculatton, but not the reverse (6,7), and m some other vu-uses, cross- 
protection may not operate at all (8) 

The potential for using a protective moculatton with a mild strain of vu-us as 
a disease-control measure against chance mfection 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 occurrmg mild strain of potato vu-us Y by htgh-tem- 
perature treatment of infected root cultures (10) However, the potential for use 
of protective moculattons in crop protectton was not rapidly taken up, and it 
was not until the late 1950s that mild strain protectton was shown to be effec- 
tive m a few crops under field condtttons (11-13). Today, mild strain protec- 
tion occupies a small and highly specraltzed niche m world agriculture’s 
defenses against plant viruses It 1s widely used on only a few crops, and gen- 
erally other methods are preferred tf available However, there are instances m 
which tt has been of great value m crop protectton. This chapter will review the 
practice and apphcatton of crossprotectton, tts merits and drawbacks, and con- 
sider possible mechanisms. 

2. Terminology 
A wide variety of terms have been used to describe phenomena of the 

crossprotectton type. These mclude “mterference,” “acquired tmmumty,” 
“antagonism,” “ acquired tolerance,” “premumty,” “cross tmmunlzatton,” 
“induced resistance,” and “acquired resistance.” Fulton (14) makes the valid 
point that terms based on nnmun~ty are inaccurate, because they exaggerate the 
level of protection generally conferred. The term crossprotection 1s now widely 
accepted for cases m which the protectmg vtrus spreads systemically m the 
host. The virus mvolved m a second mfectton may be naturally occurring and 
transmuted, or may be deliberately introduced for experimental purposes. It 
may normally cause systemic or necrotic infections m the absence of cross- 
protection. The second virus 1s frequently referred to as the “challenge” mocu- 
latton or mfectton, and occastonally as “superinfectton.” 

A separate pan of mteractrons between sequential vu-us moculattons are 
known as “localtzed” 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-formmg vn-us, because the lesions formed, either 
on the primarily infected leaf, or on previously unmoculated 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 sahcyhc acid, and plant developmental processes such as senescence and 
flowering (17) Localized and systemic acquired resistance are accompanied 
by accumulation of the so-called pathogenesls-related (PR) proteins, which 
have chltmase, p-1-3 glucanase, and other actlvltles, and which appear to be 
involved in defense responses to fungal and bacterial pathogens (28). How- 
ever, the reality of the apparent induced resistance against a second virus mfec- 
tlon has been questioned (291, 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 
3.7. Cocoa Swollen Shoot Virus 

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

3.2. Passion Fruit Woodiness Virus 
This disease, important m Australia, was another suggested early target for 

crossprotectlon (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 m a number of types of citrus trees (sweet 

and sour orange, hme, and grapefruit), and 1s distributed worldwide. The mltlal 
experiments on crossprotectlon by mild strains were carried out m Brazil (22) 
Muller and Costa (23) isolated a number of mild strains from trees showing no 
or attenuated disease symptoms and checked each for mildness and cross- 
protecting ability m a number of different types of citrus trees and root stocks. 
An important finding-a general principle for approaches to crossprotectlon- 
was that it was necessary to match each host genetlc background to the most 
effective mild strain. A strain that crossprotected m one host would not nec- 
essarily do so m a different one. In Brazil, tens of mllhons of orange trees are now 
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protected (24), and the method has been applied m Indta (25), the Middle East 
(26), Florida (27), and South Africa (28) 

3.4. Papaya Ringspot Virus 

This vuus 1s a hmttmg factor m the production of pawpaws m a number of 
areas of the world, and, at present, no resistant culttvars are available. Natu- 
rally occurring mild strains have not been readily selectable, but mutants have 
been produced after mtrous acid mutagenesis (29). Crossprotectton 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 moculum, combined with crossprotection, provided a 111% increase 
m income (30). Crossprotection has been Introduced on a wide scale m Tatwan 
(31), and further trials are being conducted m Mexico, Florida, Hawan, Thai- 
land, and Israel (32). Further effort 1s bemg given to develop Improved attenu- 
ated strains. A resistance gene, Wmv m Cucumls metullferus, which is 
overcome by some nitrous acid-induced mild strains of papaya rmgspot, 
but not by severe strains, has been used for further selection of attenuated 
cross-protecting isolates (33). 

3.5. Tomato Mosaic Virus 

This vu-us, recogmzed also as a strain of tobacco mosaic virus, has caused 
severe disease problems m tomato. However, most modern culttvars now con- 
tam the Tm-2* gene for tomato mosaic resistance. This has proved highly 
effective and durable and resistance-breaking isolates of a vu-us are rare and do 
not readrly become estabhshed. Crossprotection, especially with the mtrous 
acid-induced mutant MII- 16 (34), and by naturally occurrmg mild strains (35), 
was previously quite widely used m Europe and North America, but is now 
mainly restricted to varieties grown for particular quahty characteristics, such 
as flavor or size, which do not yet have the Tm-2* reststance 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- 
rmg with a severe strain mfection of unprotected plants. 

3.6. Zucchini Yellow Mosaic Virus 

This is probably the most recent vu-us to be tackled by crossprotection meth- 
ods. The vu-us causes severe yield losses m cucurbtt crops (cucumber, melon, 
courgette, and marrows) The fruit of infected plants are severely distorted and 
discolored and quite unmarketable The vn-us is present at a low level on the 
testa and inner chlorenchyma tissue of the seed coat (38). This probably leads to 
seedling mfection, which is then transmitted rapidly by aphids. In recent years, 
courgette growers m the UK have suffered total crop loss from this vnus. 
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Table 1 
Further Examples of Effective Crossprotection Mechanisms 

Plant host VllllS 

Vanilla Vamlla necrosis potyvirus 
Cucurbits Water melon mosaic virus 
Soybean Soybean mosaic vu-us 
Tomato Tomato spotted writ vu-us 
Plum Plum pox vu-us 
Oat Barley yellow dwarf vnus 
Pepper Pepper severe mosaic virus 
Peach Tomato ringspot vu-us 
Tomato Tomato aspermy vu-us 
Apple Apple mosatc virus 
Brussels sprout Cauhflower mosaic virus 

Ref. 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

A mrld variant of the V~-LIUS selected from a severe strain m France has been 
used for crop protection successfully m varxus cucurbtts grown m a number 
of countrres (3941). The mild stram causes a slight depression of yreld and 
can delay flowering m early season crops (42), but clearly offers considerable 
commercial benefits 

3.7. Other Examples 

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

4. Disadvantages and Advantages of Crossprotection 

Generally, the comparattvely low uptake of crossprotectton m agrtcultural 
systems suggests that the disadvantages are seen to outweigh the advantages. 
There IS a sensible reluctance to Introduce vu-uses into the agricultural eco- 
system, because of possible deleterious consequences, and, in general, 
crossprotectlon has only been used when other measures, such as resistance, 
have been unavailable, where virus eradrcatton has fatled and the target virus 
has become endemic, or where the release could be carried out m controlled 
condmons, such as m greenhouse-grown crops. 

A number of potential problems with crossprotectton have been considered 
m earlier reviews (23,14,17). These are considered briefly here. 
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Where it has been measured, mild strams have often been shown to cause a 
loss of yield of 5-10% (37,41), but this is considered acceptable if there is a 
high chance of a much greater loss caused by severe stram mfection of unpro- 
tected plants. 

The isolation of crossprotectmg isolates may be difficult. Mild-stram 
(attenuated) isolates do appear to occur naturally m agrtculture or weld plants 
(23), but their selection and matching to host genotype for optimum perfor- 
mance can be time-consummg In other cases, it has been necessary to produce 
mild 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 m the construction of 
designed mild isolates 

Production of adequate amounts of moculum of the crossprotectmg isolate 
may also be dtfficult, because reduction m symptom severity and effects on 
host-plant growth can be associated with low virus multiphcation. There is 
also an important need for quality control of the moculum, m order to check 
that the virus has not produced more severe mutants during multiphcation This 
factor applies also to mfection m the protected crop plants, although there seem 
to have been very few reports of these eventually developmg severe mfection 
as a result of changes m the protectmg strain 

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

Concern has been expressed that the crossprotectmg vu-us might Interact 
with other unrelated viral mfections of the crop to produce synergistic damag- 
mg effects There do not appear to have been reports of this, and presumably 
the mteraction could be checked experimentally. 

There is also concern that a virus Introduced m one crop for crossprotection 
may spread to other species and possibly cause severe damage there Given the 
variable mteractton 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 rmgspot, 
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 developmg trans- 
gemc plants expressing the CP gene to confer vu-us resistance. This route raises 
ecological, risk assessment, and regulatory issues m its own right (56,57), but 
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clearly srdesteps some of the practical and ecologtcal problems involved m 
using whole viruses for crossprotectton. 

Finally, the European Community Dtrecttve 91/414, atmed at securmg har- 
monizatton of pesticide registration and avatlabthty m the member states, clas- 
sifies mrcrobrologtcal btocontrol agents as pesttctdes For these purposes, 
attenuated virus strains are classified as btologtcal pesticides and therefore 
require regtstratton as such The procedures for registration are expensive and 
not simple. Until a degree of experience m registering btologrcals as pesticides 
IS built up, this regulatory requnement may impose a further block to the mtro- 
ductton of effective cross-protecting viral agents. 

5. Possible Mechanisms of Crossprotection 
Numerous theories have been advanced and there has been some sptrited 

debate m the hterature (58,59). The sttuatton 1s probably complicated by the 
fact that vtruses have a number of patterns of mteractron within a doubly 
Infected plant. Experiments demonstrating one particular type of interaction 
do not necessarrly exclude the occurrence of another For example, many sys- 
temtc vnus mfecttons of plants induce the formatron of dark green islands of 
tissue that contam few or no vn-us particles, but are resistant to challenge 
moculatton with the same vn-us (60) This mechanism of resistance IS probably 
quite separate from crossprotectron m virus-containing parts of the leaf, but 
has confused some of the literature on the subject. 

An early theory was that the cross-protecting vnus depleted certain metabo- 
htes required for vnus multtphcatton or blocked host sites spectfically mvolved 
m replicatton. The former explanatton would seem unlikely to apply to those 
vn-uses, such as potyvn-uses, which only multtply to very low concentrattons m 
the host There IS a lack of specttic evidence for the latter explanatton 

Palukattis and Zarthn (61) developed a model m which interference was at 
the level of the viral RNAs Thts mvolved sequestratton of the (-)-strand RNA 
produced by the challenging vnus by the excess progeny postttve-sense RNA 
of the protectmg vnus. 

The strongest evrdence is for a central role for the CP of the protected strain 
m crossprotectton, possibly by sequestering the nucleic acid of the challenging 
strain, or, more likely, by preventing tts uncoatmg (62,63) Overwhelmmg sup- 
port for the mvolvement of CP m crossprotectron IS given from the numerous 
examples of transgemc plants expressmg the CP gene for vartous vn-uses, which 
show a protective effect very similar to whole virus crossprotectton (64) (see 
Chapter 3) Earlier reports that crossprotectron could be induced by protem- 
free vnus mutants (65) probably mvolve a different mechamsm of mteractton 
(60) Further evtdence for the operation of parallel non-CP-based mechantsms 
comes from the demonstratton of crossprotectton between vtrotds that lack pro- 
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teins (67), and from a study of mteractton between cucumber mosaic vu-uses 
and thetr pseudorecombmants showmg that the abthty to crossprotect mapped 
on RNA-l and RNA-2, which do not code for the vnal CP (68) 

Finally, tt should be noted that, although the evtdence for a central role of 
CP m crop protectton 1s very strong, the mechamsm need not be confined solely 
to inhtbttton of virus uncoatmg. There is, for example, evidence that CP may 
interfere with rephcase actrvtty (69), and CP m whole virus-protected or trans- 
genie plants may also Interfere with systemic transport of the challengmg vu-us 
(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 
Smce the first demonstration by Powell-Abel et al. (2) that plants engineered 

to express the tobacco mosatc virus (TMV) coat protein (CP) gene can resist 
correspondmg vn-al mfectton, a decade of research on CP-mediated protectron 
(CPMP) has produced transgemc plants resistant to a multttude of different 
plant vn-uses. This field rapidly progressed from testing resistance m model 
plant systems under growth chamber conditions to conducting field trials on 
agronomtcally stgmticant crops such as tomato, potato, sugarbeets, melons, 
cucumber, tobacco, and rice In addmon, this approach to protection has been 
extended by expression of other viral sequences correspondmg to satellite 
RNAs, anttsense transcripts, sense transcripts, defective interfering sequences, 
nonstructural genes, portions of genes, and mutated genes m transgemc plants. 

The general process for development of protected plants is stmilar in all 
cases: cloning of the appropriate viral gene, transformation of selected host 
and identification of primary transformants, and testing for protection against 
mfectton Although the features and extent of protection conferred m each case 
differ, the overwhelming concluston is that accumulatton of CP and/or CP tran- 
scripts expressed m transgemc plants mhtbtts the normal course of challenge 
virus infection 

2. Overview of Early Experiments 

Early experiments on TMV (2,2), alfalfa mosaic vu-us (AlMV) (3,4), potato 
virus X (PVX) (S), and cucumber mosaic virus (CMV) (6) demonstrated that 
plants expressmg easily detectable levels of the respective CP were protected 
against infection. Generally, transgemc plants were assayed for CP by Western 
analysts and expressors were uttltzed m protectton tests. Protection tests usu- 
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ally Involved maculation of 1 O-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 mfectious vu-us by maculation of extracts 
derived from protected transgemc plants onto new plants (see Chapter 49). 
Typically, the protection phenotype was delay rn symptom development, 
reduction m symptoms on inoculated leaves, decrease or absence of systemic 
movement, and reduced virus accumulatton The extent of protection was 
related to the levels of CP expressed m transgemc plants and the moculum 
concentration used m protection experiments. 

van Dun et al. (7) and Powell et al (8) showed that transgemc plants 
expressmg translationally defective transcripts of AlMV or TMV CP genes, 
respectively, were not protected from mfection, 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, mttial 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 issue of cor- 
relations between transgene expression and protection, which is discussed 
below, indicates that there are multiple mechanisms involved m the protection 
phenotype that may reflect entry, replication, and movement mechanisms for 
each virus. 

3. Range of Protection 
Protection has been demonstrated m 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 is 
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 m plants expressmg soybean mosaic virus (SMV) CP that were 
protected against another potyvu-us, tobacco etch virus (TEV). Lmg et al. (14), 
Namba et al. (15), and Murry et al. (16) also reported that transgemc plants 
expressmg potyviral CP genes were protected against heterologous potyvnuses. 
For tobamovn-uses, Nejidat and Beachy (17) reported that protection was 
effective against different viruses m this group when the CP of the challenge 
virus exhibited at least 60% homology to the TMV-Ul CP expressed m trans- 
gemc tobacco. 
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Table 1 
Examples of Coat Protein-Mediated Protection 

Virus Transgemc 

group Vlll.@ Chlmerlc geneb plant 
Challenge 

virusc Ref 

Alfamo 

Carla 
Cucumo 

Furo 
Ilar 
Lute0 
Nepo 

Potex 

Poty 

AlMV 

PVS 
CMV 

CMV 
CMV 

BNYVV 
TSV 
PLRV 
ArMV 
GCMV 
PAMV 
PVX 

MDMV 
PPV 
PRV 

PVY 

SMV 
TEV 
WMV II 

ZYMV 

35S-CP-nos 

19s-CP-35s 
35S-CP-T-DNA 

35S-CP-nos 
35S-CP-rbcS 

35s-CP-35s 
35S-CP-nos 

35%CP-nos 
35%CP-nos 
35S-CP-nos 
35S-CP-nos 
35S-CP-nos 
35S-CP-nos 
35S-CP-rbcS 

35S-CP-nos 
Ext-CP-nos 
35S-CP-nos 
35s-CP-35s 
35S-CMVIPRV-35s 

35S-CP-nos 
35S-CP-rbcS 

35S-CP-nos 
35S-CP-nos 
35S-CP-nos 
35S-CP-nos 
35s-CP-35s 

35s-CP-35s 

Tobacco 
Tomato 
Tobacco 
Alfalfa 
Tobacco 
Potato 
Tobacco 
Cucumber 
Tobacco 
Tobacco 

Sugarbeet 
Tobacco 
Potato 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Potato 
Potato 
Potato 
Sweet corn 
Tobacco 
Tobacco 

Papaya 
Potato 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tobacco 

Muskmelon 
Tobacco 

AlMV 
AlMV 
AlMV 
AIMV 
AIMV 
PVS, PVM 
CMV 
CMV 
CMV 
CMV 
CMV, CMMV 
BNYVV 
TSV 
PLRV 
ArMV 
GCMV 
PAMV 
PVX 
PVX 
PVX 
PVX 
MDMV, MCMV 
PPV 
TEV, PeMV, 
PVY, PRV 
PRV 
PVY 
PVY 
PVY 
PVY 
SMV, TEV, PVY 
TEV 
WMV II, PVY, 
TEV, BYMV, 
PeaMV, CYVV, 
PeMV 
ZYMV 
WMV II, PVY, 
TEV, BYMV, 
PeaMV, CYVV, 
PeMV 

4 
64 
3 
65 
66 
67 
6 
24 
68, 69 
39 
70 
71 
4 
25, 26, 38, 72 
73 
74 
75 
5 
28,21 
76 
77 
16 
78 
14 

79 
28, 21 
32 
30 
31 
9 
10 
15 

80 
IS 

(contwmed) 
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Table 1 (continued) 

virus 
group Virusa Chtmertc geneb 

Transgemc 
plant 

Miller and Hemenway 

Challenge 
vllusc Ref 

Tenut RSV 35S-CP-nos 
Tobamo TMV 35S-CP-nos 

ToMV 
Tobra TRV 

Tombus CyRSV 
Tospo TSWV 

PAL-CP-nos 
35S-CP-rbcS 
35S-CP-nos 

35S-CP-nos 
35S-NCP-nos 

Triple gened Tobacco 

Rice 
Tobacco 
Tomato 
Tobacco 

Tobacco 
Tomato 
Tobacco 
Tobacco 
Tobacco 
Tobacco 
Tobacco 

RSV 
TMV 
ToMV, TMV 
ORSV, PMMV, 
TMGMV 
TMV 
ToMV 
TRV, PEBV 
TRV 
CyRSV 
TSWV 
TSWV, INSV 
TSWV, INSV, 
GRSV 
TSWV, INSV, 
GRSV 

OAbbrevlatlons AIMV, alfalfa mosaic virus, ArMV, arabls mosaic virus, BNYVV, beet necrotic 
yellow vem virus, BYMV, bean yellow mosaic virus, CMMV, chrysanthemum mrld mottle virus, 
CMV, cucumber mosaic virus, CYVV, clover yellow vem vuus, CyRSV, cymbidlum rmgspot VKU, 
GCMV, grapevme chrome mosaic virus, GRSV, groundnut rmgspot virus, INSV, impatiens necrotic 
spot virus, MCMV, maize chlorotlc mottle virus, MDMV, maize dwarf mosaic virus, ORSV, odonto- 
glossum rmgspot virus, PAMV, potato aucuba mosaic virus, PeaMV, pea mosaic virus, PEBV, pea 
early browning virus, PeMV, pepper mottle virus, PLRV, potato leaf-roll virus, PMMV, pepper mild 
mottle virus, PPV, plum pox VIIUS, PRV, papaya rmgspot virus, PVM, potato virus M, PVS, potato 
virus S, PVX, potato virus X, PVY, potato vlrusY, RSV, rice stripe virus, SMV, soybean mosaic virus, 
TEV, tobacco etch virus, TMGMV, tobacco mild green mosaic virus, TMV, tobacco mosaic VINS, 
ToMV, tomato mosaic virus, TRV, tobacco rattle virus, TSV, tobacco streak virus, TSWV, tomato 
spotted wilt virus, WMVII, watermelon mosaic virus II, and ZYMV, zucchml yellow mosaic virus 

“Corresponds to promoter-gene-3’ end 35S-, 35s promoter from cauhflower mosaic virus (CaMV), 
nos, nopalme synthase 3’ end, 19S, 19s promoter from CaMV, -35S, 3% 3’ end from CaMV, T-DNA, 
3’ end from Agrobacterlum T-DNA 25s gene, rbcS, rlbulose I,5 bzs-phosphate carboxylase small 
subunit 3’ end, Ext, extensm gene promoter, PAL, Phenylalanme ammonia lyase gene 2 from 
Phaseolm vulgans 

‘Viruses for which protection was observed 
dTrlple gene 35S-TSWV NCP-nos, 35S-INSV NCP-nos, 35S-GRSV NCP-nos m one transforma- 

tion vector 

27 
1, 2 
81 
17 

82 
81 
83 
84 
52 
19, 85, 86 
34 
20 

22 

Resistance to tospovnus infection by expression of NCP genes m transgemc 
plants has been very successful. It appears that resistance to the homologous 
vn-us m plants expressing the tomato spotted wilt vn-us (TSWV) NCP gene 
may be related to the levels of NCP transcript (28) and not directly to protein 
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levels; resistance to heterologous tospovnuses appears to correspond with pro- 
tem 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 agamst PVX and potato vtrusY (PVY) m transgemc pota- 
toes expressing both CP genes More recently, Prms et al. (22) transformed 
NCPs from TSWV, impatiens necrotic spot virus (INSV), and groundnut 
rmgspot vnus (GRSV), each under separate regulation in cauliflower mosaic 
vnus (CaMV) 35s promoter/nopalme synthase (nos) 3’ end cassettes, mto 
tobacco. They obtained a transgemc lme 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 mocu- 
lation of test plants. Other experiments mvolved maculation by vectors, which 
more closely approximated the natural course for mfection CPMP was 
observed against aphid transmtssion of CMV (23,24), PLRV (25,26), and PVY 
(22) Resistance to the planthopper-transmitted rice stripe virus (RSV) was also 
demonstrated using CP technology (27) In contrast, expression of tobacco 
rattle virus (TRV) CP gene m transgemc tobacco conferred protection against 
mechanical maculation with TRV, but protection was not observed against vn-u- 
hferous vector nematodes 

4. Relationship Between Transgene Expression Levels 
and Degree of Protection 

Although some of the earlier experiments with TMV, PVX, CMV, and AlMV 
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 m plants 
expressmg potyvnal CP sequences, and frequently the lowest expressors were 
the best protected (9,22,28-32) Similar results have been reported m other 
systems (see Part VI of thts volume). In addition, protection was observed m 
plants transformed with PLRV CP, although the protein could not be detected 
in transgemc plants (25,26). It remains to be determined if the lower expres- 
sion levels of proteins m some systems reflects a technical difficulty with 
expression of certam genes, stab&y of the protein products, or absence of 
vtral factors required for expression and/or stability. Although most reports 
mvolve genes expressed under the control of the CaMV 35s promoter, param- 
eters relating to expression of genes, such as copy number and position effects 
may contribute to differences observed m the various systems 

Addittonal reports on potyvnuses indicated that protection was better m 
plants expressing untranslatable TEV CP transcripts than m plants expressmg 
CP (IQ-12,32,33) Dougherty et al. (33) proposed that protection IS because of 
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Table 2 
Examples of Protection Mediated by Other Viral Sequences 

Type of sequence/gene Virus” Ref. 

Antisense 
Coat protein 

Intercistronic region 
5’ or 3’ Ends of RNAs 
3’ End of genome 
5’ End of genome 
Coding regions 

Satellite 

Defective-mtefermg (DI) sequences 

Sense transcripts 
Untranslatable CP gene 

3’ end of genome 
Nonstructural genes 

Repllcase 

Movement Proteins 

Protease 

CMV 6,39 
PLRV 38 
PVX 5 
PVY 12 
TEV 10 
TSWV 18.34 
BMV 40 
CMV 35 
TMV 36 
TMV 41 
TGMV 37 
CMV 39,42,43 
TRV 44 
ACMV 46 
BMVb 47 

PVY I2,32 
TEV 10,ll 
TSWV 34 
TYMV 45 

AlMV 54 
CMV 49 
CyRSV 52 
PEBV 51 
PVX .50,87 
PVY 53 
TMV 48 
TMV 58 
WClMV 57 
PVY 56 
TVMV 55 

aAbbrevlatlons ACMV, African cassava mosaic vu-us, BMV, brome mosaic 
virus, TGMV, tomato golden mosaic virus, TVMV, tobacco vem mottlmg virus, 
TYMV, turnip yellow mosaic virus, and WCIMV, white clover mosaic vu-us 

hProtectlon observed m protoplasts 

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

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

A few years after development of CPMP, transgemc plants were also engi- 
neered to express other viral sequences and genes (Table 2), mcludmg antisense 
RNAs (5,6,10,11,18,32,34-41), satellite RNAs (39,42-44), sense transcripts 
(12,32,34,45), defective-mterfermg (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, transgemc plants expressing other viral sequences display 
resistance phenotypes ranging from delay in symptom development to appar- 
ent mnnumty. 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 m response to different 
genes and sequences offers multiple choices for engineering virus resistance 
mto desired crops, but compounds the problem of mterpretatmg mechanisms 
associated with genetically engineered resistance 

6. Summary 
A decade of research has proven that plants can be genetically engineered to 

resist vnus mfection through expression of viral CP genes, as well as other 
viral genes and sequences. Additional opportumties for development of resis- 
tant plants will require research focused on mechamsms of protection, improve- 
ments m expression vector design, and transformation of new crop species. As 
each of these technologies is utilized singly or m combmation to generate 
resistant crop varieties, the full impact of such engmeered 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 
Gemmtvn-uses, named for then unique gemmate capsld morphology, have 

small single-stranded (ss) cn-cular DNA genomes that replicate in the nuclei of 
infected cells via a double stranded (ds) DNA mtermedtate. They are respon- 
sible for economically devastatmg diseases m a wade variety of crop species 
from cereals to legumes; tt 1s thus important to gam a better understanding of 
then epidemrology, genetic dlversrty, and molecular mechanisms of rephca- 
non and pathogenictty, for the design of effective reststance strategies (for 
reviews, see refs. I and 2). Each gemmate particle encapsrdates a circular single 
stranded genomrc component of between 2.5 and 3 kb Viruses m the taxo- 
nomtc family Gemznzvwldue are classrfied mto three genera (Mastrevnus, 
Curtovn-us, Begomovn-us), based on then host range, genome orgamzatton, 
and vector species (3,4) Mastrevnuses, such as maize streak vnus (MSV) and 
wheat dwarf vnus (WDV), have monopartite genomes, are transmrtted by leaf- 
hopper species, and, with a few exceptions, mfect monocotyledonous plants. 
Begomovnuses, such as bean and tomato golden mosaic vn-uses (BGMV and 
TGMV), are transmitted by whrteflies (Bern&a tabaccz) and all Infect dlcoty- 
ledonous plants; most have btparttte genomes, although there are some viruses 
m this group that apparently have monoparttte genomes. Curtoviruses, such as 
beet curly top and tomato pseudo curly top viruses (BCTV and TPCTV), 
occupy an intermediate posmon between Mastrevnuses and Begomoviruses, 
m that these vn-uses have monopartite genomes and are transmitted by leathop- 
per species, but only infect dtcotyledonous hosts 

The genomtc organizatton of geminiviruses 1s illustrated m Fig. 1 Gemmt- 
viruses rely entirely on the host machinery for rephcatton 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 Mastrevimses 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 
AVl ORF is only present in Begomoviruses from the Old World; in monopartite 
Begomoviruses, the AVl protein may have a function in movement (4). The proteins 
encoded by the BVl and BV2 ORFs are both movement proteins. 
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and expression of viral genes Specific viral proteins are involved m the mitia- 
tion of rolling circle replication, trans-activation of the CP promoter, pro- 
duction of ssDNA, and viral movement functions (outlined m Fig. 1; see 
refs. I and 2 for comprehenstve reviews). Upon entry mto the nucleus, host 
DNA replication machmery converts the virion ssDNA mto dsDNA. The 
double-stranded replicative form DNA (RF-DNA) then functions as both a 
template for transcription of viral genes and for genome amplification by 
rolling circle replication, Initiated by the Rep protem, which binds specifi- 
cally to sequences within the mtergemc 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 rollmg circle replication circulartzes, and is made double- 
stranded or is encapsidated 

Isolation of gemmrvirus particles can be very difficult: The success of any 
isolation protocol is highly dependent on the vn-us and host plant. In this chap- 
ter, we describe a simple method developed at the Umversity of Cape Town for 
isolatmg MSV virions from infected maize tissue (20). This employs a low pH 
extraction buffer and an acidification step, which serves to denature many 
contammatmg plant protems We then simply subject the clarified sap to two 
cycles of differential centrifugation, which usually yields pure virus. For 
gemmivnuses that may be more recalcitrant, some authors have found that 
stn-rmg sap overmght m the presence of Triton X-100 helps to release virus 
particles from mclusion bodies, prior to two steps of differential centrifuga- 
tton and puritication m sucrose density gradients (11,12). Alternatively, it 
may be useful to include a chloroform emulsification step to denature plant 
proteins before further purification by PEG precipitation and differential 
centrifugation (12,13). 

Imtially, most researchers used virion-associated ssDNA to clone gemmi- 
virus genomes: Virions were isolated, ssDNA purified from the virions, and 
the complementary strand synthesized m vitro This synthesis is simple for 
Mastreviruses, which have a short DNA primer molecule bound to the vnion 
DNA (14-16); however, ssDNA from Curto- and Begomovuuses is not usually 
associated with DNA primers, so second-strand synthesis has to be randomly 
or spectfically primed. The major hmttation of this method is that gemmivnus 
vu-ions are frequently difficult, if not imposstble, to isolate, and yields are usu- 
ally low The use of ssDNA as a starting point for molecular manipulations of 
gemimvu-us genomes has therefore generally been supplanted by the direct use 
of viral RF-DNA. 

Geminivirus RF-DNA typically accumulates to high levels m the nuclei of 
infected cells: In our experience, the RF-DNA of MSV IS often vtsible as dis- 
crete fast migrating bands m plant DNA extracts electrophoresed m agarose 



44 Palmer, Schnippenkoetter, and Ryblcki 

gels. The RF-DNA m total DNA 1s amenable to direct mampulatton by restrtc- 
tion enzymes; we are able to clone MSV from total DNA extracts quite rou- 
tinely. It is 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 
tsolation of plasmid DNA, and so treatment of total DNA from infected ttssues 
enriches for the plasmtd-like covalently closed circular (ccc) RF-DNA. These 
techniques include the followmg: 

1 Equihbrmm centrifugation in ethidium bromide-CsCl density gradients to sepa- 
rate RF-DNA from genomic DNA (Z 7) Ethidlum 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 limited practical use 

2. The Hut method (IS) ortgmally developed for the isolation of polyomavnus DNA 
from animal cells This method enriches for low-mol-wt DNA by precipitatmg 
high-mol-wt DNA in the presence of 1MNaCl and 1% SDS, we and others have 
used it for the isolation of geminivirus replicons from small amounts of callus 
tissue transfected with recombinant gemmlvnus constructs (Palmer, Willment, 
and Rybicki, unpublished results; ref. 19) A similar method has found use in the 
isolation of BGMV RF-DNA (20). 

3 Enrichment for cccDNA by denaturation of chromosomal DNA in the presence 
of alkali (21-23) 

For isolatton of gemmivirus RF-DNA, we routmely use the alkalme-lysts 
plasmtd preparation of Ish-Horownz and Burke (24): This makes use of the 
observation that there is a narrow range between pH 12 0 and pH 12.5 m which 
linear, but not cccDNA is denatured We isolate total nucleic acids from Infected 
leaf material by grmdmg the tissue m ltquld nitrogen to break open cells, resus- 
pending the powdered tissue m a DNA-extractton buffer, and extractmg wtth 
phenohchloroform, followed by prectpttatton with isopropanol or ethanol. The 
nucleic acid pellet 1s then treated exactly as tf tt were a plasmid preparation: 
The high-mol-wt chromosomal DNA IS precipitated by alkali treatment and 
neutralization and is separated from the ccc RF-DNA by centrifugation We 
also mcorporate a further round of purification of RF-DNA by amon- 
exchange chromatography on commerctally available resin columns from a 
plasmtd isolation kit. The protocol for RF-DNA tsolatton outlined m thts 
chapter therefore yields very clean, highly purified RF-DNA, which 1s suit- 
able for mapping directly with restriction endonucleases (Fig. 2) and even 
for direct sequencing using specific prtmers (Rybicki and Wallace, unpub- 
lished). We have used tt routinely for the tsolatton of RF-DNA of MSV and 
the phloem-limited Begomovirus abutilon mosaic virus (Jacobson and 
Rybicki, unpublished results) 



Geminivirus Isolation and DNA Extraction 45 

1 2 3 4 6 6 7 6 9 10 11 121314151617 

Fig. 2. Restriction endonuclease digestions of the RF-DNA of a severe isolate of 
MSV 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, BumHI; 3, Bgfl; 4, BumHI and Z3glI; 5, HindHI; 6, Hind111 
and BumHI; 7, KpnI; 8, PvuII; 9, PvuII and BumHI; 10, SacI; 11, Sac1 and BumHI; 12, 
Bgfl; 13, Gfl; 14, XhoI; 15, X/z01 and BumHI; 16, undigested RF-DNA. Lanes 1 and 
17, mol-wt marker (h DNA digested with &I). 

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 Rybtcki and Hughes (25); similarly, Rolas et al. (26) reported sets of prtm- 
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 clonmg 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. /so/a tion of MSV Virlons 

1 Infected leaf maternal (about 100 g) (see Note 1) 
2 0 1M Sodmm acetate buffer pH 4 8 (30) 
3 0 05M Sodmm phosphate buffer, pH 7.5 
4 Waring-type blender 
5 Cheesecloth. 
6 Polypropylene centrtfuge tubes (Sorvall GSA, or equivalent, Newtown, CT), 

polycarbonate centrifuge tubes (for Beckman type 35 rotor, or equtvalent, Palo 
Alto, CA) 

2.1.2. Isolation of SSDNA from MSV virions 

1 DNA extraction buffer O.lM Trts-HCl, O.lM NaCl, O.lM EDTA, pH 7 0, auto- 
claved. After autoclavmg, add SDS to 1% (w/v) 

2 Trts-buffered phenol, prepared as described m Sambrook et al (31). Melt sohd 
phenol at 68°C Add 8-hydroxyqumolme to a final concentration of 0 1% Add an 
equal volume of 0 SMTris-HCl, 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 Trts-HCl to the phenol, 
stir again, and remove the aqueous phase as before Repeat these extractions until 
the pH of the phenohc phase 1s >7.8. Store equthbrated phenol at 4°C for short 
term storage, or at -20°C. Caution: Handle soluttons contammg phenol wtth 
caution, and m a fume hood. phenol IS toxic and highly corrostve 

3. Chloroform (Caution: to be handled tn a fume hood, since chloroform IS 
carctnogenic) 

4 Sterile 1.5-mL mtcrocentrtfuge tubes 
5 Stertle TE buffer 10 mA4Trts-HCl, 1 mA4EDTA, 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 eqmvalent), 1 5- and 2 0-mL 

mtcrocentrtfuge tubes (sterthzed by autoclavmg). 
3. DNA extraction buffer: 0 1M Tris-HCl, 0.M NaCl, 0 1M EDTA, pH 7 0, auto- 

claved After autoclavmg, add SDS to 1% (w/v) 
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4 Trts-buffered phenol, prepared as descrtbed m Subheading 2.1.2. (Caution: 
Handle solutions contammg phenol with cautton, and m a fume hood Phenol IS 
toxic and highly corrosive ) 

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

6 Isopropanol (propan-2-01) 
7 Absolute ethanol and 70% ethanol 
8 TE buffer 10 rnA4 Tris-HCl, 1mM EDTA, pH 8 0, stertltzed by autoclavmg 

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

1. Commercially available plasmtd tsolatton ktt, for example the Qtagen-ttp 20 ktt 
(Qiagen GmbH and Qiagen, Hilden, Germany), with Qiagen-tip 20 columns 
and soluttons 

Pl* 50 mM Trts-HCl, 1OmM EDTA, pH 8 0, 100 pg Rnase A 
P2 200 mM NaOH, 1% SDS 
P3 3 OM KOAc, pH 5 5 
QBT 750 mMNaCl,50 mA4MOPS, 15% ethanol, pH 7 0,O 15% Trnon X-l 00 
QC 1 OMNaCl, 50 mM MOPS, 15% ethanol, pH 7 0 
QF 1 25M NaCl, 50 mM Tris-HCl, 15% ethanol, pH 8 5 

2 Sterile 1 5-mL microcentrifuge tubes. 
3 Sterile TE buffer 10 mA4 Trts-HCl, 1 mA4 EDTA, pH 8 0 

3. Methods 

3.1. Isolation of Maize Streak Virus Virions and SSDNA 
Homogemze freshly harvested leaf material (see Note 2) from Infected plants 
wtth an equal wetght/volume of 0 1Macetate buffer, pH 4 8, at room temperature. 
Squeeze the homogenate through a layer of cheesecloth 
Immedtately adjust the pH of the homogenate back to pH 4 8 with 10% glactal 
acettc acid 
Remove the prectpnated plant components by low speed centrtfugatton (12,OOOg 
for 10 mm m a Sorval GSA rotor) 
Pellet the virions by ultracentrifugatton (130,OOOg for 150 mm m a Beckman 
Type 35 rotor) 
Resuspend the htgh-speed pellet m 0 05M sodmm phosphate buffer, pH 7 5, and 
repeat steps 3 and 4 
Resuspend the vuus pellet m 0 05M sodium phosphate buffer, pH 7 5 Alterna- 
ttvely, tf the vuus is to be used for extractton of ssDNA, resuspend m DNA 
extraction buffer 
Isolate ssDNA from vtrtons 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 wtth phenol chloroform, if necessary Remove residual phenol by 
extraction with chloroform 
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9. Precipitate the viral ssDNA by adding 2.5 vol of ice-cold ethanol. After at least 
30 mm at -2O”C, pellet the preclpltated nucleic acid m a mlcrocentrlfuge at 4°C. 
Wash the pellet with 70% ethanol, then air-dry at room temperature. Resuspend 
the ssDNA m sterde TE buffer. 

3.2. Extraction of Total Nucleic Acids from Infected Plants 

1 

2 

3. 

4. 

5 

6 

7 

8 

9 

10 

Grind 5-l 0 g of infected leaf material to a fine powder m hquld mtrogen with a 
mortar and pestle (see Note 3) 
Suspend the frozen powdered leaf material m 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 mm at 4°C m 30-mL polypropylene tubes at 
12,000g (m a Sorvall SS34 fixed angle rotor) to pellet the plant debris. 
Transfer the supernatant to 30-mL polyproylene tubes contammg 10 mL of Tris- 
buffered phenol and mix well Centrifuge at 4°C for 10 mm at 12,OOOg 
Transfer the aqueous phase mto clean polypropylene tubes (see Note 5). Add an 
equal volume of chloroform, mix, and centrifuge again at 4°C for 10 mm at 
12,OOOg Repeat this step 
Transfer the aqueous phase to clean polypropylene tubes Add 0 7 vol of ISO- 
propanol and mix gently A stringy precipitate of nucleic acids should appear 
m the tube 
Pellet the nucleic acids at 17,OOOg for 20 mm, discard the supernatant, and stand 
the tubes upside down to dram off excess lsopropanol 
Wash the pellet by adding about 10 mL of 70% ethanol, dislodge the pellet, and 
mix 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 mm at room temperature. 
If only a crude nucleic acid preparation 1s required, resuspend the pellet m 0 5-l 
mL of TE buffer (see Note 7) 

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

This procedure uses a plasmld lsolatlon protocol based on alkaline denatur- 
atlon 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 Qlagen-tip 20 kit, Qlagen GmbH and Qiagen), but 
can easily be adapted for the use of slmllar plasmld lsolatlon kits. 

1 Resuspend the total nucleic acid pellet from Subheading 3.1., step 9 in 0 34 5 
mL of solution Pl m a microcentrifuge tube (see Note 8). 

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

3 Add the same volume (0 3-O 5 mL) of Ice-cold solution P3 Mix well and place 
on ice for 10 mm 
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4 Pellet the denatured chromosomal DNA by centrifugation at 4°C tn a 
microcentrtfuge 

5 Decant the supernatant to a clean microcentrtfuge tube. 
6 Equthbrate the plasmtd tsolatton column by passmg 1 mL of solutton QBT 

through the column 
7 Add the DNA supernatant to the equilibrated column (see Note 9). 
8. Once the supernatant has passed through the column, wash the column twice 

with 1 mL of solutton QC 
9. Elute RF-DNA with 0 5-0.8 mL of solution QF. Collect the eluate m a clean 

microcentrifuge tube 
10 Add 0 7 vol of tsopropanol, mix gently, and pellet the DNA m a mtcrocentrifuge 

for 20 mm. 
11, Discard the supernatant, and wash the pellet by adding 200 pL of cold 70% etha- 

nol and centrifugmg for 10 mm at 4’C 
12. Discard the supernatant, mvert the tube on absorbant paper, and allow the pellet 

to au-dry 
13. Resuspend the RF-DNA m 10-50 uL of TE buffer (see Note 10) 

4. Notes 
1. It IS best to use young leaf material, infected within the previous 2-3 wk We have 

found that older leaf material usually yields mamly smgle, not geminate, parttcles 
2 In our experience harvested material may also be stored at 4°C for 2-3 d with no 

deleterious effects on vu-us tsolatton. 
3. A standard electric coffee grinder is a good alternative to the mortar and pestle. 

The plant material is frozen m liquid nitrogen, transferred to the grmdmg cham- 
ber, and processed with short grmdmg spurts (5-10 s) Before it thaws, transfer 
the ground material to a beaker contammg the DNA-extraction buffer 

4 Oxtdation of sap components can occur during the extraction procedure, result- 
mg m the DNA pellet being colored yellow to brown This may affect the quality 
of the DNA extract If oxtdation is found to be a problem, we suggest adding 2- 
mercaptoethanol to the extraction buffer to a final concentration of 10 mM (Cau- 
tion: mercaptoethanol IS toxtc and smells unpleasant, so should be confined to a 
fume hood ) 

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

6. To clean the DNA preparation further, tt IS sometimes advisable to resuspend the 
DNA pellet at this stage m 24 mL of TE and to reprecipitate the DNA by adding 
0.1 vol of 4MLiCl and 2 vol of ethanol, and pelletmg the DNA again at 4°C This 
step IS not always necessary, and may be omitted tf the pellet looks clean 

7. We have often found that DNA Isolated from maize plants infected with severe 
isolates of MSV contains such high amounts of RF-DNA that further treatment to 
enrich for RF-DNA is unnecessary However, plants showmg milder symptoms 
will usually yield less RF-DNA 
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8 It may be difficult to resuspend large amounts of plant total nucletc acids m such 
a small volume of buffer P 1 If larger volumes are required, scale up the amounts 
of P2 and P3 used, proportionally 

9 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 isopropanol, pellet the DNA m a microcentrifuge and 
repeat the alkaline denaturation procedure (steps l-5) 

10 Trace amounts of contammation with genomic DNA are unavoidable, however, 
the RF-DNA preparation is usually clean enough for standard molecular mampu- 
lations hke restriction mappmg, clonmg, 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 cauhmovn-us group (1) each have a circular double-stranded 

DNA genome of approx 8 kbp that is encapsidated m a spherical, naked nucleo- 
capsid of approx 50 nm diameter (Fig. 1). Caulimovnuses charactertsttcally 
produce subcellular mclusron bodies m infected tissues that contam most of 
the virions found in cells, embedded m an apparently random manner. The host 
ranges of mdtvldual caultmovnuses tend to be restricted to one or a few plant 
families, and group members are transmitted between plants by aphrd vectors 
Based on possession of all, or most, of these charactertstrcs, 12 defimte, and 3 
possible, members of the group have been identified (2) 

The best-characterized and type member of the cauhmovu-uses IS cauliflower 
mosaic virus (CaMV), from which the group name derives. The complete 
nucleotrde sequence of at least eight different CaMV isolates (3-ZO), and that 
of four other caultmovn-uses (21-14) has been determmed. The orgamzatton of 
vu-al genes (Fig. 1) IS mostly conserved m sequenced caulimovn-uses, but one 
member, cassava vein mosaic virus (CVMV), IS somewhat different from the 
others (14). Repltcatton of cauhmovnuses mvolves alternation of genomes as 
DNA and RNA forms, progeny vlrron DNA being generated by reverse tran- 
scrtptton of a terminally redundant, genome-length RNA uttltzmg a vn-us- 
encoded polymerase This feature IS shared by another group of plant DNA 
vtruses, the badnavnuses, and by animal hepatms B vn-uses. Such vu-uses have 
been termed pararetrovnuses to dtstmgutsh them from animal retrovuuses, 
which package an RNA form of the genome derived by transcrtptton of an 
integrated provn-us. Sequence homologtes m putative coding regions of dtffer- 
ent cauhmovu-uses 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 CaMV 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 35s 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 IO- to 14-d-old seedlmgs by 4-7 d postmoculation (pi). 
Systemic symptoms appear as vem clearing, first, m a sector of leaf 3 or 4 by 
about 1 O-l 2 d pi, and then covering the whole leaf of all subsequent leaves to 
emerge. Vem clearing develops mto vein banding by about 20 d pi, and um- 
form leaf chlorosrs by 30 d pi. Leaves also develop as distorted, stunted struc- 
tures. Different isolates 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 
Avabzdopszs is one of the more susceptible host species. 

Of those caulimovuuses 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 is based. The main problem to overcome m purify- 
mg cauhmoviruses from mfected tissue is disruption of the mclusion bodies 
containing the vu-ions. In fact, two types of inclusion body have been identified m 
CaMV-infected tissues. The electron-lucent mclusion bodies, with a matrix con- 
sistmg of the protein product of CaMV gene II and mvolved m aphid acquisition 
(261, contain relatively few vmons. In contrast, the electron-dense inclusion bod- 
ies, with a matrix consistmg of the viral gene VI product, contam most of the cellu- 
lar vmons (2 7,18). The CaMV vmon itself is fairly robust and, depending on the 
isolate, can, under certain circumstances, withstand the rigors of mcubation in phe- 
nol without releasing its DNA (29). The virion isolation method described here was 
designed to liberate vu-ions from mclusion bodies by mcubation of plant 
extracts m urea (15, Solubhzation of cells and prevention of vu-us aggregation 
IS enhanced by mclusion of the nomonic detergent Triton X-l 00, and poly- 
phenoloxidase activity IS mmrmized by the reducmg agent sodium sulphite 
Liberated virions are purified by differential centrifugation. Vu-ion DNA is 
released from purified virus by digestion with protemase K In the followmg 
protocols, we have Included our standard method of CaMV isolation, which IS 
based on a longer procedure ongmally described by Hull et al (15), and a quick 
method for isolatmg CaMV DNA from smaller amounts of tissue. A further rapid 
method of isolatmg high yields of CaMV DNA has been described by Gardner and 
Shepherd (20). 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 rephcative forms of cauhmovtral DNA (21,22). 

2. Materials 
2.1. Virion Purification 

1 Infectious inoculum Sap made by grinding 1 cm* infected leaf in 1 mL sterile 
water, purified VII-US, purified vmon DNA, cloned vu-ion DNA in TE (10 mA4 
Tris-HCI, pH 7.8, 1 mti EDTA). 

2 Cehte abrasive. 



56 Covey et al. 

3. Sterilized glass rod with tip flattened obliquely 
4. Sodium phosphate buffer, pH 7 2 Stock solutions, 0 5M Na2HP04 (17 91 g/100 

mL), 0 SMNaH,PO, (7 8 g/100 mL) For 200 mL of buffer, mix 144 mL of 0 5M 
Na,HP04 with 56 mL 0 5M NaH,PO,, cool to 4’C 

5 Solid sodium sulfite (0 75%). Weigh out 1 5 g per 200 mL extraction buffer 
6 Solid urea (1M). Weigh out 12 g for 200 mL buffer 
7. 10% Trlton X-100 (stock solution) 
8. DNase buffer. 50 mMTris-HCl, pH 7 5, 5 mA4MgC1, 
9. Phenol:chloroform mixture. phenol:chloroform.lsoamyl alcohol (25.24.1). Cau- 

tion: Phenol*chloroform 1s extremely corrosive and toxic. It IS best bought as a 
preprepared solution; handle m small volumes with great care 

10 10 mg/mL Protemase K (Boehrmger) m TE with 1% SDS 
11. 2 mg/mL Deoxyrlbonuclease I (DNase I, Sigma) m DNase buffer 
12 2 mg/mL Pancreatic rlbonuclease A (RNase A) m TE (heat-treated by mcubatlon 

at 95°C for 10 mm) 
13 10% Sodium dodecyl sulfate (SDS) 
14 TE solution 
15. 0 5M MgCl, 
16 30% Polyethylene glycol 6000 (PEG) 
17 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 
18 Bottom-drive blender cooled to 4°C 
19 Muslin (four layers), washed m distilled water and squeezed dry 
20 Rubber policeman (round-ended glass rod covered at one end with a rubber sleeve) 

2.2.20 Gel Electrophoresis 

1 Agarose 
2 Neutral dlmenslon buffer (TA). 25 mM Trls-acetate, pH 7.9 
3 Alkaline solution for second denaturing dimension 30 mMNaOH, 2 mM EDTA 
4 Tracking dye. 1% orange G, 20% Flcoll, 5 mMEDTA m appropriate running buffer 
5. Depurmatlon solution 100 mM HCl 
6 Denaturing solution 0 5MNaOH, 1 5MNaCl. 
7 Neutralizing solution 1M Tris-HCl, pH 7 6, 1 5M NaCl 
8 Transfer solution 3MNaCl,0,3M trlsodmm citrate 

3. Methods 
3.1. Inoculation of Plants 

1, Inoculum should contam one of the followmg m 10 pL of solution. infectious sap 
m water, 0 l-l 0 pg purified vu-ions m water, l-2 pg purified vlrlon DNA in TE, 
2-4 pg cloned vlrlon DNA m TE treated with the appropriate restriction 
enzyme to liberate the vual DNA from the cloning vector. Cloned CaMV DNA 1s 
infectious when inoculated as linear molecules m a mixture with cloning vector DNA 

2 Add a trace of cellte 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, pressmg the 
hqmd hghtly over the leaf surface. 

3 Propagate plants at 1620°C m a 16-h photopertod For maximal vtrus yrelds, 
harvest between about 15-25 d PI 

3.2. Large-Scale Virus Purification 
1 Harvest 100 g turnip leaves, systemtcally infected with CaMV Select younger leaves 

up to ca. 10 cm in length Wash and lightly dry leaves (we use a salad centrifuge for this). 
2. Place leaves m the blender wtth 200 mL 0 5Msodmm phosphate buffer, pH 7 2, and 

6 

7 

8 

9 

10 

0 75 g sodmm sulphrte per 100 mL homogenate. Blend to fine fragments m the cold 
Pour homogenate mto a beaker, adding 6 g urea and 25 mL of 10% Trtton X- 100, 
both per 100 mL homogenate Star with magnetic stirrer at 4°C overnight 
Centrrfuge extracted homogenate at 4000g for 10 mm at 4°C in an appropriate 
high-speed rotor 
Gently pour the supernatant through four layers of muslm and then dtstrtbute the 
green liquid mto tubes for pelletmg vtrus by ultracentrifugatron at 70,OOOg for 2 
h at 4°C m an ultracentrlfuge 
Pour off supernatant and resuspend pellets (pellets mtght be slightly green and 
also contam starch as well as vn-us) by dlspersmg m 1 mL sterile dtstrlled water 
(SDW) per tube for l-2 h usmg a rubber pohceman occastonally 
Pool resuspended pellets and centrtfuge twice m a microcentrifuge to remove 
partrculate matter 
Pellet vmons from the supernatant (volumes can be made up wtth SDW) by 
ultracentrtfugatron at 136,OOOg at 4°C for 1 h 
Resuspend pellets each m 1 mL of DNase buffer. Virron yteld can be assessed at 
this point by UV spectrophotometry A suspensron of CaMV vmons of 1 mg/mL has 
an ODz6a of 7 (adjusted for hght scattermg). Vmons can be stored at 4°C or -20°C 
To Isolate vrrlon DNA, the purified virrons are first treated with DNase I (10 
pg/mL for 10 mm at 37°C reactton stopped by addttton of EDTA to 1 nuI4) to 
remove fragments of plant DNA. Virtons are dtsrupted by adding stock protem- 
ase K to a final concentration of 0 5 mg/mL with 1% SDS in TE and mcubatmg 
for 15 mm at 37°C. DNA 1s purtfied from the lysed mixture by phenolchloroform 
extraction (mnnmum of twrce) DNA is concentrated by ethanol-prectprtatron, 
collected, and quanttfied by absorbance at 260 nm. 

3.3. Quick Method 
Thus method IS suitable for tsolatrng CaMV DNA very rapidly from small 

quantrttes of tissue when yield IS not of major importance and is sultable for 
PCR analysis, cloning, or sequencing. 

1 Grmd a smgle Infected leaf m a mortar wrth 1 mL SDW, add Trrton X- 100 to 2%, 
and vortex thoroughly 

2. Pellet mclusron bodtes contammg vtrus by spmnmg m a mtcrocentrifuge for 2 
mm Resuspend pellet m 1 mL SDW and pellet again Repeat spm and wash a 
total of three times to remove all traces of Trtton X- 100. 
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Resuspend pellet m 0 8 mL DNase buffer and incubate wtth 10 pg/mL DNase I 
and 10 pg/mL pancreatic rtbonuclease A at 37°C for 60 mm Add SDS to a final 
concentratton of 0 5% (w/v) and incubate at 65°C for 10 mm Add protemase K 
to 0 5 mg/mL and incubate at 65°C for a further 15 mm 
Spin out debris m mtcrocentrtfuge for 3 mm. Add magnesium chloride (MgCl,) 
to 100 mA4and spin out any precipitate that forms Remove supernatant to a fresh 
tube and extract with 0 5 mL phenol/chloroform Microcentrtfuge for 5 mm 
Remove aqueous supernatant to a fresh tube 
To selecttvely precipitate intact viral DNA, excludmg fragmented DNA, add 
MgClz to 100 mM and 0 6 mL 30% PEG and incubate at room temperature for 10 
mm Pellet precipttate m mtcrocentrtfuge for 5 mm Discard supernatant and take 
up pellet m 0.4 mL SDW and add MgCI, to 100 mM Precipitate DNA by addt- 
tton of an equal volume of isopropanol, mix, and pellet precipitate Wash DNA 
precipitate two to three times with 70% ethanol to remove traces of PEG 

3.4.20 Gel Electrophoresis of Caulimoviral DNA 
1 For a 20 x 20 x 0 45 cm 1% agarose gel, melt 1 8 g agarose in 180 mL TA buffer 

and pour gel The sample well is formed by placmg a 2-mm diameter sealed 
Pasteur pipet or custom-made well former m a horizontal posttton about l-2 cm 
m 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 IS cast 

2. Assemble the set gel mto tts running apparatus Pour on neutral buffer (TA) to 
submerge the gel totally Set up a buffer recirculation system 

3 Prepare DNA sample m a total volume of less than 5 pL contammg 0 5-l pL of 
tracking dye If the sample is purified virion DNA to be detected by hybridization 
with a radtoacttve probe, then less than 20 ng should be loaded If the sample is 
from a total cellular DNA preparation from infected plants, about 10 pg 1s loaded 

4 Electrophorests m the first dimension IS at 1 25 V/cm for about 24 h 
5. To prepare the gel for the second (denaturmg) dimenston, carefully remove the 

gel from the runnmg apparatus (it is best to keep the gel on the glass plate on 
which tt was cast) and place in alkalme running medium for 15 mm, wtth 
gentle agitation, then into fresh alkaline medium for a further 30 mm to com- 
plete the denaturatlon 

6 Reassemble the gel into the electrophorests apparatus, being careful to reorientate 
it at 90” relative to the first dimension Pour denaturmg medium mto the appara- 
tus and recirculate as before. Stze markers can then be loaded mto the sample 
well before denaturing electrophorests 

7 Electrophoresis m the second (denaturing) dimension 1s at 1 25 V/cm for 
about 24 h 

8. After electrophorests, in preparation for Southern blotting, the gel is washed for 
5 mm m distilled water 

9. DNA m the gel is depurmated to prevent snap-back of supercoiled or hatrpm 
species. Soak the gel for exactly 10 mm in 100 mM HCI Wash briefly m 
distilled water 
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10 DNA m the gel IS then denatured, neutralized, and transferred to mtrocellulose 
for conventional Southern blot hybrldlzatlon (see Chapter 43). 

4. Notes 
1, In their original lsolatlon method, Hull et al. (15) reported CaMV yields of 0 6-l 

mg virus per 100 g tissue Using a more rapid method of purification from rela- 
tively large amounts of leaves, m which virus mcluslon bodies were pelleted 
before they were disrupted with urea and Triton X- 100, Hull et al (15) reported 
virus yields of 70% of their orlginal 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 vu-us yields (2-4 mg/lOO g tissue) have 
been reported for the rapld CaMV purlficatlon method of Gardner and Shepherd 
(20) sultable for use with small amounts of tissue Our quick method yields only 
0 1 mg vu-us/l 00 g tissue, but is most suitable for rapid preparation of viral DNA 
from large numbers of samples of small amounts of tissue for DNA restrlctlon 
analysis, PCR, sequencmg, or clonmg Further vlrlon purlficatlon can be achieved 
by ultracentrifugatlon through a sucrose gradient, as described by Hull et al. (25) 

2 Purlficatlon of all other cauhmovIruses should be possible usmg the methods 
described herem, employing urea to disaggregate the mcluslon 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 isolate nonencapsldated viral DNA and RNA by 
phenol chloroform extraction of whole-cell nucleic acid (29) The resistance to 
phenol might be explamed m part by occlusion of vlrlons m mcluslon bodies, 
which are probably pelleted during centrlfugatlon to separate the phenol.chloro- 
form from the aqueous phase We have heard that some CaMV strams do not 
show such resistance to phenol, possibly because they are not retained so tightly 
m mcluslon bodies 

4 The CP of CaMV is glycosylated (23) and phosphorylated (24), and synthesis of 
the mature CP polypeptlde proceeds via a processmg step However, analysis of 
the composltlon of CaMV CP has been hampered, because during virus punfica- 
tlon, the CP can undergo degradation into specific fragments It can also aggre- 
gate to form multlmerlc polypeptldes, as resolved on denaturing PAGE (25). 

5 CaMV vlrlon DNA can be ldentlfied by its characterlstlc moblhty during gel 
electrophoresls (Fig. 2) Under nondenaturmg conditions, virlon 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 IS of typical open conformation (Fig. 2, ND). 
However, a senes of more slowly migrating forms are also observed, which com- 
prise molecules that are twlsted to varying degrees (not supercooled, because the 
DNA has single-strand dlscontmultles) The single-stranded components of virlon 
DNA can be revealed by denaturing the sample before electrophoresls (Fig. 2D). 

6. 2D gel electrophoresls (Fig. 3) 1s an extremely powerful method of resolvmg 
complex populations of DNA It allows separation of lmear smgle-stranded and 
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Fig. 2. Gel electrophoresis of caulimovirns 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 thme 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. (oppositepage) 2D gel electrophoresis of CaMV intracellular DNA. Total cellu- 
lar DNA was isolated from infected plants by phenokchloroform 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. 22 and 22. 
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double-stranded DNAs, dtscontmuous double-stranded DNAs, open circular, 
supercoiled, and hairpin molecules (22,22). After electrophorests and before blot- 
ting, a depurmatton step IS mcluded to introduce breaks mto molecules, which 
would otherwise renature by snapback on neutraltzatton The duration/acid 
concentration of the treatment IS fairly critical and wtll depend upon gel thlck- 
ness A balance has to be attained between undertreatment, resultrng tn 
underrepresentation of snapback forms on the final autoradlogram, and over- 
treatment, causing a general reductron m hybrldtzatton signal of all forms 
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Reovirus Isolation and RNA Extraction 

lchiro Uyeda, Bong-Choon Lee,Yuko Ando, Haruhisa Suga, 
Yun-Kun He, and Masamichi lsogai 

1. Introduction 
Plant reovnuses are classified m three genera m the family Reovzrzdae: 

Phytoreovirus, FpGrus, and Oryzavzrus. Fifteen viruses, including possible 
members, are described (I) With two exceptions, all of them infect plants m 
gramineae. They possess 10-I 2 segmented double-stranded RNAs (dsRNAs) 
as a genome and are transmitted propagatlvely by leafhoppers or planthoppers. 
Rice dwarf Phytoreovu-us (RDV) 1s the only plant reovn-us whose complete 
nucleotlde sequence 1s known (2). Rice dwarf virus has 12 genomlc segments 
separated by PAGE. They are numbered from S 1 to S 12, from the slowest 
migrating segment, and all the structural and nonstructural protems of RDV 
have been assigned (3) (Fig. 1). Genome characterlzatlon of other plant reovl- 
ruses 1s reviewed by Uyeda et al (4). 

Although methods described in this chapter are mostly for RDV, those for 
virus lsolatron and genome extraction should be applicable to other vn-uses, 
since most plant reovlruses 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 reovlrus study 1s to 
obtain good plant material to start with. The best plant material IS fresh and 
young infected plants grown under an appropriate greenhouse or growth cham- 
ber condition. In order to do so, one has to mamtam 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 contams a genomlcally heterogeneous population of vu-uses (5) and a 
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Genome Organization 

Fig 1 Genome orgamzatlon of rice dwarf virus 

low ttter of the vu-us. A homogeneous virus culture can be obtamed by serial 
transfers from one plant to another by an insect vector. Therefore, one sub- 
heading IS devoted to vnus lsolatlon and propagation 

The methods of genomlc RNA extractron are described only for those from 
infected plants, not from purified vtrrons. Since dsRNAs are rare components 
of a virus-free plant, genomtc RNAs of plant reovn-uses can be purified directly 
from infected piants relatively free from other nucletc acrd components of plant 
origin; and they are pure enough to use for a polymerase chain reactton coupled 
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with reverse transcrlptlon (RT-PCR) and subsequent cDNA cloning into a bac- 
terial plasmld vector 

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

1. Insect culture. A colony of green leafhopper, Nephotettzx anctlceps, IS maintained 
on rice seedlings at 25°C under fluorescent lights for 16 h 

2. 0 1M Phosphate buffer, pH 7 3 and pH 7 8, containing KH2P04 and Na2HP04 
3. Requnements for mlcromJectlon mto a vector Insect are the followmg 

a Stereoscopic mrcroscope 
b Fme glass needle Stretch the 50-pL glass caprllary (Drummond Screntrtic) 

wtth mtcroplpet tenston (Nanshlge, Model PB-7) 
c 2-mL Glass syrmge and srhcone tubes to Jomt the needle and the syringe 
d Petri dish (9-cm diameter) 
e Compressed CO1 gases to anesthetrze Insects 

4 Race seedlmgs for moculatton are prepared as follows Soak 5@-60 seeds m water 
for 2 d at 25°C to germmate Transfer the indtvidual seedlmg mto a glass test tube 
(2.5-cm diameter and 13-cm length) contammg 15-20 cm3 of horticultural granu- 
lar so11 Grow for 3-5 d 

2.2. Purification of Viruses 

2.21. Rice Dwarf Vu-us 
1 Virus source Infected race leaves and leaf sheaths showmg clear symptoms l-2 

mo after Inoculation 
2 0 1M Phosphate buffer, pH 6 0, contammg KH2P04 and Na,HPO, 
3. Trrton X- 100 
4. Chloroform 
5 Carbon tetrachlorrde 
6 40% (w/v) Sucrose m 0 1Mphosphate buffer, pH 6.0 
7. Hitachi RP 30-2, RP 65, and RPS 27 rotors (or eqmvalents) 
8 Glycerol 

2.2.2. Rice Black-Streaked Dwarf and Rice Ragged Stunt Wruses 
1. Extraction (GMT) buffer. 0 3M glycme, 0 03MMgC12,O 05MTrrs-HCl, pH 7 5. 
2 Carbon tetrachlorrde 
3. Trrton X-100 
4. 40% (w/v) Sucrose in GMT buffer 

2.3. Extraction of Viral RNAs and R%PCR Amplification 
of Genomic dsRNAs 

2.3.1. Reagents for General Use 

1. Mtllt-Q grade autoclaved H20. 
2. TE. 10 mA4Trts-HCI, 1 mMEDTA, pH 8.0 
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3. Phenol (nucleic acid grade): Equlhbrate phenol with TE 
4 Chloroform.lsoamyl alcohol (24.1) 
5 3M Sodmm acetate, pH 5 2. 

2.3.2. Direct Extraction of Genomic d.sRNAs from Plants 
1 10X STE buffer lMNaC1, 100 mMTrts-HCl, pH 6 8, 10 mMEDTA. 
2 1X STE buffer Dilute the 10X STE buffer wtth stertle Hz0 
3 CC41 cellulose powder (Whatman). 

2.3.3. Drect Extract/on of Viral mRNAs 
and Genomlc dsRNAs from Plants 

1 Mrlh-Q grade Hz0 treated wtth 0 1% DEPC and autoclaved 
2 RNA extraction solutton: 4M guanidimum thiocyanate, 25 mM sodium citrate, 

pH 7 0,O 5% sarcosyl, 0 1M2-mercaptoethanol This solution is made by mixing 
the followmg 
a 250 g Guamdmmm thtocyanate (Fluke) IS dtssolved m 293 mL Mtlh-Q grade 

H20 

b 17 6 mL 0 75M Sodmm cttrate, pH 7 0 
c 26 4 mL 10% Sarcosyl The stock solution (a + b + c) can be stored for at least 

3 mo at room temperature 
d 0 36 mL 2-Mercaptoethanol/SO mL RNA extraction solutton (a + b + c + d) 

can be stored for 1 mo at room temperature 
3 Phenol (nucleic acid grade) Equrhbrate phenol with Milh-Q grade H20 
4 2M Sodmm acetate, pH 4 0. 
5 4MLlCl 

2.3.4. RT-PCR of Genomic dsRNAs 
1. Dtmethyl sulfoxlde (DMSO) (Spectrum grade). Flushed with N2 gas 
2 2.5 rruI4 dNTPs mtx, pH 8 0, m 1 mMTrts 
3 Actmomycm D (500 pg/mL). 
4 AMV reverse transcriptase XL (Ltfe Sciences) 
5 10X RTase buffer for AMV reverse transcrlptase 500 mA4Trts-HCl, pH 8 3 , 100 

mM KCI, 40 mA4 DTT, 100 nnI4 MgC12 
6 Tth DNA polymerase and 1 OX reaction buffer supphed by the manufacturer 
7 05MEDTA,pH80 
8 Mineral 011 (Sigma M-35 16 or equivalent). 

3. Methods 
3.7. lsolafion and Propagation of Rice Dwarf Virus 

1 Preparation of moculum Homogenize l&50 mg of infected rice leaves m a small 
mortar and pestle with 19 times (v/w) of 0 1Mphosphate buffer, pH 7 3. Transfer 
the homogenates to a 1.5 mL microtube, and centrifuge at 18OOg for 5 mm at 
0°C Dtlute the supernatant m 5-25 ttmes of 0 1M phosphate buffer, pH 7 8, and 
use thus extract as an moculum 
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Collect the second mstars of N cznctzceps m a small bottle and inject CO2 
gases mto the bottle for 30-60 s to anesthetrze Arrange the insects on a Petri 
dish usmg a toothprck and cover them with ParafilmTM (American National 
Can) to rmmobrlrze 
Cut the point of the glass needle, and suck the moculum into a glass needle wrth 
a syringe 
Inject a small amount of the inoculum (>l pL) mto the abdomen of each insect 
under a stereoscoprc mrcroscope 
Rear the msects on rice seedlmgs m a conical flask covered wrth a fine mesh 
screen for l&l2 d at 25°C under contmuous fluorescent hghts (latent periods) 
Transfer indrvtdual insect to a rice seedling cv Norm No 8 grown for 5-7 d after 
germination m a test tube Inoculate for l-4 d by feeding 
Remove the Insect, and grow the plant under fluorescent lights for 18 h at 25- 
27’C About 1-2 wk after maculation feeding, viral symptoms (whrte specks 
along veins) appear on new leaves 

3.2. Purification of Viruses 

3.27. Rice Dwarf Virus 
1 Harvest l&50 g fresh race leaves 
2 Homogenize the leaves with ELISA jurce press (Erich Pollahne, Germany) m 

three to five times (v/w) of 0 IA4 phosphate buffer 
3 Add 1% (w/v) Drrselase whrle starring at 6°C wrth a magnetrc strrrer for 1 h. 
4 Add one-third vol of chloroform, mix the extract thoroughly for 3 mm wrth 

Polytron homogemzer on ice 
5 Centrifuge at 3000g for 15 mm 
6 Transfer the aqueous phase to a centrrfuge tube, leavmg Interface Centrrfuge at 

62,000g in a Hrtachr RP 30-2 rotor for 60 mm at 4’C 
7. Decant the supernatant. Add 4 mL of O.lM phosphate buffer contaming 1% Trr- 

ton X- 100, store the tube overmght at 4°C 
8 Dissolve the pellet thoroughly with Teflon homogemzer on rce Add an equal 

volume of carbon tetrachloride; vortex for 3 mm 
9 Centrifuge at 3000g for 15 mm 

10 Transfer the aqueous phase to a centrifuge tube, leaving interface Centrrfuge at 
80,OOOg m a Hrtachr RP 65 rotor for 60 mm at 4°C 

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

12 Overlay the suspension on a 10-40% (w/v) linear sucrose densrty gradient, and 
centrrfuge at 80,OOOg m a Hrtachr RPS 27 rotor for 60 mm at 4°C 

13 By inserting a L-shaped needle mto the tube from the meniscus, collect the vuus 
zone Transfer mto a centrifuge tube 

14. Centrifuge at 80,OOOg m a Hitachr RP 65 rotor for 60 min at 4°C 
15. Decant the supernatant qmckly, and dissolve the pellet m a small amount of 0.1 A4 

phosphate buffer. 
16 Add an equal volume of glycerol, store at -8O’C 
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3.2.2. Rice Black-Streaked Dwarf and Rice Ragged Stunt Viruses 

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

2 The homogenate is further extracted with a ELISA Juice press 
3 Squeeze through a double layer of medical gauze. 
4 Add 30% (v/v) carbon tetrachloride and 3% (v/v) Triton X-100 while stnrmg 

with a magnetic stirrer at 4°C for 1 h 
5 Centrifuge at 15OOg for 20 mm in an angle rotor at 4°C 
6. The aqueous phase is centrifuged at 80,OOOg for 1 5 h at 4°C through one-third 

vol of a tube capacity of 40% sucrose in GMT buffer m a RPS 27 rotor 
7 Suspend the pellet m 2 mL of GMT buffer. 
8 Centrifuge m a microcentrifuge tube at 3500g for 5 mm at 4°C 
9 The supernatant is layered onto a l&40% sucrose density gradient tube and cen- 

trifuged at 80,OOOg for 1 5 h at 4°C m a RPS 27 rotor 
10. Recover the vuus zone at the middle of the tube, using an ISCO density gradient 

fractionator equipped with an UV monitor 

3.3. Direct Extraction of Viral RNAs from Plants 

3.3 7. Direct Extraction of Viral Genomlc dsRNAs from Plants 

2 
3 
4 
5. 

6 

7 

8 
9 

10 
11. 
12 

13 

Extract the virus with ELISAluice press from 0 054 50 g of infected rice leaves, 
while adding 600 pL of STE buffer mto a microcentrifuge tube 
Add an equal volume of phenol. 
Vortex for 3 mm 
Centrifuge at 10,OOOg for 1 mm at room temperature 
Transfer the aqueous phase (normally, the aqueous forms the upper phase) to a 
fresh mtcrocentrifuge tube 
Add an equal volume of phenol chloroform*tsoamyl 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 mto the 
microcentrtfuge tube contammg the aqueous phase Agitate the mixture for 30 
mm at room temperature 
Collect the cellulose by centrtfugatton at 10,OOOg for 3 min 
Add 1 2 mL STE buffer, pH 6 8, containing 15% ethanol, into the pellet of cellu- 
lose after removing the supematant Vortex for 1 mm 
Repeat the washing of steps 8 and 9 once more. 
Elute dsRNA by adding 150 pL of sterile Hz0 and vortex for 1 mm 
After centrifugatton at 10,OOOg for 3 mm, transfer aqueous phase to a fresh 
microcentrifuge tube Repeat the elusion of steps 11 and 12 once more Combme 
the second aqueous phase with the first 
Remove traces of cellulose by centrtfugmg briefly the combined aqueous phase 
and transfer the supernatant mto a fresh mtcrocentrifuge tube 
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14 Add 0 1 vol of 3.OMsodmm acetate, pH 5.2, and 2 5 vol of ethanol, mix, and then 
mcubate for 60 mm on Ice 

15 Preclpttate dsRNA by centrtfugatton at 15,000g for 15 mm at 4°C in the 
mtcrocentrtfuge 

16 Remove supernatant and then wash the pellet wtth 1 mL of 70% ethanol 
17. Recover the pellet by centrlfugatlon at 15,000g for 10 mm at 4°C m the 

mtcrocentrifuge 
18 Stand the open tube on the bench at room temperature until the last traces of flutd 

have evaporated 
19 Dissolve the dsRNA pellet (whtch is often mvtstble) m the desired volume of TE 

or sterrle H20. Rmse the walls of the tube well with the buffer or sterile HZ0 

3.3.2. Direct Extract/on of Viral mRNAs and Genomic dsRNAs 
from Plants 

1 

2 

3 
4 

5 
6 
7 
8 
9. 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Infected fresh rice leaves are homogenized with the RNA extraction solutton (500 
p.L/lOO mg) m a mortar and pestle 
Transfer the homogenate to a 1 5-mL mlcrocentrtfuge tube and centrifuge for 1 
mm at high speed 
Transfer 500 l.rL supernatant to a new microcentrifuge tube 
Add 50 pL 2M sodium acetate and 500 pL phenol, 100 pL chloroform tsoamyl 
alcohol Mix thoroughly by inverting the tube after the addition of each reagent 
Vortex for 10 s 
Stand the tube for 3 mm at room temperature 
Centrifuge for 15 mm at 10,OOOg at 4°C 
Transfer the aqueous phase to a new microcentrifuge tube 
Add 500 p.L tsopropanol 
Stand for 5-10 mm at room temperature 
Centrifuge for 10 mm at 10,OOOg at 4°C 
The RNA pellet is washed with 1 mL 70% ethanol 
Dry the pellet for 5 mm under vacuums 
Suspend m 250 pL stertle HZ0 
Add 250 pL 4M LtCl and vortex. 
Place on Ice for more than 8 h 
Centrifuge for 10 mm at 10,OOOg at 4OC 
Supernatant contams dsRNAs and tRNAs Collect them by ethanol precrprtatlon 
dsRNAs are further purified by CC41 treatment as in Subheading 3.3.1., step 7 
The pellet contains viral mRNAs suttable for Northern blottmg analyses 

3.4. RT-PCR Amplification of Genomic dsRNAs 

3.4 1. Basic RT-PCR 
1 Add 100 pL of DMSO to 5 pg of genomlc dsRNAs m 5 p.L stertle H,O 
2 Incubate at 50°C for 30 mm 
3 Add 10 pL 3M sodium acetate and 300 pL Ice-cold ethanol 
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Incubate at -80°C for 30 mm or place m dry ice for 5 mm 
Centrifuge at 16,OOOg for 10 mm at 4” C 
Remove supernatant, rinse the precipitate with 1 mL 70% ethanol 
Dry under vacuum 
Make up the followmg master mix for one sample 
a 5 pL 10X RTase buffer 
b 5 pL Actmomycm D 
c 20pL25mMdNTPmix 
d 1 pL 3’ Antisense-strand primer (100 pmol/l pL) 
e 19 & Stertle HZ0 
f. 0 3 & AMV reverse transcriptase XIL (30 U/pL) 

Add the master mix to the dried denatured genomic RNAs, vortex, and 
spin briefly 
Incubate at 45°C for 1 h and terminate the reaction by adding 1 p.L 0 5M 
EDTA, pH 8.0. 
Add 25 pL each of phenol and chloroform isoamyl alcohol (24 1) 
Vortex for 3 mm and centrifuge for 5 mm 
Transfer the aqueous phase to a new microcentrifuge tube and add 50 pL chloroform 
Vortex for 3 mm and centrifuge for 5 mm. 
Transfer the aqueous phase to a new microcentrifuge tube and add 0 1 vol of 3M 
sodium acetate and 2 5 vol of ethanol 
Place on Ice for 30 mm and centrifuge at 16,OOOg for 10 mm at 4°C 
Rinse the precipitate with 70% ethanol and dry under vacuums 
Suspend m 25 @ sterile HZ0 and 5 pL was subjected to a PCR reactton 
In a 0 S-mL microcentrtfuge tube, mix m the followmg m order 
a 5 pL 10X amplification buffer. 
b 8pL125mMdNTPs 
c. 1 pL 5’ Sense-strand primer (100 pmol/l pL). 
d 1 pL 3’ Antisense-strand primer (100 pmol/l pL) 
e. 30 pL Sterile H20. 
f 1 pL Tth DNA polymerase (4U/uL) 
g. 5 pL First-strand cDNA made from up to 1 ug dsRNA. 
Overlay the reaction mixture with one drop (about 30 &) of light mineral oil and 
briefly spm 
Carry out the amplification of cDNAs with a thermal cycler Typical condi- 
tions for the synthesis of cDNA, denaturation, annealmg, and polymerization 
are as follows 

24 PCR cycles 94°C for 1 mm 
55°C for 2 mm 
72°C for 3 min 

Final extension 72°C for 10 mm 

Withdraw a portion of the amphtied DNAs from the reaction mixture and analyze 
it by gel electrophorests, Southern hybridization, or DNA sequencmg 
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3.4.2. Single-Step RT-PCR 

1 In a OS-mL mtcrocentrtfuge tube, mix m the followmg order 
a 5 $, 10X amplification buffer 
b. 5-pL Mtxture of four dNTPs, each of 5 mA4 
c 1 pL 5’ Sense-strand prtmer (100 pmol) 
d 1 p.L 3’ Antisense-strand prtmer (100 pmol) 
e 30 pL Sterile HZ0 
f 1 & Tth DNA polymerase (4U/$) 
g 0 3 pL AMV reverse transcriptase XL (30 U/pL) 
h 5 p.L Template dsRNA denatured with DMSO (up to 1 pg) 

2 Overlay the reaction mixture with one drop (ca 30 pL) of light mineral 011 and 
briefly spm 

3. Carry out the cDNA synthesis and amphficatton 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 syntheses 42’C for 15 mm 
An mtttal denaturation 95°C for 1 mm 
30 PCR cycles 95°C for 1 mm 

55°C for 2 mm 
72°C for 3 mm 

Final extension 72°C for 10 mm 

4 Withdraw a sample of the amplified DNA from the reaction mixture and analyze 
it by gel electrophoresis, Southern hybridtzatton, or DNA sequencing 

4. Notes 

1 Equipment for handling leafhoppers and planthoppers, such as cages for mam- 
tammg and tools for transferrmg the Insects, are described elsewhere (6). lnlec- 
non of viruses mto the vector insects 1s a good alternative to a conventional 
acquisition feeding Nearly 100% of the injected insects become viruhferous 
The younger the larvae, the more they recover and survtve after mlection of the 
viral extract Use larvae or male adults for moculatton feeding to prevent laymg 
eggs mto maculated plants Hatching eggs on the maculated plants becomes a 
serious source for contammatton of viral cultures Most rice cultivars are not 
resistant to vu-us mfection, but some are resistant to vector Insects The cultivar Norm 
no 8 is used m our laboratory and TN 1 is used worldwide (Subheading 3.1.) 

2 Since individual virus isolates have similar but distmct electrophoretic mobility 
of the genomic segments (5), viral cultures collected from fields should be exam- 
med for genomic homogeneity by PAGE of genomic dsRNAs, SO-100 ng of 
dsRNAs should give clear bands in 40-cm-long and 0 8-mm-thick gel after silver 
staining (Subheading 3.1.) 

3 Plant materials for purification of RBSDV and RRSV are very critical for obtam- 
mg a good yield Young and fresh leaves showing good symptoms within 1 mo 
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after moculatlon should be used Freezing the plant materials drastlcally reduces 
the vuus yield In the case of RRSV, no vuus can be recovered after freezing of 
Infected rice plants 

The purlflcatlon protocol described here (7) was orlgmally 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 orgamc solvent treatment during the purlficatlon of viral particles, 
we have previously used freon Smce freon IS not avallable anymore, carbon tet- 
rachlorlde 1s used as a substitute (Subheading 3.2.1., step 8) 
Techniques Involved m extractlon of dsRNAs are revlewed m detail by Dodds et 
al (25) Direct extractlon of genomlc dsRNAs described here IS a modlficatlon 
of a method described by Dodds et al (20) The maJor modlficatlon IS a use of 
CC41 (II), instead of CFl 1 cellulose Fme granular texture of CC41 makes it 
easier to handle by a batch method m a mlcrocentrlfuge tube An addltlonal modl- 
ficatlon 1s that the STE buffer does not contam mercapthoethanol, SDS, and ben- 
tomte at an extractlon step Quality of dsRNAs obtamed from RDV-mfectecl rice 
plants IS pure enough to SubJect to RT-PCR So far as we tested with RDV SX, S9, 
and S 10, 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 extractlon of the genomlc dsRNAs includes 
addltlonal steps After the phenol and chloroform extractlon, total nucleic acids 
are precipitated by ethanol and suspended m lo&400 pL of TE, and then an 
equal volume of 4M LlCl IS added to preclpltate high-mol-wt ssRNAs (12) 
Supernatants contammg the dsRNAs are then treated with CC41, exactly as 
described by Dheu and Bar-Joseph (ZZ). The standard method has been used rou- 
tmely m our laboratory for purifying genomlc 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 pg for RBSDV, and 0 5 pg for RRSV Using genomlc dsRNA templates 
prepared by this method, we have successfully amphfied full cDNAs of RDV S4, 
S5, S6, S7, S8, S9, S 10, S 11, and S 1 2 by the basic protocol of RT-PCR described 
m Subheading 3.4.1. 

A method for extraction of both viral mRNAs and genomlc dsRNAs described 
here 1s based on a protocol of Chomczynskl and Sacchl (Z4) (Subheading 3.3.2.) 
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Procedures for Plant Rhabdovirus Purification, 
Polyribosome Isolation, and Replicase Extraction 

Andrew 0. Jackson and John D. 0. Wagner 

1. Introduction 
The Rhabdoviridae family consists of a large number of nonsegmented nega- 

tive-strand RNA viruses. As a group, the rhabdovlruses 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 (2) Many of these vu-uses are persistently transmitted 
to their mammalian and plant hosts by insect or arthropod vectors m which 
they are able to multlply Consequently, these members of the family may have 
been able to expand their evolutionary diversity by use of their vectors as mter- 
mediate hosts to bridge the boundaries between the animal and plant taxa. Other 
rhabdovlruses are known to infect fish and aquatic invertebrates, and probably 
are transmitted via contaminated water. 

Rhabdovlrus particles are recognized easily m plants by electron mlcro- 
scoplc observation of sap from diseased tissue or in thm sections of infected 
cells (2), The vlrlons are normally bacllhform if extracts are fixed m glutaral- 
dehyde prior to negative staining, but are bullet shaped if the fixative is omlt- 
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 m uninfected tissue, numerous possible rhabdovu-us diseases have been 
described m many different plant families (2). Microscopy of thin sections of 
infected cells reveals that the particles of different members normaily have two 
characteristic patterns of accumulation: they are found either m assoclatlon 
with the nucleus or m the cytoplasm. The Szxth Report of the International 
Committee on Taxonomy ofP?ruses (3) has used these subcellular distribution 
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patterns to separate plant rhabdovnuses mto two major taxonomic groups. the 
Cytorhabdovms genus and the Nucleorhabdovwus genus. 

Presently, eight viruses (barley yellow striate mosaic virus, broccoh necrotic 
yellows vn-us, Festuca leaf streak virus, lettuce necrotic yellows virus, north- 
ern cereal mosaic vn-us, Sonchus virus, strawberry crinkle virus, and wheat 
American striate mosaic virus) are assigned to the Cytorhabdovzrus genus. The 
Nucleorhabdovwus genus has SIX members (Datura yellow vem virus, egg- 
plant mottled dwarf virus, maize mosaic vnus, potato yellow dwarf vn-us, 
Sonchus yellow net virus, and sowthistle yellow vem vu-us). Of these, Sonchus 
yellow net virus (SYNV) and lettuce necrotic yellows virus (LNYV) have been 
the most extensively characterized. Less extensive cytopathological and physi- 
cochemical mformation is available about other rhabdoviruses within the 
Cytorhabdovzrus and Nucleorhabdovzrus genera. Only prehmmary 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 m high resolution electron 
micrographs (Fig. IA). These layers appear to represent glycoprotem surface 
prolections, an outer membrane, and a hehcal striated mner 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-l 0 nm through 
the membrane. The nucleocapsid contains three proteins, designated N (nucleo- 
capsid), P (phosphoprotem), 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 is thought to mediate coilmg of the nucleo- 
capsid and its association with the membrane. Analogs of these five proteins 
have been found m all rhabdovn-uses that have been carefully analyzed. A sixth 
protein is encoded by the genomes of some rhabdovu-uses. 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. lC), and have considerable mfor- 
mation about the nature of the viral protems (see ref. 4 and references therem) 
A genome map (5) and limited sequence analysis of LNYV is also available (6). 

The methods that have the broadest spectrum of apphcabihty for purifica- 
tion of rhabdovnuses have arisen from studies of SYNV and LNYV We have 
described the method developed for SYNV m this review because it has been 
successfully used for a large number of rhabdovnuses. 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 m 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 (M 1) 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 
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(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 rhabdovuuses is 
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 emphasizmg the factors that 
have proven to be important for optimizmg recovery of highly purified virus 
that retains its infectivity. 

Before embarking on development of a purification procedure, several fac- 
tors related to the mteraction of the virus with the host should be considered m 
order to obtain good vu-us yields. If the virus is virulent on several hosts, the 
particular hosts or cultivars that give the highest mfectivity 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 it was transferred from strawberry mto Physzlzsflondana. Smce 
SCV could be mechamcally transmitted from Physilzs, this elimmated the 
necessity of using the aphid vector for routme serial transfers, and it also per- 
mitted mechamcal transmission to a range of experimental hosts that are not 
preferred by the vector. Even so, we were unable to purify the virus from NEC- 
otiana edwardsonii or N. glutinosa, both of which had strikmgly 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 mfection, 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 mvested m a systematic analysis of host and biologi- 
cal factors that contribute to optimum recovery of rhabdoviruses can help 
mmimize numerous problems that otherwise might arise during subsequent 
development of purification protocols (2). 

A reliable procedure for virus detection during different stages of puritica- 
tion IS a second important consideration that can help m determmmg the effi- 
cacy of procedures used for vu-us separation, and minimize the effort necessary 
to optimize a purification protocol. Electron microscopy is an obvious choice 
for following particle enrichment, but the labor, precision, and expense of this 
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technique compromises Its utlhty, and no indication of blologlcal actlvlty can 
be obtamed by microscopy observations alone. Therefore, when available, an 
mfectlvlty assay should be used m conJunctlon with physical methods of 
detection. In the case of SYNV, LNYV, and PYDV, local lesion hosts have 
provided a suitable assay to monitor the amount of virus m different subcellu- 
lar fractions. In a few specific cases, tissue cultures or cultured explants from 
insects that are vectors of the vtrus have been used for bloassays (12). Even 
though these cultures are difficult to maintain and have not been established 
from vectors of most rhabdovnuses, they do provide the most sensitive and 
rapid bioassays yet devlzed for plant viruses. Chemical methods may also pro- 
vlde a useful means of detection, especially when combined with electron 
microscopy and blologlcal assays For example, glycoprotem detectlon using 
specific lectms, m combmatlon with Coomassle blue staining of polyacryla- 
mlde gels, has been used to assess the effectiveness of the early stages m pun- 
ficatlon (11,13). Use of an antiserum, and even antibody preparations that have 
some reactlvlty to host components when used m Western blots, can also be of 
enormous help for evaluatmg the presence and concentration of vn-us particles 
at different stages of punficatlon. 

In general, yields of rhabdoviruses from infected plants are low compared 
with other plant viruses, and the membrane-contammg particles are often dlffi- 
cult to separate from host components. These problems are often compounded 
because of the labllity of the vlrions The ease with which rhabdovn-us vmons 
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 solublhze the lipid membranes of rhabdovirus particles However, several 
general components of the extraction media that expedite purification of plant 
rhabdovn-uses, such as the appropriate pH, a high osmotlcum, and the presence 
of reducing agents and dlvalent cations, have been known for more than 20 yr 
(24) More specific requirements for stablhty of several mdlvldual rhabdovi- 
ruses have been determined more recently, and these should provide valuable 
guldelmes for developing purification protocols for uncharacterlzed rhabdovl- 
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 rhabdovlruses have relied 
on some form of centrtfugatlon to concentrate the virus. Unfortunately, rhab- 
dovn-us preparations obtained by centrifugatlon without prior clarlficatlon are 
normally too contaminated with host components for even crude chemical char- 
acterization The most dlfflcult contammants to remove are chloroplast and 
membrane fragments, and the presence of these components appears to be a 
maJor cause of irreversible virus aggregation followmg pelleting by high-speed 
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centrtfugation. Therefore, host components must be selectively removed wtth- 
out substantial virus loss before concentration of the virions. Selective filtra- 
tion normally provides the most effective method to separate rhabdovtruses 
from plant host contaminants. For this purpose, rhabdovnus preparations are 
often filtered through thm pads of Cehte before concentration (2). When Cehte 
pads of appropriate thickness are used, and the washing steps are optimized, 
greatly enriched virus particles pass through the Celite pads before significant 
elutton of host chloroplast and mitochondrial membrane fragments occurs 
However, Iiltratton through other supports may be useful with certain rhab- 
dovn-uses For example, LNYV has been clartfied by shaking extracts with 
DEAE cellulose and decolortzing charcoal or bentomte before Cehte filtratton 
(14). Unfortunately, these clarification procedures are not equally effective with 
all rhabdovnuses, because DEAE cellulose, bentonne, and various clays can 
adsorb other rhabdovn-uses (A. 0. Jackson, unpublished observations). 

After clartfication, rhabdovnuses are usually concentrated from homog- 
enized plant bret by differential centrtfugation. Unfortunately, because of par- 
ticle lab&y, the reduction m biological activity caused by compression forces 
during ultracentrifugation is more pronounced with rhabdovnuses than with 
simpler RNA viruses. Even with SYNV, with which we have routmely used drffer- 
enttal centrifugation, the mfectivlty of the virus is reduced when clarified extracts 
are centrifuged at high speed (8). Therefore, we have also employed a simple 
polyethylene glycol (PEG) precipitatton procedure as an alternative to differ- 
ential centrtfugatton to prepare highly mfecttous SYNV (15). Thus, when tt 1s 
important to maintam infecttvity, precipitation with PEG, followed by low-speed 
centrtfugatton, provides a suitable alternative to ultracentrtfugation. However, 
PEG concentrations required for optimum precipitation of rhabdovnuses vary 
somewhat (12), and this will need to be evaluated with mdtvtdual vn-uses. 

Followmg concentration, rhabdovnuses are normally subjected to rate-zonal 
and equihbrmm centrtfugatton m sucrose gradients durmg the final stages of 
purtficatton. However, various types of chromatography have been used m a 
few limited cases in the final stages of purification (2) Chromatography over 
calcmm phosphate IS routinely used as a step m purtficatton of LNYV (7) 
However, this method is somewhat limited m utility, since different batches of 
calcmm phosphate may not be uniform (R. I. B. Francki, personal commumca- 
non), and our experiments have also shown that there is considerable variation 
m the absorption of SYNV and PYDV by calcmm phosphate (A 0 Jackson, 
unpublished observations) Electrophorests mto sucrose gradients has also been 
used, but maJor disadvantages with this method are the time mvolved and pos- 
sible losses m mfecttvtty. Therefore, although these alternative steps may have 
some utility for specific purposes, neither method IS really satisfactory for gen- 
eral use with rhabdovn-uses. 
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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 mltially developed by Jackson and Christie 
(8) in conjunction with an infectivity assay using the local lesion host Che- 
nopodium quznoa (see Subheading 2.4., Note 1). The local lesions formed 
after moculatlon permitted us to evaluate the most appropriate host, the optl- 
mum greenhouse condltlons for virus replication, and the relative levels of 
mfectlvity at different times after moculatlon of plant tissue, as a prelude to 
development of the purlficatlon protocol. These bioassays revealed that N 
edwardsonii IS a suitable host for VKLH maintenance and recovery, and subse- 
quent experiments have shown that equal or better yields can be recovered 
from N benthamzana. Local lesion assays were also valuable for assessing 
vn-us 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 sodmm sulfite (Na,SO,), 
containing Cehte as a mild abrasive by addmg 125 mg of Na2S03 and 500 mg 
(2%) of Cehte AnalytIcal Filter AId (Johns-Mansvllle, Denver, CO) to 25 mL of 
Hz0 Store on ice and mix well munedlately before use 

2 Extraction buffer. Add 60 g of Trls base, 1 1 g of Mg acetate, and 120 mg of 
MnC12 to 450 mL of Hz0 AdJust the pH to 8 4 with HCl. Store at 4°C until Just 
before use, then add 2 5 g of Na2S03 and brmg the volume to 500 mL The final 
extraction buffer IS 100 mM Trls-HCl, pH 8 4, 10 mA4 Mg acetate, 1 mM MnCl*, 
and 40 mM Na2S03 

3. Maintenance buffer: Maintenance buffer 1s identical to extraction buffer, except 
that the pH is adJusted to 7 5 

2.3. S YN V Purification Method 

1. Transfer SYNV at 14-d intervals by moculatlng N benthamlana or N 
edwardsoniz plants grown m 15-cm clay pots containing autoclaved loam soil. 
Prepare inoculum by macerating 2 g of infected leaves m a chilled mortar con- 
taming 5 mL of freshly prepared cold (-4°C) moculatlon buffer (see Subheading 
2.4., Note 2). Gently rub the leaves with cheesecloth dipped mto the leaf extract. 
Under optimum growth condltlons m the greenhouse (-25’C) and normal sum- 
mer sunlight, the light yellow netting symptoms characterlstlc of SYNV begin to 
appear on the leaves by 8-10 d after moculatlon 

2 Harvest systemically infected leaves, with the midribs and petloles, including the 
youngest rosette leaves, where the most intense symptoms are normally found 
The inoculated 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 mm m 120 mL of cold (-4°C) extractton buffer 
Squeeze the brer through two layers of cheesecloth and centrtfuge Immediately at 
4000g for 10 mm m a low-speed fixed-angle rotor (m a Sorval GSA rotor) 
Whrle the centrifuge IS runnmg, make SIX dtscontmuous gradrents m 25 x 89-mm 
centrtfuge tubes for a Beckman SW28 rotor. Ptpet 8 mL of 600 mg of sucrose/ml 
m mamtenance buffer mto each tube to form the bottom layer Then, gently plpet 
5 mL of 300 mg/mL sucrose over the bottom layer to make a dtstmct Interface 
between the two layers (see Subheading 2.4., Note 3) 
Adjust the supernatant recovered from the low-speed centrtfugatton to pH 7 5 
Then, load 20-mL ahquots on the top of each of the SIX dtscontmuous gradtents 
Centrifuge the gradtents for 60 mm at 4°C at 110,OOOg m a Beckman SW 28 rotor 
to concentrate the vu-us between the 300 and 600 mg/mL sucrose layers (see 
Subheading 2.4., Note 4) 
Prepare a Cehte filter pad during the 60-mm centrrfuge run For thts purpose, 
suspend 17 g of Cehte m about 100 mL of maintenance buffer. Pour the slurry 
onto a Whatman 3MM filter paper m a IO-cm Buchner funnel Insert the funnel 
mto a 1-L sidearm flask attached to a strong vacuum pump Pull a vacuum and 
qutckly release the vacuumJust before the hqutd reaches the top of the pad. Then, 
gently pour 100 mL of mamtenance buffer over the pad and suck thts through the 
pad under a vacuum Again, release the vacuum Just as the hqurd reaches the top 
of the pad The pad should be firm, with Just a slightly wet sheen Gently ptpet 
about 5 mL of mamtenance buffer over the pad and store upright, attached to the 
stdearm flask (see Subheading 2.4., Note 5). 
Collect the green band between the 300 and 600 mg/mL sucrose layers from the 
tubes wtth a 15-gage or larger diameter bore needle, bent at a rtght angle near the 
trp, and attached to a 50-mL syringe Drlute the green matertal (usually about 30 
mL total) wtth an equal volume of mamtenance buffer that had been allowed to 
equthbrate to 4°C Stir 1 g of Celrte mto the suspensron 
Gently suck the mamtenance buffer through the Celite pad wtth a vacuum Again, 
leave a shght sheen at the top of the pad Swrrl the plant materral recovered from the 
sucrose interface and gently layer rt over the Cehte pad while pulling a stronger 
vacuum Try not to disturb the surface of the pad. When the green slurry IS about 5 
mm above the pad, slowly begin to add mamtenance buffer to the pad, and wash wnh 
100 mL of the buffer. The filtrate should be a hght-tan color and should exhtbtt light 
scattermg when held up to a focused hght source (see Subheading 2.4., Note 6) 
Pour the filtrate mto 30-mL tubes and centrifuge at 90,OOOg m a fixed-angle rotor 
m a Beckman Type 30 rotor for 30 mm at 4°C to pellet the vuus Small hght-tan 
to slightly green pellets about 5 mm m diameter ~111 usually be visible The color 
of these pellets IS an excellent mdtcator of the final purity that can be expected 
Qutckly asptrate the solution from the pellets and resuspend them m a total vol- 
ume of 1 mL of mamtenance buffer 
Layer the suspension over a rate-zonal sucrose gradient formed 12-24 h prevr- 
ously by layermg 5-, lo-, lo-, and IO-mL layers, respectrvely, of 50, 100, 200, 
and 300 mg of sucrose/mL of maintenance buffer 
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Relatwe Gradient Depth 

Fig 2 Sedtmentatton of purtfied SYNV and vtral RNA SRZ panel. Patterns from 
SYNV-Infected tobacco (solid lme) and unmfected tobacco (dashed lme) on rate-zonal 
sucrose gradients The preparations were separated from tobacco and centrtfuged m 
the gradients after clartficatton by Cehte filtration and concentratton by hrgh-speed 
centrlfugatton The particles have a sedimentatton coeffictent esttmated at 1044 S 
SQE panel Banding of the particle recovered from SRZ m quastequthbratton sucrose 
gradients. The particles have a density of 1 18 g/mL in sucrose RNA panel Comparr- 
son of the sedtmentatton rates of SYNV RNA (S) with the three RNAs of brome mosarc 
virus (B- 1, B-2, and B-3), and tobacco mosaic virus RNA (T) Note that the purity of 
the preparation can be determmed from the amounts of the rlbosomal RNAs 
sedtmentmg near BMV RNAs 2 and 3 Modified from ref. 8 

11 
12 

13 

14 

15. 

Centrifuge at 110,OOOg m a Beckman SW28 rotor for 30 mm 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 quastequthbrmm sucrose gradtents made from 5.6-mL layers of 
300,400, 500, and 600 mg/mL sucrose m maintenance buffer 
Centrifuge for 1 h at 110,OOOg m a SW28 rotor at 4°C and recover the hght- 
scattering band (Fig. 2, SQE) Dilute the vtrus with an equal volume of mamte- 
nance buffer. Pellet at 90,OOOg m a Type 30 rotor for 30 mm at 4°C Quickly 
aspirate the supernatant from the pellet and resuspend m 0 5-l mL of mamte- 
nance buffer with a Pasteur ptpet. 
The pellets should resuspend easily, and highly purtfied preparations will have a 
mrlky appearance Optrmum virus recovery IS 2-5 AZ60 U/100 g of tissue, but the 
purtfied virus preparations exhtbtt considerable light scattering because of the 
membrane and size of the vntons Also, because the vtrtons contam a low propor- 
tion of RNA (<2%), a prominent peak IS not observed at 260 nm However, the 
yields may vary, dependmg on the age of the plants, the environmental condl- 
ttons under which the plants were grown, and the vartables mtroduced durmg 
preparation 
Recovery of SYNV RNA 1s relatively straightforward by dtssoctatlon of vtrus by 
1% sodium dodecvl sulfate (SDS) followed bv sucrose densnv aradrent centrrfu- 
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gatton (Fig. 2, RNA) This procedure also provides a sensitive estimate of the 
contammatton, since rtbosomes are the major host contammants and they contam 
-65% RNA, whereas SYNV has <2% RNA Also, a variety of phenol extractron 
methods can be used, but the yields are low and are somewhat variable 

2.4. Notes on SYNV Purification 

About 8 dafter mechanical moculatron of leaves, C quznoa develops water-soaked 
lesions about 1 mm m diameter that turn tan-colored 2-3 d later Virus can be 
transferred from smgle lessons during the first l-2 d after their appearance Upper 
uninoculated C quznoa leaves usually develop a mild systemic mottle m 34 wk 
The mfecttvtty of SYNV IS lost quickly unless tissue IS ground m the presence of 
a reducing agent, such as sodium sulfite or mercaptoethanol In the presence of 
0.5% sodium sulfite, the mfecttvtty of leaf extracts IS maintained for more than 
48 h at 4°C. Purified preparations of the vuus stored at -80°C m maintenance 
buffer mamtam then mfecttvtty mdefimtely 
The interfaces and the layers used to make gradients form more easily rf a glass 
plpet with a sealed ttp and a 2- to 3-mm hole m the side Just above the tip IS used 
The amount of tissue extracted can be increased If one has access to a large-volume 
zonal rotor for step 5 Under these condmons, a larger Buchner funnel containing a 
proporttonately 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 parttcularly crmcal variable m the purtficatron procedure IS the thickness of the 
Cehte pad used for tiltratton Pads thicker than 7 5 mm dtmnnsh yield of vnus, but 
pads less than 2 5 mm result m filtrates contaminated with chloroplast fragments 
Despite care m filtration, contammatron wrth host components at this stage IS 
variable, and some filtrates may contam traces of chlorophyll These contamt- 
nants are normally dtfftcult to remove at this stage, because repeated tiltratton 
will result in loss of vnus Moreover, a considerable quantity of the contammat- 
mg host material will sedtment wrth the vnus m subsequent stages of pun&a- 
non, so these preparations should be kept separate from vnus preparations of 
higher punty However, the partially pure preparations can be used for purposes 
that require less purity 

3. Polyribosome Purification from Tobacco 
3.7. Introduction 

Routme and reproducible procedures for isolation of polyrtbosomes from a 
variety of plant tissues was first accomplished by Jackson and Larkms (9) 
This procedure, which was initially developed to isolate polyrrbosomes from 
SYNV infected tobacco leaf tissue, relied m part on the use of EGTA 
(ethyleneglycol bu-[2 amino ethyl ether] tetra-acettc acid) for chelatton of met- 
als that cause polysomes to precipitate durmg the first low-speed centrtfuga- 
non 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 its general utthty for studies of the rephcatton of SYNV (26,17) and us 
potential use m studies of other vu-uses, we have introduced this method here. 

3.2. Materials 

Buffers. All soluttons are prepared m baked glassware using analyttcal grade 
reagents, and are autoclaved before using. Use ultrapure rtbonuclease 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 
preparmg solutions. Add EGTA, (5mercaptoethanol, and Trrton X-100 to 
appropriate buffers, Just before use 

1 EGTA stock Add 38 g of EGTA to 85 mL of Hz0 AdJust pH to 8 0 with 5M 
NaOH and adJust the volume to 100 mL Store at -20°C m 5-mL ahquots 

2 Trtton X-100 (20%) Add 20 mL of reagent grade Trtton X-100 to 80 mL of 
dd-H20. Autoclave, then mix occastonally, as the temperature cools, to prevent 
separation of the phases Store at room temperature 

3 Extractton buffer 200 mA4 Tris-HCl, pH 9.0, 400 mM KCl, 35 mM MgCl* , 25 
mA4 EGTA, and 200 mM sucrose and 1% Trnon X- 100 To prepare 2X extractton 
buffer, add 24 22 g Trts base, 29 82 g KCl, 7 10 g MgC12, and 68 46 g sucrose 
(RNase-free) to 450 mL of H20 AdJust the pH to 9 0 wtth HCI, and brmg the 
volume to 500 mL Store at -20°C mdefimtely as lOO-mL ahquots Just before 
use, dtlute the necessary volume of 2X extraction buffer wtth an equal vol- 
ume of a dtlutton buffer contammg 50 mM EGTA from the 1 M stock solutton, 
2% P-mercaptoethanol, and 2% Trtton X-100 diluted from the 20% stock (see 
Subheading 3.4., Note 1). 

4 Sucrose pad buffer 40 mMTrts-HCl, pH 9.0,200 mA4 KCI, 35 mA4 MgC&, 5 mM 
EGTA, and 1 75M sucrose. Add 1 92 g Tris Base, 5 96 g KCl, 3 44 g MgC12 and 
240 g sucrose to 450 mL of Hz0 AdJust the pH to 9 0 wtth HCl, and the volume 
to 500 mL Store at -20°C m 50-mL ahquots Add 250 pL of 1M EGTA to each 
50-mL ahquot Just before use 

5 Resuspenston buffer 40 mA4 Trts-HCl, pH 8 5,200 mM KCl, 30 mA4 MgCl2, and 
5 mA4 EGTA Add 0 48 g Trts base, 1 49 g KCl, and 2 03 g MgClz to 95 mL of 
H20 Bring the pH to 8 5 with HCl Store at -20°C m 12-mL ahquots Add 60 pL 
of 1M EGTA (5 r&4) Just before use 

6 Sucrose gradient buffer 40 mM Trts-HCl, pH 8.5, 20 mA4 KCl, and 10 mM 
MgC12. To make 10X stock sucrose gradtent buffer, add 4 84 g Tris base, 1.49 g 
KCl, and 2 03 g of MgC12 to 95 mL of H20. AdJust the pH to 8 5 with HCl, and 
the volume to 100 mL Store at -20°C m 5-mL ahquots 

3.3. Me t/m& 

3.3.1. Method for Polyribosome Extract/on 

1 Prechill all buffers, mortars, pestles, rotors, and centrifuges to 4°C (see Sub- 
heading 3.4., Note 2) 
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2 For tsolatron of polysomes from tobacco and stmtlar dtcots, collect leaves and 
remove the mrdrrbs Separate mto erght batches, each of whrch conststs of 2 5 
g of leaf blades (see Subheading 3.4., Note 3 for rsolatton of polyrrbosomes 
from cereals) 

3a For tsolatton of total (free and membrane-bound) polysomes, tmmedrately grind 
each batch for 2 mm m 25 mL of cold 1X extraction buffer usmg a prechrlled 
(-4°C) mortar and pestle Change to a fresh, cold mortar and pestle after two 
grinds Perform this procedure m a fume hood, because P-mercaptoethanol IS 
noxtous Pour each of eight homogenates into chilled 50-mL plastrc or glass 
centrifuge tubes that can wrthstand g-forces of up to 25,OOOg Store on Ice prror 
to centrifugation 

3b. To separate membrane-bound polysomes from the free polysomes (17), modrfy 
the extractron buffer used to grind the trssue by adding only 50 mM KC1 (final 
concentratron), and ehmmate the Trrton X-100. Then centrifuge the brer for 5 
mm at 5008 m a preparattve fixed-angle rotor (m a Sorval SS34 Rotor) to pellet 
nuclet, chloroplasts, mttochondrta, and organelle fragments Discard the low- 
speed pellet and transfer the supernatant into etght fresh plastrc or glass tubes 
Then centrifuge at 20,OOOg m the SS34 rotor to separate the supernatant fractron 
(free polysomes) from the pellet (membrane-bound polysomes). Save both the 
supernatant and pellet fractions. Add KC1 to 400 mti and Trrton X-100 to 1% to 
the supernatant Resuspend the pellet containmg the membrane-bound polysomes 
m the same volume of extraction buffer (contammg 400 mM KC1 and 1% Trtton 
X- 100) as the free polysome supernatant fractron 

4 Centrifuge the samples from steps 3a (total polysomes) or 3b (supernatant = free 
polysomes, pellet = membrane-bound polysomes) at 20,OOOg for 10 mm at 4°C 

5 Whrle the samples m step 4 are spmnmg, prpet 5 mL of sucrose pad buffer 
mto 30-mL Beckman polycarbonate bottles Chill on me Remove the cleared 
supernatant from the cell debris pellet carefully with a 25-mL disposable plas- 
trc prpet Load the supernatant over the sucrose pad, bemg careful not to drs- 
turb the Interface 

6. Pellet the polysomes by centrlfugmg at 3 15,OOOg m a fixed-angle ultracentrtfuge 
rotor (Beckman T160 rotor) for 80 mm at 4°C (see Subheading 3.4., Note 4) 

7 Remove and dtscard the supernatant by aspirating off the green materral Then, 
rmse the sides of the tubes wrth 5 mL of Ice-cold ddH,O Remove the rmse water 
by aspiration, then repeat the rmsmg procedure Aspirate the sucrose pad off of 
the pellet and invert the tube to expose the clear polysome pellet Quickly rmse 
the pellet wrth 1 mL of cold H,O to remove residual sucrose. To do thts, turn the 
tube so that the srde contammg the pellet is on top Add 1 mL of HI0 and rotate 
the tube m a complete circle during a 15-s interval Resuspend each pellet m 1 25 
mL of 1X resuspensron buffer by dtslodgmg them with a Pasteur ptpet and 
vortexmg. Leave on Ice for 15 mm Combme the suspenstons, then rmse each 
tube sequentially with 1 25 mL of 1X resuspenston buffer 

8 Measure the optlcal density at Az6a to determine the yreld (see Subheading 3.4., 
Note 5) 
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9 Transfer the suspensions to glass or polypropylene tubes. Ahquots (-100 $) of 
the resuspended polyribosomes may be plpeted into hquld mtrogen and the fro- 
zen spheres may be stored m sealed vials mdefimtely These polysomes may be 
used for m 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 vlsualtzatlon of the extent of polysome polymenza- 
tion and permits recovery of different size classes of polysomes. The poly- 
somes are separated by centrlfugatlon over sucrose gradients, as descrtbed 
below, to separate the polysomes according to the number of rlbosomes on the 
mRNA molecule. Figure 3 shows the nearly identical profiles of free and mem- 
brane-bound polysomes from uninfected and SYNV-infected tobacco leaves, 
and gives some indication of typical profiles recovered from this tissue. The 
gradients are analyzed m a density gradient fractionator that can monitor the 
absorbance of the eluate at 254 nm. For analysis, it IS recommended that two 
duplicate samples are run To prepare samples for the gradlents, use 100 Ils, of 
polysomes m 1X resuspension buffer. Add 30 p.L of protemase K solution (20 
mg/mL) and incubate the samples on ice for 15 min. Proteinase K treatment 
reduces aggregation of polynbosomes, which are sometlmes formed by mter- 
actions of nascent polypeptldes, to give a more reliable estimate of the poly- 
some size distribution than would be obtained with untreated samples 

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

2 Let the gradients equlhbrate at 4°C for at least 18 h before use. 
3 Load 0 5 mL samples contammg 2.5-6 A 260 umts of polysomes on top of the 

equlhbrated gradients and centrifuge at 235,000g for 70 mm 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 AZ60 
units on top of the gradients. Centrifuge at 110,OOOg for 2 h 20 mm at 4°C. 

5 For analytical use, and to conserve sample size, use a SW 50 1 rotor with 13 x 5 l- 
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 l-2 A 260 umts. Centrifuge at 245,000g for 45 
mm at 4°C Alternatlvely, use a SW 60Ti rotor with 11 x 60-mm tubes containing 
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Relatwe Gradlent Depth 

Fig 3 Sucrose denstty gradient analysts of free and membrane-bound polyrtbo- 
somes isolated from uninfected and SYNV-mfected tobacco. The panels designated 
U-F, U-M, S-F, and S-M refer to free and membrane-bound polysomes isolated from leaves 
of uninfected and SYNV-infected plants, respectively. Although the profiles vary slightly, 
there 1s no major correlatton between the number of monomers associated wtth the dtffer- 
ent classes of polysomes. However, we have shown (16,17) that about 2-5% of the mes- 
senger RNA m SYNV-infected plants 1s vtral-spectfic The free polysomes contam 
sequences hybndtzmg 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-assoctated, Adapted from ref. 2 7 

0.66, 1 34, 1 34, and 0 66 mL layers of sucrose, as described above The sample 
size should also be 0 2 mL wrth l-2 A,,, units After centrtfugatron at 335,000g 
for 30 mm at 4°C the gradients should be fractionated m a densrty gradrent frac- 
tionator attached to a UV momtor at 254 nm 

3.4. Notes on Polysome Procedure 
The recovery of polyrtbosomes 1s crtttcally dependent on mamtammg the correct 
ratios of EGTA to Mg2+ m the solutions. Because of metals found m vacuoles, 
polyrtbosomes precipitate when msuffctent amounts of EGTA are present How- 
ever, when the ratio of Mg2’ to EGTA 1s too low, the polyrtbosome subumts 
dissociate (see ref. 9 for a dtscusston of these variables). 

2 Mamtammg the temperature close to 4°C throughout the various steps IS tmpor- 
tant for polysome stability Minor amounts of RNase will quickly degrade poly- 
somes, and, although the relatively high pH and iomc strength of the buffers 
mediate against RNase activity, transient increases m the temperature can affect 
the extent of polymertzatron observed m the polysome profiles. 

3 For cereals (18), reduce the extraction buffer to 2 mL for each gram of leaf tissue 
The relative proportton of vascular tissue is much hrgher m cereals than m dtcots 
and this tissue cannot be easily removed This results m lower recovery of cyto- 
sol from the cereal tissue 
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4 To avoid polycarbonate tube breakage and subsequent run fatlure at these htgh 
gravattonal forces, always wash these alkali-sensittve tubes m very mtld deter- 
gent approved for thts purpose Reuse the tubes only three ttmes, and, before 
each centrifuge run, ptpet -100 p.L of Hz0 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 centrtfugatton The cushion disperses 
the gravttatronal stress uniformly around the tube and reduces tube cracking and 
sample loss. 

5 The yield of polyrtbosomes 1s 0.75 mg/g fresh weight of young tobacco leaves, 
assummg an extinctton coeffictent of -15 AZ60 U/mg for rtbosomes contammg 
-65% RNA 

6. Vartattons of the extraction procedure have been used for recovery of polyrtbosomes 
from many different trssues and species of plants, from fungi and from Insects. 
The procedure thus has broad apphcabthty that extends beyond its use m plants 

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

An mdtspensable tool m studies of the repltcatron of rhabdovtruses and other 
negative-strand viruses has been the use of m vrtro polymerases for the analy- 
sis of the factors that contrtbute to transcrtptton of the viral messenger RNAs 
and to the repltcatton of the genomrc RNAs. These studies have been espe- 
cially important m our understanding of the btochemtstry and regulation of the 
repltcatton processes of vestcular stomatttts virus (19). However, purified 
SYNV vtrtons lack an active polymerase, and this has hampered research. 
Wagner et al. (10) have recently ctrcumvented this problem by devising a pro- 
cedure for isolating polymerase activity from the nuclei of infected tobacco 
leaves. We hope thts procedure will be of general uttltty for studies of other 
nuclear associated rhabdovtruses 

4.2. Materials 
1 Nuclei extractton buffer: MIX 40% v/v glycerol, 600 mM ribonuclease-free 

sucrose, 5 mMMgC12 Adjust the mixture to 480 mL with ddH*O. Then, add 1 mL 
of diethylpyrocarbonate (DEPC), mixed wtth 1 mL of ethanol, to destroy RNase 
activity. Caution: DEPC IS toxtc, so carry out thts step m a hood (see Subbead- 
ing 4.4., Note 1) Let the DEPC-treated Hz0 stt overmght at 37°C and autoclave 
to destroy the DEPC. Store at 4°C. Shortly before use, add Trts-HCl, pH 8 0, to 
25 mM, spermme to 2 mM, and P-mercaptoethanol to 10 mM Immediately (~5 
min) before use, add phenylmethane sulfonyl fluortde (PMSF) to 1 mM and add 
Hz0 to 500 mL The PMSF stock is stored at room temperature as a 200-d 
solution in isopropanol 

2. Manmtol buffer. For a 500-mL solutton, add 250 mM manmtol (22 9 g), 5 mA4 
MgCl, (0 5 1 g) and H,O 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 Trls-HCl, pH 8 0, to 25 wand 
P-mercaptoethanol to 10 mM Add PMSF to 1 mA4 unrnedtately before use and 
adJust the volume to 500 mL 

3 95% Percoll stock solutton This solutton contains 95% Percoll (Pharmacta, 
Uppsala, Sweden)/S% manmtol buffer Prepare the 95% Percoll stock solutton m 
a sterile beaker by mtxmg 70 mL of Percoll, 1 842 mL of 1M Trts-HCI, pH 8 0, 
368 pL of 1M MgCl,, and 3 37 g of mannitol Remove 19 75 mL for the 75% 
Percoll stock solutton Just before use, add 57 5 pL P-mercaptoethanol and 216 
pL of 200 mA4 PMSF stock solutton Do not autoclave or filter the Percoll con- 
tammg buffers 

4 75% Percoll stock solutton Make a 25-mL solution contammg 75% Percoll/25% 
manmtol buffer To prepare the 75% Percoll buffer, mtx 19 75 mL of the 95% 
Percoll stock solutton from step 3 and dtlute with 5 25 mL of manmtol buffer 
containing 10 mM P-mercaptoethanol and 1 mM PMSF added tmmedtately 
before use 

5 Polymerase elutton buffer Prepare a 5-mL solutton contammg 40% v/v glycerol, 
200 nuI4 (NH4)$04, 25 mM hydroxyethylptperazme ethane sulfomc acid 
(HEPES, pH 8 0), 5 mMMgCl* Immedtately before use, add dtthtothreltol (DTT) 
to 3 mM, Aprotmm and Pepstatm to 1 pg/mL each, Leupeptm to 0 5 ug/mL, and 
PMSF to 1 tnA4 

4.3. Methods 
4.3.1. Method for /so/at/on of SYNV Polymerase 

Harvest 100 g of SYNV-infected N edwardsom leaf ttssue dtsplaymg nettmg 
symptoms at l&l4 d postmoculatton (7). Ttssue frozen at -80°C may be stored 
for several months without detectable loss m polymerase acttvtty 
Grind tissue m hqutd nitrogen m a stamless steel blender Using a reostat, start 
the blender at medium speed, and add some ltqutd mtrogen Then add the frozen 
tissue, hold the cover top down with an asbestos glove, and grind the tissue at the 
highest setting m three 30-s bursts Lower the speed to a medmm settmg, and 
remove the top, letting the remammg nitrogen evaporate Do not stop the blender 
between the bursts or until the nitrogen evaporates, because tt will freeze up and 
you will not be able to start tt again 
Qutckly transfer the ground tissue mto an Ommmtxer (DuPont, Wtlmmgton, DE) 
Add 400 mL of chilled nuclet extractton buffer, and mix at the htghest settmg to 
get a uruform slurry Step 3 and all subsequent tsolatton steps are performed at 4°C. 
Put the slurry m a 600-mL beaker containing a sttrbar Whtle the solutton stars, 
add Nomdet P-40 (NP40) to 0 6%, and star for 5 mm 
Pour the cold slurry through autoclaved 350~pm, 62-pm, then 44-w nylon mesh 
filters This IS accomplished by attaching the meshes to a 2-L plastic beaker wnh 
rubber bands. First, put a course mesh net on the bottom, then add the fine mesh 
filter, the mtddle mesh, and another course mesh net on the top 
Falter the slurry by gravtty flow. Then remove one mesh at a time and squeeze the 
remammg hqutd mto the beaker Save thts filtrate Next, scrape the maternal from 
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the course mesh back mto the omnimtxer and mix with the remammg 100 mL of 
nuclei extraction buffer 
Add NP40 to 0 6%, and filter this slurry through the meshes Combme this wtth 
the first filtered slurry 
Transfer the filtered slurry to 250-mL centrtfuge bottles and centrtfuge for 10 
mm at 4000g m 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 ~111 contam the nuclet and will be a grayish green Usmg a 
vacuum, remove the top layer carefully, then carefully aspirate the buffer from 
the pellet Wipe the stdes of the bottles with ktmwtpes to remove the rest of the 
dark-green supernatant 
Gently resuspend the pellets m 95% Percoll stock solutton and dtstribute to four 
30 mL silamzed Corex tubes (we use silamzed tubes, because the mtxtures 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 IO-mL layer of manmtol buffer 
over the resuspended Percoll pellets. 
Centrifuge at 4°C for 10 mm at 4000g m a Sorvall HB-4 swmgmg-bucket rotor 
Collect nuclei from the manmtol buffer/95% Percoll Interface m each tube The 
material at thts mterface should be light-green and very viscous Use a bent-tip 
15-gage, or larger, dtameter needle, or a similar wide-bore devtce, attached to a 
syringe, to collect the VISCOUS band 
Distribute the nuclei to two fresh 30-mL glass tubes, and dilute the nuclet m each 
tube to 15 mL wtth manmtol buffer After dtlutton, the concentratton of Percoll 
should be less than 50% 
Underlayer 10 mL of the 75% Percoll stock solutton to make a cushion on the 
bottom of each tube 
Centrifuge for 5 mm at 4000g m the HB-4 rotor 
Collect the nuclet from the interface and the top half of the 75% Percoll layer and 
pool them m one fresh 30-mL tube (see Subheading 4.4., Note 2) 
Dilute the nuclet to 25 mL with Manmtol buffer, and centrifuge for 5 mm at 
1OOOg m the HB-4 rotor Aspirate the supernatant from the nuclear pellet. At this 
stage, the very loose pellet wtll be about l-2 mL Shake the pellet gently to resus- 
pend the nuclei 
Transfer the nuclei from the pellet to 1 5-mL Eppendorf centrtfuge tubes m 
500-pL batches, usmg a wade-bore mstrument (e.g , a Ptpetteman P-1000 with a 
cutoff tip) If the pellet is too viscous to pipet, addmg a small amount (-1-2 mL) 
of manmtol buffer ~111 facilitate the transfer 
To recover the polymerase from the nuclei, add 500 pL of nuclet to 1 5-mL 
Eppendorf centrtfuge tubes, and an equal volume of polymerase elutton buffer to 
each tube Then, add 50 U of RNasin (Promega) to each tube Rock the tubes 
gently for 30 mm at 4°C. 
Centrifuge the tubes for 30 mm at 16,000g in an Eppendorf mtcrocentrtfuge at 4°C. . . 

20 Coiiect the supernatants from the tubes, pool, and mix the supernatants and store 
as 200-pL ahquots Freeze the polymerase extract m hquid nitrogen and store at 
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-80°C Usually, 3-5 mL of SYNV polymerase extract 1s obtamed from 100 g of 
tissue usmg this protocol 

4 3.2. Polymerase Reactions 

1 For each reaction mtxture, prepare 20 pL of the polymerase extract m a 200~+ 
reaction. The final concentratton of the reactants IS 6 mM MgCl*, 50 mA4 
(NH&S02, 12.5 mM HEPES, pH 8 0,2 mM DTT, 1 mM ATP, 0 5 m&‘CTP, 0.5 
mM GTP, and 20 @4 UTP, plus 50 @I of [cx~~P] UTP, 5 U of DNase I, 50 U of 
RNasm (Promega), and 2% v/v glycerol. 

2 Incubate the reactions at 28°C for various periods (see Subheading 4.4., Note 3) 
3 Stop the reactions by adding SDS to 0 5% and EDTA to 5 mA4 React for 30 mm 

at 42°C with protemase K (500 pg/mL) to digest the protems. 
4 Extract the RNAs with phenol-chloroform and precipitate by adding 200 $ of 

5MNH4Acetate and 1 mL of ethanol to 200 pL of extracted RNA 
5 Figure 4 shows the results of a slot blot hybridtzatton obtained from transcrip- 

tions with purified nuclei and extracted polymerase from uninfected and SYNV- 
infected plants (see Subheading 4.4., Note 4) 

4.4. Notes 

1 Caution: DEPC 1s volatile, so a hood should be used at all times DEPC can 
be extremely irrttatmg to the eyes, mucous membranes, and skin when used 
without venttlation DEPC can also cause loss of sensation m the fingers and 
outer extremities when working m areas where high concentrations are 
allowed to accumulate The compound is also suspected of being a carcmo- 
gen Therefore, it should always be used m a hood DEPC reacts with primary 
ammes and also inactivates both proteins and nucleic acids, so direct contact 
with the agent can destroy the btologtcal or btochemtcal activity of enzymes 
and single-stranded nucleic acids Upon autoclavmg, DEPC decomposes to 
yield ethanol and C02. Mixture with ethanol increases the solubthty m H20, 
and a 50% solution disperses much more readily m solutions than concen- 
trated DEPC. 

2 Most of the nuclei pellet through the 75% Percoll, but the SYNV transcrtptase 
acttvtty m the pelleted nuclei 1s far lower than that of the nuclei from the 75% 
interface From this result, we believe that the nuclei containing the highest 
amounts of polymerase acttvtty have lower densities than nuclei derived from 
cells that do not contam actively rephcatmg vtrus 

3. The polyadenylated leader RNA, and full-length polyadenylated N, M2, sc4, M, 
and G mRNAs appear m the order of their location on the SYNV genome By 6 h 
postmoculatton, full-length polyadenylated mRNA products can be detected by 
selection with ohgo cellulose chromatography 

4. We have also analyzed the polymerase RNA products by a variety of other proce- 
dures that are described m 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, Ml, G, and L genes, and 
a ribosomal RNA control. (A) Illustrates the hybridization of RNA products Corn 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 rRNAs. 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 0. Jackson 

1. Introduction 
The hordeivirus group of RNA vu-uses contams three members. barley stripe 

mosaic vnus (BSMV), poa semilatent virus (PSLV), and lychms rmgspot vu-us 
(LRSV), with anthoxanthum latent bleaching virus (ALBV) considered to be a 
possible fourth member (I). Hordeiviruses have a diverse host range; BSMV, 
PSLV, and ALBV prlmarrly infect members of the grammae, and LRSV IS 
known to infect several members of the dicots. As yet, no vectors have 
been identified that are capable of transmtttmg hordelvnuses. BSMV and 
LRSV are transmitted through seed and pollen, with the effictency being 
dependent on many factors, mcludmg the virus strain, the host plant, and envt- 
ronmental factors. However, to date, PSLV and ALBV have not been shown to 
be seed-transmitted. 

Hordeivrruses are tripartite viruses containing a postttve-sense smgle- 
stranded RNA genome. Each genome IS encapsldated wrthm a rod-shaped 
(100-l 60 nm m length) particle that is comprised of a single-capstd protein 
species (Fig. 1). Extensive studies have been performed on the type mem- 
ber of the group, BSMV, and therefore we will focus on this member through- 
out this chapter. 

The three genomes of BSMV are designated a, j3, and y The a and p 
genomes are 3.8 and 3 3 kb m 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 stram is 3.2 kb m size. The complete nucleottde sequences of the a, p, and 
y genomes of the type strain of BSMV have been known for several years (2- 
4). The avatlabthty of mfecttous transcripts has permitted mutattonal analyses 
and dissection of the vu-al genome, to further our understandmg of the BSMV 
infection process. 

From Methods in Mo/ecu/ar B/o/ogy, Vol 81 Plant thology Protocols 
From Virus lsolatron to Transgenrc Resistance 
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Fig. I. 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 CL, p, and y 
genomes are required to establish a systemic infection in plants; the a and y 
genomes are sufficient for viral RNA replication in protoplasts (5). The a 
genome encodes a single 130-kDa protein (oa) that contains both methyl trans- 
ferase- and nucleotide-binding domains. At least four proteins are encoded by 
the p genome: pa (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 (pb), 14 kDa (pd), and 17 kDa (PC). The pa 
protein is the BSMV capsid protein, but, despite its role in formation of virus 
particles, it is not essential for systemic spread (6). pb 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). pd and PC are both hydrophobic pro- 
teins, and immunolocalization of pd in infected barley tissue has shown that it 



Hordewus /so/at/on and RNA Extractron 101 

A,- a 
1llCthyl nu&otlde bmdmg 

I 1 transferaw motif 

I I Pa Pb & & 

I I 
mlAIA,-m p 

CnpWl nucleottdc bmdmg hydrophohtl. 
plOtelll motif plOlClllS 

BSMV (Hordewms) 
l A,,- sgRNh p I 

e--- A,,- sgRNA p2 

Y.1 Yh 
+I 14 kD (;L)I) Hl7kDIA,,- Y 

*-A.-I sgRNA Y 

Fig 2 Genetic organization of BSMV. The filled circles and rectangles represent a 
cap structure and a tRNA-hke structure, respectwely. The sgRNAs utilized for expres- 
slon of the 3’ proximal genes are deplcted directly beneath the genomes 

is associated wtth the cell wall and membrane fractions (8). Mutattonal analy- 
sts of the trtple gene block has shown that pb, j3d, and PC are each essential for 
systemic mfectivtty m barley (6). It is postulated that pb, pd, and PC are 
expressed m vtvo from two subgenomtc (sg) RNAs that are 2.5 and 0.96 kb 
m size (9) When m vttro generated transcripts of the 3 3 kb genomtc RNA 
and the 2.5 kb sgRNA contammg authentic 5’ termmt were used to program 
m vitro translation reactions, the coat protein, and the l3b protem, respec- 
ttvely, were detected. However, the 0.96 kb RNA served as an mRNA for synthe- 
SIS of the l3d protem, minor amounts of a translattonal readthrough product, pd’, 
and PC (9) 

The y genome encodes two proteins of 74 kDa (ra) and 17 kDa (yb) m size 
The ya protem contams the GDD domain present m polymerase proteins of 
single-stranded positive-sense RNA vtruses, and is strictly required, m concert 
with aa, for viral replication (10). The yb protein 1s cysteme-rich and IS 
expressed from a sgRNA (12). yb IS known to affect virulence and expres- 
sion of genes encoded by RNAP; however, its biochemtcal function in 
infection 1s unclear at thts time. It has been demonstrated that yb protein 
can bind nucleic acid (22) and that deletion of this gene attenuates viral 
repltcatton; mutations m the cysteme-rich domain affect the symptom phe- 
notype in barley (13) Thus far, all the proteins encoded by BSMV, except 
for /3c, have been detected m Infected barley tissue during mfection. 
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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 mA4 Potassium 125mL 25 mL 25 mL 25 mL 

phosphate buffer, pH 6 8 
20% (v/v) Trlton X- 100 125 & 250 /AL 250 pL 250 & 
H20 9 875 mL 14 75 mL 975mL 475mL 

2. Materials 
Borate buffer 0 5M boric acid (H3B03), bring to pH 9 0 with NaOH Store at 
room temperature mdefimtely Chill the buffer to 4°C prior to virus purlficatlon 
20% (v/v) Trlton X- 100 Add 20 mL of Trlton X- 100 to 80 mL of H20 and auto- 
clave for 5 mm When the solution cools to approx 6O”C, swirl mtermlttently to 
prevent two phases from forming Store at 4°C indefinitely 
Potassium phosphate buffer MIX equal quantltles of 200 mA4 solutions of 
KH2P04 and K2HP04 and store at 4°C The pH of this solution should be 6 8 
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 H20, 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) Trlton X-100 and 1 5 mL of HZ0 
624% (w/v) Sucrose gradients Prepare 24, 18, 12, and 6% (w/v) sucrose solu- 
tions (see Table 1) 
Protemase K (2 mg/mL) m HZ0 Store at -20°C. 
Bentomte, prepared as described by Fraenkel-Conrat et al (14) Stir 5 g of bento- 
mte m 100 mL of H20, making sure that the bentomte IS suspended well Centn- 
fuge at 600g for 10 mm. Recover the supernatant and recentrifuge at SOOOg for 
20 mm. Resuspend the pellet m 100 mL of 100 mA4 dlsodmm ethylenedia- 
mmetetraacetate (EDTA), pH 8 0 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 followmg the second centrifuge step m 
100 mL of 10 n&I sodium acetate, pH 6 0 Break the pellet up and stir overnight 
at room temperature. Centrifuge at XOOOg for 20 mm Resuspend the pellet m 10 
mL of 10 n&f sodmm acetate, pH 6 0. Determine the concentration of bentomte 
by adding 1 .O mL of bentomte to a preweighed weighing boat Dry off the liquid 
m an oven at 60°C overnight and determine the weight of the bentomte Dilute 
the bentonite to 10 mg/mL with 10 mMsodmm acetate, pH 6 0 Store the bento- 
mte stock at -20°C. 
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9 Ammonium carbonate buffer (pH 9 0). 200 mMammomum carbonate, 2% (w/v) 
sodium dodecyl sulfate (SDS), 2 mMdlsodmm EDTA and 200 mg/mL bentomte 

10. Kirby’s phenol Take a 500-g bottle of crystalline phenol and add 50 mL m-cresol, 
0 5 8-OH qumolme, and 0 lMTris-HCl, pH 8 8, to saturation Store m a dark g 
bottle at 4°C. 

11. Phenol*chloroform (1 1) MIX equal volumes of Kirby’s phenol and chloroform 
and store m a dark bottle at 4°C 

12 3M sodium acetate, pH 4 8 24 6 sodium acetate m 75 mL H,O, pH to 4 8 with g 
glacial acetic acid, and make up to 100 mL with HZ0 

13 TAE 40 mM Tns-acetate, pH 7 5, 1 mM EDTA 20X stock solution 96 8 g 
Trls base, 22 8 mL glacial acetic acid, 40 mL 0 5MEDTA m 1 L Dilute to 1X 
prior to use 

3. Methods 
3.1. Virus Purifica fion 

Extensive work on hordelvlrus purification was lmtlally carried out by 
Myron Brakke The purlficatlon described here IS based on this methodology 
and Incorporates minor modifications to the method described by Jackson and 
Brakke (25) 

1 Collect BSMV-infected plant tissue, approx 7-10 d postmoculatlon Use lmme- 
dlately, or store at 4’C for up to a week (see Note 1) 

2 Cut the leaves mto approx 2-cm pieces and extract m borate buffer (300 g tissue 
300 mL buffer) Usually 100 g of tissue are blended in 300 mL of buffer m a 
Waring blender at high speed for 2 mm, or until the tissue IS ground mto a 
fine slurry 

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

4. The filtrate IS returned to the blender, another 100 g of tissue are added, and the 
extraction IS repeated. The resulting filtrate IS then used for a third round of 
extraction The final volume of the filtrate should be 35@-400 mL 

5 Centnfuge the filtrate at 3000g for 10 mm 
6 Remove the supematant and measure the volume. Then add 0.05 vol of 20% (v/ 

v) Trlton X- 100 to the supernatant and stir for 10 mm at room temperature to 
dissociate membranes and chloroplast material 

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

8 Decant the supematants, including the sucrose pad, and resuspend each pellet m 4 5 
mL of 50 n&I potassium phosphate buffer, pH 6.8 To ensure that the pellets are 
suspended, a glass homogenizer IS used to disperse the msoluble material mto a fine 
suspension Combme the resuspended pellets m a beaker and stir at 4OC for 30 mm 
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9. 

10 

11 

12 

13 

14 

15 
16. 

Centrifuge the resuspended pellets at 2000g at 4°C for 10 mm Remove the 
supernatant. Be careful not to transfer any parttculate 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) Trtton X- 100 and stir at 4°C for 10 mm. 
Prepare SIX 25-mL dtscontmuous step gradients m 25 x 89-mm centrifuge tubes 
These gradients can be preparedlust 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 mto the tubes It 1s not essential that you keep the interfaces between the 
layers sharp, because the gradtents are primarily bemg used for flotation during 
pelleting of the vn-us 
Layer 10 mL of the extract over each of the sucrose gradtents and centrtfuge at 
80,OOOg m a swmgmg bucket rotor for 3 h at 4°C 
Remove the gradients and resuspend the first pellet m 5 mL of 10 mA4 potassium 
phosphate buffer, pH 6 8 Transfer the suspended pellet to the next tube and 
resuspend each pellet sequenttally m the ortgmal5 mL of buffer. Resuspend any 
clumps with a glass homogenizer nnmedtately, because aggregation can occur at 
this pomt If the pellets are green, they should be dtluted to 9 5 mL wtth 10 mA4 
potassium phosphate buffer, pH 6 8, and 0 5 mL of 20% (w/v) Trtton X-100, 
thoroughly mixed mto the solutton This 1s followed by repelletmg through a 
single 6-24% (w/v) sucrose gradient, as described m step 10. 
Immediately centrifuge the suspended pellets at 2000g for 10 mm at 4°C to 
remove msoluble maternal 
Remove the supernatant and measure the absorbance spectrum from 220 to 320 
nm The extmctton coefficient at 260 nm is 2 6 OD/mg for BSMV 
Normal yields for BSMV from barley leaves are l-2 mg virus/g tissue 
If the preparation IS to be stored, add ethylene glycol to 5% and store at -20°C 
(see Note 2) 

3.2. Viral RNA Extraction 

This protocol IS based on a modification of the protocol described by Jack- 
son and Brakke (15). 

1 Dilute the vnus to approx 5 mg/mL m 10 mM potassmm phosphate buffer, pH 
6 8, or Hz0 to yield a volume of approx 2.5 mL 

2 Add 100 pL of 2 mg/mL protemase K and incubate on ice for 30 min 
3 Add 2 6 mL of ammomum carbonate buffer, pH 9 0, and mix well 
4 Add 5 2 mL of phenolchloroform and vortex well to emulsify 
5 Centrifuge at 7000g for 5 mm to separate the aqueous and organic phases 
6. Remove the upper aqueous phase, bemg careful not to disturb the interface, and 

transfer to another tube 
7 Repeat steps 4-6 
8 To precipitate the RNA, measure the volume of the aqueous phase and add 1/20th 

volume of 3A4 sodium acetate, pH 4 8, 2 vol of ethanol, and place at -20°C for 
several hours 
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9 Centrifuge at 7000g at 4°C for 15 mm, decant the ethanol, and dram the tube well 
10 Resuspend the pellet m 1 mL H,O and add 3 mL of 4M sodium acetate, pH 6 0, 

and incubate on Ice for 2 h. This step precipitates single-stranded RNA but tends 
to solubihze protein and DNA contaminants that are msoluble m ethanol 

11. Centrifuge as before, dram the pellet well, and resuspend the pellet m 2 mL Hz0 
Note: This pellet is more difficult to resuspend than the previous ones, so a larger 
volume of HZ0 is added Add 2 vol of ethanol, plus 0 05 vol of 3Msodmm acetate, 
pH 4 8, incubate at -20°C and centrifuge as before 

12 Resuspend the pellet in 500 pL HZ0 and determine the concentration of RNA by 
measurmg the absorbance at 260 nm and scan the sample from 2 IO-3 10 nm 1 
OD at 260 nm is equal to a concentration of 40 pg/mL RNA 

13. To check that the RNA is not degraded, analyze a portion on a 1% (w/v) agarose 
gel prepared m 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 it m 1 d, because aggregation of the particles 
increases as the time used for purificatton increases 

2 If BSMV IS stored m 5% ethylene glycol at -20°C it remains mfectious for 
many years 
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Furovirus Isolation and RNA Extraction 

Salah E. Bouzoubaa 

1. Introduction 
The Furovn-us fingus-transmttted rod-shaped) group, whose type member 

IS sotl-borne wheat mosarc vtrus (SBWMV) (I), IS a very heterogeneous group 
mfectmg a wide vartety of hosts The group consists of vu-uses that are natu- 
rally transmitted by soil-borne fungal vectors, generally of the family 
Plasmodlophorales Vlrlons are rigid rods and contam two or more genome 
components consistmg of positive-sense RNA. Furovnuses typtcally infect 
roots, but can also invade, or be inoculated to, leaves. As sequence data for 
different furovn-uses has become available, tt has become clear that there are 
stgmficant differences m genettc organizatton within the group (2,IO). We find 
tt convenient to divide the vu-uses mto two major subgroups (Fig. l), which are 
dtstmgutshed by the nature of the protein(s) putatively involved m cell-to-cell 
movement. Subgroup 1 conststs of SBWMV, whtch appears to have a move- 
ment protem (MP) of the type characterized by the 30-kDa protem of tobacco 
mosaic virus (TMV) (6) Subgroup 2 furovu-uses (beet necrotic yellow vem 
vn-us [BNYVV], peanut clump vnus [PCV], and potato moptop vtrus [PMTV]) 
do not have a TMV type MP but instead possess a cluster of three shghtly 
overlappmg genes known as the triple gene block (TGB), which has been 
shown for BNYVV (II), and 1s presumed for the other viruses (7-9) to mediate 
viral cell-to-cell movement 

Wtthm Subgroup 2, there are further differences m genetic orgamzatton con- 
cerning the number of genome components (four for BNYVV, three for PMTV, 
and two for PCV) and the manner m whtch 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 PMTV they fall on sepa- 
rate RNAs. These changes have presumably arisen from gene shuffling m the 

From Methods III Molecular Bmlogy, Vol 8 1 Plant Vmlogy Protocols 
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Fig 1 Genetic orgamzatlon of characterized members of the furovnxs group RNA 1 
of PMTV has not yet been sequenced, but presumably encodes the viral rephcase 
ORFs are represented as hollow rectangles. Asterisks mdlcate suppressible termma- 
tlon codons TGB, tripe gene block, Cys-rich, cysteme rich protem, CP, coat protein, 
mvt, putative movement protem of SBWMV, AA, poly(A) tall, black rectangle, con- 
sensus core polymerase motif (12). 

course of evolution It should also be mentioned that the repllcase sequence 
encoded by RNA1 of BNYVV 1s taxonomically distant from the putatlve rep- 
llcases of the other furovlruses (6,12) In spite of the aforesaid differences, 
however, it 1s Important to note several elements that are common to all four 
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sequenced furoviruses: first, the S-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 is expressed by translational readthrough for BNYVV 
(23,14), SBWMV (6,15), and probably PMTV (JO), and by ribosome scanning 
for PCV (7,16) In the case of BNYVV, this protein has been tmphcated m 
fungus transmission (17). Finally, all the characterized furovrruses have an 
ORF for a small cysteme-rich protem, which has been shown in the case of 
BNYVV to be involved m regulation of CP expression (18). 

At present, a dozen vn-uses have been classified within the furovn-us group 
(19), and, for each of them, a distinct purificatton 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), whzch zs cur- 
rently used in slightly modified form m this laboratory for large-scale purtfica- 
tions of BNYVV. However, sigmficant differences with the purification 
methods for other well-studied furovuuses are mentioned m Subheading 4. 

Generally speaking, furovnuses do not multiply well m their hosts (19). 
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 m the case of PMTV and Nicotzana velutma mosaic virus 
(NVMV) (21-23). Consequently, yields of purified vnus rarely exceed 30 mg/kg 
of leaves However, the method described m this chapter has given yields of 
BNYVV of as much as 80 mg/kg of leaves of the local lesion host Chenopo- 
dwm qulnoa. 

2. Materials 
1 Plant host C qulnoa, aged 7-8 wk 
2 Inoculum. Freshly ground leaves of infected C quznoa Leaves that have been 

frozen for some weeks or lyophtbzed (preferable) can also be used 
3 Inoculum buffer (4X): 0 2M potassium phosphate, pH 7 0 
4 Abrasive powder Celtte. 
5. Sterile cotton, mortar, and plastic gloves 
6. Variable speed food blender of approx 1-L vol 
7. Extraction buffer. Sterile 0 1M sodium tetraborate, adjusted to pH 9 0 with 

boric acid 
8. Clarification agent carbon tetrachloride (CC&) 
9 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 m 10 m&f extractton buffer 
12 Low-speed centrifuge equipped with fixed-angle rotors and with tubes of capac- 

ity approx 0.5 L, 0 2.5 L, and 30 mL Ultracentrifuge with fixed-angle rotor and 
accepting ultracentrifuge tubes of approx 25 mL 
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13 RNA extraction. Phenol saturated with 10 mM Tns-HCl pH 8 0 Saturated 
phenol chloroform (1 1). Dlstlllated ethanol Sterile 5M NaCl Sterile dH,O 
MIcrocentrifuge tubes 

3. Method 
3.1. Virus lsola tion 

1 

2. 

3 

4 

5 
6 

7 

8 

9 

10 

11. 

For the moculum, grmd heavily infected C quznoa leaves m a cold mortar m 50 
mM moculum buffer. About 30 mL of buffer IS used for five leaves. This amount 
of moculum 1s sufficient for moculatlon of 60 C quznoa plants, which wdl yield 
approx 200 g of infected leaves (see Note 1) for vu-us extraction Be careful to 
maintain the moculum on ice at all times. Leaves sprinkled with Cehte are 
mechanically inoculated with a wad of cotton saturated with moculum When all 
the plants are inoculated, wash the leaves with water m order to eliminate excess 
moculum and Cehte 
After moculatlon, the plants are maintained for 9-13 d in the greenhouse (see 
Note 2) m the followmg condltlons 16 h light at 22-24”C, 8 h dark at l&l 8”C, 
with 65-85% humldlty. Infected leaves are harvested, weighed, and homogenized 
m the blender m the presence of 170 mL cold extraction buffer and 100 mL cold 
Ccl4 for 100 g of leaves (see Note 3). Add the leaves little by little at low speed, 
and, when all the leaves are m the blender, cover it and blend at high speed for 2- 
3 mm to obtam a uniform homogenate 
Decant the homogenate mto the 0 5-L centrifuge tubes and centrifuge at 9000g 
for 30 mm at 4°C. 
Filter the supernatant through Mlracloth mto 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 preclpltate for at least 2 h m the cold room, with gentle stlrrmg 
Pour the liquid mto the 0 25-L centrifuge tubes and centrifuge at 17,000g for 20 
mm at 4°C 
Resuspend the pellets m 100 mL (total volume) of 10 mA4 extraction buffer and 
let the vnus resuspend overnight at 4’C, with gentle stirring The following day, 
centrifuge the viral suspension m 30-mL centrifuge tubes at 5OOOg for 20 mm 
(see Note 4) to remove debris 
Combine the supernatants and repeat the precipitation (0 8% NaCl, 2% PEG) for 
2 h at 4°C 
Centrifuge the viral suspension m the 30-mL centrifuge tubes at 5000g for 30 
mm The pellets are resuspended m 35 mL (total volume) of 10 mMextractlon 
buffer overnight, with gentle shrrmg at 4°C 
The viral suspension is again clarified by 30 mm centrlfugatlon at 5OOOg at 4°C 
and the supernatant 1s retained 
Two 25-mL ultracentrlfuge 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 centn- 
fuged for 2 h at 100.000~ at 4’C 
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12 The viral pellets are gently resuspended overmght m 0 5 mL of 10 mA4 extraction 
buffer and the opttcal density (OD) at 260 nm IS measured on an ahquot after a 
1 100 dtlution The virus concentration (C) IS established accordmg to the fol- 
lowing formula C (mg/mL) = OD x 10013 2 The number m the denommator is 
the weight extmctron coefficient (20) In general, we obtain, depending on the 
viral isolate, 20-80 mg/kg of leaves (see Note 5). The vuus so obtained can be 
stored at 4°C for a few days or frozen at -20°C for several months, but its mfec- 
trvrty decreases abruptly after the first few days. 

3.2. RNA Extraction 
1 For RNA extractton, transfer the viral suspension to Eppendorf tubes and add 

NaCl to a final concentratron of 200 mM Extract with phenol for 5 mm, with the 
tubes being placed m me from time to time Mix vigorously during the phenol 
extraction, to produce a good emulsion Centrifuge for 5 mm 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 in this form for 
several months or years, and then collected by centrlfugatlon at 17,000g for 
15 mm. The RNA pellet IS washed once with 70% ethanol, followed by cen- 
trtfugatton, as above, the pellet is dried and then dissolved m a small volume of 
sterile water 

2 The RNA concentration can be determined by spectrophotometry at 260 nm The 
concentration (mg/mL) = OD x dtlutron 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 is C quznoa, which gives a local lesion response to 

BNYVV The lesions differ somewhat m size and appearance, depending on the 
viral isolate Isolates carrying RNA3 produce intense yellow lesions, which have 
a tendency to extend along the veins (24) These isolates give the best purilica- 
non yield Isolates carrying only RNA- 1 and RNA-2 induce mild chlorotlc local 
lesions and give a lower purtficatton yield. Systemic mfectlon hosts, such as spm- 
ach (Spmacla oleracea), did not give superior yields of BNYVV (20). For other 
furovn-uses (for example, SBWMV or PMTV (23,25,26), systemic mfectron hosts 
have been used for viral propagation and purificatron 

2 The viral multrphcatron pertod depends on the season, bemg short m the summer, 
when the light intensity is strong, and longer m the wmter The best time to har- 
vest infected leaves 1s when the lesions are well visible, but the leaves are still 
green Do not wan until the leaves become senescent For other furovnuses 
(SBWMV or PMTV), leaves are harvested for 34 wk postmoculatlon (25,26) 

3 The clarification agent changes from one virus to another For PCV, the organic 
solvent IS a mixture of butanol and chloroform (27) Sap clarification with an 
organic solvent is omitted for viruses such as PMTV or NVMV (21-23), for 
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whtch heavy losses caused by aggregation would occur durmg centrifugation 
These vu-uses are purified from pellets obtained durmg the first sap centrtfuga- 
tion, usmg Triton X- 100 and/or urea as detergent 

4 Large cellular components are eliminated at thts stage, but there 1s a rusk of also 
losmg aggregated vu-al particles So rt 1s necessary to let the vtrus resuspend 
slowly at 4°C with gentle sttrrmg Some viral particles may be damaged, but the 
losses will be less important during centrtfugation (Ethylenedmttrolo)tetra-ace- 
ttc actd (EDTA), which IS employed m many virus purification protocols, and 
which 1s thought to favor vtrus dtsaggregatton, IS, curtously, not used m most 
furovirus purificatton protocols 

5. The virus can be further purified by ultracentrtfugatton through a Nycodenz. 
(Nycomed, Oslo) gradient (28) In this case, the virus is adJusted to a volume of 
8 4 mL, wtth lo-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 
centrtfugatton at 300,OOOg overnight at 15°C m a verttcal rotor The opalescent 
band 1s collected and diluted with the 1 0-times-diluted extraction buffer Virus 1s 
then concentrated by ultracentrtfugation 
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Tobravirus Isolation and RNA Extraction 

Sally C. Taylor 

1. Introduction 
The tobravrruses have a genome consrstmg of two posrtrve-sense, smgle- 

stranded RNA molecules The two genomlc RNAs, RNA-l and RNA-2, are 
encapsrdated separately m rod-shaped particles with lengths of 180-2 15 nm (L 
particles) and 46-l 15 nm (S particles), respectrvely (Fig. 1) (1,2). Both the 
RNAs are encapsrdated by a single species of coat protein (CP) with a mol wt 
of approx 23 kDa. Tobravn-uses can be divided mto three serologrcally drs- 
tmct subgroups* tobacco rattle virus (TRV), whtch 1s the type member, pea 
early browning virus (PEBV), and pepper rmgspot vuus (PRV). In the field, 
these viruses are transmrtted by soil-mhabrtmg nematodes of the family 
Trichodorzdae, and certain isolates are also transmitted through the seed. 
Tobravuuses can Infect a wtde range of plant species including economtcally 
important crops such as potatoes and ornamental bulbs. 

The nucleotrde sequence of several tobravrruses has now been determined 
(3-s). This revealed that RNA-l of each of the three vu-us subgroups IS of a 
similar size (6.8-7.0 kb) and contains at least four open reading frames (ORFs) 
(Fig. lai and bi). RNA-2, however, varies consrderably m length (1 84.5 kb), 
even between Isolates of the same subgroup, and may contam 14 ORFs (Fig. 
laii and bii). Both RNA-l and RNA-2 have a 7-methylguanosine cap structure 
at the 5’ end and a tRNA-hke structure at the 3’ end (2,9). 

The genomrc orgamzatton of RNA-l of tobraviruses is very similar to the 
monopartite tobamovirus, tobacco mosaic vnus (TMV) (IO). The two 5’ proxr- 
ma1 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 productron of a 194-kDa protein. The 
134- and 194-kDa protems have been found to share ammo acid homology 
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Fig. 1. Tobravirus structure and genome organization. (ai) Genome organization of 
RNA-l of TRV isolate SYM. (aii) Genome organization of RNA-2 of various TRV 
isolates. (bi and bii) Genome organization of RNA-l 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-l is 
indicated by an asterisk. 

with the TMV 126- and 183-kDa replicase proteins. The third ORF on TRV 
RNA-l 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-l, but they are not 
translated directly from the genomic RNA and are expressed from individual 
subgenomic RNA species that are 3’ coterminal with RNA-l (ZZ). TRV 
RNA- 1 also has the potential to code for a 59-kDa protein by translation of 
an internal ORE 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 (Z2,13). 
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The tobraviral CP IS the 5’ proximal gene on RNA-2, but it IS not translated 
efficiently from the genomlc RNA and IS expressed from a 3’ cotermmal 
subgenomlc RNA (45). The CP 1s thought to be an important determmant of 
nematode transmission (14). Addltlonal ORFs have been identified on RNA-2 
of several tobravlrus isolates. Some TRV RNA-2 species have undergone 
recombmatlon m the 3’ region with part of the same region of RNA- 1, and thus 
carry part or all of the RNA-l-coded 29K and 16K genes (3-5,15) TRV 
isolate TCM and PEBV Isolate SP5, RNA-2, contam an ORF for a 29.1- 
and a 29.6-kDa protein, respectively (5,8). Sequence comparison of RNA-2 
of nematode-transmittable and nematode-nontransmittable isolates of PEBV 
suggest that the 29 6-kDa protein may be involved m nematode transmlsslon 
(16). There IS evidence that the additional 9- and 23-kDa ORFs on PEBV (SP5) 
RNA-2 may also have some function in vector transmlsslon (S. A MacFarlane, 
personal communication). 

2. Materials 
2.1. Purification of Virus 

1 
2. 
3 

Cehte 
30 mM Sodturn phosphate buffer, pH 7 5 
Virus extraction buffer 50 mA4 sodium phosphate buffer, 0 15% thloglycolllc 
acid (v/v) Add 1 5 mL of thloglycolhc acid to 250 mL 200 mM Na,HP04 and 
550 mL of distIlled H20, 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 thloglycolhc acid and use m a fume hood ) 
Commercial blender 
Muslm 
Polyethelene glycol (PEG), mol wt = 6000 
Sodium chloride (NaCI) 
Chloroform*butan-l-01 1 1 (v/v) (Caution: Wear gloves and use solvents m a 
fume hood.) 

9 Sucrose cushion. 30% sucrose m 30 mM sodmm phosphate buffer, pH 7 5 
10 10 mA4Tns-HCI, pH 7 5 

2.2. Extraction of Viral RNA 

1 Deoxyrlbonuclease I (DNase I) RNase-free 
2 1X DNase reaction buffer 50 mM Tris-HCl, pH 7 9, 5 mM MgCl* 
3 EDTA 
4 Proteinase K 
5 1X Protemase K buffer 100 mM Tns-HCl, pH 7 4, 1 mM EDTA, 0 1% SDS 
6 Tns-equlllbrated phenol, pH 8 0 (Caution: Wear gloves and use in fume hood) 
7 Chloroform/lsoamyl alcohol 24 1 (Caution: Wear gloves and use in fume hood) 
8 Phenol/chloroform lsoamyl alcohol 1 1 



Taylor 118 

9 3M Sodmm acetate, pH 5 5 
10. 70 and 100% Ethanol 

3. Methods 
3.1. Purification of Virus 

The vu-us purtficatron method described m thus chapter has been developed 
to purify PEBV from Nicotzana benthamiana or Nlcotlana clevelandit Thus 
method has proved equally successful for purifying TRV from Nzcotrana 
tabacum. An alternative method IS also included (see Note 4). Chenopodzum 
amarantzcolor IS a local lesion host for both vrruses and can therefore be used 
as an mdicator plant for mfectron 

1 

2. 

3. 

4 

5 

6 

7 
8 

9 

10 

11 

12 

Take plants at the 4-5 leaf stage, dust one leaf wrth Cehte and mechanically 
inoculate with vtrus (see Notes 1 and 2) 
Harvest plants 1 O-12 d postmoculatron and, using a blender, homogenize the 
tissue m approx 2 vol of 50 mM sodmm phosphate buffer, pH 7 5, contammg 
0 15% (v/v) throglvcolhc acid, adjusted to pH 7 5, wrth NaOH (see Notes 3 
and 4) 
Freeze the homogenate at -20°C for l-2 wk, and then allow it to thaw slowly 
overmght to room temperature 
Clarify the homogenate by filtering through two layers of muslin, followed by 
centrifugation at 10,OOOg for 5 mm at 4°C 
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) 
Pellet the vuus by centrrfugatron at 15,OOOg for 15 mm at 4°C and resuspend m 
30 mA4 sodmm phosphate buffer, pH 7 5 (see Note 6) 
Clarify the resuspended vu-us by centrrfugatron at 10,OOOg for 5 mm 
To remove any remaining plant material, extract the vu-us suspension with an 
equal volume of chloroform butan-l-01 1 1 Collect the upper layer contammg 
the virus by centrrfugatton at 2500g for 5 mm 
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) 
Pellet the virus by centrrfugatron for 4 h at 85,OOOg and 1 VC and resuspend m 10 
mA4 Trrs-HCl, pH 7 5 (see Note 8) 
If the vrrus IS to be further purified, resuspend the viral pellet m 30 mM sodium 
phosphate buffer, pH 7 5, and layer the suspension onto a 30% sucrose cush- 
ion Sediment the virus by centrrfugatron for 2-3 h at 140,OOOg and 15°C in a 
swing-bucket rotor and resuspend the pellet m 10 mA4 Trts-HCl, pH 7 5 (see 
Note 9) 
To determine the concentration of the vu-us measure the optical density (OD) at 
260 nm. An ODzhO of 3 = 1 mg/mL for TRV and PEBV. An OD,,,/OD,s, ratro of 
1 15 1s expected for a pure tobravnus prep 

13. Store virus at 4°C 
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3.2. Extraction of viral RNA 

1. To remove any contammatmg host DNA, Incubate the purified vu-us for 2 h on me 
with 25 pg/mL RNase-free DNase I m 1X DNase buffer Stop the reaction by 
adding EDTA to 17 mM 

2. Incubate the vtrus at 37°C for 2 h with 200 pg/mL protemase K m 1X protemase 
K buffer to isolate RNA from the vu-us particles (see Note 10) 

3. To extract the RNA, add 1 vol of phenol, and vortex vtgorously Separate the two 
phases by centrifugatton at 10,OOOg for 5 min 

4. Remove the aqueous upper layer and re-extract it with an equal volume of 
phenol chloroform-isoamylalcohol (1 1) 

5 Pool the aqueous layers and precipitate the RNA with 0 1 vol of 3M sodmm 
acetate, pH 5 5, and 2 5 vol of ethanol and collect the RNA by centrifugation 

6. Wash the pellet with 70% ethanol, then dry the RNA under vacuum and resus- 
pend m sterrle dtstilled water 

7 To determine the concentration of RNA measure the OD at 260 nm using an 
ODz6s of 25 = 1 mg/mL, or, alternattvely, estimate the concentration after analy- 
sis by electrophorests on an denaturmg agarose gel (see Note 11) 

4. Notes 

1 Sap from a vuus-infected plant or purified virus can be used as an moculum Sap 
1s prepared by grmdmg virus-infected tissue m 30 mM sodmm phosphate buffer, 
pH 7 5 (1 g tissue/l mL buffer) The sap IS then diluted 1 10 with 30 mM sodmm 
phosphate buffer, pH 7 5, and 20 pL is inoculated onto each plant The moculum 
is stored at -20°C m an undiluted form Alternatively, plants can be inoculated 
with purified vuus at a concentratton of approx 10 pg/mL 

2. Local lesions should appear on Chenopodwm mdicator plants 3-5 d postmocula- 
tion, confirmmg the infectivity of the moculum 

3 Harvest whole plants, remove the roots, and homogenize the remammg plant 
material 20&300 g of plant tissue should yield approx 20-30 mg of vu-us 

4 Tobravtruses can be purified using an alternative method that avotds the use of 
thtoglycollm acid and solvents, and instead mvolves repeated cycles of low- 
and high-speed centrifugation. Omit thtoglycollic acid from the extraction 
buffer and homogenate the tissue m 50 mA4 sodium phosphate buffer. pH 7.5 
Freeze the homogenate at -2O’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 centrtfugattons (Subheading 3.1., steps 7 
and 10) until all traces of pigment and other contammatmg materials are 
removed and the viral pellet is white The purity of the virus prep can be 
assessed by determining the OD,,,/OD,s,, ratio A ratio of 1 15 IS expected for a 
pure tobravuus prep 

5. The solutton should be stirred at room temperature unttl all the PEG dtssolves, 
and then stirred m a cold room for 3 h 
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6 Resuspend vnus pellet m approx 40 mL of 30 mM sodium phosphate buffer, pH 
7 5, clarify as m Subheading 3.1., step 7, and then split mto two tubes before 
extracting with chloroform butanol 

7 Chloroform butanol extractions should be repeated until no contaminants are VIS- 
tble at the interface 

8 The puriticatton procedure can be stopped at step 10 of Subheading 3.1., and the 
viral pellet resuspended m 20-30 mL 10 mM Trts-HCl, pH 7 5 This should 
result m a virus preparation at approx 1 mg/mL, from an mitral 200-300 g of 
infected tissue. To determine the exact virus concentration, measure the OD 
at 260 nm (see Subheading 3.1., step 12) If a purer vtrus preparation IS required, 
then the viral pellet should be resuspended m 2&30 mL 30 mM sodmm phos- 
phate buffer, pH 7.5, and centrifuged through a sucrose pad to remove any 
remaining contaminants 

9 Carefully layer 7 mL of virus onto 3 mL of 30% sucrose m 30 mA4 sodium phos- 
phate buffer, pH 7 5, and sedimented by centrifugatton for 2-3 h at 140,OOOg and 
15°C m a swing-bucket rotor 

10. The virus suspension should clear after mcubatton with protemase K 
11 TRV RNA should be visible as two bands of approx 6 8 kb and I 8-3 9 kb, and 

PEBV 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 subgenomtc RNA species 
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Tobamovirus Isolation and RNA Extraction 

Sean N. Chapman 

1. Introduction 
The tobamovnuses produce rigid, rod-shaped particles, with dlmenstons of 

approx 300 x 18 nm, and form one of the most extensively studied groups of 
plant vtruses (I), Members of the group infect a wide range of anglosperms, 
and mdtvtdual members frequently have wide experimental host ranges. 
Tobamovnuses cause drseases m tobacco, tomato, pepper, orchrd, cucumber, 
melon, bean, and crucrfer plants. The charactertstrc symptoms of disease are 
stunting and chlorotrc mosatcs, mottles, or rmgspots. These symptoms are often 
accompanied by dtstortton of leaves and fruits. 

The tobamovnuses form parttcles that contain a smgle-stranded genomtc 
RNA. Complete genomrc RNAs of the maJorrty of the definmve tobamovnuses 
have been cloned and then- nucleotrde sequences determmed. The genomtc 
orgamzatron of each of these vuuses IS very similar and each have four open 
reading frames (ORFs) The best characterized of the tobamovn-uses IS the type 
member tobacco mosarc vtrus (TMV) (Fig. 1) The TMV genomtc RNA has a 
7-methylguanosme cap structure at the 5’ end (2), followed by an untranslated 
leader sequence of 68 nucleotrdes, which IS an enhancer of translation (3). 
Downstream of the untranslated region are two ORFs that encode protems of 
126 and 183 kDa (4), which are involved m the viral rephcatton process (5). 
Translation of the two proteins, which occurs from the genomtc RNA, IS mm- 
ated at the same methromne 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 
nucleottdes, but 1s out of frame. The ORF encodes a protein of 30-kDa that 1s 
produced by translation of a subgenomtc RNA, which 1s 3’ cotermmal with the 
genomic RNA. The 30-kDa protein is necessary for mtercellular movement of 

From Methods fn Molecular B/o/ogy, Vu/ 81 Plant Virology Protocols 
From Virus Isolahon to Transgemc Resistance 

Edlted by G D Foster and S C Taylor 0 Humana Press Inc , Totowa, NJ 
123 



124 Chapman 

tRNA 3 

(3CW 

IRNA 3’ 

S CAP - tRNA 3 

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 (ZO). 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) (II), from which particle formation is initiated, is located within 
the third ORE 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 (12). 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 (Z3), 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 (IS). 
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1 

2 

8. 
9. 

10 

11 
12 

13 
14. 

0.5M Phosphate buffer Prepare a 0 5M solutron of drsodmm hydrogen ortho- 
phosphate and adjust the pH to 7.2 with O.SMpotassium dthydrogen orthophosphate 
Vrrron extraction buffer. Add 1% (v/v) 2-mercaptoethanol to 0.5M phosphate 
buffer Just before use (see Note 1) 
Actd-washed sand 
Mrracloth* purchased from Calbiochem (San Drego, CA) (see Note 2) 
Butan- l-01 
20% (w/v) PEG (average mol wt 8000) 
10 mM phosphate buffer. Prepared by 50-fold drlutron of O.SMphosphate buffer 
described above 
5M Sodium chlorrde 
5X RNA extractron buffer 0 5M sodmm chloride, 5 mA4 ethylenedtamme- 
tetra-acetic acrd drsodmm salt, 5% (w/v) sodium dodecyl sulfate, O.lM 
Trrs(hydroxymethyl)-methylamme (Trrs), pH adjusted to 8 0 wrth hydrochlo- 
ric acid 
Phenol chloroform Dissolve 250 g of molecular brology grade phenol m 250 mL 
of 0 1M Trrs-Cl, pH 8 0, and add 1 25 g of 8-hydroxyquinoline Equilibrate by 
extracting several times with 0 IMTrts-Cl, pH 8 0, and check that the pH IS close 
to 8.0. Remove most of the overlymg aqueous layer; add 240 mL of chloroform 
and 10 mL of rsoamyl alcohol MIX and allow phases to separate Store refrrger- 
ated and protect from light 
Chloroform 
3M sodmm acetate, pH 5 0 Drssolve sodmm acetate m water and adjust pH to 
5 0 with glacral acetic acid Adjust volume and treat with dtethylpyrocarbonate 
(DEPC) to mactrvate RNase To each hter of solutron 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 systemrcally infected leaf tissue displaying infectton symptoms 
(see Notes 3 and 4). Usmg a pestle and mortar, with a little acid-washed sand to 
aid homogentzatron, grmd the leaf ttssue in 60 mL of vu-Ion extraction buffer (see 
Note 5). Start grinding wtth a small amount of buffer and progressively add more. 
Continue grmdmg untrl the ttssue 1s well-macerated 

2 Filter the homogenate through two layers of Mnacloth mto polypropylene centrr- 
fuge tubes. Squeeze as much hqutd as possible out of maternal retamed by the 
Mnacloth without contammatmg the filtrate with partrculates. 

3 Add butan- l-01 (0 8 mL/lO mL of filtrate) dropwrse to the filtrate, while swnlmg 
the tube contents Cap the tubes and mcubate at room temperature for 15 mm 



4 

5 

6. 

7. 

8 

9. 

10 

Every few minutes mtx the tube contents by mverston Chlorophyll and coagu- 
lated maternal should collect m the upper organic phase 
Centrifuge the tube contents at 10,OOOg for 30 mm at 12’C Recover the hghtly 
pigmented aqueous phase Avotd taking any of the pelleted maternal or the upper, 
orgamc layer If any of this undesrred material IS carrred over, the aqueous phase 
should be centrifuged agam m fresh tubes for 15 mm Filter the clarified extract 
through two layers of Mrracloth mto fresh centrrfuge tubes 
Add 20% PEG solutton to gave a final concentratton of 4% Mtx the tube contents 
by mverston and incubate on Ice for 15 min Pertodtcally mix the tube contents 
The solutton should turn cloudy as the virus prectpttates. 
Pellet the vn-us by centrtfugatton at 10,OOOg for 15 mm at 4°C. Thts should yteld 
a whmsh pellet that may be contammated wtth some traces of ptgmented mate- 
real Decant the supernatant and centrtfuge brtefly to collect restdual hqutd at the 
bottom of the tube Ptpet off the restdual lrqurd. 
Dtssolve the pellet m 8 mL of 10 mA4 phosphate buffer (see Note 6) Centrifuge 
at 10,OOOg for 15 mm at 4°C Transfer the supernatant to a fresh tube 
Add to the supernatant 1 7 mL of 5M NaCl and 2 42 mL of 20% PEG MIX tube 
contents and incubate on ice for fifteen mm. Pellet the vtrus by centrrfugatlon at 
10,OOOg for 15 mm at 4°C. This should yield a whtte viral pellet. Decant the 
supernatant, centrtfuge brtefly and ptpet off the restdual llqutd 
Dtssolve the pellet In 2 mL of 10 m&I phosphate buffer Dlvtde the solutron 
between two 1 5-mL mtcrocentrtfuge tubes Centrtfuge the tubes in a 
mtcrocentrtfuge at 13,OOOg for 30 s and ptpet the supernatants to fresh 
mtcrocentrtfuge tubes 
This procedure should yreld at least 20 mg of vrrus (see Notes 7 and 8) To deter- 
mme the yields, prepare dtluttons of small aliquots of the preparatton and mea- 
sure the absorbance at 260 and 280 nm Estrmate the yield assummg an extmctton 
coefficient (Ey zi) of three An A260/A280 ratto of about 1’ 19 1s expected for TMV, 
however, thts ratto varies between dtfferent tobamoviruses 

3.2. RNA Extraction 
1 Dilute an ahquot of the vtrton preparation to 10 mg/mL wrth 10 n&I phosphate 

buffer Ptpet 0 8 mL of this dtlutton to a 2-mL mlcrocentrtfuge tube and add 0 2 
mL of 5X RNA extractron buffer Add 1 mL of phenol.chloroform, vortex brrefly 
until an emulston IS formed, then centrifuge m a mtcrocentrtfuge tube at 13,000g 
for 5 mm at room temperature. 

2 Collect the upper aqueous phase without taking any of the denatured protein from 
the interface and transfer tt to a fresh mtcrocentrtfuge tube Repeat the extractton 
with phenol.chloroform twice. 

3 Collect the aqueous phase from the thud phenol*chloroform extractton Add an 
equal volume of chloroform, and vortex brtefly to form an emulston Separate the 
phases by mtcrocentrtfugatton. 

4. Collect the upper aqueous phase, whtch should contam about 0 7 mL, and dtvide 
rt equally between two 2-mL microcentrtfuge 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 mm to preclprtate the RNA 

5 Pellet the RNA by mtcrocentrtfugatton at 13,OOOg for 15 mm at 4°C Thts should 
yield a vtstble white pellet. Decant the supernatant, centrtfuge briefly to collect 
restdual hqutd at the bottom of the tubes and pipet thts off without disturbing the 
pellet Dry the pellet under vacuum for a few mmutes Add 0 2 mL of DEPC- 
treated water and dissolve the pellet by gently vortexmg 

6 This procedure should yreld about 200 ~18 of RNA (see Note 9) Prepare dtlutlons 
of the dissolved RNA and measure the absorbance at 260 and 280 nm The prepa- 
ratton should have an A260I280 ratto of 2 0 The RNA yield can be estimated by 
assummg that a 40 Clg/mL solutton of RNA has an absorbance of 1 

4. Notes 
Anyone using this protocol should familiarize themselves with the health and 
safety hazards related to 2-mercaptoethanol, butan- l-01, drethylpyrocarbonate, 
phenol, 8-hydroxyqumoline, lsoamyl alcohol, and chloroform All mampulattons 
mvolvmg these chemicals should be carrred out m a fume hood 
If Muacloth IS unavailable, muslm can be substituted However, muslin IS less 
efficient at retammg partrculates and its use 1s likely to lead to poorer purrticatlon 
Before commencmg punficatlon, rt 1s advisable to prepare a reasonably homoge- 
neous viral populatton that has the desired phenotype This can be achieved by 
passagmg the vnus several times through a local leston host at high viral dtlu- 
ttons, preparing mocula for each subsequent passage from mdtvldual lesions The 
final moculum should be tested on a range of dtagnostrc host species before 
moculatton onto the host species from which the virus 1s to be purified 
Choice of a propagation host 1s an important consrderatron m virus purtficatron, 
and It IS worthwhtle testing a range of host plants in advance The choice of host 
plant is determined not only by the level of virus accumulatron, but also by aspects 
of the host plant’s brology Host plants that are not heavily hgmtied should be 
chosen to facilitate homogenization of host trssue, and hosts containing high lev- 
els of secondary products, which might interfere with the purificatton procedure, 
should be avoided The levels of vnus that accumulate m the host plant are 
dependent on the growth condmons used; extremes of temperature and hght 
should be avoided Hosts that the author has found useful for purrfication of the 
definmve tobamovnuses (tobacco mosaic vnus, tomato mosaic virus, tobacco 
mild green mosaic vu-us, odontoglossum rmgspot vnus, rtbgrass mosaic virus, 
and turnip vein clearing vu-us) include Nlcotlana benthamlana, N clevelandu, 
and N tabacum culttvars 
The mmal steps of this purrficatron process should be carried out at room tem- 
perature, because use of lower temperatures may result m prectpttatton of salts 
Though the tobamovnuses are stable m a wide range of chemical environments 
and are thermotolerant, the particles are susceptible to fragmentatton Therefore, 
drssolutron of the viral pellet should be performed by gentle stirrmg wrth a teflon- 
coated rod, and the use of vortexers or tissue homogenizers, whtch produce htgh 
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shear forces, should be avotded. Dtssolutton of the viral pellet may prove dtfli- 
cult if large quantities of vuus are present. If dtfftculttes are encountered, the 
volume of buffer used for solvatton should be increased 

7 Ideally, the integrity of the purified vu-ions should be confirmed by electron 
mtcroscoptc analysts. Samples of the vnus can be stained wtth 2% sodium phos- 
photungstate, pH 7 0 The maJortty of parttcles should be 300 nm rods Depend- 
mg on the tobamovuus, rods of one or two other dtscrete size classes may be 
visible These short rods result from the presence of encapsidated subgenomic 
RNAs 

8 Dtfftculty m extracting TMV from some hosts has been reported and extraction 
has been factmated by the use of the detergent Trtton X-100. Another problem 
encountered during the purificatton process IS adsorptton of host components to 
the virus Methods mvolvmg adsorbents, such as charcoal, bentomte, and Cehte, 
have been developed to eliminate this problem An alternative method for the 
purtticatton of TMV, which makes use of Trtton X-100 and Cehte, has been 
described by Asselm and Zattlm (16). 

9 The integrity of the purified RNA should be checked by gel analysis A predomi- 
nant band of 6.4 kb should be vistble on denaturing gels. Mmor bands may result 
from extracted subgenomtc RNAs If high levels of RNA degradation are visible, 
this suggests that either the particles are fragmented or that there IS RNase con- 
tammatton The degree of particle fragmentation can be assessed as described 
above If RNase contammation is suspected more stringent procedures should be 
employed to avoid this Precautions should be taken to ensure that none of the 
plasticware used in the RNA extraction process 1s touched with bare hands and, 
when possible, soluttons should be treated with DEPC Soluttons contammg Trts 
cannot be treated with DEPC, because tt reacts with primary ammes Therefore, 
it may be necessary to purchase molecular biology grade Trts, certified free of 
RNase, which can then be dissolved m 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 (J-4). All potexvn-uses are 
morphologically similar, with flexuous, filamentous vn-ions that range from 
470 to 580 nm m length. Each vn-us particle contams a smgle-stranded, posi- 
tive-sense RNA molecule, 5845-7015 nucleotldes m length, which 1s encap- 
sedated by 1000-1500 molecules of a single species of capsld protein (CP), 
with a mol wt ranging from 21 to 27 kDa (5) The particle has a heltcal struc- 
ture, with 8.75 protein subunits per turn for papaya mosaic potexvn-us (PMV) 
(6). The genomlc RNA (gRNA) contams a cap structure at the 5’ terminus and 
1s polyadenylated at the 3’ termmus. The N- and C-terminal regions of the 
capsld proteins of potexvlruses are quite variable (7). The varlablhty of amino 
acids at the N-terminus of potexvlrus CP results m the low serological 
crossreactivlty seen m potexvn-uses (s). Individual potexvn-uses have mol wt m the 
order of 3.5 x 1 O6 and sedlmentatlon coefflclents ranging from 100 to 130 S. 

Five prmclpal open reading frames (ORFs) have been identified in potex- 
viruses (Fig. 1). ORF 1 encodes a protem that contains three ammo acid 
sequence motifs characterlstlc of the conserved domains of methyltransferase, 
NTP-bmdmg helicases, and RNA-dependent RNA polymerases (5). ORFs 2-4 
slightly overlap each other and are known as the triple gene block. The prod- 
ucts of these three ORFs are all necessary for mfectlvlty m the plant host, but 
may be dispensable for Infection of protoplasts, and are believed to be involved 
m cell-to-cell movement of potexviruses (9). ORF 5 is the 3’-terminal ORF and 
encodes the CP. 

Genomic RNA of potexvlruses 1s beheved to be functionally monoclstronic, 
and only ORF 1 protem can be translated directly from the gRNA (10,11). 

From Methods m Molecular Bfoiogy, Voi 81 Plant Virology Protocols 
From Virus /so/at/on to Transgemc Resistance 
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gRNA (6 - 7.2 kb) 

I 
1 

m’QuwGP 
ORFl 11 ORF2 ORF41I OAF5 

A(n) 

m’WvPQP 
rgRNA (1 9-2.1 kb) 

A(n) 

m’GPPPGP 
rgRNA (1.4 kb) 

A(n) 

m’GPPPGP 
agRNA (0.9-l .O kb) 

A(n) 

Ftg 1 General orgamzatton of a potexvnus genome and its subgenomtc RNAs 
Genomlc orgamzatlon of PVX, the type member of the potexvtruses Three sub- 
genomic RNAs (sgRNAs) are shown below genomlc 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 genomtc and subgenomlc RNAs ORFl-ORF5 corre- 
spond to the five ORFs ORF5 encodes the coat protein Sizes of RNA m kb are mdt- 
cated m parentheses 

However, recent mformatton mdtcates that the CP of PVX could be expressed 
m vivo from a dtcistronic message (51). In addttton to the gRNA, several 
subgenomrc RNAs (sgRNAs) of 0.9, 1.4, and 2.1 kb m length have been 
detected from plants infected with potexvtruses (12-15, Fig. 1) These sgRNAs 
are capped and polyadenylated like the gRNA (23,26,17). The 5’ ends of 
potexvtral sgRNAs correspond to mternal genomtc regions; the 3’ ends are 
coterminal with the genomrc RNAs (13), The results of m vttro translation of 
sgRNAs suggest that the 25-kDa protem (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, whtch 
appears to be functtonally btctstromc (IS). The CP can be effictently translated 
from the 0.9 kb sgRNA (29). 

2. Materials 
2.1. Virus Purification 

1. 0. 1M Phosphate buffer, pH 7 2 
2 0.M Trts-borate acid buffer, pH 7 5 
3 n-Butanol 
4 Polyethylene glycol (PEG), mol wt 8000 
5 Sodmm chloride 
6 Sucrose cushton 30% Sucrose m 0 MTrts-borate actd buffer, pH 7 5 (w/v), 
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7 Cesmm chloride (CsCl) density gradlent 10 g of CsCl 1s mixed with 20 mL of 
vu-us solution to reach a density of 1 3667 

8 Sodmm az1de. 

2.2. Viral gRNA Extraction 

1 10X DNase I react1on buffer (1X buffer = 20 mMTr1s-HCl, pH 8 3,50 mMKC1, 
2 5 mM MgCl*, 100 pg/mL of acetylated bovine serum album1n [BSA]) 

2 Deoxyr1bonuclease I (DNase I) 
3. Sodium dodecyl sulfate (SDS), 10%. 
4 TE buffer 10 mA4Tr1s-HCl, 1 mMEDTA, pH 7 5 
5 Phenol. The phenol used IS pre-equtltbrated with 0 1M Tns-HCl, pH 8 0, con- 

ta1n1ng 0 2% P-mercaptoethanol 
6 Chloroform 
7. 70 and 95% Ethanol 
8. Dlethyl pyrocarbonate-treated dIstilled water (DEPC-dH20) DEPC (0 5 mL) 1s 

dissolved 1n 2 mL 95% ethanol, and then mixed with 1 L dH,O The mixture 1s 
stored at 4°C overnight before being autoclaved 

9 RNase-free glassware 
10 Sodium acetate 
11 Tr1ton X- 100. 

2.3. Extraction of Viral or Polyribosomal RNAs 
from Infected P/ant Tissue 

1 Ohgo(cellulose 
2 Loading bufferA. 20 mMTns-HCl, pH 7 5,0,5MLiCl, 1 mMEDTA, 0 1% SDS 
3 Loading buffer B 20 mMTns-HCl, pH 7 5,O lML1C1,l mMEDTA, 0 1% SDS 
4 Solution A 0 1N NaOH, 5 mA4 EDTA 
5 Solution B 10 mMTr1s-HCl, pH 7 5, 1 mMEDTA, 0 05% SDS 
6 Extraction bufferA 200 mMTns-HCl, pH 9 0,400 mA4LiCl,25 mMEDTA, 1% 

SDS, all 1n DEPC-dH20 
7. Extraction buffer B 200 mM Tns-HCl, pH 8 5,400 mA4 KCl, 200 n-&J sucrose, 

35 mM MgCl*, 25 mA4 EDTA, and 1% P-mercaptoethanol 
8 Sucrose cushion: 60% sucrose 1n 40 mMTr1s-HCl, pH 8 5,200 mM KCl, 30 mk! 

MgCl*, and 5 mM EDTA 
9 BufferA: 100 mMTns-HC1,pH 7 5,1MKCl, 10 mMMgCl,, and2 5 mMpuromyc1n. 

10. Buffer B* 50 mA4Tr1s-HCl, pH 7 5,500 mM KCl, 5 mA4 MgCl* 
11 Liquid nitrogen 

3. Methods 
3.1. Purification of Virus 

Many potexvlruses occur in high concentration m then- host plants and are 
relatively stable m extracted leaf sap. These properties make it possible to 
develop protocols for the purification of most potexvn-uses with high vn-us 
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Table 1 
Propagation Host Species of Some Potexviruses 

Potexviruses Propagation species 

Refs for 
purification 

methods 

Bamboo mosaic (BaMV) 
Cactus X (CVX) 
Cassava common mosaic (CCMV) 
Clover yellow mosaic (CYMV) 
Cymbldmm mosaic (CybMV) 
Dloscorea latent (DLV) 
Foxtall mosaic (FMV) 
Hlppeastrum latent (HsLV) 
Hydrangea rmgspot (HRSV) 
Lily virus X (LVX) 
Nandma mosaic (NdMV) 
Narcissus mosaic (NMV) 
Nerme virus X (NVX) 
Papaya mosaic (PMV) 
Pepmo mosaic (PpMV) 
Plantago aslatlca mosaic (PIAMV) 
Potato aucuba mosaic (PAMV) 
Potato X (PVX) 
Strawberry mild yellow edge- 

associated (SMYEAV) 
Viola mottle (VMV) 
White clover mosaic (WClMV) 
Wmeberry latent (WbLV) 
Zygocactus X (ZVX) 

Hordeum vulgare 
Chenopodlum qumoa 
Euphorbla prunlfolla 
Vzcla faba 
Datura stramonlum 
Nlcotlana megaloslphon 
H vulgare 
Hrppeastrum hybrldum 
Hydrangea macrophylla 
Ldium hybrid 
N benthamlana 
Narcissus tazetta 
Nerlne sarnlensls 
Carrca papaya 
N glutmosa 
Plantago aslatlca 
N tabacum cv Xanthl nc 
N tabacum 
Rubus roslfollus 

C qulnoa 
Phaseolus vulgarzs 
C quinoa 
C qumoa 

34 
35 
36 
37 
38 
39 
37 
40 
42 
42 
43 
44 
4.5 
22 
46 
47 
32 
22,23 
31 

21 
48 
49 
50 

yields. Approximately 0.25-3 g/kg tissue of purified virus preparatrons can be 
obtained for most potexvn-uses (20,21, see Note 1). To purify different 
potexvn-uses, a variety of methods have been developed A potexvlrus IS mocu- 
lated onto an appropriate propagation host (Table 1). Approximately 10-14 d 
postmoculatlon, the infected leaf tissues can be collected and homogemzed m 
a suitable buffer. Clarification of the sap IS achieved by passing through cheese- 
cloth, by filtratlon/absorptlon, by treatment with organic solvents, or by low- 
speed centnfugatlon. The virus can be concentrated either by differential 
centnfugatlon, or by preclpltatlon with PEG. Further purification of the vu-us 
can be achieved by density gradient centrifugation m sucrose or in CsCl. 

The purification method described here is based on PVX, according to 
Erickson and Bancroft (22) and Hulsman et al. (23). 
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1, Nzcotlana tabacum cv Samsun IS a good propagatton host for PVX. The plants 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

(four true-leaf-age) are lightly dusted with Carborundum (400-mesh), and mocu- 
lated with either purified PVX (1 pg/mL or higher concentratton) or mfected leaf 
extracts (see Note 2) The maculated plants are kept under greenhouse conditton 
(25°C 16-h photopertod) Two weeks postmoculatton, the leaves of maculated 
plants can be collected for virus purtficatton (see Note 2) 
Homogenrze infected leaves in Tris-borate buffer contarntng 0 2% p- 
mercaptoethanol (l-2 mL/g of leaves). The subsequent steps were performed at 
4°C (see Note 3) 
Squeeze the homogemzed tissue through four layers of cheesecloth Add 
n-butanol to the sap to a final concentratton of 6% 
Keep the mtxture on ice for 45 mm with constant stnrmg Centrifuge for 10 mm 
at 15,OOOg and save the supematant 
Precipitate the vnus from the supematant by the addttton of PEG 8000, to a final 
concentration of 8% m the presence of 2% NaCI, and keep the mixture at 4°C for 
30-60 mm 
Centrifuge at 15,OOOg for 10 mm, resuspend the pellets m Trts-borate buffer, pH 
7 5, overnight at 4°C wrthout vortexmg. The vtrus solutton 1s then centrifuged 
three times at 75OOg for 5 mm each. Keep the supernatant 
Overlay the vtrus solutton onto 4 mL of sucrose cushion m Tt 60 ultracentrifuge 
tubes (Beckman) (see Note 4) Pellet the virus at 86,500g for 3 h at 4°C Pellets 
are redtssolved, m the same buffer as above, overnight at 4°C and centrifuged 
three times at 7500g for 10 mm each (see Note 5) 
The vnus m the supematant IS then centrifuged m a CsCl density gradient for 17 
h at 86,500g (15‘C) The virus bands (white opalescent seen wtth light from 
beneath against a black object or in a dark room) are collected and diluted four 
times with Tris-borate buffer A CsCl purtficatron 1s only required for ultrapure 
preparations of the vnus, otherwise, go to step 10. 
The vnus is then collected by centrtfugatton at 100,OOOg for 2 h. Pellets are redrs- 
solved m the same buffer ovemtght. 
Optical density (OD) readings are taken at 260 and 280 nm to determine the vnus 
purtty (,&,/A,,, ratto of 1 2 for PVX) and concentratton using extmction coeffi- 
cient 260 nm (E2,6,‘$ cm = 3 0 for PVX) (I). The yield is approx 0 5 to 1 0 g/kg 
leaf tissues The vnus particles can be negatively stained with 1% uranyl acetate 
and examined by transmisston electron microscopy 
Keep the purified vnus preparattons at 4°C m the presence of 0 1% sodmm aztde. 
Under these condmons, the virus remains mfectious for at least 3 yr 

3.2. Extraction of Viral gRNA and sgRNA 

3.2.1. Extract/on of Viral RNA from Purif/ed Virions 

In general, to extract viral gRNA from the purified vtrtons, the vrrus is 
treated with SDS to strip off the capstd protein. The capsid protein 1s then 
removed by extractton 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 m purified virus preparations 
will also be carried over to RNA extractton. 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 isolatton of viral gRNA is the deg- 
radation of RNA by nucleases, mainly RNase A. To mmimize RNA degra- 
dation, all tubes, tips, contamers, and glasswares should be washed m 
DEPC-dH20, and the glasswares are further baked for more than 6 h at 
16OOC (see Note 6) To obtain full-length gRNA, which IS of great impor- 
tance m clontng full-length cDNAs, the viral RNA should be centrifuged in a 
sucrose gradient 

Host DNA contammatmg the virus preparations may be removed before the 
tsolatton of RNA from the purified vn-tons as follows 

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

2 Centrifuge the DNase treated virus at 86,500g for 2 h and dtssolve the virus pel- 
lets m DEPC-dH20 

Vu-al gRNA can be extracted accordmg to the methods of AbouHaidar and 
Bancroft (24j), and Manlatis et al. (25). Bamboo mosaic vu-us has been found to 
have a satellite RNA (sRNA), which is also encapstdated by CP, and the sRNA 
can also be extracted from purified vii-ions (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 
mm, with occasional vortexing 

3 Centrifuge at 12,500g for 5 mm at room temperature and transfer the aqueous 
phase to a new tube 

4. Add DEPC-dH20 (0.1 vol) to the phenolchloroform phase, vortex, and centri- 
fuge as above Collect the aqueous phase 

5 Combme 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/lsoamyl alcohol (24 1, v/v) 

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

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

9. Rinse the RNA pellets with 70% ethanol, vacuum-dry the RNA pellet for 5-8 
mm, and dissolve m a desired volume of DEPC-dH20 (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- 
trophoresls on agarose gel A ratio of OD2&OD2s0 2 1 9 indicates that the RNA 
is essentially free from protein 

An extinction coefficient EF$,y cm = 25 is used to quantify the amount of 
RNA. To obtain high-quality, full-length, mfectlous gRNA, the RNA extracts 
should be further centrifuged in 5-20% (w/v) RNase-free sucrose gradient m 
10 mMTns-HCl, pH 7.5, 100 mMNaCl, 1 mM EDTA, as follows* 

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

2 Pass the gradlent through a UV scanner-fractionator 
3 Collect fractions correspondmg to the full-length gRNA, preclpltate RNA 

with 2 vol of 95% ethanol at -20°C overmght and recover RNA by centn- 
fugatlon for 10 mm at 12,500g Wash RNA pellets with a large volume of 
70% ethanol 

3 2.2. Extraction of V/t-al RNA from infected Plant Tissue 

This techmque can be used for extractmg viral genomlc and subgenomlc 
RNAs from infected tissues or from transgenic plants expressing viral 
sequences. Total plant RNA IS isolated by grmdmg frozen plant tissue m 
extraction buffer, extracting with phenol, and preclpltatmg with ethanol. RNA 
quantity can be determined by UV absorption or by electrophoresls on agarose 
gels. Viral RNA can be identified from plant RNA by Northern blot analysis 
(see Note 9). 

A variety of procedures can be used to isolate vn-al RNA from infected plant 
tissues. These include extraction m a phenol-cresol solution (26) and extrac- 
tion with hot phenol-SDS (27) The highest yield of PVX RNA was achieved 
m the followmg manner: 

1 Place leaves (0.4 g) m a prechllled mortar and pestle and grmd to a powder m 
hquld nitrogen. Add 6 mL of extraction buffer A and allow to freeze. 

2 Add 6 mL Trls-saturated phenol, pH 8 0, and DEPC (to a final concentration of 
l%), and thaw the mixture at room temperature for 10 mm Pour the slurry into a 
tube and mamtam on Ice (see Note 10) 

3 Remove large debris by centrlfugatlon at 12,000g for 10 mm at 4°C Extract 
supematant with phenol, then twice with 1 vol phenol.chloroform (1 l), and twice 
with chloroform. Transfer the aqueous phase to a new tube and preclpltate RNA 
by addmg 2 vol 95% ethanol and storing at -20°C for 1 h. Pellet RNA by cen- 
trlfugatlon at 58OOg for 20 mm Wash RNA m 70% ethanol, vacuum-dry for 15 
min, and resuspend m 1 mL TE buffer 

4. Vn-al RNA can be ldentlfied from cellular RNAs by electrophoresls on a 1 5% 
agarose gel contammg 10% formaldehyde, and by Northern blot analysis. 
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3.2.3 Selection of PO/Y(A)+ mRNA 

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

1 Add ohgo(cellulose to loading buffer A to make a final concentratton of 0 5 
mg/mL Pour 1 mL of this solution into a sterile slhcomzed Pasteur plpet plugged 
with slhcomzed glass wool (see Note 11) 

2 Wash the column m 3 vol each of DEPC-dH,O and solution A Test the effluent 
to ensure that the pH of the column is mamtamed between 6 0 and 8 0 Wash 
column with 5 vol of loading buffer A 

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

4. Wash the column m &6 vol of loading buffer A, then m another 4-6 vol of load- 
mg 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 ~0195% ethanol to preclpl- 
tate RNA, and store at -20°C 

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

3 2.4. /so/at/on of Polyribosomal RNAs 

Translatlonally active RNAs can be isolated by extracting polysomes and 
purlfymg them on a sucrose cushion. The ribosomes remam tightly bound to 
the mRNA by incubation with puromycm, and polysomes can be isolated by 
centrlfugatton on a sucrose gradlent Polysomal RNAs were isolated by the 
method of Palukaltls (28) 

1 Freeze 2 g of leaf tissue m liquid nitrogen and grmd to a powder m a prechIlled 
mortar Resuspend powder m 3 mL extraction buffer B (see Note 10). 

2 Remove large debris by centrlfugatlon at 12,000g for 24 mm at 4°C and add 
Trlton X-100 to the supernatant to a final concentration of 1% Pellet polyn- 
bosomes on a 4-mL sucrose cushion by centrlfugatlon at 100,OOOg for 90 mm 
at 4’C 

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

4 Resuspend pellets m 0 2 mL of dH20 and 0 25 mL of buffer A Incubate mixture 
on ice for 15 mm, then at 37°C for 10 mm 

5 Layer mixture onto a 5-20% (w/v) sucrose gradlent m buffer B and centrifuge at 
4°C for 4 h at 100,OOOg (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) identified contams mostly tRNA, the middle peak(s) contams mRNA 
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followed by rRNA, and the final peak corresponds to viral RNA. Phenol-extract 
and ethanol-precipitate each fraction. Pellet RNA and resuspend m TE buffer. 

7. Load one-half of each fraction onto a 1.5% agarose gel containing 10% formal- 
dehyde and identify viral RNA by Northern blot analysts 

4. Notes 
1, It 1s usually easy to purify those defnntive members of potexvtruses, 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 repltcattve nucleic acids (dsRNAs) can be 
extracted from vtrus infected tissues and used as templates for gene cloning 
(30,3I) and RNA analysts 

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

3 For most potexvnuses, pretreatment of the infected tissues IS usually not neces- 
sary In the case of potato aucuba mosaic virus (PAMV), however, mfiltratmg the 
tissues with extraction buffer under vacuum before homogemzmg them IS 
believed to be helpful (32) 

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

5 The vtrtons of potexviruses have a tendency to aggregate side-to-side or end-to- 
end and to break This will result m a lower yield of purified vnus and difficulties 
m the isolation of full-length gRNA To avoid or minimize these problems, it is 
recommended that during purification, after each centrifugation step, the pellets 
be covered wrth buffer at 4°C for a prolonged period (e g , overnight) before 
complete resuspension It is also recommended to dissolve the pellets by gentle 
repeated ptpetmg and not by vortexing Many potexvnuses (e g., papaya mosaic 
vnus) may have a high yield of virus It is recommended to dilute the vn-us prepa- 
rations prior to ultracentrtfugatton. High concentrattons of the vnus result m 
increased viscosity and prolonged ultracentrifugation time and/or loss of yield 
Pellets of diluted vn-us preparation are generally cleaner. 

6 It is essential m the steps mvolvmg the handling of RNA that all glasswares and 
solutions are RNase-free This can be accomplished by bakmg glasswares at 
160°C for at least 6 h and making all solutions with DEPC-dH20 

7 Bamboo mosaic vn-us is the only potexvirus to contain a packaged satellite RNA 
(sRNA) Both gRNA and sRNAs can be extracted from purified vntons and sepa- 
rated by electrophoresis m nondenaturmg 1% low-melting agarose gel After elec- 
trophorests, both RNAs are then Isolated from gel slices, followed by phenol 
extractton and ethanol prectpttatton (33) 



8 RNA pellets can be dtssolved m DEPC-dH,O (or RNase-free TE buffer) and the 
solution of isolated vu-al gRNA is kept at -2O’C If the RNA is not used unmedt- 
ately after isolatton, It IS recommended to keep the RNA under ethanol at -20°C 
or in the form of dried RNA pellets at -20°C 

9 To synthesize vual-spectfic cDNA probes, prtmers (enher random primer or syn- 
thetic viral-specific prrmers) are annealed to the viral RNAs (gRNA, sgRNA, or 
RNA fragment) The cDNA strand is synthesized by reverse transcriptase usmg 
vtral RNA as templates m the presence of dCTP, dGTP, dTTP, and a3*P-dATP (or 
biotm-14-dATP) Unmcorporated nucleottdes can be removed by passmg the 
reaction mixture through a Sephadex G.50 column 

10 When extractmg RNA from leaf tissue, make sure that the tissue, extraction 
buffer, and phenol are frozen m hqutd mtrogen Proceed wtth expertment tmme- 
diately after thawmg to avoid any loss of RNA through degradation Make sure 
plant extract and all soluttons are kept on me 

11 Glass wool was soaked m dtmethyldtchlorostlane for 30 mm at room tempera- 
ture under a fume hood Afterward, glass wool was removed with a forceps, au- 
dried on Whatman 3MM paper, and was ready for use 

12 It may be necessary to decrease the speed and duration of centrifugation, depend- 
ing on the potexvnus 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 transmltted m a nonpersistent manner by 
aphids (I), though one confirmed carlavn-us 1s known to be transmitted by 
whiteflies (2). Carlaviruses are noted for their narrow host range and ten- 
dency to mduce little or no symptoms. This has led to many of the common 
names of carlavlruses, includmg carnation latent (CLV), American hop 
latent (AHLV), and lily symptomless virus (LSV). Although most 
carlavn-uses do cause mild symptoms, there are a number of viruses that 
cause serious diseases on their own, for example, potato vu-us S (PVS) and 
M (PVM), blueberry scorch vu-us (BBScV), poplar mosaic virus (PMV), 
and a number of others that cause serious disease in mixed viral infections 
(with other viruses). 

The vu-us particles of carlaviruses are slightly flexuous, with a typlcal length 
of 660 run and diameter of 12 nm (I). These particles, which consist of a single 
species of protein of ca. 34 kDa organized with helical symmetry, have sedl- 
mentatlon coefficients of approx 157 S, a buoyant density m CsCl of 1.322 g/cm3, 
an extinction coefflclent at 260 nm of 2.88 cm2/mg1, and a nucleic acid content 
of ca. 6% (1,3). 

The genomlc 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 mdlcated a genome size of 8534 
nucleotides for PVM (4), and 85 12 for BBScV (5). In addition, a wide range of 
carlaviruses have been sequenced in their 3’ termmal region, including PVS, 
HeLVS, CLV, LSV, chrysanthemum virus B, and cowpea mild mottle vu-us (2). 
All show a similar genome orgamzation, with similar sized open reading 
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frames, and a high level of homology m the ammo acid sequences between 
correspondmg proteins 

Only the rephcase ORF (approx 223 kDa) 1s translated from the full-length 
genomtc RNA In vitro translation data from a range of carlaviruses suggested 
that this large ORF was proteolyttcally processed, with approx 3&40 kDa 
bemg removed Recent elegant experiments by Lawrence et al. (8), usmg m 
vitro transcribed and translated rephcase ORF and full-length mfecttous clones 
of BBScV, have clearly demonstrated that this 1s indeed the case 

The 3’ termmal ORFs appear to be translated from two subgenomlc mRNAs, 
which can be found m infected tissue, and, for some viruses, can be detected 
wtthm purified vu-us preparations (9,2/I). 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’ termmus, whrch IS 
unique to carlavn-uses (I) The sizes of reported RNAs and typical ORFs for 
carlavuuses are summarized m Fig. 1, with the posmon of the 34-kDa coat 
protein (CP) Indicated. 

2. Materials 
2.1. Virus Isolation 

1 0 5M borate buffer, pH 7 8, wrth 5 mM EDTA 
2 Drethyl ether 
3 Polyethylene glycol (PEG), average mol wt 8000 
4. Thloglycolrc actd 
5. Trrton X- 100 
6. Cesrum chlortde 
7 Sterile dHzO 
8 High-capacity (500 mL) centrifuge, capable of 10,OOOg 
9 Ultracentrifuge capable of 1 IO,OOOg 

10 Blender 
11 Star plate and magnetrc stirrers 

2.2. RNA Extraction 

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

1 RNA drssocration buffer 40 tnM Trrs-HCI, 2 mA4 EDTA, pH 9 0, 2% sodium 
dodecyl sulfate (SDS) (w/v), 0 Smg/mL bentonlte (see Note 6). 

2 TE buffer 10 mM Trrs-HCl, 1 mM EDTA, pH 7 5 
3 Phenol saturated rn TE, pH 7 5 (see Note 1). 
4 Chloroform 
5 3M Sodmm acetate, pH 5 2, with acetic acid (autoclaved) 
6 Ethanol (kept at -20°C) 
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AM 3’ 

(Subgenomc mRNA 2 lkb - 3 3Lb) 

AM 3’ 

(Subgenomc mRNA 13kb - 1 6kb) 

Fig 1 General gene orgamzatlon of the carlavnus genome Particle morphology, 
sizes of typlcal RNAs, and encoded ORFs are Indicated 

7 Vortexer. 
8 MIcrocentrIfuge 

3. Methods 
3.1. Virus lsola tion 

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 purkation procedures for carlaviruses. It 
should be noted, however, that this purlficatlon procedure uses the highly vola- 
tile dlethyl ether as the clarAcatIon agent. If dlethyl ether cannot be used for 
safety reasons, then it IS recommended that solvent, such as chloroform, 
butanol, or carbon tetrachlorlde should be tried 

1. Homogenize infected leaves (see Note 2) m OSM borate buffer, pH 7 8, contam- 
mg EDTA (0 005M) and thloglycohc 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 dlethyl ether (see 
Note 3). 

3 Separate phases by centrlfugatlon at 5OOOg for 20 mm (at 4°C if possible) and 
transfer the aqueous phase to a fresh beaker 
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8 
9 

10 

11 

12 

Slowly stir in PEG (6%) (w/v), and continue stmmg at 4°C overntght 
Collect the resulting precipitate by centrifugation at 10,OOOg for 15 mm and 
resuspend m 0 5M borate buffer contammg Trtton X- 100 (0.5%) (w/v) 
Centrifuge at low speed (10,OOOg for 15 mm) and transfer the supernatant to a 
fresh tube. 
Sediment the virus by high-speed centrifugation (30,OOOg for 90 mm) and resus- 
pend the resulting pellet m 0 05M borate buffer contammg 1% Triton X- 100 and 
somcate for 20s (2 lKc/s) (see Note 4) 
SubJect the suspension to a further cycle of low- and high-speed centrifugation 
Purify the vnus by isopycmc centrifugation in cesmm chloride (0.439 g/mL, 20 
h, 5°C 110,OOOg). 
Collect the vnus band from the cesmm gradient (see Note 5) and dilute at least 
twofold with 0 005M borate buffer 
Collect the virus by centrlfugatlon (40,OOOg for 90 mm) and resuspend the pellet 
m 0 5 mL of sterile distilled water (see Note 6) 
Virus can then be used immediately, stored at 4°C for l-2 d, or placed at -20°C 
for long-term storage 

3.2. RNA Extraction 

All of the carlavtruses that we have worked with have yielded good quality 
RNA from purified particles, using a method essentially as reported by Shields 
and Wilson (21) 

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

1 Add an equal volume of RNA dissociation buffer (see Note 7) to a volume of 
vnus suspension and mix by vortexmg for 5-l 0 s 
Incubate at 60°C for 3-5 mm. 

6 
7 

8 
9 

10. 

11 

17 

Add an equal volume of phenol, nux bnefly, and incubate at 60°C for one more mmute 
Separate phases m a microcentrifuge (12,OOOg) for 2-3 mm 
Remove aqueous phase to a fresh tube and add an equal volume of phenol and an 
equal volume of chloroform and mix by vortexmg for 5-10 s 
Separate phases m a microcentrifuge (12,000g) for 2-3 mm 
Remove aqueous phase to a fresh tube and add an equal volume of chloroform 
and mix by vortexmg for 5-l 0 set 
Separate phases m a microcentrifuge ( 12,OOOg) for 2-3 mm 
Remove aqueous phase to a fresh tube and precipitate RNA by adding 0 1 vol 
sodium acetate (3M) and 2 5 vol ethanol 
Store at -20°C overntght, or -70°C for 1 h, before recovermg RNA by centnfu- 
gation in a microcentrifuge (12,000g). 
Dry the RNA pellet under vacuum to remove all traces of ethanol before resus- 
pending tn a suitable volume of sterile dtstllled water 

I& Run a sample of RNA on an agarose to check yield and quahty (see Note 8) 
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Caution: Care should be taken when workmg with phenol, because It IS htghly 
corrostve Wear gloves at all times and remove all spills tmmedtately. 
The vast maJority of carlavnuses are present m infected tissue at very low con- 
centrattons It IS therefore recommended to use as much plant material as pos- 
sible, though this will be dictated by the volume that can be handled during the 
first two centrifugation steps 
Add cold dtethyl ether, which has been stored in a cold room at 4°C over- 
night It 1s also advisable to carry out all work with dtethyl ether m a well- 
ventilated fume hood 
Carlavtruses wtll often form aggregates with themselves and with plant material, 
and we have found somcatmg the pellet is the best way to resuspend the virus If 
a somcator is not available, the pellet must be resuspended well with a glass rod 
before further cycles of low- and high-speed centrifugatton 
Virus band can be visuahzed by shmmg a light directly at the tube, wtth the band 
bemg removed with a Pasteur ptpet or syringe and needle 
The purity of virus preparation can be checked by comparmg the absorbance 
at wavelengths of 260 and 280 nm m a spectrophotometer Assume an AzeO of 
2 8 for a l-mg/mL virus preparation Alternatively, view the virus with elec- 
tron microscopy 
We have found that the addition of bentomte to the extraction buffer Increases the 
yield of RNA, though it IS not essential. 
Any standard RNA gel techmque can be used to analyze RNA quality However, 
it should be noted that it is typical for carlavuuses to have a band of genomic 
RNA wtth a substantial smear of smaller RNAs decreasmg m mol wt below tt 
These smaller RNAs are generated from broken particles as part of the virus 
purtficatton 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 Potyvzrzdae are the largest single group of plant vu-uses, and as such are 

the most important from an economtc standpoint. There are nearly 200 dtstmct 
recogmzed species or other viruses that are possible or probable members of 
the group Two recent books provide an excellent and m depth review of the 
Putyvzrzdae (1,2). Generally, they are filamentous particles of ca. 1 l-12 x 686 
900 nm. The single-stranded, message sense RNA molecule of the vu-us 
genome IS encapstdated by single species of CP of ca 3&36 kDa This RNA 
(ca. 8500-9800 nucleotldes) IS polyadenylated and also contams a VPg 
covalently bound to the 5’ end. Coat protein ammo acid sequences show stg- 
mficant homology, particularly wlthm the core region. Vnrons are approx 5% 
RNA and 95% protein by weight. The virus RNA IS translated mtttally as a 
large polyprotem that 1s autoproteolyttcally cleaved to provide the mature vtral 
proteins (Fig. 1) 

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

From Methods m Molecular hology, Vol 8 1 Plant Vrrology Prootocols 
From Vms lsolatron to Transgemc Resrstance 
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Ftg. 1 General gene organization of the potyvuus vnus genome 

Perhaps the brggest single problem with the purlficatron of potyvlruses IS 
aggregatron of vrrrons during the purrficatron process. When aggregation 
occurs, particularly at earlier stages of purification, significant losses occur 
dunng the low-speed centrrfugatron (clarrficatron) steps. Thus, many procedures 
utrlrze the nomonic detergent Trtton X-100 to prevent thts. Once aggregation 
occurs, rt IS drffrcult rf not rmpossrble to reverse Here, we present methods 
that have proven successful for a number of potyvnuses Once purified virus IS 
avatlable, methods for purtficatron of viral RNA are relatively straightforward 

2. Materials 
2.7. General Materials 

1 

2 

3 
4. 
5 
6 

7 
8 
9 

10 

Orgamc solvents Reagent grade chloroform (CHCI,) and carbon tetrachlo- 
ride (Ccl,). 
Other reagents* Polyethylene glycol (PEG) (mol wt 6000 or SOOO), Trrton X- 100, 
optrcal grade CsCI, optrcal grade sucrose, NaCl 
High capacity (500 mL) centrtfuge capable of 10,OOOg 
Centrifuge tubes resistant to CHC13 and CC& (polypropylene) 
Ultracentrrfuge capable of 120,OOOg 
Blender. We recommend the use of the 4-L Waring (New Hartford, CT) blender 
wrth a stainless steel contamer. This blender 1s rather expensive, but It has the 
torque to handle tough, fibrous ttssues. If such a blender 1s unavailable, be sure to 
cut coarse, fibrous tissues (hke grasses) to l-2 m or smaller lengths. 
Star plate and magnetic stirbars 
Vortexer 
40°C Water bath 
-80°C Freezer 

2.2. Buffers for General Potyvirus Purification 

1 Buffer A OSM borate, pH 8 0 (bortc acrd trtrated to pH with NaOH) 
2 Buffer B* Buffer A wtth 0 15% sodmm throglycollate (grmdmg buffer) 
3 Buffer C 0 05M borate, pH 8 0, wrth 5 m&I EDTA 

2.3. Buffers for Purification of Maize Dwarf Mosaic Virus 
1 Buffer A* 0 1M ammonium citrate, dlbasrc, adjusted to pH 6 0 with sohd KOH A 

1 .OA4 stock solution can be prepared 
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2 Buffer B* Buffer A contammg 1% polyvinyl pyrrohdone (mol wt 40,000) and 
0 5% 2-mercaptoethanol (grindmg buffer). 

3 Buffer C Buffer A contammg 0.5% 2-mercaptoethanol 
4 Buffer D. Buffer C contammg 20% (w/v) sucrose 
5 Buffer E: Buffer A containmg 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. 0.5Mpotassmm phosphate buffer, pH 7.5. 
2 Buffer B: Buffer A contammg 0 02M sodmm sulfite (grmdmg buffer). 
3. Buffer C. 0 25M potassmm phosphate buffer, pH 7.5 (dilute buffer A 1.1 with 

deiomzed dHzO). 
4. Buffer D* 20% (w/v) PEG m 0.02M Trts-HCl, pH 8 2 

2.5. Buffers for Purification of Rymoviruses 

1 Buffer A Grmdmg buffer 0 0 1MK2HP04 Chill buffer and tissue to 4°C before use 
2 Buffer B* 0 OlM sodmm citrate, adjusted to pH 8 0 with 1M HCl 

2.6. RNA Isolation 

1. A 10 or 20% sodmm dodecyl sulfate (SDS) stock solution made m deromzed dH20 
2 Tris-equilibrated phenol, pH 8 0 (available from US Biochem [Cleveland, OH] 

and other supphers) 
3 Chloroform isoamyl alcohol, 24 1 
4 TE buffer 10 mMTris-HCl, 1 mMEDTA, pH 8.0. 
5. 7.5M Ammonium acetate 
6 Reagent grade ethanol 
7 DEPC-treated water: Add diethyl pyrocarbonate to 0 1% and stir vigorously for 1 

h. Autoclave for at least 25 mm (12 1 “C) Freeze ahquots m RNase-free contam- 
ers until needed. Care should be taken to avoid contamination with RNase by use 
of RNase-free (or disposable) containers 

3. Methods 
3.1. Po tyvirus Purification 

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

1. Grind leaves m 2 vol (400 mL) grmdmg buffer until thoroughly triturated Add 
0.5 vol (v/v) of chloroform and carbon tetrachloride (100 mL each). Blend again 
for 1 mm at highest speed m the blender (see Notes 1 and 2) 



154 Berger and Shiel 

2 Centrifuge at 10,OOOg for 20 mm at 4°C 
3 Filter aqueous phase through large ktmwtpes supported by cheesecloth Make 

sure that no chloroform or carbon tetrachlortde remains m this imttal extract (see 
Note 3) 

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

5 Centrifuge at 10,OOOg for 15 mm at 4°C Carefully dtscard supernatant and retam 
the pellets 

6 Resuspend pellets m ca 0 1 vol of mitral extract, using cold 0 5M borate, pH 8 0 
(see Note 5). 

7. Just before low-speed centrtfugatton, add Triton X-100 to 0 25% (v/v) and stir 
until thoroughly dissolved Low-speed centrtfuge at SOOOg for 15 mm at 4°C 
Retam the supernatant 

8 Ultracentrtfuge the retained supernatant at 70,OOOg for 1 5 h at 4°C (see Note 6) 
9 Resuspend pellets m buffer C, usmg about one-thtrtteth vol of the mmal extract 

(see Note 5) 
10 Repeat steps 7-9, but resuspend pellets m 5 mL buffer C Centrifuge briefly at 

low speed (800&l 0,OOOg) for l-2 mm 
Il. Layer supernatant on l&40% sucrose density gradtents made m buffer C, and 

centrifuge 2 h at 95,OOOg m a SW 28 swmg bucket rotor (see Notes 7-9) 
12. If desired, dilute virus-contammg fracttons with at least 3 vol of buffer C and 

mix thoroughly Ultracentrtfuge as m step 8, above, to concentrate vtrus-con- 
taining fractions 

13 Resuspend pellet m 1 or 2 mL of buffer C (see Note 10). 

3.2. Purification of Maize Dwarf Mosaic Virus 

This method, ortgmally developed by W. Langenberg, has been used by a 
number of laboratortes for purtficatlon of potyvn-uses mfectmg Grammeae, 
parttcularly maize dwarf mosatc (MDMV) and the related sugarcane mosaic 
virus (SCMV), sorghum mosaic vu-us (SrMV), and johnsongrass mosatc vn-us 
(JGMV). Langenberg reports that addttton of 2M guanidme HCl, at steps 1-6, 
will srgmticantly increase vtrus yield (personal commumcatton). 

1 Collect 500-1500 g Infected tissue and grind m a large, prechilled blender wtth a 
mmtmum of 1 L buffer B Strain the contents through several layers of cheese- 
cloth, squeezing out as much sap as posstble (see Notes 11-13) 

2 Add carbon tetrachlortde to 5% (v/v) and mtx m a blender for about 5 s 
3 Centrifuge for 10 mm at 10,000-l 5,OOOg at 4°C and reserve the supernatant (see 

Note 14) 
4 While stmmg, add Trtton X-100 to 0.25% final concentratton Then, add solid PEG 

to 6% final concentration Stir unttl dtssolved (about 0 5 h) (see Notes 15 and 16) 
5. Centrifuge solution for 20 mm at lO,OOO-15,OOOg at 4°C and discard superna- 

tant Resuspend pellet in ca 100 mL buffer C and clarify by centnfugmg for 10 
min at 10,OOOg 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 size) and centrifuge 90 mm at 100,OOOg at 4°C. Resuspend the pellets m 
buffer A and centrifuge at 8OOOg at 4°C for 10 mm. 

7 Layer ahquots of the supernatant on 1 MO% sucrose density gradients (buffer E) and 
centrlfige for 2 h at 100,OOOg Collect the high A 254 absorbing fraction (see Note 17) 

8 Dialyze the virus-contammg 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 Pofyviruses 

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

1 Harvest 200 g leaf tissue l&l 1 d after moculatlon and homogenize with 200 mL 
cold grmdmg buffer (buffer B). Add, for each 200 mL buffer, 50 mL chloroform 
and 50 mL carbon tetrachlorlde and homogemze brlefly (about 10 s) 

2 Centrifuge for 5 mm at 5000g Pour off supematant carefully (see Note 18) 
3 Add PEG to 6% (w/v), stir 1 h at 4’C, and centrifuge for 10 mm at 12,000g (see 

Note 19) 
4 Allow pellet to resuspend undisturbed m buffer A for at least 6 h, and then clarify 

by centrlfugatlon for 10 mm at 12,OOOg (see Note 20). 
5 Add 2 mL of a 20% (w/v) PEG solution m 0 02M Trls-HCl, pH 8 2, per 5 mL 

virus suspension Incubate 1 h at 4°C. 
6. Centrifuge for 10 mm at 17,OOOg 
7 Resuspend pellets m buffer C You can resuspend this pellet overnight at 4°C 
8 Centrifuge for 10 mm at 12,000g 
9 Add CsCl to 35% (w/v), gently dissolve, and centrifuge for 18 h at 120,OOOg (see 

Note 21). 
10 Recover virus zone Dilute the CsCl with buffer C and concentrate by centnfuga- 

tion at 84,500g for 90 mm at 4°C 

3.4. Purification of Rymoviruses 

This method was orlgmally 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 ultracentrifugatlon because a PEG precipitation step 1s not (and can- 
not be) used. Thus, a large capacity ultracentrlfuge rotor 1s very useful here 

1. Grind young leaves (about 3 wk after moculatlon) m 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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3 Incubate filtrate m a 40°C water bath for 1 h (see Note 24) 
4 Centrifuge for 20 mm at 10,OOOg at 4°C and retam the supernatant. 
5 Adjust supernatant to pH 8 0 with 1MNaOH Measure mltlal extract While 

stlrrmg, add Trlton X-100 to 1.5% (v/v) and sodium citrate powder to 0 OlM 
final concentration 

6 Centrifuge for 10 mm at 10,OOOg at 4”C, and retam the supernatant 
7 Centrifuge for 90 mm at 100,OOOg at 4°C. Resuspend the pellet m buffer B (see 

Note 25) 
8 Centrifuge for 10 mm at 10,OOOg at 4”C, and retam the supernatant 
9 Layer supernatant over 0 2 vol (about 8 mL) 20% sucrose m buffer B and centn- 

fuge at high speed, as m step 8 
10. Resuspend the pellet m buffer B, and centrifuge brlefly at 8000-10,OOOg at 4°C 
11 Layer supernatant on a l&40% sucrose density gradients prepare m buffer B, 

centrifuge, and collect the vu-us-contammg fraction, as described previously (see 
Notes 7-9) 

12 Dilute the sucrose-contammg fractions with buffer B and centrifuge for 90 mm at 
100,OOOg at 4°C to concentrate virus Resuspend the pellet m buffer B, which can 
be resuspended overnight at 4°C (see Note 26) 

3.5. RNA Isolation from Virions 
1 Virus in the same buffer used after the final purlficatlon step can be used here 

(see Notes 27 and 28) 
2 Add SDS to 1% (v/v) final concentration (I e , add 5 pL of a 20% stock solution 

for every 100 pL virus preparation) 
3 Incubate at 55°C m a heat block or water bath for 5 mm 
4 Add an equal volume of Tris-equilibrated phenol, preheated to 55°C 
5 Vortex vigorously for 5 s and centrifuge at 10,OOOg for 2 mm 
6. Remove aqueous phase to a fresh (RNase-free) mlcrocentrlfuge tube Add an 

equal volume of chloroform (chloroform:lsoamyl alcohol [24*1]) 
7 Vortex vigorously for 5 s and centrifuge at 10,OOOg for 1 mm 
8 Remove aqueous phase to a fresh (RNase-free) mlcrocentrlfuge tube Add 0 5 

vol of 7 5M ammomum acetate. To this, add 2 5 vol of cold (-20°C) reagent 
grade ethanol 

9 Invert tubes until fully mixed. Place m the cold (-SO’C for 30 mln or -20°C 
for 1 h) 

10. Centrifuge at 12,000g for 25 mm 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,OOOg for 5 mm Remove supernatant and save pel- 
let Vacuum-dry pellet (1 cl5 mm without heat) 

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

13 Dilute a 5-p.L ahquot m DEPC-treated water to obtam absorbances at 260 and 
280 nm on an UV spectrophotometer to determine yield (20 ODzeO = 1 mg RNA) 
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In addttion, you can electrophorese 5 pL RNA (mixed with 3 pL of an RNase free 
loadmg dye) on a 2% agarose gel m TAE buffer (Trts-acetate-EDTA) to obtam 
qualtty and yield information Potyvtral 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 
4.7. Potyvirus Purification 

1 This procedure is designed for 200 g of infected &sue, but can be scaled-up by 
concomttant increase m added reagents When workmg wtth virus hosts that 
result m vtscous extracts (e g , hosts m the Malvaceae or Allzum spp.), try 
mcludmg 2% (w/v) Polyclar AT (Sigma, St. LOUIS, MO) and 0 02M sodium 
sulfite to the extraction buffer Many procedures also will use EDTA (0 05M) 
m the extraction buffer The need for these or other amendments can only be 
determined empirically 

2 (Subheading 3.1., step 1) Excesstve mixing may cause foaming A foam 
suppresser, available for the 4 L Waring blender, will reduce thts Caution: Pro- 
tective clothmg and gloves should be used when handlmg organic reagents Chlo- 
roform and carbon tetrachlortde cause burning pam and redness tf contact wtth 
skm occurs Inhalation or mgestion can cause central nervous system depression, 
with dizzmess, drowsmess, and vomttmg These reagents are suspected carcmo- 
gens based on ammal studtes 

3. (Subheading 3.1., step 3) Use a separatory funnel, if necessary, to remove all 
carbon tetrachlortde and chloroform 

4 (Subheading 3.1., step 4) A common source of vnus loss is failure to release 
vtrus from the PEG In many procedures, NaCl is included to atd m virus release 
and, although not used m some procedures, it may be important Therefore, it 
may be useful to constder mcluston of 1 5-l 75% (w/v) NaCl when purifymg an 
uncharactertzed virus, if yields are unsatisfactory 

5. (Subheading 3.1., steps 6 and 9) Do not resuspend usmg vortex mixer You can 
resuspend overnight at 4’C, if you wish 

6. (Subheading 3.1., step 8) This is about 30,000 rpm m a Beckman Tt 70 rotor 
7 (Subheading 3.1., step 11) It 1s important not to add more than 2 mL (derived 

from the equtvalent 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 virton 
aggregation and prectpttation Prevention of thts can be enhanced by the 
addition of Trtton X-100 to the sucrose solutions (to 0.1% final concentra- 
tion) before gradtent preparatton However, Triton X-100 strongly absorbs 
light at 254 nm and can make fracttonatton usmg a spectrophotometer (1 e., ISCO 
system) difficult 

8. (Subheading 3.1., step 11) Assumptton here 1s that a Beckman SW 28 rotor or 
equivalent IS used Centrtfugatton times will have to be adjusted if a different 
rotor is used Vertical or fixed-angle rotors can be used for sucrose density gradi- 
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ent centrifugatton, but separation may be unsatisfactory tf there 1s turbulence 
during deceleration caused by even slight rotor imbalance 

9 (Subheading 3.1., step 11) Visualize vu-us-containing band after centrtfugation 
by shmmg a light (like from a binocular microscope light source) You can remove 
this band directly with a Pasteur ptpet, or fractionate it 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- 
tally The 260/280 ratio for potyvuuses should be around 1 2-l 3 (or up to 1 4 
for rymovnuses) Readings that are well out of this range (more than ca 0 1 U) 
mdtcate probable contammatton and/or degraded virus Store potyvtruses by 
refrigeration at 4°C m the presence of 0 04% (w/v) NaNs. EDTA can also be 
added as a preservative We do not recommend freezing virus preparations and, 
although there appears to be wide variation m storage life of potyvnuses, most 
should remam stable and useful for several months 

4.2. MDM V Purification 

11 Titer of viruses such as MDMV does not seem to be as time-dependent as many 
dicot-infecting viruses, but yields ~111 be greater if younger infected tissue IS 
used, rather than older leaf tissue. Some workers remove leaf mid-rib tissue prior 
to grmdmg 

12 (Subheading 3.2., step 1) Try to keep the ratio of extraction buffer to tissue low, 
m the 1.1-1.1 5 range, if possible 

13. (Subheading 3.2., step 1) Perhaps the greatest loss of virus at this stage is caused 
by poor or mcomplete grmdmg 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 ~111 make it easier to 
pipet Trnon X- 100 

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

17 (Subheading 3.2., step 7) The band containing virus should be clearly visible if 
the tube 1s tllummated from the bottom Alternatively, one can simply remove 
the virus-contammg fraction by pipetmg gently with a U-shaped Pasteur 
pipet, or by inserting a 20-gage needle through the side of the tube Most 
laboratories ~111 use an ISCO density gradient fractionation system to retrieve 
the vn-us-contammg 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 mto a separatory fun- 
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nel, allow to separate, and add the remainder of aqueous phase to rest of superna- 
tant Discard pellet and orgamc solvents m proper containers 

19 (Subheading 3.3., step 3) Alternattvely, add PEG to 4% (w/v) and NaCl to 0.25M 
We have done this both ways and occastonally some vnuses or vnus strams appear to 
yield better wtth this method, rather than with 6% PEG and no NaCl 

20 (Subheading 3.3., step 4) We have done this for less time with no apparent loss 
m yield. Probably as lntle as 2 h is adequate. 

21. (Subheading 3.3., step 9) One may use thick-wall polycarbonate tubes and the 
Tt 70 rotor at 125,OOOg Fill these tubes no more than half full If your ultracentrt- 
fuge ~111 calculate 02t, use =12,000. Some potyvtruses are unstable m CsCl Thts 
~111 be apparent if most of the vnus is lost during ultracentrtfugatton to remove 
the CsCl If this should happen, use 35% (w/v) Cs2S04, rather than CsCl. 

4.4. Purification of Rymoviruses 

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

23 (Subheading 3.4., step 1) Take care not to heat up blender excessively 
24 (Subheading 3.4., step 3) It IS best to keep track of temperature durmg this period 

of ttme 
25. (Subheading 3.4., step 7) When resuspendmg the first high-speed pellet, use 

about one-thirtieth vol of the nnttal extract This step can be performed overnight 
at 4°C. 

26 (Subheading 3.4., step 12) Our average yield for WSMV is about 1 2 A254 umts, 
or about 0 4 mg/lOO g tissue, usmg 3 0 as the extmctton coefficient The A2h0,280 
should be =l 37. 

4.5. RNA Isolation from Virions 

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

28 Use vu-us at concentrations greater than 250 pg/mL whenever posstble Lower 
startmg concentrations of vnus will adversely affect RNA yields. 

29 Nucleic acid content of potyviruses is about 5%. One milligram of virus should 
yield close to 50 pg of RNA. 

30. Although tsolatton of viral RNA IS necessary for some experimental procedures 
mvolvmg vtruses, it is not always necessary to isolate viral RNA to clone viruses 
vta reverse transcrtptlon Recent work has shown that a sample procedure can be 
used to obtam high-quality cDNA directly from potyviral vmons (7) Thts proce- 
dure ctrcumvents the somettmes dtfticult tsolatton of htgh-quahty, pure RNA 
from virions Full-length or near-full-length cDNA from potyviruses can be syn- 
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thesized using thts method and can be mcorporated mto an tmmunocapturel 
reverse transcrrptase/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 Trlchovlrus, a newly established plant virus genus (I), contains 
five vn-al species (including three tentative members), with similar biological, 
morphologlcal, physlcochemlcal, and ultrastructural properties. Apple chlo- 
rotlc leaf spot virus (ACLSV) and potato virus T (PVT) are defimtlve mem- 
bers of the genus (2,3), whereas hevacleum latent virus (HLV) (4), 
grapevine vn-us A (GVA), and grapevine virus B (GVB) (5,6) are regarded 
as putative members. 

ACLSV, the type-member of the Trlchovlrus genus, has previously been 
classified m the closterovn-us group, according to the morphology of its flexu- 
ous and filamentous viral particle (7). ACLSV was the first clostero-like virus 
whose complete genome was sequenced and genomlc orgamzatlon determined 
(8,9). When molecular information became available on other closterovn-uses 
(10,11), it became evident that there were differences m genome properties and 
structure between ACLSV and beet yellows virus (BYV), the type-member of 
the closterovn-us group. Those molecular differences, when added to the dlffer- 
ences in particle and genome length, vector transmlsslon, and cytopathlc mclu- 
sions, led to the establishment of a new viral genus called Trlchovnus (“tricho” 
from the Greek “thrlx,” meaning hair), which was approved by the ICTV com- 
mittee at the Ninth International Congress of Urology, Glasgow, 1993. 

Most of the mdivldual species of the trlchovirus genus are fairly well-char- 
acterized biologically and physicochemlcally. 

Complete sequence data 1s available for two strains of ACLSV (8,12); 
whereas only partial sequences are available for PVT, GVA, and GVB (I3,14), 
and none for HLV. 
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1.2. Biological Properties 

1.2.1. Host Range 

Trrchovn-uses infect dtcotyledonous plants and differ m then geographical 
dtstrtbution. ACLSV, GVA, and GVB are found worldwide, but PVT was 
reported only in the Andean region of South America. The natural host range of 
trlchovn-uses IS restricted to either a smgle host (PVT, HLV, GVA, and GVB), 
or to a somewhat wider host range (ACLSV). 

ACLSV IS known to infect woody rosaceous plants, mcludmg apple, 
pear, plum, peach, cherry, and aprtcot. Although tt 1s more or less symp- 
tomless m pome fruits, It 1s responstble for serious diseases m stone frutts, 
including peach dark-green mottle, false plum pox, and plum bark splat 
(15). The economtc importance of ACLSV IS largely because of its world- 
wide distribution, and to its capacity to induce severe graft rncompat- 
tbllttres m some Prunus combinations, which causes important problems 
in nurseries. 

PVT host range 1s limited: The mam disease has been reported only for 
potato (Solanum tuberosum), in which tt IS usually latent, but occastonally pro- 
duces a mild leaf mottle (3) GVA and GVB are assoctated with, respecttvely, 
Kober stem grooving and corky bark diseases of the grapevine-rugose wood 
complex. These diseases are associated with symptoms of ptttmg and groovmg 
(5,6) HLV occurs commonly m Scotland m wild Heracleum sphondylzum 
(hogweed) plants, without causing any symptoms (4) 

1.2.2 Transmission 

All trichovuuses are experimentally transmttted by sap moculatton and by 
graftmg. The vnuses can be propagated on the followmg herbaceous hosts: 
Chenopodlum quznoa (ACLSV, PVT, and HLV), Nicotiana benthamiana 
(GVA), and Nlcotzana occzdentalzs (GVB). The mode of natural transmission 
differs among the species. No natural vectors are known for ACLSV and PVT, 
drssemmatton being mediated by propagative material, and PVT IS also seed 
transmitted m dtfferent hosts. Seed transmtssron also seems to be possible for 
ACLSV in apricot (15). Both GVA and GVB are transmitted by mealybugs. 
HLV IS transmitted by aphids m a semiperststant mode. 

1.2.3. Morphological and Physicochemical Properties 

The morphology of all trtchovuuses 1s characterized by a highly flexuous 
filamentous particle of 12 nm m diameter and 640-800 nm m length, with a 
pitch of 3.3-3.5 nm and approx 10 subumts per turn of the heltx. The viral 
particle encapstdates a single-stranded posmve sense genomlc RNA of 2 2-2 5 



Tmhowrus lsolatlon and RNA Extract/on 163 

x IO6 Dalton (about 7.5 kb) that accounts for 5% of the particle weight. The 
particles contain a single coat protein (CP) species with a mol wt of 22-27 kDa. 

1.3. Molecular Properties 

The genomic RNA of ACLSV is polyadenylated (16) and is probably capped at 
its 5’ end (8). The determmation of the complete or partial nucleottde 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 tnchovn-uses 
(9). The ACLSV RNA contams at least three open reading frames (ORFs), 
encoding proteins with approximate mol wt of 2 16, 50, and 22 kDa (Fig. 1). 

The 5’ large ORFl codes for a protein that contains three signature 
sequences, typical of rephcase-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 
vuus gene I and TMV 30-kDa movement proteins (MP) (8) The ORF2 encoded 
protein has been included m the proposed family I of MP (171, which also 
includes the MP of tobamoviruses, tobravnuses, comovnuses, cauhmovnuses, 
and gemmivnuses. 

The capsid protem ORF is located at the 3’ terminus of the genomic RNA. 
The CP contams motifs that are present in a highly conserved region of fila- 
mentous vnus CPs, hypothesized to be involved m the formatton of a salt 
bridge, and possibly vital for tertiary structure formation (IS). 

As shown m Fig. 1, GVA and GVB have an additional small ORF at the 3’ 
end of the genome, downstream of the CP gene, which is mtssmg m ACLSV 
and PVT (24). In the case of GVB, this small ORF has homologies with the 
small, cystem rich, nucleic acid-binding protems found m the genome of other 
plant viruses, such as hordeivtruses and carlaviruses. Distinct sequence 
homologies exist between the movement proteins and CPs of all members of 
the trichovnus group. 

1.4. Virus Purification 

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

ACLSV purification is done by the bentomtepolyethylene glycol proce- 
dure adapted from Lister and Hadidi (191, 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 Mulus sp.), with the 
3’4erminal 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-HCl, 5 mM MgQ (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 mMTns-HCl, 5 n&I MgCl*, pH 7 8 (autoclaved) 
4. 10% Sucrose: 10 g of sucrose dissolved m 100 mL of buffer C 
5 40% Sucrose 40 g of sucrose dissolved m 100 mL of buffer C 

The last two solutions are used to prepare sucrose gradients and should be 
kept allquoted and frozen to avoid bacterial contammatlon. 

2.2. Viral RNA Extraction 

1 Protemase K (20 mg/mL m water) (Sigma) 
2 20% SDS (w/v) (Bioprobe) 
3. Phenol saturated with 50 mMTns-HCI, pH 8 0 (Bloprobe) 
4. Chloroform/lsoamyl alcohol (24/l, v/v) (Prolabo) 
5 3M Sodium acetate, pH 5 3 (autoclaved) (Sigma) 
6 96% Ethanol (kept at -20°C) (Carlo Erba) 
7 TE. 10 mA4Tns-HCl, 1 mM EDTA, pH 8.0 (autoclaved) 

2.3. Gel Electrophoresis of RNA 

10X MOPSIEDTA, pH 7 0 500 mMMOPS (Sigma), 10 mMEDTA, adjust to pH 
7 0 with NaOH (Sigma) (autoclavmg of this buffer will result m a yellow color 
that does not interfere with the migration) 
Buffer D 294 pL 1 OX MOPYEDTA, pH 7 0,706 pL Hz0 
Buffer E* 89 pL formaldehyde (Sigma) (37%, 12 3M), 250 & formamide (Sigma) 
(freshly deionized) 
Dyes mix 322 pL buffer D, 5 mg xylene cyan01 (Serva), 5 mg bromocresol green 
(Sigma), and 400 mg sucrose 
Gel-loading buffer* 2 pL formaldehyde (37%, 12 3M), 5 pL formamide (freshly 
delomzed), and 7 pL Dyes mix 
Electrophoresis buffer 1X MOPUEDTA, pH 7 0 
Gel preparation The 0 8% agarose gel IS prepared by dissolvmg 0 4 g agarose 
(Euroblo) m 36 mL of H20, coolmg to 7O”C, and addmg 5 mL of 10X MOPS/ 
EDTA, pH 7 0, and 9 mL 37% formaldehyde (final concentration 2 2A4) 
Gel-staining solution 10 mM sodium acetate (Merck), 10 mM magnesium 
acetate (Merck), 0 05% (w/v) Ortho-tolmdme blue (Sigma), pH adjusted to 5 5 
with acetic acid 

3. Methods 
The following procedure was adopted for purlfymg ACLSV. All steps are 

done at 4°C on a refrigerated bench 

3.7. Bentonite Suspension Preparation 

The protocol we currently use In our laboratory is the one proposed by Llster 
and Hadldl (19), with a few modlficatlons. For a typical batch, 10 g of bento- 
mte (Bentomte powder, Fisher Sclentlfic) are suspended m 200 mL of buffer A 
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by blending m an electric blender. The bentomte fraction, which does not pellet 
in 3 mm at 600g (first centnfugation), but which does pellet in 15 mm at 5500g 
(second centnfugatlon), 1s resuspended in 100 mL of buffer and kept overnight 
at 4°C. The followmg day, the same procedure 1s repeated, but the last pellet 
obtained is finally resuspended m 50 mL of buffer A using a blender, resultmg 
in a suspension ready to use, and which contains about 4&50 mg/mL of bento- 
mte. It 1s important to correctly estimate the bentomte titer by welghmg 1 mL 
of the bentonite suspension after water evaporation. 

3.2. Virus Purification 

3.2.1 Grinding 

ACLSV 1s propagated m the herbaceous host Chenopodium quinoa (see 
Note 1). Symptoms vary depending on the ACLSV strain. Sunken or necrotic 
lesions can develop after 4-6 d on inoculated leaves, followed by systemic 
yellow spotting or mottling 2 d later on nomnoculated aplcal leaves. 

ACLSV 1s purified from systemically infected leaves harvested 7-l 0 d after 
moculatlon Leaves can be kept frozen before punficatlon, but should not be 
kept longer than 2 mo at -20°C. Leaves (100 g) are homogenized m 3 vol of 
buffer B m a blender. Both Mg2+ Ions and polyammes tend to limit vu-al par- 
ticle degradation during the purification process 

3.2.2. Clanfmtton 

The homogenate is strained through cheesecloth and then clarified by add- 
mg bentomte suspension In steps, starting with an mltlal amount of 10 mg of 
bentomte per gram of leaves. The homogenate 1s mixed, kept at 4°C for 10 
mm, and then centrifuged 5 mm at 14OOg The supernatant 1s recovered, and 
bentomte 1s added again to a final concentration of 5 mg/g of leaves. The 
homogenate is mixed and kept at 4°C for 10 mm, followed by another centnfu- 
gatlon at 14OOg for 5 mm. This step 1s repeated until the supematant becomes 
straw yellow m color and the pellet grayish, each time using decreasmg 
amounts of bentomte (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 centnfugatlon. It is important 
to keep m mmd that an excessive use of bentonite ~111 lead to the adsorption of 
virus particles, and loss of vu-us. Therefore, the bentomte clarlficatlon proce- 
dure must be performed very carefully and should generally not exceed four 
successive steps. 

3.2.3. Polyethylene Glycol (PEG) Precipltatlon 

The virus is precipitated from the bentomte-clarified extract by adding PEG 
(mol wt 6000, Merck) to 8% (w/v) of the volume of the clarified extract (see 
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Note 2). The solution 1s gently stirred until the PEG 1s completely dissolved, 
then held without stlrrmg for 1 h at 4°C. After centrifugatlon for 30 mm at 
12,OOOg, the pellets are resuspended m a maximum of 3 mL of buffer C (see 
Note 3). 

3.2.4. Separation on Sucrose Gradient 

Sucrose gradients l&40% are prepared from two stock sucrose solutions 
(see Subheading 2.1., items 4 and 5). Viral pellets, resuspended m buffer C, 
are loaded directly onto SIX gradients (500 $ per gradient) and ultracentrifuged 
for 2.5 h at 3OO,OOOg, m a Beckman SW 41 rotor. Gradient tubes are scanned at 
254 nm with a ISCO ultraviolet absorption monitor and the UV absorbing 
regions correspondmg to vu-us fractions are collected m ultracentrlfuge tubes. 

3.2 5. Concentration 

To concentrate the virus, the virus-containing fractions are ultracentrifuged 
16 h at 95,000g in a Beckman 60 Tl rotor. The final virus pellet 1s then resus- 
pended m 200 pL of buffer C. The vu-us concentration can be estimated by 
measuring the absorption at 254 nm. Concentration 1s then calculated based on 
the formula. 2 4 U of OD254nm correspond to a concentration of 1 mg/mL of vu-us 

3.3. Viral RNA Isolation 

3.3.1. RNA Extract/on 

The virus suspension 1s incubated m the presence of protemase K (200 ng/ 
p.L) and 0.5% SDS for 15 mm at 50°C. This suspension IS then extracted with 
an equal volume of Tns-HCl saturated-phenol:chloroform*lsoamyl alcohol 
(25:24: 1, [v/v/v]), and then with an equal volume of chloroform:lsoamyl alco- 
hol (24: 1, [v/v]). The aqueous phase is ethanol-precipitated m the presence of 
0.1 vol of 3M sodium acetate, pH 5.3, and 2.5 vol of 96% ethanol at -2O”C, for at 
least 1 h. Viral RNA 1s recovered by centrlfugatlon for 20 mm at 4°C at 15,OOOg. 
The RNA pellet 1s finally resuspended in 10-20 pL of TE buffer or water 

3.3.2. Analysis of Viral Nucleic Acid 

RNA 1s denatured with formaldehyde and electrophoresed m a 0.8% agar- 
ose formaldehyde gel, as described by Miller (21), with few modlficatlons (see 
Note 4) The RNA volume should be reduced to 1 pL, to which 2 2 p.L 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 mm, 1 pL of gel-loadmg buffer 1s added and 
the sample 1s loaded on the gel (see Subheading 2.3., items 5-7). After elec- 
trophoresls, the gel 1s stained for 15 mm and destained m 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 pg to 400 ug/lOO g tissue. This corre- 
sponds to about 5-20 lrg 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 ofACLSV, the reported yield was higher: 50 pg of vu-al RNA/ 
100 g tissue (12). Simrlar vnus yields are obtained for PVT. 300 pg to 1 mg of 
vn-us/100 g tissue, correspondmg to 15 pg to 50 pg of RNA (3). 

The purification yield is reportedly higher for HLV: Yields of virus average 
5 mg/lOO g tissue, which is about 250 pg of viral RNA (4). 

3.5. Purification of Other Trichoviruses 

GVB 1s purified from leaves of N. occzdentalzs The method also includes 
clarificatron by bentomte, followed by differential centrifugation and sucrose 
density gradient centrifugation (6). GVA is purified from leaves of N 
clevelandzz. The method mcludes either clartfication by bentomte or chloro- 
form extraction, before PEG precipitation (5). 

A protocol very similar to the one given for ACLSV is used for HLV (4) 
For PVT, the method does not include the bentomte clarification step, but 

uses carbon tetrachloride clarification instead (13). 

4. Notes 

1. Inoculation of C quznoa (young plants at the four-node stage) (see Subheading 
3.2., step 1) IS done by dusting leaves with Carborundum (600-mesh), then rub- 
bing pairs of leaves at the third node with mfectious C qumoa sap This sap is 
prepared by grmdmg 10 g of infected leaves of C quznoa m 30 mL of buffer B, 
and by addmg activated coal (90 mg/mL) m this homogenate lust before the 
moculatron The mfectlous C. quznoa sap must be kept at 4°C It must be noted 
that ACLSV is very susceptible to high temperatures, therefore, inoculation 
should not be done during the summer period Grmdmg the leaves m the blender 
should be done carefuly and should not last too long, because excessrve blending 
will result m vnus degradation. The homogenate obtained should be thick and 
not too hqutd The choice of the Fisher Scientific brand to prepare the bentomte 
solution seems to make a difference m the purification issue 

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 vn-us pellet after PEG precipitation (see Subheading 3.2., step 3) may be 
contaminated by plant components and appear very green Because excess ben- 
tonne can lead to the loss of vnus particles, it is better not to exceed four steps of 
clarlticatlon To remove any noticeable green color from the pellet, additional 
dtfferenttal centrtfugatlon steps can be done before loading onto the gradtents, to 
avotd interference m the UV absorptton analysts of the gradrents The vnus pellet 
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after PEG preclpttatlon 1s resuspended m 10 mL of buffer C, and then subjected 
to centrlfugatlon for 10 mm at 10,OOOg The first supernatant IS collected, and the 
pellet 1s washed again with 10 mL of buffer C After centrlfugatlon the superna- 
tants are pooled and subJected to high-speed centrlfugatlon for 2 h at 160,OOOg m 
a Beckman 60 T1 rotor The final virus pellet 1s then resuspended m 3 mL of 
buffer C and loaded onto the sucrose gradients (see Subheading 3.2., step 4) 

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 (2.3) 
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llarvirus Isolation and RNA Extraction 

Deyin GUO, Edgar Maiss, and Giinter Adam 

1. Introduction 
The genus Ilurvzrus belongs to the family Bromovzrzdae, together with three 

other genera Bromovarus, Cucumovirus, and Alfamovws (1) The ilarvtrus 
genus includes at present 15 approved species and 1s divided mto 10 subgroups 
according to serologtcal relationships (2). The members are listed m Table 1. 

Most of the members of the ilarvnus genus have a wide host range and infect 
woody plants. They can cause diseases of economtcal importance m 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 m tobacco, dahlia, cotton, tomato, asparagus, and some legume 
species The chief measure to control ilarvtruses is the use of virus-free propa- 
gating material, but the healthy plants can become reinfected easily, since many 
tlarvn-uses are transmitted by pollen. Engineered resistance may become a 
promtsmg perspective for the future control of tlarvnuses (4). 

The morphology of tlarvn-us particles is quasi-isometrtc, with diameters 
between 23 and 35 nm. Occasionally, bacilhform particles are visible m the 
electron mtcroscope (EM) (Fig. 1A) with 12-35 nm width and 2&38 nm length 
(2,3). The variabthty in particle size is caused by the encapstdatton of the three 
different-sized RNAs mto three separate virions (Fig. 1A). The particles are 
very unstable m plant sap, can be easily deformed, and the vnus concentratton 
m leaf tissue 1s low. This renders tlarvnuses dtfficult to purify m good quality 
and sufficient quantity, and has led to the sigla of the genus which was derived 
from zsometric labile rmgspot viruses 

Ilarvn-uses possess a tripartite, positive-sense single-stranded RNA genome 
encapsulated by a coat protein (CP) of approx 25-30 kDa (3). A schematic 
drawing of the genome orgamzatton and position of the open reading frames is 
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Table 1 
Sr>ecies in the Genus llarvirus 

Species (acronym) Subgroup Taxonomlc status 

American plum lme pattern (APLPV) 5 
Apple mosaic (ApMV) 3 
Asparagus virus 2 (AV-2) 2 
Citrus leaf rugose (CILRV) 2 
Citrus variegation (CVV) 2 
Elm mottel (EMoV) 2 
Humulus Japonicus (HJV) 9 
Hydrangea mosaic (HdMV) 8 
Lilac rmg mottle (LRMV) 7 
Parletarla mottle (PMoV) 10 
Prune dwarf (PDV) 4 
Prunus necrotic rmgspot (PNRSV) 3 
Spinach latent (SpLV) 6 
Tobacco streak (TSV) 1 
Tulare apple mosaic (TAMV) 2 

Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Approved 
Type member 
Approved 

The hst contains the species according to ref. I 

shown m Fig. 1B. The two larger genomlc RNAs (1 and 2) are monoclstronic 
and encode nonstructural protems involved m viral rephcatlon (5). In con- 
trast, RNA-3 1s blclstronic, encodmg a polypeptlde presumably required for 
cell-to-cell movement at the 5’ proximal end and the viral CP at the 3’ distal end 
(S-7). The putative movement protein is translated directly from RNA-3; the 
CP 1s expressed from a subgenomlc RNA-4, which 1s colmear with the 3’ end 
of RNA-3 and also becomes encapsidated Ilarviruses are not as intensively 
studied at the molecular level as other vu-uses with trlpartlte genomes, such as 
alfalfa mosaic vrrus (AIMV), and brome mosaic vu-us (BMV); nevertheless, 
some sequence data became available recently (Table 2). So far, however, no 
complete Ilarvn-us genome sequence has been published. Some information of 
llarvlrus molecular biology has been deduced from results obtained for the 
single member of the next-closest related genus, Alfamovzrus, alfalfa mosaic 
virus (AMV). 

A unique property of ilarviruses, as well as AMV, which separates them 
from the other genera of the bromovlridae, 1s the necessity of CP or CP 
subgenomic mRNA to initiate infection (12). This phenomenon, referred to as 
genome activation, has been studied m 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 genomlc RNAs (13) Moreover, the respective 
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Qanomk RNA 1 
, ORFI 

.pprox. 5900 nt 1 (I 

t34nomk RNA 2 
.pprox. 3000 nt 1 ORF2 

1 a 

Qenomk RNA 3 ORFSa ORF3b 
1943 nt I 

B 

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 llarvlruses 

VlruS RNA segment Accession no for sequencea 

Prunus necrottc rmgspot 
Apple mosaic 

Tobacco streak 
Prune dwarf 
Citrus variegation 
Cm-us leafrugose 
Lilac ring mottle 

RNA-3 
RNA-3, RNA-4 

RNA-3 
RNA-4 
RNA-3 
RNA-2; RNA-3 
RNA-3 

L 38823 Hammond (6) 
U15608 (Shier et al , 

unpublished), 
LO3726 (8), U03857 (9)b 

X00435(10) 
L28 145 (12) 
U17389 (7) 
U 17726 (5); I-II 7390 (7) 
u17391 (20) 

“The corresponding references are given in parentheses 
hThis sequence was published as ApMV sequence, but probably is really PNRSV according 

to sequence comparisons (see refs. 6 and 8) 

CPs of several ilarvrruses and AMV are freely exchangeable m the process of 
genome activatron. For example, the TSV genome can be acttvated by AMV 
CP and vice versa, although they have no apparent sequence stmllartty (14). 
Obvtously, this shared functton depends only on the secondary and ternary 
structure of the CP and the viral genomic RNAs, which allow the recognttron 
and tnteraction between the protem and the vtral RNA, even tn heterologous 
combinations (IS). 

2. Materials 
2.1. Equipment (see Note 1) 

1 Centrifuge for Eppendorf (Netheler-Hinz Gmbh, Hamburg, FRG) tubes 
2 Low-speed centrifuge with swmgout rotor 
3 High-speed centrifuge, hke Sorval (Newtown, CT) 
4 Ultracentrtfuge with fixed-angle and swmgout rotor 
5 ISCO (Columbus, OH) density gradient fractionator 
6 pH meter 
7. Warmg blender 
8 Spectrophotometer 
9 Pipeting devices hke Eppendorf ptpets 

2.2. Buffers and Reagents 

1 Inoculation buffer, 0 03M HEPES buffer, pH 7 5, or standard vtrus buffer (see 
item 2) without mercaptoethanol, but with diethyldithtocarbamate (DIECA) and 
2% polyvinylpyrrohdon (PVP), average mol wt 10,000 
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2. 

8 

9 

10. 

11 
12 
13 

Buffers for vnus purtficatton. 0.03Msodium phosphate, pH 8 0,ts used as buffer 
for purified virus and for the homogemzatron step For the homogemzatton step, 
add O.O2M2-mercaptoethanol(2-ME) and 0 02Msodmm DIECAJust before use. 
Caution: 2-ME 1s harmful, handle tt m a fume hood 
Chemicals for vuus purificatton. Antifoam A solution (Sigma Chemte GmbH, 
Detsenhofen, FRG) 
Triton X- 100 solutron 
SN NaOH 
40% (w/v) Sucrose solutton m virus buffer, used as stock solutton for preparation 
of sucrose gradients Gradients are best prepared from four different sucrose con- 
centrations. 10, 20, 30, and 40% In order to prepare linear gradients, divide the 
nominal volume of the centrifuge tube, mmus 1 mL, by four Thts gives the nec- 
essary volume for each concentratton per each gradient Ptpet the calculated 
amount of the 10% solutton mto the tube and underlay the remaining concentra- 
tions one after the other with a syringe and long cannula The linear gradient IS 
formed by diffusion during storage of the tubes overnight at 4°C 
TE buffer 10 mM Trts-HCl, 1 nuV2 ethylene diammetetraacettc acid (EDTA), 
pH 7.5 
Twofold protemase K buffer 0 2M Tris-HCl, 0 3M NaCl, 25 mM EDTA, 2% 
(w/v) sodium dodecyl sulfate (SDS), pH 7.5. 
TE phenol Phenol saturated with TE buffer, pH of 7 5 Caution: Phenol and 
chloroform are dangerous for your health and the environment, as well as very 
corrosive Handle them wtth gloves, protect your eyes wrth goggles, and work m 
a fume hood Dispose of residues accordmg to regulations Remove spells, espe- 
cially m centrifuges, and rotors tmmedtately 
Phenolchloroform mix 50% (v/v) TE phenol, 48% (v/v) chloroform, and 2% 
tsoamyl alcohol 
Chloroform mix chloroform tsoamyl alcohol = 24.1 (v/v) 
3M Sodmm acetate Adjusted to pH 5 2 with acetic acid 
Protemase K stock solutton 10 mg/mL in water Store at -2O’C 

3. Methods (see Note 1) 
3.1. Propagation of Viruses 

For most tlarvn-uses, cucumber (Cucumis satzvus) ES a good source of vu-us 
for propagation and purtlication. Most suitable are the variettes “Rtesenschal” 
and “Lemon”; however, if these varieties are not available, other varieties may 
be used. These should be tested before use for their sensitivity and the vu-us 
titer that IS achieved upon moculatton The best condttton for cultivating 
cucumber plants is 24-25°C with an 18-h photopertod. In uncontrolled condt- 
tions, the vu-us concentration m plants varies seasonally. The most suitable 
times are spring, autumn, and winter, but addtttonal light is essential. The time 
required to reach a maximum concentration m cucumber cotyledons IS nor- 
mally 336 d after moculatton, but it may take up to 10 d under unfavorable 
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condtttons. For TSV, Nzcotzana tabacum and Datura stramonlum are more sult- 
able propagating hosts, but the same procedure as described below can be used 
for purification 

3.2. Extraction and Crude Purification 

All purlticatlon steps should be performed m the cold wtth precooled buff- 
ers, equipment, and rotors. Temperatures between 0 and 4°C are sufficient. 

1 Harvest the infected cucumber (Cucumu satzvus) cotyledons and leaves 3-6 d after 
1noculatton Cool the plant ttssues, buffers, and Waring blender to 4°C for 30 mm 

2 Homogenize the tissue with a Waring blender m extraction buffer (volume 
equivalent to twice the weight of tissue) for 5 m1n at maxtmum speed To prevent 
excessive foaming when blendmg, add five drops of anttfoam A per 100 g leaf 
tissue, but this can be omitted 1f antrfoam A IS not available 

3 Centrifuge the homogenate for 20 m1n at 152Og m 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 mm This step will preclpttate most 
chloroplast material, host proteins, and cell debris 

5. Centrrfuge for 20 m1n at 11 ,OOOg, 1n the same rotor as above, to remove preclpl- 
tated material Carefully rescue the clear yellow supernatant and adjust the pH of 
1t immediately back to 7 0 with 5N NaOH Dtscard pellets 

6 Add Trrton X-l 00 slowly to the supernatant to a final concentration of 2% (v/v) 
and stir slowly at 4°C for 1 h This step dissolves any remaining membranes and 
membrane vesrcles, and thus prevents their sedimentation during the followmg 
ultracentrifugation 

3.3. First Concentration 
Sediment the virus by centrtfugat1on at 105,OOOg for 4 h m a Beckman (Ful- 

lerton, CA) T1-45 rotor and let the pellets resuspend overnight at 4°C 1n a vol- 
ume of 0.03Msodium 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 dlficult 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 m1n 1n a Sorvall HB4 rotor 

and save the supernatant This will remove most of the opaque port1on of the 
original pellet 

2 Sediment the virus again by centrlfugatton for 3 h at 93,000g 1n a Beckman T1-70 
rotor The resultmg pellet should be nearly colorless and the opaque material 
reduced to a small dot 1n the center of the pellet. Most of thts will be removed by 
the subsequent low-speed centrifugatlon 



Ilarvms /so/at/on and RNA Extract/on 177 

3. Resuspend the pellet by gentle shakmg m 200 & of 0 03M sodmm phosphate, 
pH 8 0, per 100 g leaf tissue, and then centrifuge for 10 mm at 12,000g m a 
cooled Eppendorf centrifuge Usmg a Pasteur plpet, carefully transfer the virus- 
contammg supernatant to a new 1 5-mL centrifuge tube The preparation at this 
step, although contammg stdl a httle host-plant contammatlon, IS good for viral 
RNA lsolatlon and subsequent cDNA clonmg The quality can be controlled m an 
electron mlcroscope and spectrophotometrlcally The OD2601280 of the prepara- 
tion should range from 1 45 to 1 60. The concentration can be estimated from the 
extmctlon coefficient E,,, nm ~5 l-5.3, which IS 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 punfica- 
tlon step by sucrose density gradlent centrifugation IS recommended. Load at 
maximum 1 mL, with up to 3 mg of the virus suspension per each preformed 
sucrose gradient, rangmg from 10 to 40% sucrose In 0.03Msodlum phosphate, 
pH 8.0, and centrifuge for 4 h at 113,OOOg In a Beckman SW-28 rotor Care- 
fully collect the virus-contalmng zones from the gradients with an ISCO 
density gradient fractionator, according to the absorption profile, monitored 
at 254 nm. Dilute the vu-us-contammg fractions four times in 0.03Msod1um 
phosphate, pH 8.0, and sediment the virus by centrlfugation at 123,000g for 
2.5 h In a Beckman Ti-60 rotor. Resuspend the final pellet m 0.2 mL of the 
same buffer. 

3.6. Storage of Purified Virus 

For short periods, 1.e , a few days, purified vu-us IS stored at 4°C at the hlgh- 
est concentrations possible. For long-term storage, the purified virus should be 
allquoted m useful amounts and stored frozen at -80°C or In hquld mtrogen. 

3.7. Extraction of Viral RNA (see Note 11) 

1 Mix the virus preparation with 1 vol of twofold protemase K buffer and add pro- 
temase K to an end concentration of 400 pg/mL. Incubate the mixture at 37°C for 
30 mm to digest the viral coat protem. 

2 Add 1 vol of TE phenol to the dIgestIon mixture and strongly vortex for 30 s, 
break the emulsion by a centrlfugatlon for 4 min at room temperature and SOOOg 
m a table centrifuge equipped with a swmgout rotor Using a plpet, carefully 
remove the upper aqueous phase, which contams the RNA 

3. Extract the aqueous phase agam, first with phenol chloroform mix, and then with 
the chloroform mix, as described above Each time, carefully remove the aque- 
ous phase 

4. Add 0 1 vol 3Msodmm acetate, pH 5 2, and 2 5 vol of Ice-cold 100% ethanol to 
aqueous phase and incubate for at least 30 mm at -70°C This ~111 preclpltate the 
RNA from the solution 
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5 Sediment the RNA by centrifugatlon for 20 min at 4’C and 12,OOOg 1n a cooled 
Eppendorf centrifuge 

6 Wash the resulting pellet once with 70% ethanol and centrifuge aga1n for 5 m1n at 
12,OOOg as above 

7 Dry the pellets for 5 m1n 1n a vacuum concentrator and resuspend 1t 1n 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 spectrophotometrlcally for contamlnatlng proteins 
(a ratio of absorbance 2601280 nm of 22 0 1s indicative for the absence of pro- 
te1n) and by agarose gel electrophores1s, where the presence or absence of degra- 
dation can be observed 

4. Notes 
1. 

2 

3 

4 

5 

6 

The equipment 11st 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 inventory The procedures described 
here were developed for Prunus necrotic r1ngspot virus, but are also su1table for 
other 1larvnuses (for suggestions for modlficat1ons refer to subsequent notes) 
The success 1n purification depends to a large degree on the greenhouse work, 
1 e , the choice and culture of the propagation plants Only well-kept plants 
develop high titers of vnus, and this makes purlficatlon easier Second, 1t IS highly 
advisable to plan the purification schedule carefully Speed IS a highly underestl- 
mated factor Do not start with more plant material than you can process The 
bottleneck IS usually the first ultracentrlfugatlon step, 1n which the volume IS 
limited to about 450 mL when using one T1-45 rotor 
Choice of propagation plants and their inoculation The varieties of cucumbers or 
other herbaceous host plants may vary 1n their su1tab111ty for propagation, 1n case 
you start anew with work on 1larv1ruses 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 
IS barely visible When inoculating with material from woody hosts, add PVP to 
your 1noculatlon buffer 
Choice of extraction buffer In some cases, the use of HEPES buffer for extrac- 
tion and resuspendlng 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 
Homogenlzat1on step: The homogenization should not last longer than 5 m1n, 
otherwise, 1t will disrupt virus particles Addition of antioxidants 2-ME and 
DIECA stab111zes the virus particles during the first steps, but are obsolete later 
First purlticatlon steps The yellowish supernatant should be decanted carefully 
w1thout any green material, which lies between the supernatant and the unsoluble 
pellet. The green material interferes with the following steps 
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7 pH adjustments When adJustmg the pH, slowly drop the acidic or basic solutton 
into the extract and stir with a magnettc stirrer to avoid extremely low or high pH 
and drastic pH changes 

8 Other clartticatron procedures: The method described to clarify the extract is 
acidification, because the virus can withstand the acidity for the time required to 
remove the precipitate by centrtfugatton. If the purificatton falls, check espe- 
cially this step, preferably by electron microscopy, to make sure the virus IS not 
lost here. Prectpnatton of plant material starts around pH 5.2, so maybe a slightly 
higher pH, as in Subheading 32, can help Otherwise the clartficatton with 
hydrated calcmm phosphate (HCP) has been used to efficiently adsorb host ma- 
terial at the buffer concentration of 0.03M (16-18). The HCP is prepared by add- 
mg slightly less than an equal volume of 0 1M CaCl* to a 0 1M solution of 
Na,HPO,. The white precipitate (HCP) should be washed m dtsttlled water 15- 
20 times by repeated decantanon and resuspension of the precipitate, to remove 
soluble salts A volume of HCP equtvalent to 0 9 of the onginal weight of tissue 
IS normally needed to clarify the extracts. The buffer concentration of 0.03M 
should be obeyed, since the vtrus 1s also adsorbed at lower tonic strength and the 
host material is not efficiently adsorbed in higher concentrations Finally, 
rlarvnuses can also be concentrated by 10% polyethylene glycol (PEG) 8000 and 
1% NaCl (Wang, personal commumcatton) In addttton, this would allow the 
processmg of more tissue and larger volumes when the virus titers are low and/or 
only small-volume ultracentrifuge rotors are available 

9 Alternative method to remove host contaminants: Host material may also be effi- 
ciently removed from virus preparations by prectpttation with an antiserum pre- 
pared against host protein The procedure is described m detail by Gold (19) 

10. Choice of final purification steps. Usually the sucrose gradient purification 1s 

11 

12 

13 

14 

sufficient, however, equthbrmm density gradient centrtfugatton has also been 
applied, using either CsCl (only after fixation of the purified virus with alde- 
hyde) or CszSOd 
Caution: The general precautions for work with single-stranded RNA, such as 
sterile buffers, glassware, and use of exammatron gloves to prevent contamina- 
tion with RNases, should be strictly obeyed Work at low temperature or on ice is 
recommended, until otherwise stated 
When extracting viral RNA with phenol and chloroform, three phases normally 
appear after centrtfugatton The upper aqueous phase, containing RNA, should 
be very carefully removed The intermediate and lower phases, composed of 
denatured proteins and organic solvent, should be strictly avoided Any trace of 
them may interfere with the suttabthty of the RNA preparation for clonmg work 
During the wash steps, it is important to note that the RNA pellet should not be 
strongly shaken and thereby released from the tube wall, otherwise, the RNA 
may be eastly lost when decanting the solution Gently overturnmg the centri- 
fuge tube several times may be sufftcient. 
Choice of RNA extraction methods The described method is 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 accordmg to thetr electrophonetic pattern, but 
cloning fails despite a control RNA yielding good results under the same proto- 
col, the followmg procedure might help Precipitate RNA with ethanol, pellet the 
RNA, and, after drymg m a vacuum concentrator, redissolve the RNA m sterile 
cacodylate buffer (0 02M cacodyhc acid, 0 002M sodium-EDTA, pH adJusted to 
7 2 with 1NNaOH) at a concentration of 1 mg/mL Add, per mL of RNA, 0 2 mL 
cacodylate buffer, 80 pL mercaptoethanol, and 0 2 mL of a sterile 20% SDS solu- 
tion m water Mix well and incubate for l-2 mm at 60°C m a water bath There- 
after, add 4 mL of TE-phenol and incubate, with occasional shaking, for 10 mm 
m an ice bath Break the emulsion by centrifugation m a low-speed centrifuge 
with swmgout rotor at 8000g for 15 min at 20°C remove the aqueous phase, and 
precipitate the RNA as described m Subheading 3.7. Two wash steps with 70% 
ethanol should be performed to remove phenol residues Caution: Be careful 
with cacodylate buffer, it is toxic 
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Bromovirus Isolation and RNA Extraction 

Jozef Julian Bujarski 

1. Introduction 
Bromovu-uses are a group of plant single-stranded RNA vu-uses that belong 

to the genus Bromovzrzdae Their polyhedral particles of ca 26 nm m diameter 
have the icosahedral T-3 surface lattice symmetry (I), with 180 tdenttcal 
polypepttdes used to build their vtrton particles Because of the trtparttte na- 
ture of their genomrc RNA, three different particles extst. one containing one 
molecule of RNA- 1, one containing one molecule of RNA-2, and one contain- 
mg one molecule each of RNA-3 and RNA-4 (see Fig. 1). 

The phystcochemtcal properties of all bromovn-uses are similar Their vn-t- 
ons are m a stable, compact form at pH between 3 and 6, but swell when the pH 
IS raised above 6.5 (2). They also swell reversibly in presence of Ca2+ or Mg2+, 
wtth concomitant changes m capsid conformatton (3) Besrdes coat protem 
(CP), no lipids or carbohydrates are reported to be contained within 
bromovrrus partrcles. 

Three type members. brome mosaic vuus (BMV), cowpea chlorottc mottle 
virus (CCMV), and broad bean mottle vtrus (BBMV), as well as melandrmm 
yellow fleck vnus and cassta yellow blotch virus, appear to have the character- 
istics of bromovn-uses (4) The bromovuuses have restricted host range: BMV 
infects mostly Graminae, whereas BBMV and CCMV infect a few species m 
the Legumznosae. All three bromovu-uses can infect Nlcotzana benthamzana, a 
useful vu-us purtficatron host. In all these hosts, bromoviruses cause systemic 
mottle or mosaic symptoms, m which they reach and mamtam levels of 0.3-3 
mg/g of leaf tissue. BMV, BBMV, and CCMV give local lesions m some 
Chenopodlum species 

The nucleotide sequences of the genomtc RNAs of BMV, BBMV, and 
CCMV are known (5). The BMV replicase proteins la and 2a are encoded by 
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Fig 1 Molecular organtzatton of the brome mosatc vnus genome The ORFs are 
boxed and labeled The domams wtthm ORFs 1 and 2 are marked by double-sided 
horizontal arrows The noncodmg sequences are marked as solid lines The 5’ CAP 
and 3’ tRNA-hke structures are marked, respectively, at the 5’ and 3’ RNA ends The 
size of BMV CP 1s 27 kDa 

RNA-I and RNA-2, respecttvely. Protein la has at least two domains: one for 
a putattve heltcase, and one for putattve cappmg 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 wtthm the 3’ noncodmg tRNA-like struc- 
ture region (6). Other sequences responsible for BMV RNA3 repltcatton are 
wtthm the mterctstromc region and at the 5’ end The 5’ noncodmg region 
also contams mternal regulatory motifs. The mterctstromc regton has the 
subgenomtc RNA-4 promoter (7), as well as signals mvolved m asymmetrrc 
RNA synthesis (s) 

2. Materials 
1 Vxus tnoculatton buffer O.OlM NaH2P04, 0 OlM MgC12, pH 6 0 (with NaOH) 
2 Virus extraction buffer: 0 SM sodium acetate, 0.3M acetic acid, 0 OlM MgCl*, 

0 1M ascorbic acid (only for BBMV). 
3. Virus storage buffer 0.05M sodium acetate, 0 OlMacettc acid, 1 mMNa2EDTA, 

1 mMMgQ 
4. 10X RNA extraction buffer 0 5M glycine, 0 5M sodium chloride, 0 1M 

EDTA, pH 9.0 
5 RNA loading solutton 0 5% bromophenol blue, 0 5% xylene-cyanol, 15% Ftcoll 

dissolved m DEPC-treated water 
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6 RNA electrophorests separatmg buffer (0 5X TBE buffer). O.O45MTrts, 0 045M 
bortc actd, 0 OOlM EDTA, pH 8.0 

7 Polyethylene glycol (PEG) solutton’ 30% (w/v) of PEG, average mol wt 8000, 
in water. 

3. Methods 
3.1. Virus Propagation 

1. Arrange a set of pots filled wtth a soil mtxture (PRO-MIX R6) Equal the top by 
pressing wtth another pot 

2. Water the so11 
3 Put l&20 barley seeds on top and cover wtth a l-cm layer of sot1 Press with 

another pot and water 
4 Put pots mto greenhouse and keep m a full-light condttton, below 25°C. If neces- 

sary, use arttficral hght with a photoperiod of 16 h light/8 h dark 
5 Prepare virus moculum by grmdmg 1 g of infected leaves (taken from another 

plant) with a mortar and pestle m 2 mL of inoculation buffer Add a 600-mesh 
Carborundum powder to the moculum 

6 Dust the two- to three-leaf stage barley plants with Carborundum and inoculate 
the V~I.IS by rubbing each leaf with gloved fingers motstened wtth moculum The 
leaves must be rubbed hard, but not hard enough to damage the leaves 

7 Using a household sprayer, spray the inoculated plants with water immediately 
after maculation to prevent leaf dehydration 

8. Keep the maculated plants m greenhouse for another 2 wk 

3.2. Virus Purification (see Note 1) 

1 Collect those leaves that show systemic symptoms (a mosatc) of BMV mfectton. 
Do not collect Inoculated leaves 

2 Grind infected leaf tissue m chtlled mortar using pestle and crushed glass, wtth 1 
mL extraction buffer per gram of tissue (see Note 1) 

3. Transfer mto a centrtfuge tube (e.g., Corex glass tube or plastic Oakrtdge tube) 
and add 0.2 mL chloroform/g tissue, then emulsify by vortexing for 30 s 

4. Centrifuge for 5 min at 5000g in a low speed centrtfuge at 4°C Use a pre- 
cooled rotor. 

5 Remove supernatant, avoidmg the interface, and filter tt through a coarse filter 
paper or three layers of Mtracloth 

6. Add one-thtrd vol of 30% PEG, star for 1 mm, and leave on me for 30 mm 
7 Collect the prectpitate by centrtfugatton for 10 mm at 12,OOOg 
8 Dissolve the pellet in 0 2 mL storage buffer per gram of the origmal ttssue and 

emulsify agam with 0 4 mL of chloroform per 1 mL of virus solutton 
9 Centrtfuge 5 mm at 12,OOOg and dtscard the supernatant 

10 Leave the vnus pellet on ice overnight m 0.2 mL of storage buffer per gram of the 
ortgmal tissue to resuspend the virus 

1 I. Ultracentrtfuge the dissolved pellet for 2 h at 100,OOOg. 
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12 Remove the supernatant 
13. Dissolve pellet (see Note 2) m the storage buffer and centrifuge for 10 mm at 

30,ooog 
14. Wlthdraw the supernatant (discard the pellet) and repeat steps 11-14 
15. Determme virus concentration by measurmg UV hght absorption at 260 nm (Fee 

Note 3) 
16 Store the virus frozen at -70°C (see Note 4) 

3.3. Extraction of Virion RNA (see Note 5). 

1. Plpet out 200 pL purified vlrlon preparation mto an Eppendorf tube, add 25 pL 
10% SDS (w/v), 25 pL 10X RNA extraction buffer, and 250 pL phenol 

2 Vortex for 20 s. 
3 Centrifuge for 4 mm at 14,000 rpm m an Eppendorf mlcrocentrlfuge 
4 Transfer the upper (aqueous) phase to a new tube, then add 125 PL phenol (see 

Note 6) and 125 & chloroform (see Note 7). 
5 Vortex for 20 s 
6 Centrifuge for 4 mm at 14,000 rpm 
7 Transfer the upper phase to a new tube, then add 250 & 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 mm 
12 Centrifuge for 12 mm at 14,000 rpm 
13 Discard supernatant, wash the pellet by vortexlng 30 s with 200 FL of 

70% ethanol 
14 Centrifuge for 3 mm at 14,000 rpm 
15 Discard the supernatant 
16. Dry the pellet m SpeedVac (under vacuum) for 3-5 mm 
17 Dissolve in 50 pL DEPC-treated water. 
18 Store the RNA preparation at -70°C (see Note 8) 

3.4. Electrophoresis of Virion RNA 

1 Melt the stored RNA preparation slowly on ice. 
2 Vortex for 10 s 
3 Spm down all the droplets by centrifugatlon for 10 s at 14,000 rpm (e.g., m 

Eppendorf mlcrocentnfuge) 
4. While melting RNA samples, cast a 1% agarose gel m an autoclaved 0.5X TBE 

buffer The electrophoresls tank should be pretreated with hot 1% SDS for 15 s, 
followed by immediate rmsmg three times with sterile distilled water 

5 Load 0 1-O 5 pg RNA to each well m a sterile RNA loading solution 
6. Run electrophoresls for l-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 ethldmm bromide (0 001% [w/v] solution) for one-half hour, 

then examme the gel under UV lamp. 
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4. Notes 
1 This protocol works well for BMV and CCMV In the case of BBMV, especially 

if the vnus IS extracted from broad bean leaves, the ascorbtc actd should be added 
to virus extractton buffer The basic protocol can be scaled-down for virus 
extraction from mg quantities of leaf tissue In this case, the centrifugatlon steps 
are accomplished usmg Eppendorf tubes and a mtcrocentrifuge, and ultracen- 
trifugation steps are omitted The entire procedure should be done on ice or m 
cold room (see also ref. 9) 

2 Pellet should appear clear and glassy 
3. 1 ODZ6s corresponds to 0.2 mg of the vnus. The purity of vtrron RNA samples 

can be estimated by measurmg the ratio of UV absorbency at 2601280 A ratio 
of 1 8-2 0 indicates that the RNA sample contains no, or only residual, 
amounts of proteins 

4 The vnus will preserve its biological activity for years when stored m storage 
buffer at -70°C To avoid thawmg and refreezmg of the samples, store the virus 
m small ahquots Virus yield 0 5-5 mg/g infected leaf tissue 

5. The procedure gives good yields of viral RNA for three bromovtruses The RNA 
purification procedure should be done entirely on ice or in a cold room 

6 High-quality phenol saturated with 0 1M Tris buffer, pH 7 0 (e g , from Glbco- 
BRL) should be used for RNA isolation High-quality water (double-distilled) 
should be treated with DEPC overnight at 37°C followed by autoclavmg 

7 High-quality chloroform stabihzed with isoamyl alcohol (mix 1 vol of isoamyl 
alcohol with 24 vol of chloroform) is recommended for RNA isolatton 

8 Store the RNA preparations in small ahquots of DEPC-treated water at -20 to 
-80°C The RNA preparation IS stable for years Avoid thawmg and refreezmg of 
the samples Yield* 0 03-O 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 Cucumovlruses are triparttte (+) sense RNA viruses m the Bromovwldae 

family of plant vtruses The genus includes cucumber mosaic virus (CMV, the 
type species), peanut stunt virus (PSV), and tomato aspermy virus (TAV) 
(reviewed m refs. I and 2) A fourth member, bean dtstortion mosaic virus 
(BDiMV), has also been proposed as a new species (3). CMV is further divided 
mto 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 vu-us, mfectmg up to 1000 
species of plants, and mducmg a very wide range of symptoms m infected 
plants (2). PSV has a narrower host range, infecting predommantly solana- 
ceous plants and legumes, and TAV IS predommantly restricted to solanaceous 
plants and composites (1) Symptoms for all of the cucumoviruses may mclude 
stunting, mosaic, and leaf distortion, and may range from mild to severe. 

The Cucumovzruses encode at least four proteins (outlined in Fig. l), and 
possibly a fifth (5). RNA-l and RNA-2 contam large open reading frames 
(ORFs) encoding the 1 a and 2a proteins, respectively, the viral components of 
the rephcase complex (6,7). A second ORF is found on RNA-2 of all reported 
cucumovuuses, 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 interact with plant plasmadesmata (8) The 1 a, (9), 
the 2a (IO), and the coat protein (CP) (II) have also been tmphcated m virus 
movement. The CP is translated from a subgenomic RNA-4, which is collmear 
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 
CMV, especially Subgroup II strains, contam additional smaller RNA species 
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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 II 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 suffxient for establishing systemic infection. A 
defective RNA (3p) 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 (IS). The robinia 
strain of PSV is reported to have a larger virion, of approx 40 nm (26), although 
the CP sequence is highly similar to other PSV strains (F. Garcia-Arena1 and J. 
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J Bernal, personal commumcatlon, and our unpublished observation). Vlrlon 
Integrity IS dependent upon protein-RNA interactions, and the vlrlons are par- 
tially permeable, making them subJect to degradation on exposure to low con- 
centrations of rlbonucleases (17). In addition, the vlrlons are not stable to 
freezing. Hence, all steps of vu-us purrficatlon are done at 4°C The half-life of 
purified vlrlons 1s about 2 wk to 1 mo. Long-term storage of cucumovlruses IS 
most reliable m the form of vn-al RNA, which IS highly mfectlous, and very 
stable at temperatures of -20°C. Alternatively, many strains may be stably 
stored as virions m buffer C, plus 50% glycerol, at -20°C 

The method for vn-us purlficatlon described here 1s based on that published 
by Lot et al (la), with modlficatlons for PSV as m ref. 19, for TAV as m (20), 
and for the universal buffer system as m (3) Nicotiana tabacum (tobacco), N 
clevelandii, or N benthamzana are suitable hosts for propagation of most 
cucumovn-uses, although some strains of PSV do not infect tobacco CMV may 
also be propagated m Cucurbita pepo (zucchini squash), or Cucumzs satzvus 
(cucumber), and PSV may be propagated m Kgna unguzculata (cowpea) The 
RNA extraction method IS based on that of Palukaltls and Zaltlm (21) RNA IS 
very susceptible to degradation by nbonucleases. Caution: All glassware used 
for RNA should be baked overnight at 160°C, and gloves should be worn to 
prevent contammatlon by rlbonucleases found on the skm 

Purification of cucumovu-uses mvolves thoroughly grmdmg infected tissue 
m a buffer appropriate to the particular vu-us, followed by a chloroform extrac- 
tion, and high-speed centrlfugatlon through a sucrose cushion Virus pellets 
are then resuspended and contaminants are removed by a low-speed centnfu- 
gatlon, followed by a second high-speed centnfugatlon. For very pure vu-us, a 
sucrose gradient may be utlhzed, but for most purposes the sucrose cushion IS 
sufficient The buffers given m Subheading 3.1. are standard buffers for CMV 
punficatlon. Other buffers used for other cucumoviruses, as well as a universal 
buffer system, are given m Subheading 4. Viral RNA is readily purified from 
vn-us 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 

l-4 for buffers for other cucumovlruses ) 

1 CMV buffer A 0 5M sodmm cxtrate, pH 7 0, 5 mA4 EDTA, 0 5% thloglycohc 
acid (stored m hquld form at -2O”C, and added Just before use). 

2 CMV cushion 1. 0 5M sodium citrate, pH 7.0, 5 mA4 EDTA, 10% sucrose 
3. CMV buffer B 5 nuI4 sodmm borate, pH 9.0, 5 mMEDTA, 2% Trlton X-100 
4 CMV cushion II* 5 n&I sodium borate, pH 9 0, 5 m&Z EDTA, 10% sucrose. 
5 CMV buffer C 5 mM sodium borate, pH 9 0, 5 mM EDTA Autoclave 
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2.2. RNA Extraction 
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1. VEBA (21a) 0 2MTri.s pH 8 5, lMNaC1, 1% SDS, 2 mA4EDTA 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 quahty, or should be redistilled Caution: Use care m handling, phenol 
is extremely caustic 

3 NAE 0 3M sodium acetate, pH 6.0, 0 1 mM EDTA Autoclave and store at 
room temperature 

4 0 1 mM EDTA, pH 8 0, autoclave and store at room temperature 

3. Methods 
3.1. Virus Purification 

All centrlfugatlon values are given as maximum relative centrifugal force 
(RCF) See Note 5 for handlmg of glassware. 

1 

2 

3 

4 

5 
6, 

7 
8 

9 

10 

Harvest fresh plant leaf tissue, removing major ribs and stems Use as soon as 
possible, or store for a short pertod at 4°C. Avoid any freezing of infected tissue 
Weigh tissue and place m 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 mm 
Transfer homogenate to a centrifuge bottle, and centrifuge at 15,OOOg at 4°C 
for 10 mm 
Filter the aqueous phase through dampened Mtracloth (see Notes 7 and 8) Trans- 
fer the filtrate to ca 25-mL ultracentrtfuge tubes, and underlay with 5 mL of 
cushion I It IS most convenient to use thick-walled polycarbonate tubes, 
because the volume can be varied, and they are available with sealable screw 
caps The ultracentrtfugation should be completed as soon as possible Do not 
keep the virus m buffer A for more than a few hours 
Centrifuge at 212,000g for 1 5 h (see Note 9) at 4°C. 
Pour off the supernatant, and add 4-5 mL of buffer B to each pellet Allow the 
pellets to sit at 4°C overnight 
Vortex the pellets m buffer B briefly, pool the samples, and stir at 4°C for 2 h 
Centrifuge the stirred samples at 7500g at 4°C for 10 mm. Pour off the 
supernatant immediately to an ultracentrifuge tube Underlay with 5 mL 
of cushion II 
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. 
Virus can be stored m buffer C, or used for RNA extraction To quantitate the 
vu-us yield, measure the OD 260. CMV has an extmctron coefficient of 5 (22) 
Virus yields vary from 100 to 1 g/kg of tissue, dependent on the strain of virus 
The vu-us may be stored at -20°C m 50% glycerol. 
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2 
3 
4 

5 

6 

7. 
8 
9. 

10. 
11 

12 

Vortex the v~ruus pellets m buffer C, and add an equal volume of VEBA Immedl- 
ately pour the mixture mto a tube containing an equal volume of phenol*chloro- 
form For total extractton volumes of 20 mL or less, a 50-mL disposable tube 
may be used with a wrist-actlon shaker For larger volumes, use a beaker or flask 
Shake or stir the extraction for 15 mm at room temperature 
Centrifuge the emulsion at top speed m a tabletop centrifuge for 10 mm 
Remove the aqueous phase to a fresh tube contammg 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 contammg 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 preclpltate at 12,OOOg at 4°C for 30 mm 
Pour off the supernatant and dry the pellets under vacuum 
Resuspend the pellets m 5 mL of NAE per tube, with vortexmg If the RNA pellet 
IS very large, freezmg and thawmg can help resuspend the pellet Concentrations 
of RNA can be as high as 10 mg/mL before saturation m water. 
Add 12 5 mL absolute ethanol and store at -20°C as m step 6 Repeat steps 7 and 8 
Resuspend the pellets m 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 m a mlcrocentrlfuge for 10 mm Pour off supernatant, dry 
pellets under vacuum, and resuspend m 0 5 mL of 0 1 mA4 EDTA Dilute 10 PL 
mto 1 mL of water, and measure the OD at 260 and 280 nm The 260/280 ratio 
should be 2 The extmctlon coefficient for RNA IS 25 (23) The virus IS about 
18% RNA Store the RNA at -20°C 

4. Notes 

1 Alternate buffers for PSV are: buffer A, 0 1M sodmm citrate, pH 7 0, 20 mA4 
EDTA, 0 1% thloglycohc acid (v/v, add Just before use), extraction is done with 
2 mL buffer A and 2 mL chloroform per gram of tissue, mltlal pellets are resus- 
pended m water, and 0 1 vol of CMV buffer A, plus Trlton X- 100 to 2% IS added 
before stirring, the second pellet IS resuspended in water, and 0 1 vol of CMV 
buffer A 1s added for storage; cushion I, O.lM sodmm citrate, pH 7 0, 1 mA4 
EDTA, 10% sucrose, cushion II, 50 mA4 sodium citrate, pH 7 0, 0 5 mM EDTA, 
10% sucrose 

2 Alternate buffers for TAV are* buffer A, 0 1M sodmm or potassium phosphate, 
pH 7 0, 0 5% thloglycollc acid, buffer B, 20 &phosphate, pH 7 0, 1% Triton 
X-100, buffer C, 20 mM phosphate, pH 7.0, or, If vu-al RNA IS to be extracted, 
virus may be resuspended m water (avoid EDTA m the final resuspension buffer), 
cushion I, O.lM phosphate, pH 7 0, 10% sucrose, cushion II, 20 mM phosphate, 
pH 7 0, 10% sucrose 
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3 Alternate universal buffers, whtch work well for all cucumovtruses tested, are 
buffer A, 0 1 sodmm curate, pH 7 0, 20 mM EDTA, 0 1% sodium diethyldtthro- 
carbamate (DIECA) (w/v, add Just before use), 0 1% (v/v) 2-mercaptoethanol, 
buffer B, 10 mA4Trts, pH 7 0,O 5 mM EDTA, 2% Triton X- 100, buffer C, 10 mA4 
Trts, pH 7 0,O 5 mMEDTA (for TAV use 20 &phosphate, see Note 2), cushion 
I, 10 mM Tris, pH 7 0, 0 5 mM EDTA, 2% Trtton X-100, 20% sucrose, cushion 
II, 10 mM Tris, pH 7 0, 0 5 mM EDTA, 20% sucrose For alternate universal 
buffers, use 2 mL bufferA and 2 mL chloroform per gram of tissue for extractton, 
ultracentrtfugattons are done at 150,OOOg for 3 5 h 

4 One strain of CMV, M-CMV, requires a unique method for punficatlon Because 
of a modtficatton of the CP, M-CMV IS unstable m the presence of chloroform 
and of EDTA (24) M-CMV IS extracted as follows buffer A, 0 1Mdtbastc sodium 
phosphate, 0 1% thtoglycoltc 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 Mtracloth Centrifuge 
the filtrate at 15,OOOg at 4°C for IO mm. Add Triton X- 100 to 2%, and stir at 4°C 
for 15 mm Centrifuge at 78,000g for 2 h Resuspend m 0 1M dtbastc sodmm 
phosphate, as for CMV resuspenston Centrifuge at 5500g at 4°C for 10 mm, and 
pour the supernatant mto an ultracentrtfuge tube Underlay with 5 mL 0 1M diba- 
SK sodium phosphate, 10% sucrose, and centrifuge, as above Resuspend final 
pellet m 10 mM sodmm borate, pH 8 0 

5 To avoid crosscontammation, especially of satelbte 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 overmght at 
160°C Items that cannot be baked should be soaked for 2 h m 0 1M sodium 
hydroxide, followed by thorough rmsmg 

6 For less than 20 g of tissue, a polytron works best for homogenization Alterna- 
tively, small amounts of tissue can be ground m buffer A m a mortar and pestle, 
squeezed through several layers of cheesecloth, and extracted with chloroform 
by shaking m the centrifuge bottle, before low-speed centrtfugatton For 2&50 g 
of tissue, use a small blenderjar (500-mL capacity), for 50-250 g of tissue, use a 
large blender Jar (1 OOO-mL capacity) 

7 For very large-scale preparations, vnus may be concentrated by prectpttation with 
polyethylene glycol (PEG) prior to the first ultracentrtfugatton step Replace the 
thtoglycoltc acid m buffer A with 40 mM 2-mercaptoethanol (S Flasmskt, per- 
sonal commumcatlon) Add 10 g of PEG 8000 for every 90 mL of extract m 
buffer A Stir at 4°C for 45 mm Centrifuge at 15,OOOg at 4°C for 10 mm Dram 
the pellets thoroughly, because residual PEG may cause the resuspended vu-us to 
precipitate Resuspend the pellet m buffer B, using one-fourth to one-third of the 
original extraction volume Stir for 45 mm at 4°C Centrifuge at 7500g at 4°C for 
10 mm The virus will be m the supernatant, and the pellet should be very small, 
a large pellet indicates that the residual PEG has reprectpttated the virus In this 
case, save the pellet, and resuspend it again m buffer B Continue the purification 
with the second ultracentrtfugatton 
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8 For small samples, or If the first pellets are very small, volumes can be reduced 
and the ultracentrtfugatton done m lo-mL tubes Underlay lo-mL tubes wtth 2 
mL of cushion. 

9. The time and speed for ultracentrtfugatton may vary dependmg on the type of 
cushion used (20% sucrose, 10% sucrose, or no cushton) In general, centrtfuga- 
tton should be done at speeds ranging from 150,OOOg for 3 5 h to 212,000g for 
1.5 h If problems arise wtth centrifuge tubes crackmg, lower the speed and 
lengthen the time used 

10 For very pure vtrus (e g., for rabbit mJectton for anttbodtes), a 5-25% linear 
sucrose gradient m 20 mA4 sodium phosphate, pH 7 0, may be used Centrifuge m 
a swmgmg-bucket rotor at 100,OOOg for 3 h. The viral band can be vtsuahzed and 
collected by tts light-scattermg property A maxunum of ca 5 mg of virus can be 
loaded onto one 34-mL gradtent The pooled virus bands are diluted fourfold m 
20 &sodium phosphate, pH 7 0, and pelleted by ultracentrtfugatton at 2 12,OOOg 
at 4°C for 2 h For anttsera, the vtrtons must be stabthzed wtth formaldehyde 
treatment (2.5) 
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Nepovirus Isolation and RNA Extraction 

K. Roger Wood 

1. Introduction 
Viruses of the nepovirus genus are classified withm the family of 

Comovzrzdue, along with the comovnuses and the fabavnuses. At the time of 
writmg, there are some 27 confirmed members of the genus, with eight or so 
viruses that, followmg further mvestigation, may be confirmed as members 
(I). These vu-uses infect a very wide range of plant species, producing symp- 
toms that include mottles, mosaics, rmgspots, and systemic necrosis, often 
mfections are symptomless, particularly in the later stages. All members are 
transmitted through soil by free-living nematodes, prmcipally of Longzdorus 
or Xzphznema species, feeding on roots. They are also transmitted and dissemi- 
nated through seed and pollen of both crop species and weeds It is the 
combination of a mode of transmission (nematode) and virus morphology 
bolyhedral) that provides the name of the genus 

They have a worldwide drstribution, although, as a result of then transmis- 
sion via nematodes, many mdividual members of the genus have a rather 
restricted geographical range This may be wider if seed or vegetatively propa- 
gated material has been more widely distributed. Diseases occur m many 
important crop species, mcludmg soybean m the United States (tobacco 
rmgspot nepovnus, TobRSV) and raspberries m the UK (raspberry rmgspot 
nepovirus; RRV). Arguably, the most Important is 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 m diameter, each particle contams 
60 copies of a smgle capsid protein, with an approximate A4, of 55 kDa. The 
larger of the two genomrc RNAs, RNA-l has M, approx 2.8 x lo6 (ref. 3; 
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8100-8400 nucleotldes), while the smaller of the two, RNA-2, IS much more 
variable in size between members of the genus, rangmg m size from approx 1 4 
to 2.4 x lo6 (340&7200 nucleotldes). The genus can be divided mto two sub- 
groups, according to the size of the RNA-2 component, those m Subgroups I 
and II having RNA-2 smaller or greater than 5400 nucleotldes, respectively. 

Vu-us particles, isolated from infected tissue, are usually, though not always, 
of three types. top (T), middle (M), and bottom (B), named orlgmally accord- 
ing to their position followmg separation by sucrose gradient ultracentnfuga- 
tlon Those viruses with RNA-2 molecules m the larger size range have T 
particles conslstmg of capsld protein only, M contammg RNA-2, and B par- 
ticles containing RNA-l Those with RNA-2 components m the smaller size 
range have particles containing two molecules of RNA-2, m addltlon to 
those contammg a single copy. In these cases, the sedlmentatlon coeffclent 
of the particles contammg two copies overlaps that of particles contaming 
RNA- 1, so that the B component particles are of two types (4). Often, T par- 
ticles are not present In addition, multlple copies of a satelhte RNA, if present, 
may also be encapsidated by viral coat protem. 

Each RNA has a small vn-us-encoded protein (VPg) attached covalently to 
the 5’-terminus (the presence of which IS essential for mfectlvlty), and a poly(A) 
sequence at the 3’-termmus Each has a single open readmg frame (ORF), 
encodmg a polyprotem that 1s proteolytlcally cleaved to produce a series of 
smaller functional proteins 

The genome orgamzatlon of a representative nepovn-us, tomato black rmg 
(TBRV), 1s indicated m Fig. 1A and C. Nucleotlde sequence data (5), and com- 
parison with the genome sequences of the related coma- and plcornavlruses, 
suggests that RNA- 1 (M, 2.69 x 1 06) 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 ldentlfied from either m vitro translation experiments (6,7), 
or from the mvestlgatlon of proteins produced m vlvo (8), are also indicated m 
Fig. 1B and D. The sizes of the protems m Fig. 1B and D are those derived 
from electrophoretic data, which may differ from the values predicted from the 
nucleotlde sequence. 

The capsid protein 1s represented by ammo acids 838-l 348 at the 3’-terml- 
nus of the primary translation product of RNA-2 (ref. 9; 1.66 x 106), a 
polyprotem of 1357 ammo acids, A4,150 kDa. It 1s produced from the 150-kDa 
polyprotein by cleavage to a 59-kDa protem, which then loses nine C-terminal 
ammo acids, to become the 57-kDa capsld protein, M, 55,888 (10). 

The function of some, but not all, the other protems 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 genomlc RNAs. VPg 1s 
cleaved from the 120-kDa protein, although neither this protem nor the 92- and 
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Fig 1 The proposed genome organization of TBRV RNA-l and RNA-2 The 
polypeptldes mdlcated m (A) and (C), with putative cleavage sites, are those predlcted 
from sequence data The sizes of the polypeptldes m (B) and (D) are deduced from 
electrophoretlc analysis of polypeptldes identified m vitro or m VIVO (Data used with 
perrmsslon from refs. 5-20.) 

23-kDa proteins have been detected as separate entitles either m vitro or m 
vivo. Both the 120-kDa and 1 I7-kDa products have proteolytlc actlvlty (71, 
and m vitro translation experiments suggest that the activity of this protease 1s 
necessary for processmg of genome-encoded products. In the absence of RNA- 1, 
for example, the 150-kDa RNA-2-encoded polyprotem IS not processed. 
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There is also complete sequence data available for the RNA-2 species of a 
number of other nepovn-uses, including Hungarian grapevine chrome mosaic 
(II), GFLV (12), RRV (13), and tomato rmgspot (TomRV, ref. 14) The last of 
these has an unusually large RNA-2 component (7273 nucleottdes), which 1s 
partially accounted for by a long 3’ noncodmg region The capsrd protein 
sequence occupies the same posmon m the polyprotem sequence as that of 
other nepovuuses Although the genome of strawberry latent rmgspot vu-us has 
much m common with the nepovuuses, the viral capsrd contains two proteins, 
M, 29 and 44 kDa; the position of this vnus within the Comovmdae family 
remains to be resolved (15) 

Nepovnuses are usually stable and relatively easy to purtfy. The virus purt- 
ficatron procedure outlmed below uttllzes the standard procedures of sap clart- 
ficatton using an organic solvent, vtrus prectpttatton wtth polyethylene glycol 
(PEG), and several cycles of differential centrrfugatton. It is essentially that 
of Mayo et al. (16), and works well for many of the nepovnuses For others, 
however, the use of chloroform to clarify sap extracts may be preferred 
(see Subheading 4.) RNA 1s obtained from vtrtons using a standard 
phenolchloroform procedure 

2. Materials 
2.1. Virus Purification 

1 Carborundum (F 500, Carborundum, Manchester, UK) 
2 Butter muslm 
3 Ommmixer (Camlab, Cambridge, UK) 
4 Butan-l-01 (n-butanol; Merck, Luttenworth, UK) 
5 PEG 6000 (Merck) 
6 Homogenization buffer 0 07M sodium phosphate buffer, pH 7 0,O 0 1M in dl-Na 

EDTA and contannng 0 1% (v/v) mercaptoacetic acid 
7 Resuspension buffer A 0 07M sodium phosphate buffer, pH 7 0 
8 Resuspension buffer B 10 mM Tris-HCl, 50 mM NaCl, 1 mA4 di-Na 

EDTA, pH 7 5 

2.2. RNA Purification 

1 Wrist-action shaker (Fisher Scientific, Loughborough, UK) 
2. Sodium dodecyl sulfate (SDS, Merck) 
3 Phenol mix* phenol, containing 0 1% 8-hydroxyqumolme, saturated with 

resuspension buffer B 
4 Chloroform mix chloroform and lsoamyl alcohol mixture (24.1, [v/v]), saturated 

with resuspension buffer B 
5 Sodium acetate 
6 70% (v/v) Ethanol 
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3. Method 
3.1. Virus Purification 

1 Dust approx 20 Nlcotlana tabacum (cv White Burley) plants (at approximately 
the 4-5 leaf stage), with carborundum, and mechanically maculate with vu-us 
moculum (see Notes 1 and 2) 

2. Maintain the plants at approx 23°C for 7-10 d (see Note 3) 
3. Collect the inoculated leaves (ca. 200-250 g), and homogenize thoroughly m 

homogemzatton buffer (1 2, w/v) using an Ommmtxer (see Notes 4-6) 
4 Falter the homogenate through two layers of muslm, make 8.5% (v/v) with 

n-butanol, and stir gently for 30 mm (see Note 7) 
5 Centrtfuge at 10,OOOg for 20 mm and drscard the pellet 
6. Make the supernatant solution 10% (w/v) m PEG 6000 and 0 17M sodtum 

chlorrde 
7. Stir gently for 1 h 
8 Centrtfuge at 10,OOOg for 20 mm Discard the supernatant solutton 
9. Resuspend the pellet m resuspension buffer A (10% ortgmal volume of the 

homogenate, step 3, see Note 8) 
10 Allow the mtxture to stand overnight. 
11 Centrifuge at 10,OOOg for 10 mm and discard the pellet 
12. Centrifuge the supernatant solution at 150,OOOg for 2 h, discard the superna- 

tant solutton 
13 Resuspend the pellet m a small volume (ca 2-3 mL) of resuspension buffer A 
14 Repeat steps 11 and 12 
15 If the vnus IS to be used for RNA extractton, resuspend the pellet m 2-3 mL 

resuspension buffer B, alternatively, use buffer A 
16 Drlute a small sample 100X m the same buffer used for final resuspension and 

assess the virus concentratton spectrophotometrlcally, assuming that a suspen- 
ston of 1 mg/mL has an absorptton of 10 (260 nm, 1 cm path length) (see Note 9). 

3.2. RNA Purification 

1. Make the vnus suspension (ca 5 mg/mL m buffer B) 1% (w/v) m SDS, and 
vortex briefly (see Note 10). 

2. Add an equal volume of phenol mix and shake vigorously for 5 mm at room 
temperature on a wrist-action shaker (see Note 11) 

3. Add chloroform mtx (same volume as phenol mix) and shake again for 5 mm at 
room temperature 

4. Add ca. 50 $ slhcone grease and centrtfuge at 2500g for 5 mm (see Note 12) 
5 Collect the (upper) aqueous phase, and make 0 2M m sodmm acetate 
6 Add 2 vol of ethanol and allow to stand for at least 2 h at -20°C to precipitate 

the RNA 
7 Centrifuge at 12,OOOg for 20 min 
8. Add 70% (v/v) ethanol (approximately twice the volume of the orlgmal virus 

suspension) and vortex for a few seconds 
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9 Centrifuge at 25OOg for 1 mm and remove the ethanol 
10 Repeat thus ethanol washing at least twrce more 
11 Either store the RNA pellet m 70% (v/v) ethanol at 4°C or resuspend the RNA m 

distilled water and store at -80°C until required 

4. Notes 
Tobacco IS a suitable source ofTobRSV-infected tissue for purification purposes 
However, for this and other nepovnuses, several other hosts are appropriate, Nzc- 
otzana clevelundu IS suitable for many, but for TomRV, for example, cucumber or 
squash may be more appropriate 
The yield of vrrus to be expected will vary, depending on the virus to be used For 
TobRSV, a conservative estimate would be 50 mgikg; 5-20 mg/kg 1s typical A 
convenient amount of tissue to process IS 25&400 g, but this can clearly be 
adjusted if large amounts of virus or viral RNA are required 
The trme at whrch trssue IS harvested IS not absolutely crrtical, but, m our hands, 
7-10 d after moculatron has provided highest yields from maculated trssue, when 
plants are maintained under the condmons described 
Harvested &sue may be processed rmmedrately, or stored at -80°C for several 
months, until requrred If stored frozen, the tissue must be brought close to 4°C 
before homogemzatron 
TobRSV 1s stable for several days at room temperature m sap However, unless 
otherwise stated, rt IS preferable to perform all steps at 4°C to mamtam maxrmum 
mfectrvrty and integrity of the viral RNA 
An Ommmrxer top-drive macerator IS Ideal for tissue homogemzatlon, all 
lrqurd IS effectively contained Bottom-drove blenders of the Waring type are 
also satisfactory 
Clarrficatron usmg n-butanol IS appropriate for many of the nepovrruses A useful 
alternatrve, which also gives good results, IS to use chloroform (e g , refs. I7 and 
18) In this method, tissue IS homogemzed m homogemzatlon buffer and chloro- 
form (1 1 1 [w/v/v]), and the mrxture allowed to stand for 30 mm The mixture IS 
then centrifuged at 10,OOOg for 20 mm, and the lower layer discarded The super- 
natant solutron is then processed as Indicated (steps 6-16) 
A crrtrcal aspect of thts purtficatron process, that 1s common to all procedures 
which include pelleting of the virus by high-speed centrrfugatron, IS efficient 
resuspension of the virus pellet Since some viruses are susceptible to aggrega- 
tion, thus can be difficult, although nepovnuses do not pose as severe a problem 
as do some other groups of vn-uses, (e g , potyvrruses) I use glass rods and rubber 
policemen (crude but effective) An addmonal modrficatron IS to sediment virus 
parrcles onto a cushion of Maxrdens (Nycomed), a high-density perfluorrnated 
hqurd that IS lmmrsctble with water 
The method described here provides a mixture of the two genomrc RNAs If 
it is Intended to use RT-PCR to clone the sections of the genome reqmred, 
then this 1s all that IS required However, rf purified preparations of RNA-l 
and RNA-2 rndrvrdually are required, addrtronal steps will need to be included 
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(see Chapter 26) If the two genome components are encapsidated m partrcles 
which differ m then sedrmentatton coefficient, then tt is posstble to obtarn 
preparations of virus particles enriched m either of the two RNAs by sedt- 
mentation through l&40% sucrose m 0.07M phosphate buffer, pH 7 0 Fur- 
ther purification may be necessary, particularly rf the RNA-2 component of 
the vrrus m question 1s m the lower size range The M component, contaming 
RNA-2, may be subJected to a second centrrfugation through a sucrose gradr- 
ent; RNA-1-contammg B particles may be purified by rsopycmc centrrfuga- 
tron m cesrum chloride (19). RNA may then be extracted from pooled 
fractions contammg the appropriate component The preparatrons of RNA- 1 
and RNA-2 thus obtained may then be further purified by a final electro- 
phoretrc separation through agarose or polyacrylamrde gel To obtain a sample 
of RNA- 1 without contammating RNA-2, a prelrmmary particle separation 
~111 almost certainly be necessary 

10. A mtxture of pronase and SDS has been used by some m RNA isolatron (Sub- 
heading 3.2., step 1) However, if infectious RNA IS required, the use of a pro- 
teolytrc enzyme IS not recommended There IS a possrbrhty that the 5’-termmal 
VPg will be removed from the viral RNAs 

11 It is possible to use a prepared phenol:chloroform mix m Subheading 3.2., step 
2 However, my experience IS that a two-stage procedure as described gives bet- 
ter results 

12 The addrtron of a small quantity of silicone grease (Subheading 3.2., step 4), 
which collects at the Interface between the organic and aqueous phases dur- 
mg centrrfugatron, greatly facilrtates the collection of the aqueous layer wrth- 
out contamination 
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Comovirus Isolation and RNA Extraction 

Joan Wellink 

1. Introduction 
Comovn-uses are small, rcosahedral viruses wtth a dtameter of approx 28 

nm (Fig. 1) Presently the genus Comovwus IS comprised of 15 different 
vn-uses, of which the type species, cowpea mosaic vn-us (CPMV), IS the most 
thoroughly studied (1,2) All vn-uses are transmitted by beetles and have a rather 
narrow host range. Most comovnuses have legumes as then natural hosts and 
usually cause mosaic or mottlmg symptoms Comovnuses are mechanically 
transmtssrble, and can replicate to high levels m infected cells. Purified prepa- 
rations of comovn-uses consist of two, sometimes three, drstmgurshable 
particles, whtch can be separated by centrtfugatton on sucrose density gradt- 
ents. These parttcles are desrgnated as bottom (B), middle (M), and top (T) 
component, correspondmg to then position m the centrifuge tube The B- and 
M-component are nucleoprotem particles, each contammg a segment of the 
single-stranded, bipartite RNA genome (denoted RNA- 1 and RNA-2, respec- 
tively); T-component consrsts of empty protein shells Both B- and M-compo- 
nents, or then RNAs, are necessary for mfecttvtty (3) 

The protein capsids of B-, M-, and T-component are identical, conststmg of 
60 copies each of a large (L) and small (S) coat protein, the observed dtffer- 
ences m sedimentation coefficient and density are exclusrvely caused by dtf- 
ferences m RNA content. Top components do not seem to have a specific 
function m vnus mfectrvtty and may be regarded as a side product of the viral 
assembly process. The amount of T-component produced varies greatly among 
different comovnuses and even among different isolates of the same vn-us, and 
seems to be dependent on the condition for growth 

Molecular weights of RNA- 1 and RNA-2 reported for different comovnuses 
are all m the range of 2.0-2 4 x lo6 and 1.2-1.45 x 106, respectively. The 
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Fig 1 Genetic orgamzatlon of the CPMV genome The tcosahedral virus parttcles 
consist of two components, denoted B and M, that contam RNA- 1 and RNA-2, respec- 
tively The ORFs m the RNA molecules are Indicated with open bars and VPg with a 
black square The RNAs are translated into polyprotems that are proteolytically 
processed at SIX specific sites, mdlcated below the ORFs, into several stable mter- 
mediate and nme final cleavage products These latter products are indicated in 
the ORFs Functions of the different domains in the polyprotems are shown above 
the ORFs wrth the followmg abbreviations MP, movement protein, CO-PRO, cofac- 
tor required for protemase, HEL?, putative hellcase, PRO, protemase, POL, RNA- 
dependent RNA polymerase 

genomtc RNAs of the comovtruses have a small protem covalently lurked to 
then 5’ end (denoted VPg Viral Protein genome-bound) and a poly(A) tract at 
then 3’ end (Fig. 1). 

All comovn-uses sequenced so far contain a single, long open reading frame 
(ORF) that occupres over 80% of the length of the RNA. Expression of both 
RNAs mvolves the productton of large polyprotems, from which several 
smaller proteins are derived by proteolyttc processmg through the action of a 
viral proteinase (Fig. 1) The RNA-2 of all comovn-uses tested are translated m 
vitro mto two carboxy cotermmal polyprotems, because of mrttatron of trans- 
lation at a second m-frame AUG codon. For CPMV, this has also been shown 
to occur m infected cells A total of 15 mtermedrate and final cleavage products 
have been identified m cells infected with CPMV as a result of processmg at 
SIX specrfic drpeptrde sequences (Fig. 1). CPMV RNA-l IS able to replicate 
independently from RNA-2 m cowpea protoplasts, and all protems coded for 
by RNA- 1 are needed for viral RNA rephcatron. RNA-2, on the other hand, IS 
needed for the mfectron of whole plants and specifies the two capsrd proteins 
and the movement protein (Fig. 1) 

The purtfication and extraction methods described below have been devel- 
oped for CPMV. With minor modrficatrons, these methods should also be 
applicable for other comovrruses (see Subheading 4.). The precrprtatton of 
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vn-uses with polyethylene glycol was first described by Hebert (4), the RNA 
extraction protocol IS based on the procedure as described by Zlmmern (5). 

2. Materials 
1 Stock 0 1Mphosphate solutton, pH 7 0 
2 Sucrose cushton 40% sucrose m 0 1 M phosphate buffer, pH 7 0. 
3 Extractron buffer 0 02M Trrs-HCI, pH 7 6, 0 2MNaC1, 2mM EDTA, 4% SDS 
4 Phenol Equdtbrated to a pH >8 0 and containing 0 1% hydroxyqumolme 
5 Chloroform used for the RNA extraction chloroform tsoamyl alcohol (24 1) 

3. Methods 
3.1. Purification of Virus 

Homogenize infected leaves with 0 1M phosphate buffer, pH 7 0 (O’C, 2mLig 
leaf tissue) m a blender or a mortar, and press the homogenate through two layers 
of Mtracloth (see Notes l-3) 
Clarify the extract by centrtfugatton at 15,000g for 20 mm 
Star the supernatant for 1 mm wtth 0 7 vol of chloroform and n-butanol (1 1) and 
centrtfuge at 1 OOOg for 5 mm (see Note 4) 
Remove the clear aqueous layer and add to tt polyethylene glycol6000 (PEG) to 
a final concentratton of 4% (w/v) and NaCl to a concenttatton of 0 2M Stir the 
mixture at room temperature to dtssolve the PEG and NaCl, and incubate for 1 h 
(see Note 5) 
Collect the precipitate by centrrfugatton at 20,OOOg for 15 mm and resuspend the 
pellet m 0,OlMphosphate buffer, pH 7 0 (0 5 mL/g leaf tissue) (see Note 6) 
Clarify the suspenston by centrtfugatron at 10,OOOg for 15 mm at 4°C (see Note 4) 
Layer the suspenston on a sucrose cushion and sediment the vrrus by centrtfuga- 
non at 150,OOOg for 3 h at 4°C (see Note 4) 
Resuspend the virus pellet m sterile dtstrlled HZ0 (pH >5 2) and clarify the sus- 
pension by centrrfugatron at 10,OOOg for 15 mm at 4’C If the mfectrvrty has to be 
preserved add phosphate buffer, pH 7.0, to a final concentration of 10 mM (see 
Note 7) 
To determine the virus concentratron, measure the OD at 260 nm A 1 mg/mL 
CPMV suspensron has an OD of 8 1 (see Note 8) 

3.2. Extraction of Viral RNA 

1 Dilute the virus suspensron to a concentration of 10 mg/mL or less and add 1 vol 
of extractton buffer and 2 vol of phenol Vortex for 3 mm (see Note 9) 

2. Add 2 vol of chloroform, vortex for 2 mm and separate the phases by centrtfuga- 
tton at 10,OOOg for 2 mm (see Note 10) 

3 Repeat the extraction of the aqueous layer two times with 1 vol phenol and 1 vol 
chloroform added srmultaneously 

4 Precipitate the RNA with 0 1 vol of 3MNaAc, pH 5 2, and 2 2 vol ethanol, and 
wash the pellet with 70% ethanol 
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4. Notes 

We/link 
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9. 

10. 

Other methods, as decrtbed by Van Kammen (6), and Bruenmg and Agrawal(7), 
result m lower yields of vnus. 
A pH of 6.0 has been used to prevent formatron of brown-colored substances (8) 
It may be important to carry out the mural steps m the purtficatron in raptd suc- 
cession to decrease the tendency of the virus to aggregate (8) 
Dunng vuus purrficatlon, steps 3, 6, and 7 of Subheading 3.1., can be omitted This 
shortens the procedure; however, the vn-us suspenston will contain more contammants 
Higher amounts of PEG have been used (up to 10%) Thts may be useful when 
the vu-us concentratton IS low. 
To prevent aggregatton and formation of brown-colored substances, tt may be 
helpful to use a phosphate buffer contatntng 2 mM EDTA and 2 mM 
p-mercaptoethanol m this step 
When the vu-us pellet IS not clear, the vuus suspension can be further purified by 
an extra htgh-speed centrtfugatton m 0 1M phosphate buffer (150,OOOg for 2 h) 
and repetmon of Subheading 3.1., step 8 
Prior to RNA extraction, vtrus components can be separated on sucrose density 
gradients (9) and/or by tsopycmc centrlfugatron on, for example, CsCl or 
Nycodenz (refs. 20 and II, see also Chapter 26). A 1 -mg/mL suspenston of puri- 
fied CPMV B- and M-component has an OD26c of 10 0 and 6.2, respectrvely 
Other methods to extract the RNA from comovuus particles Include the dlsrup- 
tton of the particles m a detergent solutton by heatmg (12), and treatment by 
protemase K (13) After RNA extraction, the RNAs can be separated and further 
purified by sucrose denstty gradients, as described, for example, by Van 
KlootwiJk et al (ref. 12, see also Chapter 26) 
Re-extraction of the phenolchloroform layer with 0 5X extractton buffer con- 
taming 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 Pall& 

1. Introduction 
The Carmovxus group IS named after carnatron mottle vrrus (CarMV), Its 

type member. Carmovu-uses have rcosahedral particles about 30 nm m dtam- 
eter that sediment at 120-130 S. They are also characterized by a monopartrte 
positive-sense, single-stranded RNA genome of J4, 1 4-l .6 x lo6 and a smgle 
capsrd protein of M, 36,000-46,000 (I) 

There 1s relatrvely ltttle mformatron on eprdemrology and control of the 
majority of carmovlruses, though some of them, mcluding CarMV, melon 
necrotrc spot (MNSV), or cowpea mottle (CPMoV) vuuses, have srgmficant 
economrc importance A common characteristic of carmovrruses IS then rela- 
tive facility of transmission by mechamcal moculatron Many carmovrruses 
have been reported to be transmitted to plants through soil, either m the ab- 
sence of vectors (CarMV or galmsoga mosaic vn-us, GMV) or by sorl-mhabrt- 
mg fungi (the case of cucumber so&borne virus, CSBV, and MNSV) For only 
one member, pelargonmm flower break virus (PFEV), transmission facilitated 
by thrrps has been demonstrated 

CarMV IS, together with turmp crmkle virus (TCV), the best-studred of 
carmovn-uses. The complete sequence of CarMV consrsts of 4003 nucleotide 
residues (2). CarMV RNA contams a 69-nucleotrde 5’ leader sequence before 
the first AUG and a 288-nucleotrde 3’ untranslated regron Sequence analysrs 
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 (~38) kDa. ~86 and p98 would be synthesized from the first AUG 
by readthrough at two different UAG amber termmatron codons, respectively 
~86 contains the GDD motif characterrstrc of RNA-dependent RNA poly- 
merases of positive-strand RNA vrruses. The sequence codmg for the CarMV 
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ORF l/2/3 (27/99/99K) 

C’CAF 3’ OH GENOMIC RNA 
64993 nt) 

ORF 4 (7K) 

5 3’ OH SUBGENOMIC RNA 
(1699 nt) 

CarMV (Carmovirus) 5’ 3’ OH SUBGENOMIC RNA 
(1472 nt) 

Fig. 1. Virus structure and genomic organization of carnation mottle virus (CarMV). 
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 3’4erminalp38 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-s). The most abundant translation prod- 
ucts from the genomic RNA are p27 and ~86, 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 (#J, although comparison 
with other carmoviruses (see nextparagraph) has questioned its in vivo exist- 
ence. The smaller of the sgRNAs directs the translation of the CP ~38; transla- 
tion of the 1.7-kb sgRNA renders p7 (5). 

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 ~98 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; ~28 and ~88, which correspond to CarMV p27 
and ~86, 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 (I). 
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Nelson and Tremaine (8) developed an alternative protocol m which the tissue 
was homogenized m an acrdrc sodium acetate buffer to achieve clartficatron of 
the extract rn the absence of orgamc solvents. A later Improvement of thts 
method mcluded a polyethylene glycol prectpttatron step (9) and has been 
wtdely used for carmovn-us purtficatron (see Note 6) Here, we describe a dlf- 
ferent modtficatton of the acetate buffer method that renders high ytelds of 
high-quality virus m a stgmficantly shorter time. The method described here IS 
based on a htgh-speed centrtfugatlon to pellet the vnrons through a sucrose 
cushion. Our expertence wtth several carmovn-uses shows that the vn-tons 
obtained in thts way are pure enough for different vtrological and molecular 
analyses (see Notes 4 and 5) Ural RNA extraction from purified vnlons IS 
carried out essentially as described previously (IO). 

2. Materials 
All the solutions should be prepared with MilllQ water. 

2.1. Virus Purification 

1 Ltqutd nitrogen 
2 0.2M Sodmm acetate, pH 5 0 Autoclave and store at room temperature 
3 10 mM Trts-HCl, pH 7 3 Autoclave and store at room temperature 
4 20% (w/v) Sucrose m 10 mA4 Trts-HCI, pH 7 3 Freshly prepared m each expert- 

ment Alternatively, the solutton can be autoclaved at 12 1 “C for no more than 15 
mm to avotd carameltzatron of sucrose 

2.2. Viral RNA Extraction 

1 4 mg/mL Protemase K dtssolved m stertle water Store ahquoted at -20°C 
2 10% (w/v) Sodturn dodecyl sulfate (SDS) m 50 mMTrrs-HCl, pH 8 0 Autoclave 

and store at room temperature 
3 lM Trls-HCI, pH 7 6 Autoclave and store at room temperature. 
4 5M NaCl Autoclave and store at room temperature 
5. Phenol.chloroform:tsoamyl alcohol (25 24.1). Prepared and stored as descrtbed 

by Sambrook et al (22) Caution: Phenol IS highly toxtc and gloves must be 
worn when handling tt 

6 Dlethyl ether or chloroform Caution: Dtethyl ether IS highly volattle and should 
be stored and used m a fume hood 

7 3M Sodium acetate, pH 5 5 Prepared and stored as described (11) 
8 Absolute ethanol and 70% (v/v) ethanol m water Store at -20°C 

3. Methods 
When possible, keep the extract on ice or at 4OC. Also, once the vn-us purtfi- 

cation (and RNA extraction) has been started, tt should be cart-ted out as qutckly 
as possible. Caution: Caution must be taken wtth RNase contammatton; gloves 
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should be worn and plastlcware and glassware should be either autoclaved 
or treated with 15% H202 for 15 mm, and then washed twice with auto- 
claved water. 

3.1. Virus Purification 

We normally extract Chenopodzum quznoa leaves, since this IS the expen- 
mental host for most of the vu-uses we work with In the case of CarMV and 
PFBV, the tissue IS collected at 6-8 d postmoculatlon, which 1s about 2-3 d 
after the appearance of the first vu-al lesions. Tissue may be kept frozen for 
long periods at -20°C. 

1 Homogemze the infected tissue to a fine powder m liquid nitrogen with mortar 
and pestle We use mortars for 5-20 g of tissue, when larger amounts are 
extracted, homogenlzatlon can be carried out m a food blender 

2 Walt until the homogenrzed leaves defrost and then add 2 vol of 0 2M sodium 
acetate, pH 5 0 Keep mixing thoroughly for up to 5 mm (see Note 1) Alterna- 
tively, the fine powder can be poured mto a tube contammg the buffer and mlxed 
by vortexmg 

3 Filter the homogenate through cheesecloth to remove large debris 
4 Centrifuge at 7700g m a Beckman JA.20 rotor for 20 mm Keep the supernatant, 

which should be hght green and free of any particulate material that would lmpalr 
the next purification step 

5 Slowly, layer the supernatant ( l&l 5 mL) on top of 5 mL 20% sucrose in 10 mA4 
Tns-HCl, pH 7 3, cushion, loaded m ultracentrtfuge tubes Be careful to layer the 
sample on the center of the cushion surface, to avoid it sliding between the cush- 
ion and the walls of the tube Centrifuge at 146,OOOg m a Beckman 50 2 Tl rotor 
for 2 h 

6 A small, lightly colored, and opalescent pellet should be visible Dtscard the 
supernatant and dram any excess by keeping the tube upside down on filter paper 
for a minute or so. Resuspend the pellet in 10 mA4 Tns-HCl, pH 7 3 (ca 0 04 of 
the mitral volume) Make sure resuspension 1s complete. Resuspension will 
improve by plpetmg m and out with an automatic plpet If needed, pellet can be 
left overnight with buffer at 4°C 

7 Transfer to an Eppendorf tube Centrifuge at top speed for 1 mm m an Eppendorf 
centrifuge to remove any unresuspended material 

8. Keep the supernatant as purified vu-us fraction (see Note 2) Store ahquoted at 
-20°C In general, carmovn-uses are rather stable, m our experience, ahquots of 
purified virus stored at -20°C retamed mfectlvlty for several months 

3.2. Viral RNA Extraction 
1. Incubate the purified virus at 37’C for 1 h m 400 p.L of a solution containing 50 

pg/mL protemase K, 0.5% SDS, 10 n-& Trls-HCl, pH 7 6, and 0 1M NaCl We 
have extracted up to 2 mg of vlrlons m a single Eppendorf tube with good yields 

2. Extract twice with 1 vol of phenol*chloroform lsoamyl alcohol. 
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3 Extract twice wrth 1 vol of drethyl ether or chloroform. 
4 Add 0 1 vol of 3M sodmm 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 mitt, to allow RNA 
prectpttatron 

5 Collect the RNA by centrtfugatton for 15 min at top speed m an Eppendorf cen- 
trtfuge at 4°C 

6 Wash the pellet with 70% ethanol 
7 Dry the pellet and resuspend tt m stertle water (see Note 3) 

4. Notes 
1 Be aware that the pH of the homogenate does not become alkaline durmg extrac- 

tion Some carmovnuses tend to swell by the shift from acldrc to slightly basic 
pHs, making the viral RNA susceptible to the degradation by nucleases The use 
of low pH extraction buffers avoids this posslbthty, having the addmonal advan- 
tage that many of the host proteins precipitate at these pHs. 

2 Measure the vnus concentratton by UV absorptton (1 OD260 IS 5 mg/mL for 
CarMV) We routinely follow the procedure described here m the purtficatton of 
PFBV and CarMV, wrth yields that range from 1 6-3 mg v1rus/100 g tissue for 
PFBV, up to 2 mg/g m the case of CarMV Purity can be checked with agarose 
gel-TBE electrophoresrs (Zl), dn-ect electrophorests of the vnion solution will 
render a smgle ethldtum bromide-stained band, when free of contaminants After 
ethtdmm bromide staining, the agarose gel IS suttable for Coomassle blue stam- 
mg to reveal proteins, again, a single band located at the same posmon should 
appear m reasonably pure preparations Addmonally, protein contammatton can 
be assayed with polyacrylamtde gel electrophorests (12) 

3. Measure vtral RNA concentration by UV absorptton, to calculate RNA extrac- 
tion yreld, consider that carmovuus particles have a 17-22% RNA content (1) 
RNA qualny and contammatron can be checked by agarose gel-TBE electrophore- 
SIS (II), a single sharp band should be visible; somettmes weak smaller bands 
correspondmg to sgRNAs also appear In order to store the viral RNA for long 
pertods, we strongly recommend addttion of 0 1 vol of 3M sodmm acetate, pH 
5 5, and 2 vol of absolute ethanol to the RNA solution, keep m ahquots as ethanol 
precipitate at -70°C 

4 In our experience, the vuus preparatton obtamed by high-speed pelletmg through 
sucrose cushions has excellent mfecttvtty and IS pure enough and suitable for 
several experimental approaches For instance, we have used viral RNA extracted 
from vrrtons purified m thts way for m vitro translatton, Northern detection, 
cDNA synthesis to obtam nonradtoactlve probes, and direct RNA sequencing by 
reverse transcription 

5 Should a higher purity of vmons be needed, the method described above can be 
continued by centrtfugatlon through a linear sucrose gradient as follows 
a Layer the virus fraction obtained m Subheading 3.1., step 8 on a l&40% 

sucrose m 10 mM Tns-HCl, pH 7.3, gradrent. We recommend preparatron of 
the gradient the day before by loading m ultracentrtfuge tubes equal volumes 
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of 40, 30, 20, and 10% sucrose m 10 mMTris-HCl, pH 7 3, let it diffuse at 
4°C overmght. Centrifuge at 82,000g m a Beckman SW40 rotor for 2 h 

b Remove equal volume fractions and analyze them by UV absorption and/or 
agarose electrophoresls (see Note 2) 

c. Pool together fractions contammg the vnus, dilute them twofold with 10 mM 
Tris-HCl, pH 7 3, and centrifuge at 146,000g m a Beckman 50 2 Ti rotor 
for 2 h. 

d. Resuspend the pellet m 10 mA4 Trts-HCl, pH 7 3 Remove unresuspended 
material as m 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 
m Subheading 3.1., step 4 IS brought to 8% PEG 6000 and 200 mM NaCl, and 
stirred for 1 h at @-4”C Virions are then pelleted by centrlfugation at 7700g for 
20 mm Pellets are resuspended m 10 mA4Tris-HCl, pH 7 3, and solution is finally 
ultracentrifuged at 146,000g for 2 h to pellet the virlons again We must stress, 
however, that m side-by-side experiments the sucrose cushion protocol described 
here rendered higher amounts (as much as twice) of better quality virus prepara- 
tions, m a sigmficantly shorter pertod of time, when compared to the PEG pre- 
cipitation protocol 

7 As reported previously (I), caution must be taken with carmovnuses that have 
been reported to be isoelectric at acidic pHs, since vu-us precipitation may occur 
during extraction In these cases, tissue must be extracted m neutral phosphate 
buffers and clarrficatlon of the homogenate achieved with organic solvents 
(n-butanol and/or chloroform) (1) We do not predict any problems with the use 
of centrifugatton through sucrose cushions m these examples 

References 
1 Morris, T J and Carrmgton, J C (1988) Carnation mottle vnus and viruses with 

similar propertres, m The Plant b-uses, vol. 3. Polyhedral Virzons wzth Monoparfte 
RNA Genomes (Koenrg, R , ed ), Plenum, New York, pp 73-l 12 

2 Gutlley, H , Carrmgton, J C , Balazs, E , Jonard, G., Richards, K., and Morris, T J. 
(1985) Nucleottde sequence and genome organization of carnation mottle virus 
RNA Nucleic Acids Res 13, 66634677 

3 Carrmgton, J C and Morris, T J (1985) Characterization of the cell-free translation 
products of carnation mottle genomic and subgenomic RNAs Krologv 144, l-10. 

4 Harbison, S A , Davies, J W, and Wilson, T M A (1985) Expression of high 
molecular weight polypeptides by camatton mottle virus RNA J Gen Viral 66, 
2597-2604 

5 Carrmgton, J. C and Moms, T J (1986) High resolutton mapping of carnation 
mottle virus- associated RNAs virology 150, 196-206 

6 Carrmgton, J C , Heaton, L A, Zmdema, D , Hillman, B I , and Moms, T J. 
( 1989) The genome structure of turnip crinkle vn-us Krology 170,2 19-226 

7 Hacker, D L , Petty, I T D , Wei , N , and Morris, T J (1992) Turnip crinkle virus 
genes required for RNA replication and vnus movement I4rology 186, l-8 



Carmovirus isolation and RNA Extraction 217 

8 Nelson, M R and Tremame, J H. (1975) Phystcochemtcal and serologtcal proper- 
ties of a vn-us from saguaro cactus Wology 65, 309-3 19 

9 Lommel, S A , McCam, A H , and Morris, T J (1982) Evaluatton of indirect 
enzyme-lmked nnmunosorbent assay for the detectton of plant viruses Phytopa- 
thology 72, 1018-1022 

10 Carrington, J C and Moms, T J (1984) Complementary DNA clomng and analy- 
SIS of carnatton mottle vnus RNA. Hrology 139, 22-3 1 

11 Sambrook, J , Frrtsch, E F , and Mamatts, T (1989) Molecular Clomng A Labora- 
tory Manual Cold Sprmg Harbor Laboratory, Cold Sprmg Harbor, New York 

12. Laemmh, U (1970) Cleavage of structural proteins during the assembly of the 
head of bactertophage T4 Nature (London) 227,68&685 





22 

Tymovirus Isolation and Genomic RNA Extraction 

Adrian Gibbs and Anne M. Mackenzie 

1. Introduction 
At least 20 tymovu-us species are known. The generic acronym, tymovlrus, 

comes from turnip yellow mosaic virus (TYMV), the name of the first to be 
described (I), now the type species The tymovu-uses infect dlcotyledonous 
angiosperms, mostly those that have the C3 photosynthetic pathway; few have 
been recorded m crop plants, and none are known to infect monocotyledonous 
angiosperms. They cause bright yellow mosaics, vein-clearmg, and mottling. 
Then natural vectors, when known, are beetles, mostly haltlcld or galerucld 
flea beetles Only four tymovu-uses have been recorded as seed-borne (2) 

Tymovlruses 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 voandezla necrotic mosaic viruses from Africa; abeha latent, 
desmodlum yellow mottle, eggplant mosaic, passlflora yellow mosaic, physa- 
11s mosaic (syn. BMV-Iowa), plantago mottle, potato Andean latent, and wild 
cucumber mosaic viruses from the Americas; kennedya yellow mosaic vu-us 
from Australia; belladonna mottle, dulcamara mottle, eryslmum latent, ononls 
yellow mosaic, and scrophularla mottle viruses from Europe; melon rugose 
mosaic vu-us from the Middle East, turnip yellow mosaic from Australia and 
Europe, chtorla yellow vem from Africa and Southeast Asia, and pomsettla 
mosaic virus, which is only tentatively grouped with the tymoviruses, 1s found 
m ornamental poinsettias worldwide 

The serological relationships of tymovn-us vlrlons correlate with their known 
genomlc 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 onoms 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’259 and thr1260, 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 11 O-l 20 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 50-55 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 (41, a papain- 
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like protease (5,6), a NTPase/hehcase (7), and a RNA rephcase (8). After trans- 
lation, the RP IS hydrolyzed specifically by the protease to yield a 66-kDa 
C-terminal fragment containing the replicase, and a 140-kDa fragment (9). 

Overlappmg the 5’-terminal third of the RP, and always starting seven nucle- 
otides to the 5’ side of its start codon, is the least conserved ORF. It encodes the 
overlapping protein (OP) of approx 69 kDa that 1s very basic (PI 10.9-l 1.9). 

The third and smallest ORF is between the RP gene and the 3’ end of the 
genome It encodes the virion protein (VP; 188-202 ammo acid residues) of 
approx 20 kDa, and is expressed via a subgenomic RNA. A region of about 50 
nucleotides to the 5’ side of the start of the VP ORF, and mcludmg the 3’ 
termmus of the VP ORF, has a closely similar sequence m all tymoviruses 
One part of it, the tymobox, is probably the complement of the transcription 
promoter sequence of the VP gene, and is identical m eleven tymovn-uses 
(5’-dGAGTCTGAATTGCTTC-3’), with a single difference m another three, 
and four differences in that of the wild cucumber mosaic virus genome 
(5’-dGAGTCTTCTTTGCATC-3’) (20). An oligonucleotide with the tymobox 
sequence is thus useful as a probe for tymovn-uses or as a PCR primer for 
isolatmg the vu-ion protein gene of most tymoviruses. 

2. Materials 
1 Infected plant tissue Tymovnuses are readily transmttted by manual moculatton, 

and their vtrions attam large concentrations m infected plants TYMV Infects a 
wide range of brasstcas, but tts vtrtons attam very large concentrattons (0 5-2 0 
mg/g leaf ttssue) m young plants of Chmese cabbage (Brasslca campestrrs ssp 
chznensls [Pak-chat] and ssp. pekznenszs [Pe-tsat]) grown m rich, frequently 
watered compost, m brtght light of 12-16 h/d, and a daytime maxtmum tempera- 
ture of 25’C The plants are best maculated at the 3-6 leaf stage, and maculated 
and systemtcally infected leaves harvested 2-4 wk later 

2 PA buffer: 100 mM Na2HP04, 50 mM ascorbic acid, pH 7 0 
3. 50.50 chloroform n-butanol a 50.50 v/v mixture of chloroform and n-butanol 
4. TE buffer 10 mMTrts-HCl, 1 mA4EDTA, pH 7 0 
5 SSC 150 mA4 NaCl, 15 mA4 sodmm cttrate 
6 RNA extraction buffer 10 nnl4 KCI, 1 5 mM MgCl,, 0 2% sodmm dodecyl sul- 

fate (SDS) m 10 mM Trts-HCl, pH 7.4. 
7 TE-saturated phenol* phenol equilibrated with about 0 5 vol TE buffer by shak- 

ing them together several times, and then keeping the mixture overmght at 4°C 
for the phases to separate 

3. Methods 
3. I. Virion Purification 

Tymovirus virrons are readily purified by a wide range of methods, because 
they are stable and attam large concentrations m the tissues of infected host 
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plants, thus, tymovn-uses are Ideal for teaching vlrologlcal techniques, and, unlike 
tobamovlruses, are not contagious, although they are readily sap transmltted 

The earliest methods used to purify the vmons of TYMV exploited dlffer- 
ences m the solublllty and stability of the vlrlons and the host sap constituents, 
and used only low g-force centrifuges. The best of these methods were the 
ethanol:ammonmm sulfate method (2) and the pH 4.8 method (II), 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 dlf- 
ferentlal high-speed centrifugatlon 

1 Blend fresh or frozen infected leaves m 1 5-4 vollwt of PA buffer 
2 Blend further while slowly addmg 0 25 vol of 50 50 chloroform n-butanol to 

form an emulsion 
3 Centrifuge the emulsion at 5OOOg, collect, and filter the aqueous (top) layer 

through a small cotton wool plug 
4 Concentrate and purify the vmons by one cycle, or more, of dlfferentlal centnfu- 

gatlon (100,OOOg for 3 h, and 5000g for 10 mm), using 50 &phosphate buffer, 
pH 7 O-8 0, for resuspendmg the vmons 

5 The vmons can be further purified and separated from the shells by centrifuging 
m sucrose gradients (l&40% sucrose m TE buffer at 113,OOOg for 2 h) or m 
cesmm chloride gradients 

6 The final vlrlon preparation IS usually dialyzed mto SSC for use as a source of 
genomlc RNA, or for use as an lmmunogen If not used lmmedlately vlrlon prepa- 
rations may be stored at 4”C, but it IS best to add sodium azlde to give a concen- 
tration of l-5 n&I 

The final suspension of vlrlons (2 mg/mL obtained from each 10 g tissue) 
can be used for preparing crystals 

3.2. Genomic RNA Preparation 

We prepare TYMV genomlc RNA from purified vlrlons using a protemase 
K method (14) 

1, Mix 1 vol of virlon preparation m SSC with 4 vol of RNA extraction buffer 
2 Add protemase K to give a concentration of 0 8 mg/mL and incubate at 56’C for 

15 mm 
3 Add 1M NaCl to restore its concentration to 0.15M 
4 Add 1 vol of TE-saturated phenol and mix thoroughly 
5. Add 1 vol of chloroform, mix thoroughly, then centrifuge at 5000g for 10 mm 

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 5 2, and 2 5 vol 

ethanol, mix, place at -2O’C for 15 mm, and centrifuge at 15,OOOg for 10 mm 
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8. Wash the pellet wtth cold 70% ethanol and dry. 
9. Resuspend the precrprtated RNA m TE buffer and store at -20°C 

4. Notes 
1 All the buffers used m the methods described above are stable, except for the 

phosphate ascorbate buffer used for Steere’s method. It IS best made from the dry 
chemicals Just before use, drssolve the ascorbic acid first, because rt rapidly 
degrades above pH 8.0 and produces a yellow compound 

2. Caution: Take care with the fumes of chloroform and n-butanol, use these m 
a fume hood or well-ventilated space because chloroform IS an anesthetrc and 
n-butanol causes breathing drfficultres 

3 The centrrfugatron times and g-values grven above are only mdrcattve and depend 
on the machmery available When sedrmentmg the vtrrons by centrrfugatron 
alone, be gurded by the fact that long centrrfugatron trmes at large g-values may 
produce pellets that are difficult to resuspend, whereas smaller g-values and m- 
sufficient centrrfugatron trmes will produce unstable pellets depleted m vrrron- 
like protein shells 

4 We have found the methods described above to work well for more than a dozen 
tymovrruses, we always use PA buffer for extraction when the propagation host 
of the tymovrrus produces a sap extract that oxrdrzes and becomes brown (e g , 
Nzcotzana glutznosa wrth eggplant mosatc vuus) However, for other hosts, TE 
buffer IS an alternative to PA buffer for all steps, and, for larger preparations, the 
first hrgh-g centrrfugatron step can be replaced by addmg 4% NaCl (w/v) and 
12% w/v polyethylene glycol (mol wt 8000), strrrmg for 1 h, and collecting the 
sediment by centrrfugmg at 5-10,OOOg for 20 mm 

5 The pI of TYMV vrrrons IS 3.75, and those of cacao, kennedya, and onoms yel- 
low mosaic vnuses are similar, those of belladonna mottle, dulcamara mottle, 
and eggplant mosaic vrruses have pIs above 8 0 (J -K MO, M Fischer and A 
Gibbs, unpublished results); however, we obtamed no better preparations of the 
basic vrrrons using buffers of pH 5.0 

6 An alternatrve method that clearly produces very pure vrrron preparations uses 
ethanol and centrrfugatron to prepare TYMV vrrrons for X-ray diffraction analy- 
SIS (13), 20 tipotassmm phosphate buffer, pH 7.8, and a temperature of 4°C 1s 
used for all stages of the procedure* 
a Blend infected leaves m 1 5 vol/wt of buffer 
b Filter the fiber from the buffered extract usmg cheesecloth 
c Add 0 25 vol of 95% ethanol, stir for 30 mm 
d Remove the sediment by centrrfugmg for 10 mm at 5OOOg 
e Centrrfuge the supernatant at 104,OOOg for 1 5 h to sediment and concentrate 

the vrrrons 
f Resuspend the vrrrons m buffer; clarrfy the preparation by centrrfugmg for 10 

mm at 5OOOg 
g Further purify the vrrrons by another round of centrrfugatron, 186,OOOg for 

1 5 h, 5000g for 10 mm 
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7 The virion protein gene of tymovnuses may be amphfied using the tymobox 
primer The 3’-termmus of genomtc RNA is polyadenylated by standard methods, 
then a synthetic dTnG primer (usually 12 = 8) used to prime synthesis of first 
strand cDNA The virion protem gene can then be specifically amphfied by the 
polymerase chain reaction using a dTnG primer and the tymobox primer The 
resulting fragment, which is ca 700 bp m size, can be cloned mto the SmaI site of 
M 13mp 18 or the EcoRV site of Bluescnpt SKT for sequencmg 
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Tombusvirus Isolation and RNA Extraction 

Jdzsef Burgyh and Marcello Russo 

1. Introduction 
The group Tombusvn-us is one of the 16 groups of plant viruses estabhshed 

m 197 1 (I). Its name derives from the sigla “tombus” from tomato bushy stunt, 
which is the disease caused by the type member of the group, tomato bushy 
stunt virus (TBSV). The group was later ranked as genus Tombusvzrus in the 
family Tombusvw~dae, which includes also the genus Carmovzrus, m the new 
classtfication of plant viruses m families, genera, and species approved by the 
Internattonal Committee on Taxonomy ofViruses (ITCV) at the Ninth Interna- 
tional Congress of Virology m Glasgow in 1993 (2). A list of selected defim- 
ttve members of the genus is reported m Table 1. 

The natural host range of individual virus species is rather narrow and 
restricted to dtcotyledons, mfectmg very few or only one host. But the artificial 
host range 1s wide and is comprised of several plant species m 20 different 
dtcotyledonous and monocotyledonous families (3). 

The majortty of the tombusvirus species occur in temperate regions, where 
they occasionally cause outbreaks with economic relevance. Diseases of major 
tmportance have been reported for tomato, pepper, and eggplant caused by 
TBSV, for artichoke caused by artichoke mottled crinkle (AMCV), for egg- 
plant caused by eggplant mottled crinkle (EMCV), for pepper and tomato 
caused by Moroccan pepper (MPV), and for cherry caused by petunia asteroid 
mosaic (PAMV) (3). Tombusvu-uses have stable, highly mfecttous particles, 
which are readily transmissible mechanically, they are often found m natural 
environments such as soil and surface water, from which they can be acquired 
by the hosts m the absence of respective hosts without the assistance of vectors. For 
only cucumber necrosis virus has tt been demonstrated that sod-transmission 
is favored by the sot1 inhabttmg chytrid fungus Olpidwm borrzovanus (4,s). 
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Table 1 
Selected Species in the Genus Tombusviru9 

Artichoke mottled crmkle (AMCV) 
Carnation Italran rrngspot (CIRV) 
Cucumber necrosrs (CNV) 
Cymbrdrum rmgspot (CymRSV) 
Eggplant mottled crinkle (EMCV) 
Moroccan pepper (MPV) 
Pelargonium leaf curl (PLCV) 
Petunia asteroid mosaic (PAMV) 
Tomato bushy stunt (TBSV) 

O&e ref. 8 for complete hst and references 

Tombusvn-uses have isometric partrcles ca 30 nm m diameter, with a some- 
what rounded outline and a surface structure poorly resolved m the electron 
mtcroscope. Virtons are T = 3 rcosahedra conststmg of 180 identical structural 
subunits, clustered m dtmers to give rise to 90 morphologtcal umts. The struc- 
tural subunit 1s folded into dtstmct domains: R, the N-terminal internal domain 
interacting with RNA, a, a connecting arm; S, the shell domain constttutmg the 
capsrd backbone; and P, the C-termmal domain connected by a short hinge to 
the S domain and protruding m pan-s from the particle surface to form 90 pro- 
jections (6). The P domain determines the mnnunologrcal and other brologrcal 
properties of the vrrions. 

Tombusvrrus genome 1s constituted by a linear single-stranded monopartite 
RNA molecule of positive-sense ca 4700 nucleotrdes (nt) long, whrch contams 
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 genomtc-length viral RNA; ORF 3, and ORFs 4 and 5 are 
expressed through two 3’ coterminal subgenomtc RNAs of ca. 2.2 and 1 0 kb, 
respectively. The readthrough domain of ORF 2 is the vu-al RNA-dependent 
RNA polymerase, because tt contains the eight conserved motifs (PI-PVIII) 
that characterize the RNA polymerase of supergroup II of posittve-sense RNA 
vu-uses (7) The product of ORF 3 1s the capsid protein The protein encoded by 
ORF 4 1s the movement protein involved u-r the cell-to-cell spread of vnus m 
infected tissues. The functrons of translation products of ORFs 1 and 5 are not 
yet established with certamty; however, crrcumstantial evidence suggests that 
the product of ORF 1 may be responsible for intracellular localtzation of the 
viral replrcative structures and that of ORF 5 carries determinants affecting 
severity of symptoms. Artificial viral mutants that cannot express ORF 5 are 
still mfectrous, but induce milder symptoms, compared to wild-type Conversely, 
the presence of ORF 1 1s an absolute prerequisite for vu-al viabiltty (8). 
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CyRSV (Tombusvuus) 

GENOMIC RNA 
ORF 1 ORFZ ORF 3 OFT4 (4733 “t) 

(3W (QW (410 GW 

41K 

5’m 3’ SLJBGENOMIC WA1 
(2118N) 

22K 

5’ m 3’ SUBGEWOMlC RNA2 

1QK 
(936 Ot) 

5’ * 3’ SuBGENOMx RNA2 
(936 nt) 

Fig 1 Virus structure, genome orgamzatton, and expression strategy of a 
tombusvn-us (CyRSV) Noncodtng regions are shown as soltd lmes (UTR = 
untranslated leader sequence) and ORFs by boxes wtth different shading The approxt- 
mate mol wt of predtcted translatton products, and sizes and locattons of subgenomtc 
RNAs, are mdtcated The vu-us CP (41 kDa) 1s encoded by ORF 3 

Tombusvtruses may support the replicatton of two types of subvtral RNAs: 
satellite and defective-mterfertng (DI) RNAs Satelltte RNA IS a linear mol- 
ecule of 619 nt, with little sequence in common wtth the genomtc RNA, DI 
RNAs (400-800 nt) are deletion mutants of viral genomes that have generally 
lost all essential vtral genes required for movement, repltcatton, and 
encapstdatton (9) Both satellite and DI RNAs requtre the presence of a helper 
virus for trans-actrng factors necessary for repltcatton (8). 

2. Materials 
2.1. Virus Purification 

1 0 5M sodium acetate buffer, pH 5 5 (stock solution) 
2. Polyethylene glycol (PEG) 6000 
3 NaCl 
4 Homogemzatton buffer 0 1M sodium acetate buffer, pH 5 5, contammg 0 25% 

P-mercaptoethanol (freshly prepared) 
5 High-speed (15K rpm) homogenizer 
6 Beckman 52-2 1 low-speed centrifuge, wtth rotor JA-20 or equivalent. 
7 Beckman L7-55 ultracentrtfuge, wtth rotor Type 40 or equivalent 
8 Eppendorf microcentrtfuge, or equivalent 

2.2. RNA Extraction 

1. RNA extractton buffer 0 1M glycme-NaOH, pH 9.0, contammg 100 mA4 
NaCl, 10 mA4 EDTA, 2% sodium dodecyl sulfate (SDS), and 1% sodium 
lauroyl sarcosine 

2 3M Sodmm acetate, pH 5 5 
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3 Water-saturated phenol, contammg 0 1% 8-hydroxyqumolme 
4 Chloroform 
5 Ethanol 100 and 70%, autoclaved water 

Caution: Take care m handlmg orgamc solvents (use gloves) and avold 
breathing vapors. 

3. Methods 
3.1. Virus Purification 

1 

2 
3 

4. 
5 

6. 

7 

8 

9 

10 

11 

Collect mfected leaves of Nzcofana benthamlana or N clevelandu l&l4 d after 
moculatlon, and homogemze them m cold homogemzatlon buffer, 1 g tissue/3 
mL of buffer (see Notes 1 and 2) 
Squeeze through cheesecloth 
Leave the extract m ice for 30 mm Most plant proteins ~111 preclpltate because 
of the low pH 
Clarify by low speed centrlfugatlon (12,OOOg for 10 mm) (see Note 3) 
Transfer the supernatant (where the virus particles are) into a beaker, and adjust 
to pH 6 0 with dilute NaOH 
Add 10 g PEG and 1 .l g NaClilOO mL and dissolve wtth magnetic stirrer. Keep 
the solution on Ice for 1 h 
Preclpltate the virus particles by low-speed centrlfugatlon ( 12,OOOg for 10 mm) 
and discard the supernatant 
Resuspend the pellet m 0 02M sodium acetate, pH 5 5 (use a vortex), leave m Ice 
for 1 h and vortex agam 
Clarify the V~-LIS solution by low-speed centrifugatlon (12,OOOg for 10 mm) Save 
the supernatant 
Sediment vuus particles by high-speed centrlfugatlon (90,OOOg for 1 h), discard 
the supernatant 
Let the pellet dissolve m 0 02M sodium acetate, pH 5 5, for several hours or 
overnight at 4°C Vortex to dissolve completely the virus pellet, transfer to an 
Eppendorf tube, and eliminate the msoluble material by low-speed centrlfugatlon 
m an Eppendorf centrifuge 

This vu-us preparation IS now sufficently pure for RNA extraction. How- 
ever, If highly purified vnus 1s needed, further purlficatlon can be achieved 
through density gradient centrlfugatlon m CsCl at equlhbrmm To do so, con- 
tmue as follows: 

12 Dissolve 2 65 g of CsCl m 5 mL VKUS suspension (mltlal density of CsCl solution 
IS 1 36 g/mL) and centrifuge at 90,OOOg for 16 h at 10°C 

13 Collect the sharp opalescent wus band by puncturmg the tube with a syringe and 
removing the band Remove the CsCl by dlalysls against 50 mA4NaC1, pH 5 5 

Virus yield ranges between 10 and 60 mg/lOO g of infected tissues. The 
vn-us preparation can be stored at -70°C. 
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3.2. RNA Extraction from Virus Particles 

I Add 1 vol of RNA extractton buffer and 2 vol water-saturated phenol to virus 
solutton, vortex for 30-60 s, and centrtfuge at maximum speed m mrcrocentrtfuge 
for 5 mm at room temperature 

2 Transfer the aqueous phase (upper) to a fresh tube, extract once wtth equal vol- 
umes of phenol.chloroform, and centrifuge for 5 mm 

3 Extract the aqueous phase again with chloroform, and centrifuge for 2 mm 
4 Transfer the aqueous phase to a fresh tube, add 2 5 vol of cold ethanol and 0 10 

vol of 3M sodmm acetate, pH 5 5, mtx well, and centrifuge for 10 mm at 4°C m 
a microcentrifuge 

5 Wash the RNA pellet with 70% cold (-20°C) ethanol, dry, and resuspend the 
RNA m me-cold sterile water Store at -7O’C for long periods 

3.3. Total RNA Extraction from Leaf Tissue 

1 Precool mortar and pestle on me for several minutes 
2. Rapidly homogenize 50-100 mg infected leaf tissue m me-cold mortar wtth 

pestle, and unmedtately add 600 pL RNA extraction buffer 
3 Rapidly transfer the mix to a mtcrotube contammg an equal volume of phenol, 

vortex for 30-60 s and centrifuge at maxtmum speed m mtcrocentrtfuge for 5 
mm at room temperature 

4. Proceed as above from step 2 

3.4. Total RNA Extraction from Protoplasts 

Total RNA can be extracted tn a similar way from protoplasts. Discard the 
incubation medium and disrupt the protoplasts (approx l-2 x 106) in 600 $ 
RNA extraction buffer, add an equal volume of phenol, and proceed followmg 
the same protocol described above. 

4. Notes 

1 N benthamzana or N clevelandu plants, normally used to propagate 
tombusvtruses, can be inoculated with infected plant sap, purified vnus or viral 
RNA The protocol described in Subheading 3.1. IS applicable to all 
tombusvnuses and gives consistently reproductble results. 

2 To obtain good virus yield, it IS important to used a high speed homogenizer The 
homogenization buffer must be prepare fresh The low pH IS important for the 
stability of vuus particles, extraction media at pHs above neutrality are detrt- 
mental to tombusvnus particles 

3. The clarified sap (after Subheading 3.1., step 4) must be pale yellow If plants 
are harvested too old and/or necrotrc, the virus pellet may result m contammatton 
by some dark material and may be dtfficult to clean further 

4 It IS important to resuspend the vnus pellet completely, especially after PEG pre- 
ctpttatton, otherwise, much can be lost 
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5 To obtam a good RNA preparatton, it IS essenttal to avord contammatron 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, ptpets, and so on) whenever possible, smce tt IS essentrally free of 
RNases A potenttal maJor source of contammation with RNase are the hands 
of the mvesttgator; dtsposable gloves should be worn durtng the RNA 
mampulatton All solutions should be prepared using RNase-free glassware, 
autoclaved water, and chemtcals reserved for work wtth RNA that should be 
handled with baked spatulas 

6 The concentration of RNA can be determmed spectrophotometrically by reading 
at wavelength of 260 nm An ODZ6,, = 1 corresponds to approx 40 pg of RNA/ 
mL To estimate concentration m a sample, prepare a dtlutton 1 25 m water and read 
at 260 nm; the reading will directly give the concentratron of RNA m 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 quahty of RNA IS electro- 

phoresis m agarose gels The distance an RNA molecule moves m a gel IS 
dependent both on tts mol wt and its conformanon. Hence, to accurately com- 
pare RNAs across vnus groups or to determme then- size, tt 1s crucial to com- 
pletely denature the sample. Formaldehyde was the first denaturant to be used 
for this purpose (2) and IS still a popular choice. Other reagents that denature but 
do not degrade RNA include formamtde, which destroys base pairing, and gly- 
oxal (ethanedral). Glyoxalatton mtroduces an addmonal rmg mto guanosme resi- 
dues, whrch then sterically hinders GC-pan- formatron. The first method described 
here mcorporates formaldehyde m the gel and is adapted from Lehrach et al. 
(2). The second approach, whtch is based on the method of McMaster and 
Carmtchael (3), uses glyoxal to denature the sample prtor to loading it onto a 
nondenaturmg 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 tdenttficatton of the 3’-termmal 
base of an RNA molecule This IS important, since many clonmg techniques 
result m the addition of extra (nonvtral) nucleottdes at the 3’ end of the viral 
sequence. It may, therefore, not be possible to deduce the true 3’ end of a viral 
RNA by sequence analysts of cloned cDNA The technique employed makes 
use of T4 RNA ltgase to add cyttdme 3’,5’-bis(phosphate) (pCp) to the 3’-OH 
terminus of the RNA of interest. By usmg [5 ‘-32P]pCp, the product of the reac- 
tion has a 32P phosphate group m the last phosphodtester linkage, effectively 
labeling the RNA at its 3’ terminus (4). Complete alkaline hydrolysis of the 
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RNA releases nucleostde 3’ monophosphates, resultmg m the transfer of the 
32P phosphate group to the nucleottde ortgmally at the 3’ end of the RNA. This 
nucleottde can then be identified by its electrophoretrc mobtltty on paper, 
allowing the tdentrty of the 3’-termmal nucleotide to be deduced. The 3’-labeled 
RNA can also be used for direct RNA sequence analysts. 

2. Materials 
Store all materials at room temperature unless indicated otherwise. 

2.7. Electrophoresis of RNA 
Through Formaldehyde-Containing Agarose Gels 

1 Low electroendosmosrs (EEO) agarose type I (Sigma, St LOUIS, MO) 
2 10X MOPS buffer 0 2M 3-N-morpholmopropane-sulphomc acrd (Srgma), 50 

n-J4 sodmm acetate, 10 mM EDTA, adjusted to pH 7 0 wrth NaOH Autoclave 
(Note: The solutron ~111 appear yellow after autoclavmg Thus has no apparent 
detrimental effect ) 

3 Formaldehyde, 37% (v/v) solutron m dHzO Caution: Formaldehyde solutron 
and vapors are extremely toxrc The solutron should be stored m a ventrlated area 
or a fume hood but not m the same locatron as hydrochlorrc acrd It should be 
used m a fume hood, but not by a person under 18 yr old 

4 1% (w/v) Glycme solutron 
5 Formamrde Punss, assay >99% (obtamed from Fluka, Dorset, UK) Caution: For- 

mamrde 1s a teratogen and 1s toxrc by mhalation or contact wrth the skm Take extreme 
care Forrnamrde drssolves certam types of plastrc and can pass through drspos- 
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 IS an nrrtant to the skin, eyes, and 
respiratory system 

2. 10X TEAc buffer 0 4M Trrs base, 0 2M sodmm acetate, 20 mA4 EDTA Adjust 
pH to 7 5 with glacral acetrc acrd Autoclave before use 

3 10% (w/v) Sodmm dodecyl sulfate (SDS) solutron 
4. GFP solutron 80% (v/v) deromzed formamrde, 0 75M deromzed glyoxal m 10 

mM sodmm phosphate, pH 7 0 Make small volumes and dispense mto 100~uL 
alrquots Store at -70°C 

5. 5X Loading dye. 20% (w/v) Fmoll 400, 1% (w/v) orange G, 5 mM EDTA, pH 
7 0 Autoclave Store alrquots frozen at -2O’C 

6. 0 1MNaOH. 
7 0 15M Sodmm acetate (NaOAc), pH 5 5 
8 Ethrdmm bromide solutron Stock 10 mg/mL m dHz0 Caution: Extreme care 

Ethrdmm bromrde IS a powerful mutagen and IS moderately toxrc Take approprr- 
ate measures to dispose of solrd waste correctly (see Note 5) Store at 4°C 
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2.3. 3’ End Labeling of RNA 

1 [5’-32P] cytidme 3’,5’ bzs(phosphate) 200@-4000 Ct/mmol(7&148 TBq/mmol) 
Store at -20°C. Take standard precautions for handlmg radtoacttve material 

2 T4 RNA ltgase, RNase-free, 3-l 5 II/$ 
3 Dimethyl sulfoxtde (DMSO), 99 9%, spectrophotometrtc grade Handle m 

fume cupboard 
4. OSM HEPES, adjusted to pH 8 3 with KOH 
5 0 lMM& 
6 0 1M Dithiothrettol (DTT) Store at -20°C Labile 
7 0 2 mM ATP. Store at -20°C 
8. Sephadex G-50. Suspend m approx 50 vol TE (10 mM Trts-HCl, pH 7 5, 1 mM 

EDTA) Leave overnight Autoclave 

2.4. Determination of 3’-Terminal Nucleotide 

1 1 OMNaOH 
2. Dye mtx contammg 0 05% (w/v) each of orange G, acid fuchsm, and xylene 

cyan01 FF m water 
3 Whatman 3MM paper 
4. Paper electrophorests buffer, pH 3 5, containing 5% (v/v) glactal acettc actd, 0 5% 

(v/v) pyridme, and 1 mA4 EDTA Caution: All solutions containing pyridme 
should be handled in a fume cupboard and gloves should be worn at ail ttmes 

5 X-ray film 

3. Methods 
3.7. Electrophoresis of RNA 
Through Formaldehyde-Containing Agarose Gels 

Wash gel apparatus, comb, and spacers with detergent, and rmse well Give a 
final rmse with distilled water Dry with 70% (v/v) ethanol solution 
Set up apparatus on a level surface m a fume hood (see Note 2) 
Melt 0.5 g of agarose m approx 30 mL sterile distilled water Cool to about 
55-6O”C and add 5 mL 10X MOPS buffer and 3 75 mL 37% (v/v) formaldhyde 
solution Make up to 50 mL wtth sterile dH20 
Pour gel mto mold and leave to set for approx 30 mm. 
Mix RNA sample m ratto 1.3 (v/v) wtth solution contammg 67 parts deiomzed 
formamide solution, 20 parts formaldehyde solution, and 13 parts 10X MOPS 
buffer and 100 ug/mL ethidmm bromide Heat to 60°C for 5 mm in sealed 
Eppendorf tube Immediately cool on ice Spm solution to bottom of tube m a 
mtcrocentrtfuge Add 0 2 vol loadmg dye 
Remove comb and end-spacers Load whole of sample on gel Run gel sub- 
merged m 1X MOPS buffer (Mmlgels ~111 take approx 45 mm when run at a 
constantb 80 mA.) 
At the end of the run, wash gel briefly m dHzO Observe under ultravtolet tllumt- 
nation (see Notes 3 and 6) 
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3.2. Glyoxal Treatment of RNA and Electrophoresis 
Through Tris-Aceta te Agarose Gels 

1 Make 1.4% (w/v) solution of agarose m 1X TEAc contammg 0 1% (w/v) SDS 
Autoclave (Stocks can be prepared m advance and ~111 store well m an unopened 
container at room temperature ) 

2. Prepare and set up apparatus as above (No need to position m a fume hood ) 
Melt agarose m a microwave and pour mto mold Leave to set 

3 Denature 1 vol RNA sample with 9 vol GFP solution Heat to 55°C for 15 mm. 
Cool Spin bnefly 

4 Add 0 2 vol loading dye and load onto gel Cover gel with 1X TEAc buffer and 
run at 3 V/cm for 2 h, or until dye reaches the end of the gel 

5 Soak for 15 mm m 0. 1M NaOH (see Note 7) 
6 Stain with 0 15MNaOAc, pH 5 5, containing 4 ClgimL ethldlum bromide 
7 Destain with dH20 Observe bands under UV lllummatlon (see Note 6) 

3.3. 3’ End Labeling of RNA 
1 Make up 20 & of a reactlon mixture containing 5 pg RNA and 50 pCl (1 85MBq) 

[5’-32P]pCp 50 mM HEPES-KOH, 10 n&Z MgCl,, 3 3 mM DTT, 20 @4 ATP, 
10% (v/v) DMSO 

2. Start ligation reaction by adding 5 U of T4 RNA hgase Incubate reactlon mixture 
overnight at 4°C 

3 Separate labeled RNA from unmcorporated [5’-32P]pCp by spmnmg through col- 
umns of Sephadex G-50 

4 To the first peak of radloactlvlty which comes off the column (excluded volume), 
add 0 1 vol 3M NaOAc, pH 5 5, 2 5 vol ethanol Preclpltate RNA overnight 
at -20°C 

5 Centrifuge to recover RNA, wash the pellet with 70% (v/v) ethanol, and dry m a 
vacuum desiccator 

6 Redissolve dried pellet m 20 pL of sterile dH,O 

3.4. Determination of 3’- Terminal Nude0 tide 
To 2 pL of pCp-labeled RNA, add 2 pL of 1MNaOH and 6 & of dH20 Incubate 
the reaction mixture overnight at 37°C 
Apply the sample as a l-cm-wide strip 15 cm from one end of a 58-cm piece of 
Whatman 3MM paper Spot l-2 pL of dye mix on either side of the sample 
Wet the paper with pH 3.5 paper electrophoresls 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 
Place paper m suitable electrophoresls tank (see Note 9) and electrophorese 
at 3000 V for 90 mm The negatively charged mononucleotldes migrate 
toward the anode 
Remove paper from tank and allow to dry thoroughly m fume hood 
Mark the position of the dye markers with mk to which a small amount of 35S has 
been added. The orange G (orange) and acid fuchsm (pink) dyes run with nearly 
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0 + 
Orange G - 

Acid Fuchsin - 

Xylene Cyanol FF - 

UP 

GP 

AP 

CP 

Origin I I I I I l I 0 
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 cyan01 (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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2 

3 

4 

5 

9 
10 

while handhng RNA Soluttons should be made usmg autoclaved dtsttlled water, 
or, whenever posstble, autoclaved m suitable glass contamers. (Caution: TOXIC 
materials or volattle hqutds should not be autoclaved ) 
Caution: Fumes can be given off formaldehyde gels Ideally they should be run 
m a fume hood, or at least run with a ltd 
Formaldehyde gels do not stain well if ethtdmm bromrde 1s added after electro- 
phorests IS completed. If this IS done, the bands are normally obscured by a gen- 
eral fogginess over the gel However, this can be partially overcome If the gel 1s 
washed with 1% (w/v) glycme solutton for 60 mm prtor to staining 
Many labs have reported that poor quality formamide IS the most likely source of 
degradation of RNA Our experience has shown that the one listed here IS good 
quahty As a matter of routme, however, tt IS essenttal that the solutton IS deton- 
tzed by sttrrmg for approx 30 mm with 40 g/L Amberhte monobed mixed resm 
(BDH, Poole, Dorset, UK, Amberhte IRN-15OL, formerly MBl) The resm IS 
removed by filtration through Whatman no 1 filter paper The efficacy of the 
resin can be monitored by observatton of a drop m pH If there IS no fall to neutral 
pH within thus ttme, tt 1s hkely that the resm IS exhausted and should be replaced 
with a fresh batch 
Gloves should be worn at all ttmes when handlrng ethtdtum bromide solu- 
tions Also, these soluttons should be decontammated by mtxmg wtth actt- 
vated charcoal after use Falter solid and destroy by mcmeratton The filtrate 
can be discarded mto the drams Gels contarnmg the dye should also be 
destroyed by mcmeratton 
Ultravtolet radiation 1s dangerous to the eyes Ensure that suttable eye protectton 
IS worn at all ttmes when workmg wtth UV hght 
Glyoxal-modttied RNA does not stain wtth ethtdmm bromtde Thus, It is essen- 
teal to reverse the modtficatton by soaking the gel m 0 1MNaOH before stammg 
The condmon of the RNA after the labelmg reactron can be momtored by electro- 
phoresmg a small portron of it on a formaldehyde-contammg gel, as descrrbed m 
Subheading 3.1. After exammatron of the gel under UV hght, It can be drred- 
down and autoradtographed to confirm that the 32P label 1s assoctated wtth full- 
length RNA 
The design of a suttable paper electrophorests tank can be found m Brownlee (5) 
The remammg pCp-labeled RNA IS suttable for use m a variety of direct RNA 
sequencing protocols, such as those descrtbed by Doms-Keller et al (6) and 
Peattte (7) 
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RNA Fractionation by Density Gradient 
Centrifugation 

Michael Shanks 

1. Introduction 
As shown m previous chapters, many RNA plant vu-uses have multlpartlte 

genomes, which are divided between two or more viral nucleoprotem compo- 
nents. Each nucleoprotem component will display different sedimentation 
properties, accordmg to the size of RNA. Thus, It IS possible to fractionate 
RNA by density gradient centnfugatlon. This method 1s particularly useful, 
since not only are other possible contaminants removed from the virus prepa- 
ration, but also the RNA IS packaged as a nucleoprotein complex and has less 
chance of being attacked by degradatlve enzymes. Two approaches are gener- 
ally recognized The first, and the one most commonly applied to spherical 
vn-uses, ts used where the different components have different protem*RNA 
ratios. Isopycmc ultracentrlfugatlon of virus preparations m caesmm chloride 
(or similar density medium) gradients separates the viral components accord- 
mg to their buoyant density. A sample of the vu-us 1s carefully layered on to the 
top of the gradient and 1s centrifuged at very high speed. During centnfuga- 
tlon, the vn-us will move down the gradient until it reaches a level where den- 
sity of the medium equals the density of the virus. When the run IS 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 mdlvidually 
by puncturing the srde of the tube with a syringe fitted with a wide bore needle. 
Once the density gradient medrum 1s removed, the RNA is extracted by proto- 
cols applicable to each particular vu-us. 

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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centnfugatlon, the molecules move along the gradient at vartous rates. Larger 
molecules (i.e., those that have a larger sedimentation coefficient) will migrate 
faster down the tube than smaller ones. The density gradient medmm, m this 
case, IS usually sucrose (often m the range 1 @IO%). Fractions of the gradient 
are collected manually and the vu-us (or RNA) repelleted by a second round of 
centrifugatlon 

The protocols outlined below describe our preferred methods when working 
with CPMV (and other comovlruses). Normally, one cycle of buoyant density 
centrlfugation 1s sufficient to fractionate the RNAs m a suitable form for cDNA 
synthesis. However, we also carry out a second round of density gradient cen- 
trifugatlon m those cases when It IS essential to have very pure RNA (e.g , for 
experiments mvolvmg 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 m 1OmMsodlum phosphate solution, pH 7.0 Autoclave Store 
at 4°C (see Note 1) 

2 Beckman Ultra-Clear SW4OT1 and Type 40 centrifuge tubes (or slmllar). 
3 IO ti sodium phosphate buffer, pH 7 0 
4. NET buffer 100 mA4NaC1, 10 mMTris-HCI, pH 7 4, 1 m&I EDTA. Autoclave. 
5 10% (w/v) sodium dodecyl sulfate (SDS) solution 
6 1’ 1 mixture of phenol chloroform solution. Caution: Phenol IS extremely toxic 

and caustic Chloroform IS a known carcinogen and volatile Use only m a fume 
hood Store In dark bottles at 4°C Dispose of all waste correctly 

2.2. Fractionation of RNA by Velocity Centrifugation 
on Sucrose Gradients 

1 15, 20, 25, and 30% (w/v) sucrose solutions buffered In NET solution (as 
described m Section 2.1.) contamtng 0 1% (w/v) SDS solution Autoclave with 
care (see Note 4) 

2. Beckman SW40T1 tubes. 
3 3M Na acetate, pH 5 5 

3. Methods 
3.1. Separation of Viral Nucleopro teins 
by Bouyant Density Centrifugation and Extraction of RNA 

1 Carefully layer 2 75 mL of each Nycodenz solution m a SW40T1 tube (heavrest 
one first). 

2 Allow to diffuse overnight at room temperature 
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3 Load 0.5-o 75 mL (7.5-10 mg) of vuus suspension on top surface of the gradlent 
4 Centrifuge sample at 163,500g for 23 h at 15°C 
5 Observe separated viral components with a beam of white light shtnmg dtrectly 

through the length of the tube Remove bands of interest using syringe fitted wtth 
a 2 1 -gage needle 

6 Dilute vu-us suspension by adding at least 9 vol of 10 mM sodmm phosphate 
solutron. Spin in a Beckman Type 40 tube at 93,000g for 4 h at 4°C (see Note 2) 

7 Extract RNA by resuspendlng the pellet m NET buffer, made 2% (w/v) wtth 
respect to SDS Warm to 55°C After 2-3 mm, add I vol phenol chloroform and 
vortex vigorously. Separate two phases by low speed centrtfugatton and remove 
top (aqueous) layer to a fresh tube (see Note 3) 

8 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). 

9 Pellet the RNA by centrtfugmg the sample at 12,OOOg for 10 mm Wash wtth 
absolute alcohol, recentrtfuge for 5 mm and dry briefly m a vacuum destccator 
Dissolve RNA m stertle dHtO and store at -70°C. Examme on denaturrng agar- 
ose gel (Fig. 1) 

3.2. Fracficmation of RNA by Velocity Centrifugation 
on Sucrose Gradients 

Layer 2 75 mL of each sucrose solutron 1n a SW40T1 centrifuge tube 
Allow to diffuse for 3-4 h at room temperature (or at 4°C overmght) 
Load approx 50 pg RNA on to the top surface of the gradtent 
Spm at 130,OOOg for 12 h at 15°C 
Puncture the bottom of the tube with a needle and collect approx 0 4 mL fractions 
1n sterilized large mtcrocentrtfuge tubes. 
Determme the presence of the RNA by removing a small sample (5-& ahqout) 
of each of the fractrons and electrophorese on a formaldehyde (denaturing) agar- 
ose gel (see Chapter 25) 
Pool appropriate fractions and prectpttate the RNA by adding 0.1 vol 3M Na 
acetate soutron, pH 5 5, and 2 5 vol absolute ethanol 
Pellet RNA m a mtcrocentrifuge and wash wtth absolute alcohol Respm and dry 
pellet and dissolve m stertle dHzO. Store at -70°C 

4. Notes 
1 Nycodenz IS a nomomc dertvattve of benzolc actd (systematic name 5-(N-2, 3- 

dihydroxypropylacetamtdo)-2, 4, 6-trr-todo-N, N’-6zs(2,3 dlhydroxypropyl) 
tsophthalamtde The original expertments characterizing the use of Nycodenz for 
tsopycmc centrlfugatton of plant viruses have previously been descrtbed by 
Gugerh (r). Our experience has shown that this material IS the most smtable 
density gradient medmm for separation of comovuus components. Inmal expen- 
ments 1n our laboratory showed that CPMV nucleoprote1ns ~111 separate well m 
CsCl gadtents, but when the RNA is extracted from them, tt IS often degraded and 
of very poor quahty Thus has never been the case when Nycodenz IS used 
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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-I 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 12 1 “C. 

Reference 
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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 majorrty of plant vtruses have a positrve-sense RNA 

genome, whrch acts as the viral mRNA, the RNA must first be converted mto 
cDNA before cloning, amphficatron, and subsequent mampulation. Successful 
cDNA synthesis should yteld full-length copres 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 ltbraries (1). Secondary structure of 
mRNA molecules can cause the synthesis of truncated cDNA fragments, In 
thus case, treatment of the mRNA with a denaturant, such as methylmercurrc 
hydroxide, prior to syntheses may be necessary (2). Other potential drfficulttes 
mclude DNA molecules contammatmg the mRNA sample DNA can clone 
efficiently and then mtrons can confuse results. RNase-free DNase treatment 
of the sample 1s recommended. 

After synthesis, the cDNA 1s inserted mto an Escherzchza c&based vector 
(plasmid or h) and the library 1s screened for clones of interest. Since 1980, h 
has been the vector system of choice for cDNA clonmg (3-10). The fundamen- 
tal reasons are that m vitro packaging of h generally has a higher efficency than 
plasmrd transformatron and 3L libraries are easier to handle (amplify, plate, 
screen, and store) than plasmid libraries. But, most h vectors have the drsad- 
vantage of bemg poorer templates for DNA sequencmg, site specific mutagen- 
esis, and restrtctron fragment shufflmg, although this trend 1s reversing to some 
degree wrth the continued development of PCR techniques. 

The development of excisable h vectors, such as those based on restrrctron 
enzyme drgestron (II), site-specific recombination (121, or filamentous phage 
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5' GAGAGAGAGAGAGAGAGAGAGAGACTCGAGTTTTTTTTTTTTTTTTTT 3' 
Protective Sequence XhoI Poly(dT) 

Fig 1.48-bp ohgonucleotide hybrid oligo(dT) linker-primer 

rephcation (13), has Increased the flexibthty of DNA clonmg. Now it IS pos- 
sible to clone and screen libraries with the efficiency and ease of h systems and 
to analyze positive clones with the ease and versatility of a plasmid The vec- 
tors that are compatible with the cDNA syntheses protocol described m this 
chapter are based on the Lambda ZAP@ excision system (Stratagene Cloning 
Systems, La Jolla, CA) (refs. 23 and 14, manuscript m preparation for 
SeqZAP) These vectors use an excision mechamsm that is 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 
prokaryotlc expression, eukaryotic expression, m vitro transcription, m vitro 
translation, dnecttonal clonmg, single-strand replication, automated sequencer 
compatibility, and special antibiotic resistance selection 

Several clonmg procedures for constructmg cDNA libraries extst (15-19) 
Here we describe a modtfication of a directional cDNA clonmg protocol (16). 
This procedure has been successfully used for generating hundreds of du-ec- 
tional cDNA libraries representing a vast number of plant and animal species 
contammg poly(A)+ mRNA, and is Ideal for the generation of cDNA libraries 
to viral RNA from purified vuus particles and RNA extracted from infected 
plant tissue. 

A hybrid ohgo linker-primer containing an XhoI site IS used to make 
directional cDNA. This 48-base ohgonucleottde was designed with a protec- 
tive sequence, to prevent the XhoI restriction enzyme recognition site from 
being damaged m subsequent steps, and an 1 g-base poly(dT) sequence, which 
binds to the 3’ poly(A) region of the mRNA template (see Fig. 1). 

First-strand synthesis IS primed with the linker-primer and is transcribed by 
reverse transcriptase m the presence of nucleottdes and buffer. An RNase H- 
deficient reverse transcrtptase may produce larger yields of longer cDNA tran- 
scripts (20,21). The use of 5-methyl dCTP m the nucleotide mix during 
first-strand synthesis “hemimethylates” the cDNA, protecting it from diges- 
tion during a subsequent restriction endonuclease reaction used to cleave the 
internal XhoI site tn the linker-primer 

The cDNA/mRNA hybrid 1s treated with RNase H m the second-strand syn- 
thesis reaction. The mRNA is nicked to produce fragments that serve as prrm- 
ers for DNA polymerase I, synthesizmg second strand cDNA. The second 
strand nucleotrde mixture 1s supplemented with dCTP to dilute the 5-methyl 
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dCTP, reducmg the probabihty of methylatmg the second strand, smce the XhoI 
restrtctlon site m the Imker-prtmer must be suscepttble to restriction enzyme 
digestion for subsequent hgatton into the vector 

The uneven termim of the double-stranded cDNA must be polished with 
cloned Pfu DNA polymerase, to allow efficient hgatton of adaptors (22,23). 
Adaptors are complementary oligonucleottdes that, when annealed, create a 
phosphorylated blunt end and a dephosphorylated cohesive end. This double- 
stranded adaptor will hgate to other blunt ternnm on the cDNA fragments, and 
to other adaptors Since the cohesive end is dephosphorylated, ligation to other 
cohestve ends 1s prevented. After the adaptor hgatton reaction is complete and 
the hgase has been inactivated, the molecules are phosphorylated to allow hga- 
tton to the dephosphorylated vector. 

AnXhoI digestion releases the adaptor and protecttve sequence on the lmker- 
primer from the 3’ end of the cDNA. These fragments are separated from the 
cDNA on a size-fractionatton column. The purified cDNA 1s then precipitated 
and ligated to the vector. This strategy is illustrated m Fig. 2. 

2. Materials 
2.1. First-Strand Synthesis 

1 10X first-strand buffer 500 mA4Trts-HCI, pH 7.6,700 miMKC1, 100 mA4 MgCl, 
2 Ftrst-strand methyl-nucleotrde mtxture (10 mA4 dATP, dGTP, dTTP, and 5 mM 

5-methyl dCTP) 
3. Lmker-primer (3 0 ~18 at 1.5 pg/L) 
4 Drethylpyrocarbonate (DEPC)-treated water. 
5 Ribonuclease mhtbttor (40 U) 
6. Poly(A)+ mRNA (5 0 pg m 236 ~.IL DEPC-treated water, see Notes 1 and 2) 
7 [a-32P]-labeled deoxynucleotide (800 Wmmol) [cL-32P]dATP, [a-32P]dGTP, or 

[a-32P]dTTP. Do not use [a-32P]dCTP (see Note 3) 
8 Reverse transcrtptase (250 U) (RNase H-deficient 1s recommended /20,22/) 

2.2. Second-Strand Synthesis 

1 10X second-strand buffer* 700 mMTrrs-HCl, pH 7 4, 100 mM (NH&Sob, 
50 mM MgC12 

2 Second-strand dNTP mtxture (10 n&I dATP, dGTP, dTTP, and 26 mM dCTP). 
3 E co11 RNase H (4 0 U) 
4 E co11 DNA polymerase I (100 U). 

2.3. Blunting the cDNA Termini 

1 Blunting dNTP mixture (2 5 mM dATP, dGTP, dTTP, and dCTP) 
2 Cloned Pfu DNA polymerase (5 U) 
3 Phenol-chloroform (I. 1 [v/v], pH 7 O-8 0) (see Note 5) 
4 Chloroform 
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Lmker-Prmxzr 

TTTTTTTTGAGCTCAGAGAG 5' 
5' ~JAAAAAAAA 3' 

1 Reverse transcrlptase 
5-methyl dCTP m nwleotlde mix 

TTTTTTTTGAGCTCAGAGAG 5' 
AAAAAAAA 3' 

1 RNase H 
DNA polymerase I 

3' I.-m-.-m-m ~-m-m-~-a-m-m n ~TTTTTTTTGAGCTCAGAGAG 5' 
5' -]AAAAAAAACTCGAGCTCTCT 3' 

1 Adaptors 
Llgase 

n n n l n 9 9 n l 8 l m-9TTTTTTTTGAGCTCAGAGAGm 5' 
AAAAAAAACTCGAGCTCTCT- 3' 

1 Xho I 

Ia mRNA 

il 

methylated cDNA 
non-mcthylated cDNA 

I adaptors 

Fig 2 Du-ectlonal clonmg strategy 

5. 3M Sodium acetate. 
6 100% (v/v) Ethanol 

2.4. Ligating the Adaptors 
1 70% (v/v) Ethanol 
2 Adaptors (4 at 0 4 pg gi$) 
3 5% Nondenaturmg acrylamlde gel 
4 10X Ligation buffer. 500 mM Tns-HCl, pH 7.4, 100 mM MgCl*, 10 m&I 

drthlothreltol (DTT) 
5. 10 mA4rATP. 
6 T4 DNA hgase (4 Weiss U) 

2.5. Phosphorylating the Adaptors 
1 10X Llgatlon buffer (see Subheading 2.4., item 4) 
2 1OmMrATP 
3 T4 polynucleotlde kmase (10 U) 
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2.6. Xhol Digestion 
1 XhoI reactton buffer. 200 mA4 NaCl, 15 mM MgClz 
2 XhoI restrictton endonuclease (120 U) 
3 10X STE buffer lMNaC1, 100 mMTris-HCl, pH 8.0, 10 mMEDTA 

2.7. Size Fractionation 
1 1X STE buffer: 100 mMNaC1, 10 mMTris-HCl, pH 8 0, 1 mA4 EDTA 
2. Sephacryl S-500 column filtratton medium (Pharmacra) 
3 5% Nondenaturmg acrylamide gel 
4 Phenol chloroform (1 1 [v/v], pH 7 O-8 0) (see Note 5). 
5 Chloroform. 
6 100% (v/v) Ethanol 

2.8. Quantitating the cDNA 
1 70% (v/v) Ethanol 
2 TE buffer 10 mM Trts-HCl, pH 8.0, 1 mM EDTA. 
3 0 8% Agarose 
4 Ethidmm bromide (10 mg/mL) 

2.9. Ligating the cDNA to Prepared Vector 
1 h Vector (such as Lambda ZAP, ZAP Express, SeqZAP) double dtgested and 

dephosphorylated Vectors are digested with XhoI and a second restriction 
enzyme, which leaves ends compatible with the adaptors 

2. 10X Ligation buffer (see Subheading 2.4., item 4). 
3. 10mMrATP 
4 T4 DNA hgase (4 Weiss U) 

2.70. Packaging and Plating 
1 NZY medium, plates and top agarose: 5 g NaCl, 2 g MgS04 7H20, 5 g yeast 

extract, 10 g NZ amme (casem hydrolysate) per ltter 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 autoclavmg 

2 Appropriate E co/z host strains (such as XLl-Blue MRF’ or DHSaMCR) freshly 
streaked on an LB agar plate contammg the appropriate antibiotic (see Note 8) 

3 10 mMMgSO+ 
4 Packaging extract (such as Gigapack@ II h packagmg extract [Stratagene] /23,241) 
5 SM buffer: 5 8 g NaCI, 2 0 g MgS04 7H20,50 0 mL lMTrts-HCl, 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 autoclavmg 
8. Isopropyl-P-o-thio-galactopyranoside (IPTG), 0.5M m water and 5-bromo-4- 

chloro-3-indoyl-P-n-galactopyranoside (X-gal), 250 mg/mL m dimethylforma- 
mtde (see Note 10) 
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2.11. Amplification of the Primary Library 

1 Packaged and tttered primary library 
2. Prepared, appropriate E co/l 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 Dtmethylsulfoxrde (DMSO) 

3. Methods 
3.1. First-Strand Synthesis 

The final volume of the first strand synthesis reactlon should be 50 pL Take 
this mto account when determlnmg the volumes necessary. 

1 In an RNase-free mtcrocentrrmge tube, add the reagents m order 5 0 p.L IOX first- 
strand buffer, 3.0 pL methyl-nucleotrde mixture, 2 0 pL lurker-primer (1 5 pg/&), 
XL DEPC-treated water, 40 U rtbonuclease mhrbrtor 

2 Mix the reagents well Add X p.L of poly(A)+ mRNA (5 pg) and gently vortex 
(see Notes 1 and 2) 

3 Allow the mRNA template and linker-primer to anneal for 10 mm at room 
temperature 

4. Add 0.5 uL of [cL-32P]-labeled deoxynucleottde (800 Wmmol) Do not use 
[cr-32P]dCTP (see Note 3) 

5 Add 250 U of reverse transcrrptase The final volume of the reactton should now 
be 50 I-CT, 

6 Gently mrx the sample and briefly spur down the contents m a mtcrocentrtfuge 
7 Incubate at 37’C for 1 h 
8 After the l-h mcubatron, place on Ice. 

3.2. Second-Strand Synthesis 

The final volume of the second strand synthesis reactlon should be 200 pL 
Take this mto account when determmmg the necessary volumes 

1 To the first-strand reaction (50 pL), add the following components m order 20 0 
pL 10X second-strand buffer, 6 0 pL second-strand dNTP mixture, X pL stertle 
distilled water (DEPC-treated water 1s not requrred), 4 U E colz RNase H, 100 U 
E colz DNA polymerase I 

2 The final volume of the reaction should now be 200 pL. Quickly vortex and spur 
down the reaction m a mlcrocentrrfuge Incubate for 2 5 h at 16°C. 

3. After the 2 5-h mcubatron, place on ice 

3.3. Blunting cDNA Termini 

1. Add the followmg reagents to the synthesized cDNA 23.0 p.L blunting dNTP 
mixture, 2 0 p.L cloned Pfu DNA polymerase (2 5 U/pL) 
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2 Mix well and incubate at 70°C for 30 mm Do not exceed 30 mm. 
3 Phenol,chloroform/chloroform extract (see Note 5) 
4 Precipitate the cDNA by adding the following. 20 pL 3M sodium acetate, 400 pL 

100% (v/v) ethanol 
5 Mtx by gently vortexmg and Incubate on ice for 10 mm or overnight at -20°C 

3.4. Ligating Adaptors 
1. Mtcrocentrifuge the precipitated cDNA sample at maximum speed, 4°C for 1 h 
2 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 unmcorporated nucleotides 

3 Wash the pellet by gently adding 500 pL of 70% (v/v) ethanol and micro- 
centrifuge for 2 mm 

4 Aspirate the ethanol wash and lyophlhze the pellet until dry 
5. Resuspend the pellet m 9 0 pL of adaptors (0 4 pg/pL) by gentle pipetmg. Use a 

Geiger counter to confirm that the cDNA is in solutton 
6 Remove 1 0 pL for analysis of cDNA synthesis on a 5% nondenaturmg acryla- 

mide gel This ahquot may be frozen at -2O’C (see Notes l-4) 
7. Add the following components to the tube containing the 8.0 Ccs, of blunted DNA 

and adaptors 1 0 pL 1 OX ligation buffer, 1 0 p.L 10 mM rATP, 1 0 pL T4 DNA 
ligase (4 U/pL) 

8 MIX well and briefly sprn 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 phosphorylatron reaction will be 25 & Take this 
into account when determinmg the necessary volumes 

1. After ligation, heat inactivate the hgase by mcubatmg at 70°C for 30 mm 
2. Spin down and allow the reaction to cool at room temperature for 5 mm Add 

1 5 p.L 1 OX ligation buffer, 2 0 pL 10 mM rATP, X pL sterile dtsttlled water, 7 U 
T4 polynucleotide kmase 

3 Incubate at 37°C for 30 mm. 
4. Heat inactivate the kmase by incubating at 70°C for 30 mm 
5 Spin down and allow the reaction to cool at room temperature for 5 mm 

3.6. Xhol Digestion 
The final volume of the digestron reaction will be 60 PL. 

1 Add the following components to the phosphorylatton reaction (25 pL) 30 0 yL 
XhoI reactton buffer, X pL sterile distilled water, 120 U XhoI restriction endonu- 
clease. Be sure the volume of enzyme is 110% of the reaction volume. 

2 Incubate for 1 5 h at 37°C 
3. Cool the reaction to room temperature and add 15 pL of 1 OX 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 efficrently m the 2-kb size range. Drop col- 
umns made with Sephacryl S-500 medium separate by size, the larger cDNA 
molecules eluting from the column first and the small unllgated adaptors and 
unincorporated nucleotrdes elutmg later. The cDNA will not have a high num- 
ber of counts, but will be detectable by a handheld monitor at 1250 cps. 

3.7 I Drip-Column Preparation 

1 Discard the plunger from a I-mL plasttc syringe and Insert a small cotton plug 
Push the cotton to the bottom of the syringe 

2 Fill the syrmge to the top wtth Sephacryl S-500 filtratton medium 
3 Place the syrmge m a rack and allow the column to drip “dry” 
4 Fill the syringe up to -0 5 cm from the top wtth medmm, and drip through as m 

step 3 
5 Rinse the column with two ahquots of 300 L of 1X STE buffer (total wash vol- 

ume of 1200 pL). Drip-dry after each addmon of buffer 

3.7 2 Collecting Fractions 

1 Plpet the cDNA mto the washed Sephacryl S-500 drip column, and allow to drop 
through Thts IS fractton 1 The recovery volume IS -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 drop 
through. These are fractions 1 and 3 

3 Collect fraction 4 m fresh tube. Load 150 pL of 1X STE buffer and dnp as before 
4. Collect fraction 5 as m step 3 Two fracttons are usually adequate The stze of the 

cDNA decreases m each addmonal fraction. Most of the radtoacttvny ~111 re- 
mam in the column owmg to unmcorporated nucleottdes Dtscard the radtoacttve 
drop column appropriately 

5 Remove 5 pL from each fractton (or up to l/l 0 of the fractton volume) for analy- 
SIS of cDNA size on a 5% nondenaturmg acrylamlde gel These ahquots can be 
frozen at -20°C 

6. To remove any residual enzyme from prevtous reactions, phenol-chloroform/ 
chloroform extract (see Note 5) 

7. Add twice the volume of 100% (v/v) ethanol to prectpttate the cDNA 
8 Place on ice for 1 h or at -20°C overnight 

3.8. Quantitating the cD/VA 

1. Mtcrocentrifuge the fractionated cDNA at maxtmum speed for 30-60 mm at 
4°C. Carefully transfer the ethanol to another tube and monitor with a Geiger 
counter Most of the counts should be present m 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 mm 

3 Carefully remove the ethanol wash and vacuum evaporate until the cDNA 
pellet IS dry 

4 Each fraction can contam &250 cps If the pellet contains O-10 cps, resuspend 
the cDNA m 5 0 $ of sterile water If the pellet contains >I0 cps, resuspend the 
cDNA m 12.0 $ of sterile water 

5 Quantltate the cDNA by UV vlsuallzation of samples spotted on ethldmm bro- 
mlde 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-dlgested with XhoI and an enzyme 
whxh leaves ends compatible with the adaptors. The vector should also be 
dephosphorylated to prevent vector-to-vector llgatlons. The final ligation reac- 
tion volume is 5 pL. 

1 To a 0 5-mL mlcrocentrlfuge tube, add m order X pL water, 0 5 pL 1 OX ligation 
buffer, 0 5 & 10 mMrATP, 1 pg prepared h arms, 100 ng cDNA, 0 5 & T4 DNA 
ligase (4 Weiss U/pL) 

2 Incubate overnight at 4“C 

3.10. Packaging and Plating 

The ligation IS packaged and transfected mto an appropriate E c-011 
host stram 

3.10.1. Preparation of Plating Cells 

1 Inoculate 50 mL of NZY medium with a smgle colony of the appropriate E colz 
host. Do not add antlblotlc 

2 Grow at 30°C with gentle shaking (1 OOOg) overnight (see Note 9) 
3 Spm the culture at 1OOOg for 10 min. 
4 Gently resuspend the cells m 20 mL sterile 10 n&l MgS04 
5 Determine the concentration of the cells by reading ODeoo on a spectrophoto- 

meter Store this cell stock at 4°C for no more than 1 wk To use, dilute cells to 
OD 6oo = 1 0 m 10 n&f MgSO+ 

3.10.2. PackagIng 

Package the ligation reaction followmg manufacturer’s mstructlons. Stop 
the reaction by adding 500 pL SM buffer and 20 pL chloroform. 

3.70 3. Platmg 

1 Mix the followmg components m a Falcon 2059 polypropylene tube 200 yL 
appropriate diluted host cells (see Subheading 3.10.1.), 1 pL final pack- 
aged reactlon 
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2 Incubate the phage and the bacteria at 37°C for 15 mm to allow the phage to 
attach to the cells 

3 Add 2-3 mL of NZY top agarose (48°C) contammg IPTG and X-gal (see Note 
10) Plate onto NZY agar plates and place them upside down in a 37°C Incubator 

4 Plaques should be visible after 6-8 h Background plaques are blue, recombmant 
plaques are clear and should be lo- to loo-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 is recommended to 
produce a large, stable quantity of a high-titer stock of the hbrary. 

3.11. Amplification of the Primary Library 

After amplification, the library IS suitable for screemng by a variety of tech- 
niques (2). More than one round of ampllficatlon IS not recommended, since 
slower growing clones may be significantly underrepresented 

1 
2 

3 
4 

5 

6 

7 

8. 
9 

10 

11 

12. 

Prepare the host strams (see Subheading 3.10.1.) 
Mix ahquots of the packaged hbrary contammg -50,000 plaque-forming units 
(PFU) (1300 pL vol) with 600 pL of host cells m Falcon 2059 polypropylene 
tubes Usually, 1 x lo6 PFU are amplified (20 tubes) 
Incubate the tubes contammg the phage and host cells for 15 mm at 37°C 
Mix 8 0 mL of melted NZY top agarose (48°C) with each aliquot of Infected 
bacteria and spread evenly onto a freshly poured 150-mm NZY plate 
Incubate the plates at 37°C for 6-8 h Do not allow the plaques to grow larger 
than l-2 mm 
Overlay the plates with 8-10 mL of SM buffer Store the plates at 4°C overnight 
with gentle rockmg The phage will diffuse mto the SM buffer 
Recover the SM buffer contammg the bacteriophage from each plate and pool it 
m a sterile polypropylene contamer Add chloroform to a 5% final concentration 
and mix well 
Incubate for 15 mm at room temperature 
Remove the cell debris by centrifugation for 10 mm at 5OOg 
Recover the supernatant and transfer it to a sterile polypropylene container Add 
chloroform to a 0.3% final concentration and store at 4°C. 
Check the titer of the amphfied library by makmg serial dilutions m SM buffer 
and platmg on host cells (see Subheading 3.10.3.) The average titer IS usually 
1 09-1 Oi2 PFU/mL 
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 mhibttors that can be removed by phenolchloroform 
extractions The presence of DNA or rRNA will give an Inaccurate concentration 
of mRNA, leadmg to an msuffictent 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 followmg protocol under a fume hood Resuspend the mRNA m 20 uL 
of DEPC-treated water and incubate at 65°C for 5 mm Cool to room temperature 
and add 2 pL of 100 mM methyl-mercurtc hydroxide Incubate at room tempera- 
ture for 1 min, add 4 pL of 700 mM P-mercaptoethanol (dilute stock m DEPC- 
treated water), and mcubate at room temperature for 5 mm. The final volume IS 
26 pL This denatured mRNA IS 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 analysts may show a false negattve result if the 
[cr-32P]dNTP is degraded, because tt may not incorporate mto the cDNA even 
though synthesis is occurrmg 

4 Gel analysis may show haupmnmg of the cDNA, whtch is caused by a number of 
factors an insufficient amount of mRNA was used m the first strand reaction (see 
Note l), the mRNA populatton had tight secondary structure (see Note 2) the 
second-strand mcubation temperature was htgher than 16°C (cool the first strand 
reaction by placmg it on ice before addmg the second strand synthesis reaction 
components), or an excessive amount of DNA polymerase was used m the sec- 
ond strand reactton 

5 Phenol*chloroform (1: 1 [v/v], pH 7 O-8 0) is recommended Do not use low-pH 
phenol routmely used for RNA isolation (1,2) To extract the cDNA sample, add 
an equal volume of phenol chloroform (1 1 [v/v], pH 7 O-8 0) and vortex 
Microcentrifuge at maxtmum speed for 2 mm Transfer the upper aqueous layer, 
which contains the cDNA, to a new stertle tube Avoid removing any interface 
Add an equal volume of chloroform, and vortex Mtcrocentrifuge for 2 mm at 
maximum speed Save the upper aqueous layer and transfer It to a new tube 

6. Sephacryl S-500 drip columns can be run “dry” A reservoir at the top of the 
column is not required Each 150-~.IL wash yields an -150~pL fraction volume 
Fractions l-3 can be collected m one tube since these fractions do not contam 
cDNA. The cDNA elutes m fractions 4 (contammg fragments 21 5) and 5 (con- 
tammg fragments >500 bp) 

7 Ethidmm bromide agarose plate quantitatton is performed as follows Using a 
DNA sample of known concentration (such as a plasmid), make sertal dilutions 
(200, 150, 100,75,50,25, and 10 ng/p.L) m TE buffer Melt 10 mL of 0 8% (w/v) 
agarose m TE buffer and cool to 50°C. Under a hood, add 10 p.L of 10 mg/mL 
ethtdium bromide, swirl to mix, and pour mto a loo-mm Petri dish Allow the 
plate to harden Label the bottom of the Petrt dish wtth a marker to Indicate where 
the sample and standards will be spotted Carefully spot 0 5 p.L 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 
cDNA sample onto the plate adJacent to the standards. Allow the spots to absorb 
mto the agarose for 10-15 mm at room temperature. Invert the plate and visual- 
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tze on a UV hghtbox Compare the spotted sample of unknown concentration 
with the standards to determine the concentration of the cDNA 

8 Smce the cDNA is heavily methylated, mtroduction into a host with an McrA, 
McrCB, hsdSMR, Mrr phenotype would be SubJect to dtgestton by these restrtc- 
tion systems. Therefore, the choice of packaging extract and an E colz host strain 
IS crucial (24-29) 

9 Smce h phage can adhere to dead as well as to viable cells, the lower temperature 
prevents the bacteria from overgrowing. 

10 Most cDNA vectors have color selection by Isopropyl-@-D-thio-galactopyrano- 
side (IPTG) and 5-bromo-4-chloro-3-mdoyl-p-o-galactopyranoside (X-gal) 
These components can be added to the top agarose before platmg to produce the 
background blue color Use 15 @ of 0 5M IPTG (m water) and 50 pL of X-gal at 
250 mg/mL m dtmethylformamtde. 
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PCR Cloning of Coat Protein Genes 

Rebecca Stratford 

1. Introduction 
The polymerase cham reaction (PCR) IS used to amplify DNA between two 

oltgonucleottde prtmers, of whrch one IS complimentary to a sequence on the 
(+)-strand and the other to a downstream sequence on the (-)-strand. Amphfi- 
cation between the two primers IS achieved by reiterative cycles of template 
denaturatton, primer annealmg, and primer extension by a heat-stable DNA 
polymerase enzyme, whtch is able to withstand the repeated high temperatures 
required for DNA denaturatton The products of each reaction cycle serve as 
templates for subsequent cycles, and so, theoretically, the amount of product 
doubles after each cycle. PCR IS therefore a very sensitive technique that can 
be used to generate microgram quanttttes of DNA from as little as a single 
DNA molecule (see also Chapter 48). 

PCR reactions can also be used to amplify products from RNA templates 
(RT-PCR; see also Chapter 48) The RNA IS reverse-transcribed to form a single 
complementary strand of DNA, which IS then ampltfied by PCR, using primers 
on either side of the target gene. RT-PCR, using either purified viral RNA or 
total RNA from infected plants, can be used for clonmg genes or for dlagnosttc 
purposes (1,2). RT-PCR requn-es sequence information from both sides of the 
target gene, but a modtticatton of the method can be used to clone genes from 
which only limited sequence data is available The RACE-PCR technique 
developed by Frohman et al. (3) enables amplificatton using a single gene- 
specific primer combined with a genertc primer. First-strand cDNA 1s synthe- 
sized using an ohgo dT-adaptor prtmer, which anneals to the poly A tall present 
at the 3’ end of all eukaryottc mRNAs. The subsequent PCR reaction uses the 
single gene-specific primer and a second primer correspondmg to the adaptor 
sequence of the cDNA primer (Fig. IB). Consequently, It IS possible to clone 
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Fig. 1. Diagram of (A) 3’ end of BaMMV RNA- 1 showing the location of the CP 
gene and the putative polyprotein cleavage site; (B) use of RACE-PCR technique to 
amplify the CP gene using a degenerate primer (BAM N-ter), corresponding to the 
N-terminal amino acids; (C) addition of an ATG start codon to the CP gene present 
within clone pBM-2 17. 

plant virus coat protein (CP) genes on the basis of N-terminal amino acid 
sequence data alone. 

PCR can also be used to add extra nucleotides to or to change the sequence 
of a particular gene simply by incorporating the required sequence into the 
synthetic primer. Nucleotides that are not complementary to the target 
sequence may be added to the 5’ end of a PCR primer without deleterious 
effect, since the specificity of the reaction is largely determined by annealing 
of the 3’ end to the template DNA. This adaptation has a large variety of appli- 
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cations; for example, rt may be used to add translational start or stop codons, to 
change the translational context of an existing ATG codon, or simply to add 
restriction enzyme sites, to facilitate subsequent clonmg steps. 

2. Materials 
2.7. Reaction Components 

PCR amplrficatron requires DNA primers, dNTPs, buffer, MgCl,, Tag poly- 
merase, and template DNA. The optimal concentratrons of these components, 
particularly MgCl*, are likely to vary between applications, and often have to 
be determined experimentally. The range of concentratrons most frequently 
used, and general gurdelmes, are provided below. 

1. Primers PCR primers are most stable when stored as a lyophihzed pellet, but for 
convernence can be stored as a htgh-concentratton stock solution m stertle dts- 
tilled water (SDW) at -20°C It 1s best to avoid use of buffers contammg EDTA, 
smce Taq polymerase requtres Mg2+ ions, which will be chelated by EDTA Prim- 
ers are generally used at concentrattons between 0 2 and 1 0 pA4 for each primer 
Hugh primer concentrations may promote mix-priming and primer-dtmer am- 
facts produced by the mteractron of primers alone 
dNTPs A concentrated stock of dNTPs, with each dNTP at 1.25 mM, can be 
stored m ahquots at -20°C to avoid repeated freeze-thaw cycles PCR reacttons 
generally contam 20-200 @4 dNTPs and it 1s Important that all four nucleotrdes 
are present at the same concentratton to ensure the htghest level of fidelity. The 
spectfictty and fldehty of PCR is Increased by using low dNTP concentrations 
Taq polymerase The recommended range of Taq polymerase 1s IL-4 U/l00 pL 
reaction, but requirements will vary wtth dtfferent templates or prtmers, and a 
range of concentratrons can be tested. If the concentration is too high, a nonspe- 
cific background smear can develop, too little produces low yields A wade range 
of heat-stable DNA polymerases are now available, mcludmg some that have a 3’ 
to 5’ exonuclease proofreadmg actrvtty Also avatlable 1s a thermostable reverse 
transcrtptase, whtch can be used to make both cDNA and DNA amplificatton 
products m RT-PCR reactions 
PCR buffer Buffers for PCR reactions, are generally based on 10-50 mM Trts- 
HCl (pH 8.3-8 8) and contam up to 50 mM KC1 to facilitate primer annealmg 
Gelatm, BSA, or Tween-20 are often added to help stabilize the enzyme, and 
cosolvents such as DMSO are somettmes also included to facthtate template 
denaturatron PCR buffers are usually supplied with the polymerase and vary m 
composttion, dependmg on the supplier If a reaction is not working, it IS often 
worth trying either an alternattve buffer system or source of polymerase 
MgCl, Taq polymerase IS a magnesium-dependent enzyme, and free Mg2+ con- 
centration also can affect primer annealing and strand destccatron Generally, 
reactions contain 1.5 mM MgC12, but tt can be beneficial to optimtze the magne- 
slum ton concentratton, usually withm a 0 5- to 4-mM range 
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2.2. Primer Design 

It 1s important to check that the primers are complimentary to the correct 
template strand and m the appropriate 5’ to 3’ orientation to produce the desired 
PCR fragment. In general, PCR primers are designed to be between 20 and 30 
bases m length, and to have a 5040% GC content Where possible, the 3’ end 
of the primer should ideally be a G or C residue to anchor the primer base to the 
template for efficient elongation, but runs of several Gs and/or Cs should 
be avoided, since they can promote mis-priming. The prtmer sequences should 
be checked for self-complementarily and primer-primer complementarity, 
since this will sigmticantly affect the efficiency of amphfication by competmg 
with the template. 

Degenerate primers can be synthesized contammg a mixture of more than 
one base at any position, and are used when ammo acid sequence data is the 
basts for primer design. Ammo acids with the mmimum degeneracy should be 
selected, and it helps to avoid degeneracy at the 3’ end Inosme, which hybrid- 
izes equally well to any of the four bases, can also be used, and this reduces the 
complexity of the final primer mixture. Computer software programs are avail- 
able to assist primer design and can be used to check for secondary structure 
and degree of degeneracy 

2.3. Minimizing PCR Contamination 

The ability of PCR to produce large amounts of DNA from low quantities of 
template necessitates that extreme care be taken to avoid false posttives caused 
by contamination, for this reason, a negative control reaction should be 
included m all experiments. The most likely sources of contammation are 
the carryover of products from a prevtous PCR reaction or from one sample to 
the next A number of steps can be taken to reduce these problems. Carryover 
of products from one reaction to another can be avoided by physically separat- 
mg the operations performed to set up the reaction from those required to 
handle the products, by usmg, for example, a separate pipet dedicated to han- 
dling PCR products Aerosol-resistant tips or positive-displacement pipets can 
be used to prevent contammation caused by aerosols reaching the shaft of con- 
ventional ptpets. Adding the template DNA last can also help to reduce oppor- 
tumties for transfer between samples. In addition, ahquotmg reagents ~111 limit 
any contamination to a single experiment. 

3. Methods 
Two methods are described: the use of RACE-PCR to amplify CP genes 

usmg only N-terminal ammo acid sequence data (see Subheading 3.1.), and 
the addition of an ATG start codon to the 5’ end of a CP gene (see Subheading 
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3.2.). Both methods are rllustrated using barley mild mosaic vnus (BaMMV), 
but can be adapted for other viruses by using appropriate primers and template 
Although the reaction components and conditions provrded will amplify many 
different targets, they are prtmartly intended as a startmg posmon, and m some 
cases rt will be benefictal to opttmtze the PCR using the gurdelmes provided 

3.1. PCR Amplification of BaMMV CP Gene 
Using a Single Primer 

Since the BaMMV CP ts located at the 3’ end of RNA-l, whrch 1s 
polyadenylated (Fig. lA), the gene can be cloned usmg the RACE-PCR tech- 
nique (3). Purified viral RNA or total RNA from infected plants can be reverse 
transcribed using a dT,7 adaptor primer, whrch anneals to the 3’ poly(A) tall. 
This smgle-stranded cDNA 1s then PCR-amplified usmg the adaptor primer 
and a single gene-specttic primer correspondmg to the N-terminus of the CP 
gene (Fig. 1B; Note 1). 

I Add 10 pL of purified vrral RNA (-1-l 0 ng/pL) to 100 pmol of the dT,,-adaptor 
prrmer (1 8 pL of 627 pg/mL stock, Note 2) and Incubate at 70°C for 10 mm The 
tube should be rmmedrately cooled on ice 

dT,,-adaptor prrmer S-GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTT-3’ 

The adaptor sequence contams restriction sites that can be used for subsequent 
cloning of the RACE PCR product Three different sates (XhoI, SalI, CZaI) are 
included, so that there is likely to be at least one that does not cut within the 
product Itself, If this IS not the case, different sates can be used by resynthesrzmg 
an alternative primer Total RNA (- 1 ug) from infected plants could also be used 
as a template 

2 A first-strand cDNA reaction IS then performed by addition of 5 p.L 5X RT buffer 
(5X stock IS 250 mM Trrs-HCl, pH 8 3, at room temperature, 375 mM KCl, 15 
mM MgCl,, as supplied by Grbco-BRL), 2 5 p.L 100 mA4 DTT, 2 5 pL 10 mA4 
dNTPs, 0 5 p.L RNasm rrbonuclease mhrbrtor (40 U/pL, Promega, Southampton, 
UK) 1 7 pL SDW; the contents are mixed and incubated at 37°C for 5 mm and 
then add 1 pL of M-MLV RNase H-reverse* transcrrptase (200 U/pL, Grbco- 
BRL). The tube is further mcubated at 37°C for 60 mm, followed by 42°C for 30 
mm, and the reaction 1s stopped by heating to 94°C for 5 mm For convenience, 
the reaction is carried out m a DNA thermocycler, but can be performed using a 
heated water bath. Control reactions are also performed usmg either no template 
(SDW instead of RNA) or without the addition of reverse transcrrptase The latter 
control 1s to ensure that the PCR products are derived from an RNA template, 
rather than from contammatmg DNA, and is particularly important rf total RNA 
from infected plants 1s being used, rather than purified viral RNA 

3 A 25-pL PCR reaction is performed using an adaptor primer correspondmg to 
the 5’ end of the primer used for cDNA synthesis and a degenerate primer 
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(BAM N-ter) designed from the ammo acid sequence of the N-termmus of the 
BaMMV CP (4). 

Adaptor primer 5’-GACTCGAGTCGACATCGA-3’ 

H E E P D 0’) 
BAM N-ter 5’-CAC GAA GAA CCA GAC cc -3’ 

T G G CT 
G 
T 

BAM N-ter contams mixed bases at five posltlons, to allow for varlatlon m codon 
usage The adaptor and BAM N-ter primers are estimated to have T,,s of 56°C 
and 55”C, respectively (Note 3) The reactlon contains 2 5 pL of 10X PCR buffer 
(10X stock is 200 mM (NH&SO,, 750 mMTr]s-HCl, pH 9 0, at 25”C, 0 1% [wi 
v] Tween, supplled by Advanced Blotechnologles, Surrey, UK), 4 pL of 1 25 mM 
dNTPs, 2 5 & of 25 pg/mL BAM N-ter, 2 5 & of 25 pg/mL adaptor primer, 1 5 
pL of 25 mM MgCl,, 0 2 & of Taq polymerase (5 U/a, Advanced Blotechnolo- 
gles), 6 8 pL SDW, and 1 pL of first-strand cDNA reactlon (Note 4) A negative 
control reactlon 1s also set up usmg SDW, instead of the cDNA The reactlons are 
set up m 0 5 mL tubes and gently overlald with 25-50 yL of paraffin 011 (Fluka) 
to prevent evaporatron durmg thermocylmg Forty cycles of PCR ampllficatlon 
are carried out (94°C for 30 s, 55°C for 1 mm, 72°C for 2 5 mm), followed by a 
IO-mm extension at 72°C (Note 5) m a thermocycler (OmmGene, Hybald, 
MIddlesex, UK) 

4 5 pL of each PCR reactlon are electrophoresed on a 1 3% TAE agarose gel (40 
mM Trls acetate, 1 mA4 EDTA, pH 8 0) contammg 0 5 pg/mL ethldmm bromide 
m both the gel and the electrophoresls buffer, the products are vlsuahzed under 
UV light An -1 lOO-bp product, correspondmg to the expected size for the 
BaMMV CP gene, plus 3’ untranslated region, 1s produced m the reaction con- 
tammg vrral cDNA (Fig. 2A, lane 1), but not m any of the negative-control reac- 
tions (Fig. 2A, lanes 2-4) To verify that this PCR product contams the BaMMV 
CP gene, 5-p.L allquots are digested with either HzndIII or DraI, which produced 
fragments of the expected size (Fig. 2B, lanes 1 and 2) 

The method described can also be adapted to clone CP genes for which two 
specific primers are available, by substitutmg the second specific primer for 
the adaptor primer m the PCR reactlon. The cDNA can be synthesized usmg 
either the dT17 adaptor or a shorter ohgo primer. 

3.2. Addition of Methionine Start Codon to BaMMV CP Gene 

The BaMMV CP gene IS expressed via proteolytlc cleavage of a larger pre- 
cursor, and therefore an ATG start codon must be added to the 5’ end of the CP 
gene for expression m transgemc plants. This was achieved using primer BAM-3, 
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A B C 
Mr 1 2 3 4 Mrl 2 Mr 1 2 

O-6- 

0*4- 

Fig. 2. Amplification products from (A) RACE-PCR reaction using first-strand 
cDNA from purified viral RNA (lane 1) or water as a negative control (lane 4). Further 
negative-control PCR reactions iire shown using the products of a mock first-strand 
cDNA reaction on viral RNA without reverse transcriptase (lane 2) or without RNA 
(lane 3). (B) Shows the amplification product from (A, lane 1) digested with either 
Hind111 (lane 1) or DruI (lane 2). (C) shows the amplification product of a PCR reac- 
tion on clone pBM-2 17 using primers BAM-3 and BMCP- 1. DNA size markers (M,) 
are shown (100 bp DNA ladder, Gibco- BRL). 

which contains an ATG start codon linked to the sequence of the first 18 nucle- 
otides of the CP gene (4). 

BAM3: S-CGC GGATCC AACA ATG GCA GGG CAT GAG GAA CCA -3’ 
MAGHEEP 

The ATG codon is in a favorable plant translation context (5) and a BumHI 
restriction site (underlined) was included to facilitate subsequent cloning steps. 
Since restriction enzymes do not cleave sites close to the end of DNA strands 
very efficiently, the BumHI site is preceded by a CGC triplet (Note 6). 

1. A 25-a PCR reaction is performed on clone pBM-217, which contains the 
BaMMV CP gene as an EcoRI fragment in pUC 13 (Fig. 1C). The 5’ end of the 
CP gene is amplified using primer BAM-3 and a second primer BMCP- 1 comple- 
mentary to a region within the gene (see Fig. 1A). 

BMCP- 1: S-GGAATAACAGCGGAAGA-3’ 

The reaction contains 2.5 pL of 10X PCR buffer (see above), 1.5 pL of 25 mM 
MgC12, 4 pL of 1.25 mM dNTPs, 0.2 pL of 5 U/pL Taq polymerase (Advanced 
Biotechnologies), 2.5 pL of each primer (25 pg/mL stock), 1 pL of template DNA 
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(0 1 ng/pL) and 10 8 pL of SDW (see Note 7) A second reactlon 1s set up in 
parallel, with SDW Instead of DNA, as a negative control to check for PCR con- 
tammatlon The reactions are set up m 0 5-mL tubes and gently overlaid with 25- 
50 pL of paraffin 011 (Fluka) to prevent evaporation during thermocylmg. 

2 The reaction tubes are placed m a DNA thermocycler (OmmGene, Hybald) pro- 
grammed for 25 cycles of amphficatlon, usmg a step program (94°C for 30 s, 
55°C for 1 mm, 72°C for 2 mm), followed by a IO-mm final extension at 72°C 
(Note 5) 

3 lO+L Aliquots of the reaction are loaded onto a 1.3% TAE agarose gel contam- 
ing 0 5 pg/mL ethldmm bromide and products visualized under UV light Amph- 
ficatlon of template DNA produces a -500-bp product correspondmg to the 
expected size (Fig. 2C, lane 1), and no products are vlslble m the negatlve-con- 
trol reactlon (Fig. 2C, lane 2) 

4 10 & of the PCR reactlon IS dlgested at 37°C for 2 h with 0 5 pL BamHl and 
0 5 & MltlI (each at 10 U/& Glbco-BRL), 2 pL 10X react 3 (Gibco-BRL), 
and 7 pL of SDW The 280-nt product can be gel purified usmg the Promega 
Wizard DNA purification system and an ahquot (-100 ng) hgated overmght at 
14°C with -50 ng of the 3 6 Kb BarnHI-MluI fragment of pBM2 17 m 1 X hgatlon 
buffer (50 mA4 Tns-HCl, pH 7 6, 10 mM MgCl*, 1 mM ATP, 1 mM DTT, 5% 
polyethylene glycol 8000, Glbco-BRL) with 0 5 U T4 DNA hgase (Glbco-BRL) 
The hgatlon (0 5 pL) is transformed mto E colz stram DH5a (Stratagene) fol- 
lowmg the manufacturer’s mstructlons This clonmg step replaces the orlgmal 5’ 
270 nt of the coat protem m pBM217 with the 5’ end of the PCR product to 
produce a clone contammg the BaMMV CP gene with an ATG start codon m a 
good translational context (pBMCP- 1, Fig. 1C) The 5’ end of the clone should 
be sequenced to verify the presence of the ATG start codon and to ensure that no 
nucleotide changes had been introduced mto the CP fragment by mlsmcorporatlon 
durmg the PCR amphficatlon (see Note 8). 

4. Notes 
1 The quahty of the RNA preparation IS vital to the success of this technique, and 

care must be taken not to contammate the sample with RNase during extraction 
and subsequent handlmg All tubes and solutions should be autoclaved, and 
gloves should be worn. The most hkely problems are lack of product or genera- 
tlon of false products because of nonspeclfic amphficatlon Mismatched anneal- 
mg may be reduced by mcreasmg the anneal temperature or decreasmg the primer 
concentration. The lack of a product may be caused by RNase contammatlon or 
the presence of secondary structure m the RNA template, causing premature ter- 
mination of the reverse transcrlptlon reaction This can be overcome by usmg a 
higher temperature, e g , 52”C, for the reaction, the temperature can be increased 
further If a thermostable reverse transcrlptase IS used Although RACE-PCR 1s 
most frequently used to amplify genes with poly(A) tails, CP genes from 
nonpolyadenylated viruses could be amphfied by usmg termmal transferase to 
add a poly(A) tall to the genomlc RNA. 
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2 The concentratton of prtmers IS estrmated by measuring the absorbance of an 
aliquot at 260 nm, since a 33-pg/mL solution of ssDNA equals 1 A,,, unn For 
example, 10 uL of the adaptor primer was diluted with 990 pL of SDW and the 
AZ6s was 0.19 U Since the sample was diluted 100x, the concentratron of the 
stock solutron is 0.19 x 100 x 33 pg/mL 1 e ,627 pg/mL Often, it IS necessary to 
calculate the molarrty of prrmers, a rule of thumb 1s’ 1 pg of prrmer = 1 52 x 
(2000/n) pmol, where y1 = the number of bases For example, the dT,, adaptor 
prrmer IS 35 bases long and IS at 627 pg/mL Therefore, 1 pg of prrmer contams 
approx 87 pmol, 1 15 pg of primer contams 100 pmol, and so 1 8 pL of the 0.627 
pg/pL stock IS required for the cDNA reaction 

3. The r,,, of a primer IS the temperature at which 50% of the primer IS annealed to 
Its complementary target sequence; this figure IS used as a startmg point m deter- 
mmmg the optimum annealing temperature. A rule of thumb for calculatmg the 
r, of a primer IS. T,,, = (4 x number of G + C residues) + (2 x number of A + T 
residues) For example, the adaptor primer contams 10 G + C bases and 8 A + T 
bases, and so the T,, IS approx 56’C, 1 e., the sum of (4 x 10) + (2 x 8) It IS 
desirable to construct primers with roughly equal T,,,s, but m practice this IS not 
always posstble The annealing temperature for a PCR reactron IS usually 2-5°C 
below the 7’,,, but can be increased above the 7’,,,, to increase the specitity of the 
reaction If required At normal primer concentratrons (0 2-l 0 pm), the annealing 
step requires only a few seconds. 

4 In practice, rt IS more convenient and accurate to make up a cocktarl contammg 
all reaction components except the template DNA The cocktarl IS then ahquoted 
and the template added separately to each tube to munmrze the opportumty for 
crosscontamination from sample to sample 

5. A wide range of DNA thermocyclers are now available, and the best machines 
have good umformrty of temperature over the block, reproducible heating, and 
cooling rates, and are set up to ensure that the contents of the tube (rather than 
Just the block itself) reach the programmed temperature Specrally designed thm- 
wall PCR tubes can also be used for fast heat transfer Most PCR reactions are 
performed as step programs m which the machine moves from one temperature 
to the next at the maximum rate, but with many machines It also possible to 
control the rate of heating and cooling, as required The temperatures and length 
of time required for each part of a PCR cycle will vary, depending on the nature 
of the template, ?“, of the primers, and length of the product A temperature of 
94°C 1s adequate for most templates but some GC rich DNA or complex genomrc 
DNA samples may require hrgher temperatures or longer mcubatron times The 
annealing temperature depends on the T,, of the primers (Note 3), the elongatron 
time at 72°C varres according to the length of the target bemg amplified, but most 
reacttons allow 1 mm for each kb of sequence The elongatron time can be 
increased toward the end of a PCR reaction when the product concentratron IS 
high. In addrtron, a 5- to lo-mm mcubatton at 72°C IS attached to the end of most 
PCR programs to ensure complete elongation of products m the final cycle to 
maxrmrze the final yreld The number of cycles required will vary with the amount 
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of starting template. Too many cycles will give smearmg and too few will give 
low yields 

6 The addition of restrtctton sites is a useful apphcatton of PCR, but most restric- 
tion enzymes will not cleave sites close to the end of DNA fragments Addition of 
several GC bases can reduce this problem for enzymes, such as EcoRI, BumHI, 
KpnI, Z-WI, SmaI and XbaI, by clamping the end as dsDNA Alternatively, the 
restrictron sue could be located internally m the primer, rather than at the 5’ end 

7 A range of template concentrations (1 pg-10 ng) can be tested to find the opti- 
mum that gives satisfactory yields with the mmtmum number of cycles of amph- 
tication Fewer cycles reduce the probability of mismcorporatton durmg DNA 
elongation, resulting m base changes to the final product (and subsequent clone) 

8 The maJorrty of heat-stable DNA polymerase enzymes have no proofreadmg 
activity, which can lead to PCR products contammg sequence differences from 
the origmal template If high fidelity IS required during the reactton, it IS best to 
use one of the more recently developed enzymes, which have a proofreadmg 
acttvtty In addition, tt is advisable to mmtmize both the number of cycles per- 
formed and the length of template amplified Even tf a proofreading enzyme is 
used, tt IS worthwhde checkmg the fidelity by sequence comparison of the prod- 
uct and the origmal template If the sequence of the template is unknown and it is 
being amplified by PCR to provtde such data, it IS advisable to sequence products 
from more than one reaction to obtain a consensus sequence 
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Antibody Production 

Carol Brattey and Robert Burns 

1. Introduction 
Antibodies are produced by the immune systems of ammals m response to 

the presence of foreign substances. Antibodies raised against regions of the 
viral coat protein (CP) (epltopes) can be exploited for virus detection, m 1977 
Clark and Adams described the use of antibodies m ELISA to rapidly test a 
large number of plant sap samples for the presence of virus (I). Antibodies 
produced against virus particles can also be used m Western blots (see Chapter 
45) to assay CP expression m transformed plants (2,3) 

Ongmally, all antibodies were derived from the serum of animals followmg 
lmmumzatlon with the virus of interest. These polyclonal antibodies (PAbs) 
are essentially a heterogenelc mixture of molecules that ~111 recogmze several 
epltopes on the target protein The mam advantage of PAbs 1s that their broad 
specificity may give a more robust test, perhaps allowing detection of most 
strains of a V~I.IS or even all members of a virus group. Paradoxically, the rela- 
tive lack of specificity 1s also their mam llmltatlon, because they sometimes 
produce crossreactlons with plant proteins that can give false positives m 
assays. Addrtlonally, because they are produced on a batch basis, variable reac- 
tions may be encountered between bleeds from the same animal and between 
mdlvldual animals 

In 1975, Kohler and Mllstem reported that antibodies could be produced m 
tissue culture by creating recombinant cell lines from mouse myeloma cells 
and spleen cells from an lmmumzed mouse (4) Antibodies made m this way 
are known as monoclonal antibodies (MAbs), because they are produced by 
cell lmes derived from single recombinant parent cells 

A good PAb 1s perfectly adequate for many purposes, but MAbs have the 
advantages of sensltlvlty, specificity, reproduclbrhty, and consistent supply 
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from a defined source. Their main limitation 1s that the epltope to which they 
are raised is not conserved m all isolates of the virus, and false negatives result 
The two types of antibody should be considered complementary and both have 
a place m plant vu-ology m which their different qualities can be exploited. 

Production of high quality antibodies requires pure virus preparation for 
immunization. It 1s important that the isolates used are representative of the 
vu-us to be studied. In cases m which serological variation 1s reported, it may 
be prudent to use more than one isolate for Immunization. 

For PAb production, the vu-us preparation should be as free as possible from 
contaminating plant proteins; this 1s not so critical m MAb production, because 
crossreactmg clones can be eliminated m the screening process. However, the 
purification should avoid severe physical or chemical damage, which may 
expose hidden epltopes, because it 1s possible that an antibody could be raised 
that will not detect native virus. 

New Zealand white rabbits are normally used for production of PAbs 
because they yield high volumes of serum and can be easily bled from the 
marginal ear veins. High serum levels of specific antibody (approx 10 mg/mL) 
can be achieved by hypenmmumzatlon. As the lmmumzatlons are carried out 
across several weeks, class-shlftmg of antlbody type occurs; the resultmg serum 
predommantly contains antibodies of class G, rather than the class M, which 
dominate during the primary response (5). Plant vu-uses are relatively lmmu- 
nogemc, but an increased response can be obtained by the use of an adjuvant. 
Preparations such as Quil-A or the Rib1 adjuvant system encourage good titers 
of antibody, are easy to administer, and have fewer side effects than the 
Freund’s formulations. 

For MAb production, it 1s usual to use Balb-C mice, the strain from which 
most of the myeloma cell fusion partners were derived. Female mice are pre- 
ferred, because they do not fight when kept together. Immumzatlon protocols 
vary, but hyperlmmumty 1s required to produce sufficient primed splenocytes 
Generally, the unmune status of an animal 1s assessed by momtormg clrculat- 
ing antibody levels. AdJuvants can be used to improve the immune response, 
but should not be added to the final boost mjectlon. Usually a batch of six mice 
are unmumzed, and the best responders are used for cell fusion (see Note 1) 

Immunization and bleeding of animals 1s covered by legislation m most 
countries and must only be carried out by licensed personnel m licensed 
premises. The klllmg and removal of organs from mice is also subject to 
license m some countries, and it 1s usual that these procedures are carried out 
by animal technicians. 

Although crude antisera preparations are useful for some purp0ses-e.g , 
for trapping vu-us particles on grids for electron microscopy-many serologl- 
cal techniques require the use of purified antibodies and antibodies that have 
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been modified with labels, often enzymes, which are attached by a simple con- 
Jugatlon process. 

Before use m ELISA or blots, antibodies must be evaluated. It is desirable to 
test them for reactivity with other viruses, particularly closely related ones, for 
their reactions with healthy sap, and to optimize the dilutions to be used rou- 
tinely. This should be done for each batch of antiserum (see Notes 2 and 3). 

2. Materials 
2.1. Buffers for Antibody Purification 

Prepare solutions fresh and store at 4°C until requn-ed. 

1 Phosphate-buffered salme (PBS), pH 7 4, 10X concentrate 80.0 g NaCl, 2.0 g 
KH2P04, 29 0 g NA2HP04 . 12H20, 2.0 g KC1 

Make up to 1 L with dIstIlled water. The concentrate keeps well wlthout the 
addition of sodium azide and can be diluted as required. 

2.2. Media Required for Tissue Culture 

1 Mixed thymocye medium (MTM) (6). This IS reqmred as a supplement for cells 
after fusion and for clonmg (see Note 4) It IS prepared by culturmg the thy- 
mocytes of two different strams of rat m medium contammg 15% fetal bovine 
serum (FBS) (Sigma, Dorset, UK) (see Note 5) for 48 h The medium 1s recov- 
ered from the cells by centrlfugatlon and stored at -70°C until required 

2 HAT medium Medmm containing 15% FBS, hypoxanthme, ammopterm, and 
thymldine (HAT) (Glbco-BRL, Paisley, Scotland) 1s required for the selection of 
recombmant cells after cell fusion (see Note 6) It should be prepared m advance 
and stored at 4°C 

3 RPMI-1640 (Sigma) RPMI-1640 containing 10 and 15% FBS 1s also required 
for routme tissue culture. 

2.3. Consumables and Chemicals for Antibody 
Purification/Modification 

1 Centnprep-30 and Centricon- concentrator tubes available from Amlcon. 
2 Alkaline phosphatase enzyme suspension m ammomum sulfate avallable from 

Sigma, Type VII 
3 Mabtrap available from Pharmacla 

3. Methods 
3.7. PA6 Production 

1 Mix 200-500 pg of purified vn-us (see Notes 7 and 8) with an appropriate adJu- 
vant to a final volume of 0 5 mL. Inject intramuscularly into the hmd leg of the 
rabbit or subcutaneously mto the neck scruff 
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2 InJectIons should be carried out once a week for 4 wk, and a test bleed should be 
taken 14 d after the last lmmumzatlon 

3. When the desired titer of specific antibody has been achieved, collection of blood 
can begin. Regulations concernmg maximum volumes of blood that can be col- 
lected vary among countries and the appropriate authorltles should be consulted 

4 If large volumes of serum are required, then ammals can be given boost mJec- 
tlons after 6 wk and bleeding can recommence after 7-10 d 

5 Blood should be allowed to clot at 4°C overmght and the serum should be col- 
lected by slow centrlfugatlon 

3.2. MA6 Production 

3.2.1. /mmun/zation Protocol 

1 MIX 50-100 pg of purified virus preparation (see Notes 7 and 8) for each mouse, 
with an appropnate adjuvant to a final volume of 100 $ in PBS This IS inJected 
mtrapentoneally, or subcutaneously mto the neck scruff 

2 InJectIons should be carned out on d 0, 14,28, and 56 Immune status should be 
checked by a test bleed 10 d after the last Injection Blood can be obtained by 
performmg tall-tip amputation under anesthesia with ether 

3 Seventy-two hours before the cell fusion IS performed, a final boost of 50-100 pg 
of virus should be given wlthout adJuvant The mjection site should be either 
mtraperltoneal or intravenous If the Intravenous route 1s to be used, then the 
amount of vu-us given should be reduced to approx 20 pg 

3 2 2. Myeloma Cell Preparation 

Several myeloma cell lines have been developed for monoclonal antibody 
production. The lme must be hypoxanthme guanme phosphortbosyl transferase 
(HGPRT) defective, so that tt 1s sensitive to ammopterin, and must not secrete 
its own antibody (see Note 6). The enzyme deficiency is required so that only 
recombinant cells can grow in the HAT medium as they inherit the necessary 
enzyme pathway from the parent spleen cell. Cell lures derived from the NS 1 
myeloma, such as NS 0 (7), are ideal for MAb production. 

Culture the cells m a 37°C incubator with 5% CO2 and 90% humidity for 
several days prior to cell fusion, at subconfluent numbers to ensure log growth 
Myeloma cells are fairly undemanding and can be grown m RPMI- 1640 
medium contammg only 5% FBS. 

3.2.3 Preparation of Spleen and Myeloma Cells for Fusion 

The immuruzed mouse is killed by cervical dislocation and the spleen 
removed aseptically. The spleen IS placed in a sterile 25mL universal con- 
tamer contammg sterile PBS and is kept at 4°C. The splenocytes are obtained 
by homogemzmg the spleen either with a manual tissue homogenizer or by 
grinding between two frosted-glass shdes. Suspend the cells m PBS and wash 
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by centrifugatlon at 250g. Resuspend m 10 mL of PBS and perform a viable 
cell count (see Note 9) 

Harvest the myeloma cells from the tissue culture flasks by removing the 
medium and replacing it with PBS contammg 0.02% (w/v) ethylenedlamm- 
etetra-acid (EDTA). Once they have detached from the surface of the flasks 
decant mto universal containers and wash by centrlfugatlon at 15Og. A viable 
cell count should be performed to estimate numbers (see Note 9) 

3.2.4. Cell Fusion (Mod/f/cation of ref. 8) 

Keep all media in a water bath or incubator set at 37°C. 

1. 

2 
3. 
4 

5 
6 
7 
8 
9 

10 
11 
12 

13. 

14 

15 

16 

Place 26 x IO6 each of spleen and myeloma ceils together in a umversal con- 
tamer 
Pellet cells at 125g for 5 mm and pour off PBS 
Tap pellet gently to loosen cells 
Add 1 mL of 50% polyethylene glycol4000 (Fisons, Lelcestershlre, UK) (PEG)/ 
RPMI- 1640 medmm (no FBS) 
Resuspend cells gently 
Pellet cells at 175g for 5 mm 
Add 5 mL of RPMI- 1640 medmm (no FBS) do not disturb the pellet 
Gently resuspend 
Pellet cells at 175g for 5 mm 
Pour off supernatant and slowly add 5 mL HAT medmm with 15% FBS 
Leave pellet for 7 mm, then gently resuspend. 
Place 0.1 mL of HAT medmm with 15% FBS and 15% MTM medmm mto each 
of the 96 wells of a tissue-culture plate. Add 0 1 mL of the cell suspension from 
step 11. 
Incubate the cells m a 37°C incubator with 5% CO2 and 90% humidity for 7 d, 
and then assess visually for colony growth Each well should have 0.1 mL of 
HAT medium with 15% FBS added. When cell colonies are one-third to one-half 
confluent m the wells, the tissue culture supernatant should be assayed (see Notes 
2 and 3) for the presence of the antibody of Interest (see Subheading 3.5., see 
Note 10) 
Cells that are producing the desired antlbody should be cloned by hmltmg dllu- 
tlon (1 cell/well) until stab&y and clonahty can be ensured 
Keep stocks of cells m hquld nitrogen so that MAbs can be produced at a later 
date 
Bulk cultures of cells can be grown to produce mg quantltles of MAb. Cell lines 
produce 10-50 mg/L of medium, which can then be purified by afflmty chroma- 
tography on protein A or G (Pharmacla, St Albans, UK) 

3.3. Purification of PAb 

In steps 2-3, work m a small, clean beaker on a magnetic stirrer set at a slow 
speed at room temperature 
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1 Add 9 mL distilled water to 1 mL of crude antiserum 
2 Slowly add 10 mL neutralized saturated ammomum sulfate (Sigma) while stir- 

rmg (see Note 11). 
3 Remove from stirring and leave to preclpltate for about 1 h at room temperature 

The resulting solution should appear VE.COUS and cloudy 
4 Centrifuge for 15 mm at 9000g and retam precipitate 
5 Dissolve the precipitate m 2 mL of half-strength PBS 
6 Add the dissolved precipitate to a Centrlprep tube, top up to the mark with half- 

strength PBS and spin at 9000g (speed not critical) for 20 mm. Discard the hquld 
that has dramed mto the central part of the tube Replace with half-strength PBS 
up to the mark and repeat twice more, to remove traces of ammomum sulfate 

7 Measure the optical density at a wavelength of 280 nm (see Note 12) and adjust 
by dllutlon m half-strength PBS until the reading IS 1 4 (this dilutes they globulm 
to 1 mg/mL) The solution can be concentrated by further spmnmg m the 
Centrlprep tube, if the reading 1s <l 4 

8 Ahquot to volumes suitable for storage (1 mL IS often convenient) and store at 
-2O”C, or lyophlllzed Sodium azlde (Sigma) may be added to 0 02% w/v as a 
preservative (see Note 13) 

3.4. Preparation of Antibody-Enzyme Conjugate (Using Alkaline 
Phosphatase Suspension in Ammonium Sulfate) 

1 Centrifuge suspension contammg 5000 U of enzyme to precipitate (3 mm at high 
speed m a microcentnfuge) 

2 Dissolve preclpltate m 2 mL purified y-globulm (1 mg/mL, prepared as above) 
3 Add to a CentrIcon tube and centrifuge at 9000g for 20 min (see Note 14) Replace 

with half-strength PBS up to the 2-mL mark, and repeat twice more, to remove 
traces of ammomum sulfate 

4 Add fresh gluteraldehyde (Sigma) to 0 05% (it may be convenient to prepare a 
5% gluteraldehyde solution m dIstilled water and add 20 pL to the 2 mL of ant]- 
body solution) MIX well 

5. Leave for 4 h at room temperature or overnight at 4°C A famt brown color may 
develop 

6 Repeat step 3 to remove traces of gluteraldehyde Final volume should be 2 mL 
7 Add bovine serum albumin (Sigma) (BSA) to 5 mg/mL w/v, mix to dissolve, and 

store at 4°C 
8 Sodium azlde may be added to 0 02% w/v, to enhance storage life (see Note 13) 

3.5. Screening and Evaluation of Antibodies 

Before using antibodies m an assay, their efficacy should be tested against 
the vu-us or VKUS group concerned, and working dilutions optimized. They 
should be screened agamst large panels of vu-us isolates and a range of cultl- 
vars of healthy plants. It ts Important to mclude closely related wruses, to 
ensure that crossreactwlty does not occur In the case of MAbs, early screening 
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will allow clones secreting anttbodies of undestred spectfictty to be discarded. 
Until the spectfictty of an antibody IS estabhshed, it 1s of little use for dtfferen- 
teal diagnosis. 

Diluttons of purified antibody (1 mg/mL) in the range of 1:25&l .4000 
should be tested against dtluttons of purtfied virus or sap from infected plants 
diluted 1.1 O-l : 1000 m buffer. Selectton of working dtluttons should be chosen 
by the ratto of reactton of known posttrve material relattve to the negative con- 
trol (see Notes 2 and 3). The combinatton of antibody, virus, and sap dtlutton 
showmg the highest srgnal to background should be chosen. 

4. Notes 
1 Mace should be permanently marked to allow rdentrfrcatron at a later date 

Thus 1s usually done by ear-punchmg or tattoomg, but electromc tagging 
devices can be used 

2. It is Important that the assay system used at this stage should be the same as the 
test system for which the antrbody 1s intended Antrbodres assayed by ELISA, for 
example, do not always perform well m western blots or mnnunofluorescence 
assays This 1s because some eprtopes, when blotted or electrophoresed, lose the 
three-drmensronal structure required for antibody recognmon, and thus IS partrcu- 
larly important when using MAbs. 

3 It 1s vital that whenever antrbodres are used, approprrate controls (infected and 
healthy plant tissue) are included m the assay, to reduce the risk of false-posmve 
or false-negative results The negattve control should be of the same type, prefer- 
ably the same variety, of plant as used m the assay 

4 Some workers use feeder layers of peritoneal macrophages to provrde the neces- 
sary cytokmes to support hybrrdoma survrval after cell fusion or clonmg MTM 
(6) performs the functions of feeder cells and supports the growth of primary 
hybrrdomas and cloned cells It 1s easy to use, can be stored frozen for long perr- 
ods of time, and can be assessed for sterrhty when first made 

5 Batches of FBS (5) vary m their abrhty to support cell growth and should be 
assessed by cell-clomng assays prror to purchase Most suppliers WIII provide 
small quantrtres for assessment and reserve the required amount until cell growth 
studies have been performed. 

6 Other enzyme-deficient cell lines have been developed for hybrrdoma produc- 
tion, and some workers report that they are better than HAT-sensrtrve lmes 

7 It 1s not important for antibody productron if, at thus stage, the vn-us particles are 
a little aggregated or broken. 

8 For the purpose of antibody productron, do not add sodium azrde to the purrtied 
vu-us. If mercaptoethanol or other noxrous substance has been used m the antigen 
purrficatron, this can be removed by dtalysrs or by usmg Centrtcon ultracentrrfu- 
gatron tubes. 

9. Viable cell counts can be carried out etther by trypan blue exclusron m visrble 
hght or by using acrrdme orange-ethrdmm-bromrde m UV hght The acrrdme 
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orange-ethtdmm-bromide method IS easier to assess 
10 Before makmg final selection of MAbs, the tsotype of the anttbodres should be 

determined usmg the Sigma mnnunotype kit If posstble, antibodies of class M 
and A should be dtscarded, because they are difficult to purtfy. Antibodies of 
the class G3 should be avoided, because they often aggregate spontaneously 
after purification 

11 It is very important that the ammonmm sulfate solution has been adJusted to pH 
7 0 by the addition of HCI before use m this step 

12 If sodium azide is to be added as a preservattve, it IS Important that this is not 
included until after the OD reading has been taken and the dtlutton assessed, 
because aztde affects the OD readmg at this wavelength. 

13 Caution: Sodium azlde IS very toxic and can form explosive compounds with 
metals Solutrons contammg azide should be labeled as such and handled and 
disposed of with care 

14 Centrtcon tubes ftt neatly inside Centrtprep tubes with the insert removed 
Centripreps can be used as adapters to spm Centtcons m a rotor designed for 50- 
mL tubes 
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Expression Library Screening 

Gary D. Foster 

1. Introduction 
When trying to identify a clone withm a cDNA library, which may contam a 

coat protem (CP) gene, one useful technique may by tmmunologrcal screening, 
usmg antibodies raised against either purttied vtrus or isolated CP. Antibody 
screening can be carried out on a cDNA cloned mto a wide range of vectors, 
including plasmtds and phage-based vectors. Indeed, a whole plethora of com- 
mercial vectors are now available that have been optrmrzed for generating 
expression llbrartes, mcludmg h-gtl 1, hZAP (Stratagene, La Jolla, CA). How- 
ever, antibody screening can be carried out on the simplest of plasmrd vectors, 
based on the prmciple that, tf the plasmtd uses blue/white color selectton, then 
a percentage of the cDNA mserts will be expressed as a fusion protein with 
P-galactosrdase when the cells are Induced wtth IPTG. The method descrrbed 
wrthm this chapter will deal with such a plasmrd screen, with readers directed 
to k-screening chapters by Somssrch and WerBhaar m Plant Gene isolatzon (I) 
and Hurst m cDNA Library Protocols (2), and (one of the ortgmal and best 
descrtpttons) by Huynh et al. m DNA Cloning A Practical Approach (3) all 
being good references for suitable lambda protocols. A typical tmmunologrcal 
screen 1s shown m Fig. 1, for a pUCl3 vector (4). Double-stranded cDNA to 
the carlavirus, Helenium virus S (HelVS) was ligated mto SmaI digested 
pUC 13 vector and transformed into competent Escherichza coli Colonies 
were screened with both nucleic acid probes using HelVS specific (32P) 
first-strand cDNA (Fig. 1A) and also using HelVS polyclonal antisera (Fig. 
1B). Two clones at positions 19 and 23, designated pHell9 and pHe123, 
were detected using polyclonal antisera. Both clones were further analyzed 
as to the possible size of the CP-codmg regton that was being expressed by 
polyacrylamrde gel electrophoresis (PAGE) and Western analysts of total 
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19' es* CP’ c 1s 23 CP 

Fig. 1. (A) Colony hybridization using HelVS specific (32P) cDNA. Position 28 
represents pUC 13 nonrecombinant control. (B) Colony hybridization using HelVS 
polyclonal antisera. Colonies were streaked onto nitrocellulose (top panel) and grown 
overnight prior to screening. Note that color development is evident on the reverse 
side on which colonies were streaked (bottom panel). Colony 28 represents pUC13 
nonrecombinant control. (C) Western blot analysis of clones expressing HelVS coat 
protein. Lanes 19’, 23’, and CP’: Coomassie blue stained gel of bacterial lysates and 
HelVS CP. Lanes 19,23, and CP: Western blot analysis of bacterial lysates and HelVS 
CP reacted with HelVS polyclonal antisera. Positions of the CP-related products are 
indicated with arrows. No signals were obtained in Western blots from untransformed 
bacterial cell lysates. 

cell protein from bacterial lysates. As shown in Fig. lC, both pHel19 and 
pHe123 revealed protein bands similar in size to that found for HelVS viral 
CP. Both clones were subsequently sequenced and confirmed to be the CP gene 
of HelVS (5). 
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2. Materials 
2.1. Library Plating 

1 Isoproply B-n-thiogalactopyranoside (IPTG) IM stock in water Store at -2O’C 
2 Suitable bacterial host. 
3 Nitrocellulose filters (S&S mtrocellulose BA85). 
4 Suitable solid-growth-media plates (contaming the appropriate anttblotrc for the 

vector m use) 

2.2. Screening for Plasmids Expressing CP 

1 Bug-busting buffer 2X SSC contaming 0.5% sodmm dodecyl sulfate (SDS) 
2 Tris-buffered saline (TBS) 50 mMTris-HCl, pH 7.5,200 mMNaC1 
3 Blocking buffer 5% dried milk powder m TBS 
4 TBST* TBS contammg 0 05% Tween-20 
5 High titer polyclonal primary antibody or suitable cocktail of monoclonal antisera 
6. Suitable secondary cotqugated antibody for detection 
7. Suitable radiochemical or chromogenic reagent of your choice 

2.3. Western Blot Analysis of Expressed Fusion Proteins 

1 SDS-PAGE loading buffer 2% SDS (w/v), 5% mercaptoethanol (v/v), 10 glyc- 
erol (v/v) m 0 125 mA4 Tris-HCl, pH 6.8 

3. Methods 
3.1. Library Plating 

1 Transform cDNA library into a suitable bacterial host and spread out on plates at 
a suitable density to visualize single colonies and mcubate overnight at 37°C. 

2 Draw and number a grid on a Petri-dish-sized mtrocellulose circle, soak m 10 
mA4 IPTG, and allow to air-dry before carefully placing it onto the surface of a 
solid media plate. 

3 Draw and number a similar grid on the base (not the lid) of another solid 
media plate 

4 Pick individual colonies from the original cDNA library plate described m step 
1; streak onto a numbered posttton on the nitrocellulose grid, and streak onto the 
same position on the plain agar master plate, using a sterile loop (see Note 1) 

5 When a suitable number of colonies have been streaked out onto both plates, 
invert the plates and incubate overnight at 37°C 

3.2. Screening for Plasmids Expressing CP 

1 Remove filters and place colony-side up on filter paper (e g , Whatman 3MM 
paper), presoaked m Bug-busting buffer, for 2-3 mm (see Note 2). Remove and 
mrmedtately go to step 2 

2. Incubate the filters m blocking buffer overnight at room temperature with gentle 
agitation (see Note 3) 
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3 Wash the filters five ttmes m TBST, 5 mm for each wash with gentle agitation 
(see Note 4) 

4 Incubate the filters for 90 mm at room temperature, with gentle agttation, m an appro- 
priate dtlutron of pnmary-CP anttbody (see Note 5), diluted m fresh blocking buffer 

5 Wash the filters live times m TBST, 5 mm for each wash wrth gentle agrtatron 
(see Note 4) 

6 Incubate the filters with secondary antrbody conlugated wrth a suitable detection 
system (see Note 6) (e g , alkaline phosphatase) for 90 mm at room temperature 
with gentle agitation 

7 Wash filters as m step 5 
8 Develop the filters using a sunable detectron system, e g , color detection or 

chemilummesence (see Note 6) 

3.3. Western Blot Analysis of Expressed Fusion Proteins 

1 Grow anttbody-posmve colonies overmght m hqutd broth at 37°C m the pres- 
ence of 5 mmol/L IPTG 

2 Harvest cells (0 5 mL) by microcentrrfungatron and resuspend m SDS-PAGE 
loading buffer (50-100 pL) and boil for 2 mm 

3 Spur briefly m a mtcrocentrifuge to remove cell debris and remove supernatant to 
a fresh tube 

4 Boll sample for 2 mm pnor to separatton on 12 5% polyacrylamide gels, Western 
blotting onto a suitable membrane and detection of bands as described above (see 
also Chapter 45) 

4. Notes 
An alternative to using sterile loops is to use autoclaved ptpet tips, using a fresh 
tip after each duplicate streak has been completed 
We have observed that good stgnals can be obtamed using no pretreatment of the 
filters However, best signals are obtained when the colomes are treated to dis- 
rupt them, such as bug-busting buffer or by treatmg the colonies as described for 
nucleic actd probes 
Gentle agitation can be achieved using a shaking platform, a shakmg mcubator 
(set at room temperature), a rotating platform, or gentle shaking of the container 
by hand every 5-l 0 mm 
If multiple filters are screened at the same time, ensure that the filters do not stick 
together during mcubation and shaking. 
A typical dtlution to use for good-quality polyclonal antisera would be a 1.500 or 
1 1000 dtluhon 
Commercial antibodtes are avatlable that are coupled to enzymes such as horse- 
radish peroxtdase or alkaline phosphatase that react with specrfic determmants 
on primary antibodies (species specific) These primary-secondary complexes 
can then be detected using chromogenic substrates, avatlable from a wide range 
of commerctal sources, which also provide clear mstruction protocol booklets 
(e g , Stratagene, Amersham, Boehrmger Mannhelm, Promega, and Pharmacta) 
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In Vitro Transcription and Translation 

Roisin Turner and Gary D. Foster 

1. Introduction 
Large amounts of active mRNA can be synthesized in vitro. In vitro-tran- 

scribed RNA molecules may subsequently be used for various purposes, e.g , 
m vitro translation. Several plasmids are available that are used to produce 
transcript molecules from cloned DNA inserts These contam one or more pro- 
moter sequences, recogmzed by the T3, T7, or SP6 RNA polymerase enzymes, 
flanking the multiple-clonmg site. Once cloned, an Insert, e.g., a DNA sequence 
coding for a viral coat protein (CP), may be transcribed mto mRNA m a simple 
reaction exploltmg these enzymes. It 1s generally thought that a mRNA mol- 
ecule must contam a 7-methyl guanosme or cap structure at the 5’ end to be 
efficiently translated (I), but we have found that sufflclent quantltles of pro- 
teins are generated for analysis from uncapped transcripts, at least m vitro. 

In vitro translation provides a means of syntheslzmg proteins from mRNA 
m a mlcrocentrlfuge tube. Reactions are carried out m cell lysates, which con- 
tam all the macromolecular components necessary for protein synthesis, e.g , 
nbosomes, translation factors, tRNAs, and ammo acids. Lysates are produced 
by disruptmg the cells and removmg the cell debris by centrifugation. 

Two of the most useful translation systems are derived from rabbit retlculo- 
cytes (2) and from wheat germ (3). Both systems provide a reliable, convenient 
system to mltlate translation and produce a full-sized polypeptide Rabbit 
retlculocyte lysate (RRL) 1s favored for translatton of larger mRNA molecules, 
wheat-germ lysate (WGL) 1s favored when low amounts of double-stranded 
RNA or oxidized thlols are present, which are mhlbltory m RRL. Systems 
derived from Escherzchia toll are also widely used (4) 

Artificial translation systems are further supplemented with a chemical 
method of producing energy, phosphocreatme kmase, and phosphocreatme. 
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Additional tRNAs are also supplemented to expand the range of RNAs that are 
translated Hemm may also be added to prevent mhibition of translation 
initiation, because it suppresses an mhibitor of the elongation initiation fac- 
tor eIF-2a Potassium and magnesium are also added to a level recommended 
for translation of most mRNA species. Lysates are treated with micrococcal 
nuclease to remove any traces of endogenous mRNA that could interfere with 
subsequent reactions. 

Once the translation system has been programmed with the transcript of 
mterest, proteins produced can be detected by incorporation of a radiolabeled 
ribonucleotide, generally [35S] methiomne or cystme, or [3H]leucme. Products 
may be visualized by sodium dodecyl sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE), followed by autoradiography. This allows proteins to be sized 
by comparison with predetermined markers. Being an m vitro system, smaller 
protein bands are usually present on autoradiographs, caused by premature ter- 
mination of translation by lysate ribosomes. If specific antibodies are avatlable 
against the product of an m vitro translation reaction, a further means of iden- 
tifymg and quantifying may be provided; e.g , immunoprecipitation protocols 
may be employed. 

Recently, coupled transcription-translation systems have become available 
m which circular DNA can be used as template, thereby greatly reducing the 
workload. Combmatton systems that consist of a mixture of RRL and WGL 
may also be used. 

2. Materials 
2.1. In Vitro Transcription 

1 Transcription buffer, usually supplied with the polymerase enzyme being used at 
either a 10X or 5X concentration (e.g., Promega [Southampton, UK] 5X buffer 
supplied with the T3 RNA polymerase, see Note 1) 

2. Rlbonucleotldes diluted to a 10-d concentration (e g , Pharmacla [Her&, UK] 
rlbonucleotldes supplied at 100 mM) 

3 Dithtothreltol (DTT) at 100 mA4 
4 RNase inhibitor (e g , Promega RNasm@, supplied at 33 U/uL) 
5 DEPC-treated water (see Note 2) 
6 RNA polymerase enzyme (e.g , Promega T3 RNA polymerase supplied at 5 U/pL) 

2.2. In Vitro Translation 
1. Commercial in vitro translation system (e.g , Promega RRL or WGL translation 

systems, see Note 3). 
2 Ribonuclease inhibitor (e g , Promega RNasm@, supplied at 33 U/&) 
3. [35S] Methionme (1200 Ci/mmol) at 10 mCi/mL (e.g , Amersham, Arlington 

Heights, IL) 
4 DEPC-treated water 
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Gel apparatus (e g , Blo-Rad vertical mmlgel apparatus) 
2 10X Glycme runnmg buffer (Tns-glycme, pH X.3). For 1 L mix 30 g Tris-base, 

144 g glycme, 100 mL 10% SDS, then add distilled water to volume 
3. Acrylamldelbzs-acrylamlde solution (30.8%) For 100 mL, dissolve 30 g 

acrylamide and 0 8 g bzs-acrylamlde m distilled water Store at 4°C 
4. 1 5M Tns-HCl, pH 8 8 For 1 L, dissolve 181 65 g of Trls-base m 800 mL of 

distilled water, and titrate to the correct pH with concentrated HCl Make to 1 L 
with distilled water 

5 0 51’14 Tris-HCl, pH 6 8 For 1 L, dissolve 60 55 g of Tns-base m 880 mL of 
distilled water, titrate to the correct pH with concentrated HCL Make to 1 L with 
distilled water 

6 10% SDS 
Tetramethylethylene dlamme (TEMED). 

8 1% Ammomum persulfate (make fresh before use) 
9 Propanol water (1.1) 

10 Sample loading buffer 2% (w/v) SDS, 5% P-mercaptoethanol, 10% glycerol, 
0 01% bromophenol blue, m 0 125M Tris-HCl, pH 6 8 

11 Coomassle blue stain solution Distilled water, methanol, and glacial acetic acid 
at a ratio of 5.5 1, with 0 1% Coomassle blue 

12 Destain solution As m item 11, wlthout the Coomassle blue 

2.3. Quantification of Radiolabeled Amino Acid Incorporation 

1 Whatman GF/A glass fiber filters (Maidstone, UK) 
2 lMNaOH, 2% H202 
3 Ice-cold 25% trlchloroacetlc acid (TCA), 2% casammo acids, vltamm assay grade 

(Dlfco, Detroit, MI) 
4 5% ice-cold TCA 
5 Acetone 
6 Scintlllatlon fluid (e g , Optl-flur 0, Packard) 

2.4. SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

2.5. Autoradiography 

1 Gel-drying apparatus 
2. X-ray film (e.g , Kodak’s X-omat AR or Amersham’s Hyperfilm) 

2.6. lmmunoprecip ta tion 

1 8%SDS 
2 TNTE buffer 1% Triton-X 100, 150 mMNaCl,2 mM EDTA, 50 mM Tris-HCl, 

pH 7.8 
3 High-salt TNTE 1% Tnton-X 100,O 95MNaCl,2 mA4EDTA, 50 mMTns-HCl, 

pH78 
4 Protein A Sepharose (Sigma) 
5 Sample loading buffer (see Subheading 2.4., item 10) 
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3. Methods 
3.7. In Vitro Transcription 

Once the gene of interest has been cloned mto the approprrate vector, tem- 
plate DNA must be lmearrzed at a restrrctron site downstream from the insert 
that IS to be transcribed. After digestion, all traces of RNases and other proteins 
should be removed. This IS achieved by extractmg with phenol and chloro- 
form, and precrpttatmg with ethanol. Treatment with protemase K prior to phe- 
nol extraction IS opttonal (see Note 4). The DNA pellet obtained IS resuspended 
m DEPC-treated water and generally a small sample IS checked on an agarose 
gel to ensure digestion has been successful. 

Detatled mstructtons regarding assembly of the m vitro transcription reac- 
tton are supplied with the various kits that are available, but a summary wrll be 
provided here 

The followmg components are mixed m a 1 5-mL mlcrocentrlfuge tube 1-2 ~18 
of lmeanzed DNA, 2 pL of RNA transcrlptlon buffer (1 OX); 20-40 U RNase 
InhIbItor, 1 pL each of rATP, rCTP, rGTP, rUTP (10 mM stock), l-l 0 U RNA 
polymerase (T7, T3, SP6) (see Note S), DEPC-treated water to a final volume of 

20 IJ- 
ReactIons are Incubated at 37°C for 3@-60 mm 
DNA template IS removed by addmg 2 U of RNase free DNase and mcubatmg at 
37°C for a further 15 mm 
Transcripts are then purified by phenol*chloroform extractlon and ethanol pre- 
clpitatlon 
Purified RNA can be quantified spectrophotomlcally or visually on an ethldmm 
bromide-stained agarose gel mRNA molecules produced may now be used m 
translation reactions 

Capping increases the stability of a transcript molecule Capped transcripts 
can be readily synthesized in vitro by the addition of cap analog to the tran- 
scrrptron reaction. The level of normal GTP m the reaction IS reduced to a 
concentratton of 50 @4, and cap analog (m7G[5’]ppp[5’]G) 1s added at a con- 
centration of 10 mM The reaction 1s carrred out accordmg to Subheading 3.1. 

3.2. In Vitro Translation 

Translation reactions are carried out according to manufacturer’s mstructtons 
provided with RRL or WGL. Transcript should be heated to 65°C before use, to 
increase the efficiency of translatron by removing secondary structure. Compo- 
nents of the reaction are assembled m a 1.5-mL mrcrocentrrfuge tube. Rabbtt 
reticulocyte lysate reactions are incubated at 30°C, and wheat-germ lysate reac- 
trons at 25’C, for 60 mm. Results may be analyzed by mcorporatton assays 
(Subheadings 2.3. and 3.3.) or by SDS-PAGE (Subheadings 2.4. and 3.4.). 
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3.3. Quantification of Radiolabeled Amino Acid Incorporation 
2 pL of the completed translatton reaction IS removed and is added to 98 ltL of 
lMNaOH/2% Hz02 m a 1 5-mL mrcrocentrtfuge tube 
After vortexmg, the tube is Incubated at 37°C for 10 mm. 
Translation products are precrprtated by adding 900 pL of ice-cold 25% TCA/2% 
casammo acids and Incubating on me for 30 mm 
250 & of this TCA-reaction mix IS precrpttated onto a Whatman GF/A glass 
fiber filter by vacuum filtration 
The filter IS washed three times wtth 2 mL of ice-cold 5% TCA and once with 2 
mL of acetone. The filter is then allowed to dry completely at room temperature 
or under a heat lamp 
The filter is placed m 2 mL of scmtillation fluid, and a value for mcorporated 
counts, given as counts per mrllton (cpm), IS obtamed m a hqutd scmtillation 
counter, on the appropriate settmg for the chosen isotope 
To determine the total counts present m the reaction, a 5-pL alrquot of the 
remammg TCA-reaction mix is spotted directly onto a separate glass filter. The 
filter 1s allowed to dry and a value for total counts is determmed, as for mcorpo- 
rated counts m step 6 (see Note 6) 
Percentage radiolabeled ammo acid incorporation is determined as cpm of 
washed filter/cpm of unwashed filter x 50 

3.4. SDS-PAGE 
1 Glass plates are cleaned, first with detergent and then with ethanol The gel appa- 

ratus IS then assembled 
2 Constituents of the resolvmg gel are mtxed m a beaker These will vary accordmg 

to the concentratton and volume of the gel, but constituent amounts for a 12 5% 
SDS-PAGE gel m a Bio-Rad vertical mmigel apparatus ~111 be provided (20 mL 
total volume) (see Note 7) 
a 6 5 mL Sterile dtsttlled water 
b 5 0 mL 1 5MTris-HCl, pH 8 8 
c 8.0 mL Acrylamide bzs-acrylamide (30.0.8%) 
d 02mLlO%SDS 

3. Immedrately prior to pourmg, 50 pL of 10% ammomum persulfate and 5 pL of 
TEMED are added 

4 The solution IS poured between the two glass plates, leaving enough space for the 
well former and stacking gel A tine layer of either water or propanol/water IS 
overlayed, and the gel IS allowed to polymerize for 60 mm 

5 Components for the stackmg gel are assembled m a beaker 
a 3 05 mL Stertle distilled water 
b 1.25 mL 1.5M Trts-HCl, pH 8.8. 
c 0 68 mL Acrylamrde.bzs-acrylamide (30 0 8%) 
d 0.05 mL 10% SDS 

6. The propanol-water or water layer IS poured from the polymertzed resolving gel 
25 & of ammonium persulfate and 2 5 pL of TEMED are added to the stackmg 



3.5. lmmunoprecipitation 

1 

2 
3 

From a typical reticulocyte translation of 50 uL vol, remove 40 pL of the 
translation reaction to a fresh microcentrifuge tube (save remammg 10 uL as 
a unprectpttated control), and add 14 pL of an 8% SDS solutton, and mix 
by mvertmg 
Heat the tube at 90°C for 2 mm 

10 
11 
12 

Add 540 pL of the TNTE buffer and mix gently by inverting the tube several 
times; allow to cool to room temperature 
Add 2 pL of the required antibody and mix the tube by mvertmg gently 
Incubate the tube at 20°C for 2 h, or 4°C overmght, on a rotation platform 
Add 2 5 mg of protein A Sepharose 
Attach to a rotating platform for 1 h at 20°C 
Centrtfuge the tube at 1600g m a mtcrocentrtfuge for 5 mm to collect the pellet 
Remove all supernatant and wash the pellet once in TNTE and collect the pellet 
by mtcrocentrtfugatton 
Wash the pellet twice m High-salt TNTE, as in step 9 
Wash the pellet four times in TNTE, as m step 9 
Resuspend the final pellet in 20 uL of sample loadmg buffer, heat to 90°C for 2 
mm before loading onto SDS-polyacrylamide gels alongside the unprectpitated 
control from step 1 
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gel, and the mtxture 1s immedtately poured between the two glass plates on top of 
the resolvmg gel, with the well-forming comb m place The gel IS allowed to 
polymerize for 30 mm 

7 When the gel 1s ready, remove the well comb and place m the electrophoresis 
apparatus Fill with 1 X glycme runnmg buffer 

8 To 10 pL of translation reaction, add 10 uL of SDS loadmg buffer and boil for 2 
mm to denature proteins 

9 Load sample onto the gel and electrophorese at voltages between 100 and 200 V, 
until the bromophenol blue dye m the sample buffer has disappeared mto the 
runnmg buffer 

10 The gel 1s then removed from the apparatus and proteins are stained in 
Coomasste blue stam for 30 mm, and destained for 30 mm. This fixes the 
protems mto the gel 

11. The gel IS then dried and exposed to X-ray film (see Note 8) 
12. The size of the m vitro translation products may then be compared with mol-wt 

markers (radtoacttve or nonradiocattve) run on the same gel (see Note 9) 

4. Notes 
1 Transcription buffer, either at a 5X or 10X concentratton, IS supplied with the 

polymerase enzyme used This buffer provides the opttmal conditions for enzyme 
activity 10X buffer for T3 RNA polymerase consists of the following com- 
ponents. 200 mM Tris-HCl, pH 8 0, 40 mM MgCI,, 10 mM spermidme, 250 
mA4 NaCl 
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5. 

Every precautron IS taken to prevent contammatron from RNases All soluttons 
and apparatus are treated with drethylpyrocarbonate (DEPC) 
In vitro translation mixtures are stored at -70°C for short periods of time, and 
under lrqurd nitrogen for long periods. 
Contaminating RNases may be removed from the linearized DNA template used 
for m vitro transcrrptron by treatment with protemase K (100 pg/mL) and 0 5% 
SDS for 3&60 mm at 37°C before phenokchloroform extractron 
The polymerase enzyme IS unstable and must always be stored on Ice Concentra- 
tions of enzyme toward the upper scale of that stated m Subheading 3.1., that IS, 
5-10 U/20-pL reaction, provide the best results 
Values for mcorporatron of radrolabeled nucleotlde between 2 and 10% should 
be expected 
SDS-PAGE gel solutrons may be degassed for l-2 mm before adding the ammo- 
mum persulfate and TEMED 
Exposure times vary, depending on radroactrve label and quantny of RNA used to 
prime translation reactions, however, typtcal times are from overnight to 2-3 d. 
A translation product obtained from a potential CP clone, which IS of similar size 
to the CP obtained from purrfied vuus parttcles, IS a good mdtcatron that the 
clone IS of full length and there are no artifically introduced frameshrfts or stop 
codons. However, further evidence, such as rmmunopreclptatton of the transla- 
tion product wrth antrsera against the CP, IS required (see Subheading 3.5.) 
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Analysis of Coat Protein Expression Cassettes 
in Protoplasts 

Jonathan H. Weston and Roisin L. Turner 

1. Introduction 
Transient gene expression studies of plant virus genes or parts of genes can 

be studled usmg plant protoplasts. Such studies are dependent on a number of 
important factors: 

1, The method for isolatmg plant cells or protoplasts Methods are now well-estab- 
lashed for the isolation of protoplasts from a wide range of plant species (1) 

2 Vector requirements or a gene construct that ~111 be expressed in the protoplast 
under the culture conditions It is important to use a vector that enables the 
expression of the insert gene Genes lacking a plant promoter are expressed using 
the cauliflower mosaic virus (CaMV) 35s gene promoter. CaMV, one of the best- 
characterized plant DNA viruses, was used in early plant transformation studies, 
and the CaMV 35s promoter is recognized m a wide range of plants For this 
reason, it 1s the most commonly used promoter element to express foreign genes 
during transformation Gene expressron cassettes consist of a multiple cloning 
site placed between a CaMV 35s promoter, or other strong promoter, and a 
poly(A) addition site or nopalme synthase (nos) termmator (2,3). Inserting the 
gene of interest mto the multiple cloning site will drive the expression and allow 
transient studies 

3 An efficient method for mtroducing the nucleic acid into the isolated cells A number 
of successful techmques exist m order to transfect nucleic actd mto protoplasts, 
such as polyethylene glycol (PEG) treatment, electroporatlon, micromJection, and 
particle bombardment PEG IS a more common choice for protoplast transformation, 
because it does not require more spectahzed eqmpment associated with electro- 
poration or biolistics The precise function that PEG has during transfection IS 
unknown, however, it is beheved that PEG precrpitates nucleic acid onto the pro- 
toplast plasma membrane and then strmulates its uptake by endocytosrs (4) 
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4 A sensmve method for the detection of gene expression Detection of gene expresston 
depends on the nature of the Insert itself. For example, tf a reporter gene has been 
used m order to study the effects that a viral leader sequence has on gene expressron, 
then the reporter gene product (GUS, CAT, LUC) IS easily screened using its 
appropnate substrate (5-Q; or if a gene encoding for a protein to which an anttserum 
exists, then this anttserum can be used to detect the expression of that protem 

This chapter describes PEG-mediated DNA uptake mto tobacco protoplasts 
and the subsequent detection of coat protein (CP) gene expression by Western 
blotting 

2. Materials 
2. I. Pro top/as t /so/a tion and Transformation 

1 Mature tobacco plants (mature leaves are easier to peel; see Note 1) 
2. Narrow-tipped tweezers, 64-pm Nrtex sieve, parafilm, 9- and 5-cm Petri dishes 
3 Hemocytometer 
4. Protoplastmg solutron 0 2 g/L macerozyme (Sigma, Dorset, UK), 1 0 g/L cellu- 

lase (Sigma), 80 pg/L manmtol, 20 g/L sucrose, 2 35 g/L MS salts, pH to 5 6 wrth 
O.lMNaOH The protoplastmg solutton was made up m 50-mL amounts, filter- 
sterrhzed and stored frozen 

5 Protoplast wash solutton* 80 g/L manmtol, 2 35 g/L MS salts, pH to 5 6 with 
0 1M NaOH. The protoplast wash solutron was made up m 50-mL amounts, fil- 
ter-sterrlrzed and stored frozen 

6 2 1% Sucrose solution, filter-sterilized, and stored at room temperature 
7 PEG solutron 250 g/L PEG 6000, 23 6 g/L Ca(NO,), 4H,O, 82 g/L manmtol, 

3 9 g/L MES, pH to 6 0 wtth 0 1MNaOH. This solutron IS made up m a SO-mL 
amount, filter-sterrlrzed, then ahquoted mto 1.5-mL mrcrocentrifuge tubes and 
stored at -20°C 

8 0 275M Calcmm mtrate solutron 65 g/L Ca(NO,), 4H20 and 2 0 g/L MES, pH 
to 6 0 with 0. 1M NaOH, and autoclaved 

9 Protoplast recovery medium 80 g/L manmtol, 20 g/L sucrose, 2 35 g/L MS salts, 
pH to 5 6 wrth 0 lMNaOH, filter-sterthzed and stored frozen 

10 Fluorescem dtacetate (FDA) stock solutron. 2 mg/mL FDA prepared m acetone 
and stored m the frrdge 

2.2. Elecfrophoresis and Western Blotting 

The techniques of polyacrylamtde gel electrophorests (PAGE) and Western 
blotting are described elsewhere m this book. 

3. Methods 
3.1. Protoplast /so/a tion 

1 The lower epidermis of a Nuzotlana tabacum leaf IS removed by peelmg with a 
pan of tweezers (see Note 1) 
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Peeled sections are placed peeled side down mto 9-cm Petri dishes contammg 30 
mL of protoplastmg solution Care is taken not to place peeled sections on top of 
one another (see Note 2) 
The Petri dishes are sealed with parafilm to prevent splllage, and Incubated over- 
night on the bench 
The followmg mormng the dishes are hghtly swirled to loosen any protoplasts 
still attached to the leaves They are allowed to sit for a further half hour before 
being passed through a 64-p Nltex sieve (see Note 3) 
The protoplasts are gently plpeted mto a 50-mL screw-cap tube and collected by 
centrlfugatlon at 3008 for 5 mm (see Note 4). The supernatant IS removed and the 
protoplasts are gently resuspended in an equal volume of protoplast wash 
solution The protoplasts are then collected by centrlfugatlon at 300g for 5 
mm and the protoplasts resuspended m one-third vol (approx IO mL) of pro- 
toplast wash solution 
2.5 mL of 2 1% sucrose solution 1s plpeted mto the bottom of 1 0-mL screw-cap 
tubes Each tube contammg 2 5 mL 2 1% sucrose solution 1s gently overlald with 
5 mL of washed protoplasts (see Note 5) The tubes are spun at 500g for 5 mm 
with slow acceleration and deceleration A dlstmct layer of protoplasts is seen to 
be floating at the interface of the solutions The protoplasts are then removed 
from the Interface by gentle ptpetmg, and placed m a new tube. 
Usmg a measured volume, the number of protoplasts are then counted usmg a 
hemocytometer (number of protoplasts/mL = number m five big squares x 100) 
The general appearance of the protoplasts can also be determmed at this stage 
(see Note 6) 
The protoplasts are spun down at 300s for 5 mm and resuspended m wash solu- 
tion to approx 5 x lo6 to 1 x 10’ protoplasts/mL 

3.2. PEG Transformation of Isolated Protoplasts 

1 In lo-mL screw-cap tubes, 0 2-mL PEG solution, 20 ~(g plasmld DNA (m approx 
2&40 PL SDW), and 0 2-mL protoplasts are gently mlxed and left for 15-20 mm 
at room temperature (see Note 7) 

2 1 mL 0 275M calcium mtrate solution IS added dropwlse to the mixture, with 
gentle agitation, followed by another 4 mL of 0 275M calcium nitrate solution. 
The mix IS left to stand for 10 mm 

3 Protoplasts are collected at 300g for 5 min, then resuspended rn 5 mL recovery 
medium and gently poured mto 5-cm Petri dishes, and mcubated for 6 h to over- 
night on the bench 

4 The protoplasts are checked for vlablllty by fluorescem dlacetate (FDA) staining 
FDA, when cleaved by protoplasts or plant cell esterases, releases fluorescem, 
which is retamed only wlthrn an Intact or viable protoplast Therefore, viable 
protoplasts can be vlsuallzed under UV light (see Note 8) FDA stock solution 1s 
prepared (2 mg/mL acetone) and stored m the frldge. One drop of this FDA stock 
solutton IS added to a small sample of the protoplast solution and the protoplasts 
are exammed after 5 mm by fluorescence microscopy The percentage of proto- 
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Fig. 1. Western blot analysis of tobacco protoplasts transfected with an expression 
cassette encoding the PVS 33-kDa CP gene. The PVS CP is detected using commercially 
available antiserum. Lane 1, protoplasts only (nontransfected); lane 2, protoplasts trans- 
fected with recombinant expression cassette, PVS 33-kDa CP detected; lane 3, proto- 
plasts transfected with expression cassette only (not containing the PVS CP gene). 

plast viability can be determined by comparing the number of fluorescing proto- 
plasts to the total number of protoplasts. 

3.3. Detection of CP Expression by Western Blotting 

Following PAGE and Western blotting, the protein of interest can be detected 
using a specific antiserum. The example shown in Fig. 1 demonstrates the 
detection of the potato virus S (PVS) 33-kDa CP following its transient gene 
expression in tobacco protoplasts. The gene encodes the PVS CP and poly(A) 
sites. Western blots were carried out using specific PVS CP antiserum 
(many plant virus CP antisera are now commercially available) supplied by 
Bioreba, Switzerland. 

4. Notes 
1. Peeling of the lower epidermis is less difficult if fine-tipped tweezers are used in 

conjunction with peeling the epidermis initially from leaf veins, moving out over 
the leaf surface. 

2. It is important not to place peeled sections on top of one another, because this 
reduces the surface area of cells on which the cell wall degrading enzymes 
can act. 
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DNA Sequencing 

Jo Badge 

1. Introduction 
Although the question of whether viruses can be classified m any way mto a 

phylogenetic organization is still hotly debated, the fact that nucleotide 
sequence data can provide useful mformation on the grouping together of cer- 
tain unknown vu-uses is becoming recognized. It has been shown that, within 
the Potyvzrzdue, which is the largest and most sequenced group of the plant 
viruses to date, the coat proteins (CPs) of strains of the same virus have an 
ammo acid sequence identity of 90% or more, compared to that of distmct 
viruses that have an ammo acid sequence identity m the range of 38-7 1% (I) 
Nucleotide sequencing of viral genomes may therefore prove to be a useful 
tool m then identification 

The method of sequencing chosen will depend on the type of W-W Viral 
genomes can be sequenced directly, although many researchers prefer to clone 
the genome to ensure it is kept m a robust form. Double-stranded DNA viruses 
can be cloned directly by digestion wrth appropriate restriction enzymes. How- 
ever, because the majority of plant viruses are positive-sense single-stranded 
RNA, another approach is needed. The genome can be reverse-transcribed and the 
resultmg Iii-St-strand cDNA made into double-stranded cDNA and cloned 
directly mto a blunt cut vector for sequencing. A library of clones containmg 
viral cDNA inserts can then be sequenced. A mimprep quantity of DNA can be 
sequenced by double-stranded DNA sequencing. This mvolves the alkali dena- 
turation of the template, which is then ethanol-precipitated, m order to mam- 
tam the denatured state of the DNA The template is then annealed to a primer, 
which is a short oligonucleotide sequence complementary to the template or to 
the multiple-clonmg site of the vector used. A DNA polymerase (often Klenow 
or T7) is used to extend the complementary strand of the template DNA from 
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the primer, using a mix of dNTPs, which includes radtoactive 35S adATP, to 
label the complementary DNA Thts reaction 1s very fast and need only be 
allowed to continue for a matter of mm. The labeled DNA IS then transferred to 
tubes containing one of the four termmation mtxes. These are mtxes of dNTPs 
containing a specific dtdeoxynucleotide, which, when incorporated mto the 
complementary DNA strand, will stop the polymerase action by preventing 
any further nucleotides from bmdmg to tt. Termmatton reactions for each nucle- 
otide A, C, G, and T are then loaded m four adjacent lanes of a denaturmg 
polyacrylamide gel and separated by electrophoresis. Autoradiography is used 
to detect the separated fragments, so that a permanent record of the sequence 
can be analyzed. 

Single-stranded sequencing uses the same labeling and termmation reac- 
tions, but no denaturatton step 1s required. Single-stranded DNA (ssDNA) can 
be made efficiently by using a helper phage. Vectors that contam an ortgm of 
replication enable a helper phage to export a single-stranded molecule that ~111 
include the insert sequence. This protocol offers a greater degree of rehabihty 
and consistency than double-stranded sequencing, and tt IS much qutcker to 
perform. The least time-consummg method of sequencmg, however, is auto- 
mattc cycle sequencing 

Dye-terminated cycle sequencing utilizes the polymerase chain reaction 
(PCR). Double-stranded or single-stranded template can be used The poly- 
merase used 1s a thermal-stable Tag, and the labeling and termmation reactions 
take place m a thermal cycler, with a fluorescent dye label, not a radioactive 
one. The resulting fragments are separated by electrophorests and a chromato- 
gram of the fluorescent dyes present is created and analyzed by computer. The 
sequence 1s read automattcally and stored as a computer data tile. 

It 1s possible to sequence directly the inserts generated for clonmg by first- 
strand cDNA by employmg reverse-transcrtptase PCR (RT-PCR) Here, first- 
strand cDNA is created using a primer with a known anchor sequence. This 
cDNA is then annealed to a second primer and used m a PCR reaction. The first 
cycle of the PCR will form a double-stranded molecule from the first-strand 
cDNA, and then PCR will proceed as normal. PCR products can be cloned 
into vectors specially designed for this purpose (for example, TA pCRI1, 
Invttrogen), or they can be sequenced directly. 

In order to sequence PCR products directly, it is necessary to remove all 
traces of dNTPs, single-stranded template, and primers from the template to be 
used. This can be done in a variety of ways, by enzymatic treatment, gel, or 
column purtfication. If the quantity of PCR product available 1s high, then it 1s 
posstble to use manual sequencing techniques to obtain a result. However, 
automattc sequencing of such products 1s recommended 
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2. Materials 
2.7. Double-Stranded Sequencing 

1 Sterile dH20 (SDW) 
2 Freshly made 2h4 NaOH 
3 3MNaOAc 
4 100 and 70% ethanol 
5 35S adATP. 
6 Either T7Sequencing kit (Pharmacia, Uppsala, Sweden) or Sequenase kit (USB, 

Cleveland, OH) 
7 X-ray film 

2.2. Preparation of Sequencing Gels 

2.2.1. TBE Gel 

1 A sthconate such as Rephcote (BDH, Poole, UK) 
2 Industrial methylated spirits or ethanol for cleaning plates 
3 Acrylamide mix* 40% 19 1 acrylamide bzs-acrylamide (see Note 5) 
4 Amberhte (BDH) 
5 10X TBE for 1 L 108 Tris, pH 8 5, with HCl, 55 boric acid, 9.3 g g g EDTA 
6 Urea 
7 10% Ampersulfate 
8. TEMED 
9. Gel fixer. 10% methanol, 10% acetic acid. 

10 Whatman paper. 
11. Gel kit (e.g., Bto-Rad Seqm-Gen 21 x 50 cm) 

2.2.2. Buffer Gradient Gel 

1. 1 OX Bromophenol blue 0 5 mg/mL 
2. Sucrose 

2.3. Sing/e-Stranded Sequencing 

2.3.1 Preparation of SSDNA 

1 2X YT broth-per liter to 900 mL detomzed water, add I6 g bacto-tryptone, 10 
g bacto-yeast extract, and 5 g NaCl, shake well, until all solutes have dissolved, 
and adjust to pH 7 0 with NaOH; make up to 1 L and autoclave 

2 Helper phage as appropriate for the vector used, e g., M 13K07 for pBSK+ 
3 Ampicillin: Made at 25 mg/mL, store for 1 mo at -20°C 
4 2 5MNaC1,20% PEG 6000. 
5. Phenol chloroform 
6 1OM Ammonmm acetate 
7 Ethanols 100 and 70% 
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2.4. Automatic Sequencing 

2.47. Sequenase PCR Product Sequencing K/t 

Sequenase PCR product sequencing kit. 

2.4.2. Gel Purification of PCR Products 

1 BIO 10 1 gene clean kit 
2 Agarose 
3 1 X TAE* 400 n-J4 Tns, 12% acetlc acid, 10 mM EDTA 

3. Methods 
3.1, Double-Stranded Sequencing 

Double-stranded sequencmg produces reliable sequencmg if source DNA 1s 
clean (see Note 1) A cesium-chloride (CsCl) prep IS not necessary, m fact, 
sequencing can be carried out from mmlprep quantltles of DNA. However, 
when more than one reactton per sample 1s required, it IS convenient to make a 
stock of DNA by using an alkali-lysis maxlprep method. This method IS out- 
lined using the T7Sequencmg kit; an alternative kit, Sequenase, by US 
Blochemlcals, has a very slmllar method; mstructlons supphed with both kits 
are easy to follow 

Use 2-5 pg of DNA and make up to a volume of 32 pL with SDW 
Add 8 p.L of freshly made 2M NaOH to denature the DNA Vortex and leave at 
room temperature for 10 mm 
Add 4 & of SDW, 7 p.L of 3M NaOAc, and 120 $ Ice-cold ethanol to preclpltate 
the denatured DNA Place at -70°C for 15 mm. Microcentrifuge at 12,000g for 
15 min to pellet the DNA The pellet ~111 be very small and may not even be 
visible Wash the pellet very gently m 70% Ice-cold ethanol and mlcrocentrlfuge 
for 15 mm at 12,OOOg 
Dry the pellet under vacuum and resuspend m 10 pL SDW (see Note 2) 
Add 2 pL of primer and 2 pL of annealing buffer and Incubate at 65°C for 5 mm 
Transfer to a 37°C water bath for 10 mm Place at room temperature for 5 mm 
During this time, label four tubes for each reaction A, C, G, and T In each tube, 
place 2.5 pL of the appropriate termmatlon mixture (A, C, G, or T) 
Once the mcubatlon period IS over, add 3 p.L labeling buffer, 0 5 PL of 35S adATP, 
and 2 pL of diluted T7 enzyme to the DNA and primer mixture (see Note 3 for 
different method for long runs). 
Incubate the labeling mix at room temperature for 5 mm. The termmatlon reactions 
must be placed at 37°C for at least 1 mm before the labelmg mixture is added 
Transfer 4 5 pL of labelmg mixture to each of the four termmatlon reactlon tubes 
A, C, G, and T Incubate for 5 mm at 37°C Add 5 pL of stop mixture and mix by 
plpetmg The reactlons are now ready for loadmg onto a gel They can be stored 
temporarily at -20°C or long-term at -70°C 
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3.2. Preparation Sequencing Gels 
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Gel kits will vary in size and shape, but this general method can be adapted. 
A TBE gel 1s surtable for short runs (up to 400 bp from the primer site) and long 
runs, though it may be necessary to change the running buffer on runs of over 
4 h, because rt may become exhausted. To increase the number of bands that 
can be read from one gel, particularly on a long run, a buffer gradient gel can 
be used. For very long runs, rt may be necessary to use a different percentage 
of acrylamide (see Note 4) to improve resolutton. Many ready-prepared com- 
mercial gel mrxes are now avarlable and reduce the risks mvolved with han- 
dling powdered acrylamrde. The mixes of 40% 19-l acrylamrde not only have 
a longer shelf lrfe than premade mixes, but are also more versatrle, allowmg 
you to customize your gels, as needed, to maxtmtze the amount of sequence 
read from one gel (see Note 5 for makmg 40% acrylamrde). 

3.2.1. TBE Gel Preparation 

This method applies to the BroRad Sequr-Gen kit 21 x 50 cm gel, but IS 
srmrlar to that requrred for other kits and can be easrly adapted. 

Prepare the gel kit Ensure that chps fit well and make a tight seal Clean the 
surfaces of the glass plates that ~111 be in contact wtth the gel, first with water 
and detergent, then rinse and wash with ethanol or industrral methylated sptrtts 
Dry and coat the top plate with sthconate to factlttate Its removal once the gel has 
run Allow to dry m a fume hood 
Prepare the gel mrx Thus ~111 vary dependmg on the percentage of gel requrred 
(see Note 4), for most short runs, a 6% acrylamtde gel IS used For 100 mL 
(enough for one gel), mrx 15 mL of the ready-prepared 40% acrylamtde mix wtth 
50 g of urea (see Note 5) The large amount of urea will be dtfftcult to dtssolve, 
especially because this 1s an endothernnc reaction To facthtate thrs process, warm 
the mixture on a heated sttrrer Fmally, add 10 mL of 10X TBE and 35 mL of 
distilled water to make the volume up to 100 mL. 
Assemble the krt, clippmg both plates together, with spacers Inserted, ensuring 
that the bottom of the spacers and the two glass plates are flush with the bottom 
of the clips 
Line the castmg tray with a strrp of Whatman paper To 40 mL of gel mix, add 
480 u.L of 10% AMPS and 64 @ TEMED, mrx well, and pour mto castmg tray 
Push the bottom of the gel plates mto the tray so that the acrylamtde 1s forced up 
between the plates Secure the positron of the plates by tightening the screws on 
the tray. Leave to stand m a verttcal posmon for 10 mm to allow the plug to set 
Pour enough water down the back plate mto the buffer reservoir to cover the 
electrode Thts will prevent any acrylamtde setting round the electrode, If It over- 
flows mto the reservotr tank by mistake. 
To 60 mL of gel mix, add 480 pL of 10% AMPS and 64 uL TEMED, mix well. 
Using a lOO-mL clean syrmge, suck up the acrylamtde mixture and pour 
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7 

8 

9 

10 

11 

between the plates Pour smoothly and contmuously down the far side of the 
gel, holdmg the plates at an angle away from your body Then ttlt the gel, stall 
pourmg contmuously, toward your body to allow the acrylamrde to cover the 
bottom of the gel Continue to pour until the gel IS almost complete, lower 
the top end of the gel, when the acrylamrde 1s a few centrmeters from the 
top of the plates, onto an empty tip box, or some other stand Thus will 
allow the acrylamrde to settle Into posrtron If any bubbles form rn the 
gel, raise the plates to a more vertrcal posrtron to force them to rise They can 
then be reached by a bubble getter (these are avarlable commercrally, but a 
ptece of developed X-ray film cut mto an extended hook will work Just as 
well) and hooked out of the gel Push m the shark-tooth comb, with the flat 
edge toward the bottom of the gel, to make an Insert for the teeth of the comb 
when tt 1s set. 
Clamp the comb to ensure a close fit and leave the gel to set m thus propped-up 
posmon for 1 h. The gel can be left overmght and run withtn 24 h, If the top of the 
gel 1s covered wrth clmg film or a layer of 1X TBE running buffer, as oxygen ~111 
mhrbrt polymerrzatron of the gel 
Once set, remove the plug and castmg tray and the clamps, leavmg the comb m 
place Make up 1 L of 1X TBE rnnnmg buffer Place the gel m the runtnng tank 
and secure m place Pour the water out of the buffer reservoir at the back of the 
plates and fill rt with runnmg buffer. Pour the rest of the buffer mto the bottom 
reservorr to cover the electrodes 
Remove the comb carefully, usmg forceps, pulling tt out evenly, to prevent rt 
from shppmg on an angle and denting the top of the gel 
Using a syringe wrth a fine needle, wash out the space left by the comb to remove 
any crystals of urea or pieces of loose acrylamrde Wash the comb and replace It, 
teeth down, Into the space at the top of gel, taking care not to push tt into the gel, 
but leave rt Just touchmg on the top edge Using the syringe, wash out each well 
carefully, and check that the seal on each 1s trght by lookmg for buffer leakmg 
between wells as you wash 
Attach the electrodes and prerun the gel at 55 W or 2500 V until the temperature 
indicator on the gel regrsters 50-55°C Alternatrvely, prewarm the running buffer 
to 50°C in a mrcrowave before pourmg mto the gel apparatus; this wrll cut down 
the trme needed for the gel to reach the set temperature 

3.2.2. Preparation of a Buffer Gradient TBE Gel 

This gel has a graded concentratton of salt, which increases toward the bot- 
tom of the gel. This has the effect of creating a voltage gradient down the 
length of the gel, whtch slows the migration of low mol-wt fragments near 
the bottom of the gel. The bands are more evenly spaced on the final 
autoradrogram, and thus more sequence can be read from one run (up to 
600 nucleottdes), as compresston at the top of the gel IS reduced, and reso- 
lution IS improved 
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1 Prepare the plates as for Subheading 3.2.1. 
2. Mix two gel solutions 

a. 75 mL Light solution (0 5X TBE, 6% acrylamlde, 7 67M urea) 
b. 40 mL Heavy solution (2 5X TBE, 6% acrylamlde, 7 67Murea, 10% sucrose, 

1X bromophenol blue) 
3 Pour the light and heavy solutions into separate beakers. 
4 Add 10% AMPS and TEMED to achieve a final concentration of 0.25% AMPS 

and 0.1% TEMED to 20 mL of the heavy solution to use for a castmg plug, as 
described m Subheading 3.2.1. Once set, add AMPS and TEMED to both 
remaining solutions 

5. Take up 50 mL of the light solution into a 50-mL syrmge and set aside 
6 Take up 12 mL of hght solution mto a glass 25-mL plpet Then take up 12 mL of the 

heavy solution mto the same plpet This should mix slightly on the Interface to form a 
gradient; if it does not, allow a couple of an+ bubbles to be drawn mto the pipet 

7 Pour this gradlent down the center of the gel 
8 Pour the rest of the hght solution into the gel, making sure that the flow 1s kept m 

the center of the gel, so that the gradient forms evenly across the gel, as well as 
vertically along its length The bromophenol blue dye will show how well the 
gradient has formed 

9 The gel can be run m the usual way The bromophenol blue dye ~111 run out of the 
gel as electrophoresls proceeds, so the progress of the fragment dye front can be 
seen The dark-blue dye front should take at least 4 h to run off the gel 

3.2.3. Loadmg, Runnmg, and Drying Sequence Gel 

1 It IS Important to clean the wells created by the shark-tooth comb before every 
loadmg of the samples, particularly if the gel is reloaded after a period of time 
(see Note 6). 

2 Place the sequencmg reactions m a 80°C water bath for 2 mm. Place Immediately 
on ice and load 2-3 pL of each reaction on the gel The loading order 1s a matter 
of personal choice, though for a long run a special method of loadmg, which 
places every base next to every other base, IS recommended to enable more 
sequence to be read (see Note 6). 

3. Run the gel at 2500 V or 50 W until the dark blue dye has reached the bottom of 
the gel for a short run (approx 2 h). Running a gel on constant power (watts = 
volts x amps) prevents large surges of voltage or overheating occurrmg, the 
amount of heat generated will affect the resistance of the gel and, therefore, the 
current through it 

4 Short runs to cover distances up to 250 bp from the primer usually take 2-3 h, 
depending on the type of gel used A good indicator of how far the gel has run can 
be gamed from the position of the two dye fronts (see Note 7) Once the gel had 
finished running, disconnect It from the running apparatus and lay It down, rest- 
ing on the back plate Remove the clips carefully and prize off the top plate using 
first finger and thumb at the top corner of the plates. Carefully lift off the upper 
plate, leavmg the gel on the back plate. 
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5 The gel can be transferred onto Whatman paper at this point and dried under 
vacuum at 8O”C, with a trap attached for 2 h, or It can be fixed first Fixing the gel 
should reduce Its drying time to 30-45 mm by removmg the hygroscoplc urea m 
the gel. Place the gel and back plate m a large tray, pour the fix over the gel, and 
make sure the gel IS covered for 15-20 mm Carefully pour off the fix, and trans- 
fer to Whatman paper and dry m the usual way 

6 Expose the dried gel to X-ray film overnight Develop and dry the autorad to 
read the sequence (see Notes 8-10 for problem-shooting on the appearance 
of the sequence) 

3.3. Single-Stranded DNA Sequencing 

3.3.1. Preparation of Single-Stranded DNA 

pGEM-T (Promega) and Bluescript (Stratagene) contam Fl origins of 
replication enabling the export of a single-stranded molecule, including 
insert sequences. Single-stranded sequencing offers a speedier protocol, 
longer reads (up to 700 bp), and better clarity and resolutron than double- 
stranded sequencing. 

1 

2 
3 

4 

9 

10 

11. 
12 

13. 

14 

Add the followmg to a 50 mL sterile screw-top plastic tube 5 mL LB broth, 
25 @ M13K07; 24 pL Amplclllm (25 mg/mL), 100 pL fresh overmght culture 
of pGEM-T or BluescrIpt clone 
Incubate at 37’C overnight m a shakmg incubator. 
Spm the whole 5-mL culture at 12,000g m a benchtop centrifuge for 5 mm to 
pellet the cells 
Split the supernatant mto three mlcrocentrlfuge tubes, placing 1 5 mL m each, 
and mlcrocentrlfuge for 5 mm at 12,000g 
Remove 1 mL of supernatant from each of the tubes to fresh Eppendorfs contam- 
mg 200 mL of 20% PEG 6000/2 5M NaCl, and mix by inverting 
Leave at room temperature for 20 mm 
Mlcrocentrlfuge for 10 mm at 12,OOOg and pour off most of the supernatant 
Recentrifuge for a further 3 mm and remove the remaining PEG mixture with a 
drawn-out Pasteur plpet The white pellet of phage should be vlslble at this stage 
Add 100 mL sterile dlstllled water to each pellet, resuspend, and add 50 mL of 
phenol. Vortex for 10 s 
Mlcrocentrifuge for 3 mm at 12,000g and transfer upper aqueous layer to a fresh 
Eppendorf, bulking up the contents of the three tubes into one 
Extract once more with an equal volume of chloroform 
Add 0.25 vol of 1OM ammomum acetate and 2 vol of absolute ethanol MIX and 
store at -20°C until required 
Precipitate the ssDNA by centrlfugatlon for 10 mm at 12,000g Wash the pellet rn 
1 mL 70% ethanol and vacuum dry 
Resuspend the pellet m 40 p.L of water Check the quahty of the ssDNA by spec- 
trophotometer analysis or on a normal 1% agarose gel (see Note 11) 
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3.3.2. Labeling and Termination Reactions for ssDNA 

Because the single-stranded DNA needs no prior treatment, the labeling 
reactions can be started immediately. The same method as described for double- 
stranded sequencing is followed, except that annealing of the primer to the 
template is performed at 60°C for 10 min, mstead of the quack annealing and 
slow coolmg of the dsDNA method (see Subheading 3.1., steps 5-S). 

3.4. Automatic Sequencing 

These notes are based on those supplied with the ABI PRISM (Perkm-Elmer) 
dye terminator cycle sequencing ready reaction kit. Information is also avail- 
able from the Perkm-Elmer user bulletins on DNA preparation, and other pro- 
tocols for template production. 

3.4.1. Preparation of DNA for Automatic Reactions 

A small amount of DNA is required for automatic sequencing, but it must be 
extremely clean The best method for easy and consistent preparation of dsDNA 
for automatic sequencing is one that mvolves a column purification step with- 
out the use of PEG, or phenol:chloroform. There are many such kits available; 
one example is Qiagen DNA isolation system, which uses a 5-mL overnight 
culture. Single-stranded DNA can also be used m these reactions and can be 
prepared m the same way as previously described Symmetrrc PCR templates 
can be used, and, although these are usually difficult to denature, cycle 
sequencmg can overcome this problem. 

3.4.2. Direct Automat/c Sequencing of PCR Products 

Specifically amplified PCR products can be utilized directly m sequencing 
reactions if components of the PCR reaction that interfere with sequencing are 
removed, either by enzymatic degradation or by gel purification. Drrect 
sequencing can be used as a rapid and representative way to sequence PCR 
products The followmg protocol is that recommended by the manufacturers of 
the Sequenase PCR Product Sequencing Kit 

3 4 2 1. ENZYMATIC TREATMENT 

1. Examine yield and specificity of PCR by agarose gel electrophorests If a single 
specific product is present, this may be used directly in sequencing reactions 

2. To 5-7 pL of PCR reaction mix, add 1 pL. Exonuclease I (10 U/@) and 1 pI 
shrimp alkaline phosphatase (2 U/I&). Mix and incubate at 37°C for 15 mm. 

3 Inactivate ExoI and SAP by heating to 80°C for 15 mm Both mcubatlon steps 
can be carried out m a thermal cycler with an appropriate program. 

4 To the treated PCR product, add 1 mL of primer solution (10 pm/mL) and SDW 
to 1opL 



5 Heat to 100°C for 3 mm m a thermal cycler and then plunge mto an Ice-water 
bath Centrifuge brtefly to collect contents, then store annealed template on ice 
until required (use within 4 h) 

6. The product can be sequenced using the same labelmg and termmatton reactions 
described m Subheading 3.1., steps 5-8 or used as the template for automatic 
sequencing (see Note 12) 

3.4 2 2 GEL PURIFICATION 

1. Examine yield and spectfictty of PCR product by agarose gel electrophoresis 
The whole PCR sample can be loaded directly onto the gel 

2 Use a scalpel blade or razor blade to excise the band required in the gel and place 
m a clean Eppendorf tube 

3 Follow the mstructions supplied by the manufacturers with the Bio-10 1 
GeneClean kit to extract the DNA sample from the agarose gel 

4 Determme the concentratton of the purified DNA by agarose gel electrophoresls. 
Use the required amount of DNA m the automatic sequence reactions (see Sub- 
heading 3.1.) 

4. Notes 1 
For successful double-stranded sequencing, DNA should be clean and concen- 
trated to approx 1 pg/mL. Check that the sample is free from RNA by electro- 
phoresmg on an agarose gel The sample should give a smooth curve when 
analyzed by spectrophotometry on a spectrum between 200 and 300 nm, a 
convex slope m the 200 to 250-nm wavelength range mdicates too much salt 
m the sample (to remove this, wash with 70% ethanol and dry thoroughly 
under vacuum); a rise at the very end of the profile mdtcates trace phenol. 
chloroform (repeat the phenol chloroform, taking care not to carry over any into 
the aqueous layer) 

2 It is best to carry on unmediately with the labelmg reactions, once the denaturmg 
step has been completed 

3 For long reactions (to read more than 400-500 bp from the primer), a slightly 
different labelmg reactton can be used to make sure that the polymerase extends 
to the region of sequence needed. Although the T7Sequencmg and Sequenase ktts 
employ different strategies for long reactions, there are two points common to 
both. first, that the mcubatton time of the labeling reaction should be Increased 
from 5 mm to 10 or even 15 mm Second, that the amount of 35S adATP used in 
the reaction should be Increased to 1 pL 

The r7Sequencmg kit comes with two different types of termmation reac- 
tions: read short and read long. These contam different molar amounts of 
dideoxynucleotides to alter the frequency of then mcorporatton Use the read- 
long mixes m the termination reactions. The Sequenase kit has only one set of 
termmation reactions, but here the labelmg buffer is usually diluted to 1 x for 
short runs. For a long run, use the labelmg buffer neat 
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4 

5 

6 

A 6% acrylamtde gel should produce 300-400 nucleottdes of clear sequence To 
vtsuahze sequences close to the primer (wtthm 50 nucleottdes), use a htgher- 
percentage gel (12-20%), to read more distal sequences, use a lower percentage 
gel (4%) Take care when running these gels, because high-percentage ones may 
have a tendency to overheat as a result of then increased resistance, and, con- 
versely, lower-percentage gels may melt while running, and are less robust on 
removal of the top plate and subsequent transfer to paper For a more umform 
spacing of gel bands, use wedge-shaped spacers or a gradient buffered gel (see 
Subheading 3.2.2.) 
40% 19 1 acrylamtde bu-acrylamtde This should be prepared m advance and 
can be stored mdefimtely at 4”C, tf protected from the light Note: Take great 
care when handling acrylamtde It ts a neurotoxm Always wear gloves, and weigh 
out and dtssolve m a fume hood Heat will be needed to dtssolve the urea Deton- 
tze for 1 h using amberlne, filter through Whatman paper to remove any metal 
ton tmpurtttes that may be present. 
When loading gels, tt 1s important to wash the wells with buffer before every 
loading, especially when loadmg onto a gel that has already been runnmg for 
several hours This removes any crystals of urea that form as the gel heats up and 
cause the bands to look very Jagged, which can make them dtfftcult to resolve 
The wells can be rinsed easily with a syrmge and narrow gage needle, using the 
buffer m the backplate reservoir 

7 The migration of loading dyes m TBE denaturing polyacrylamtde gels 

8 

9 

10 

Gel % Comtgratmg DNA fragment size 
Bromonhenol blue Xylene cyan01 

6% 26 bp 106 bp 
8% 19bp 75 bp 
10 12 bp 55 bp 

To read sequences close to the primer use a manganese buffer supplied with the 
Sequenase ktt 
Band compresstons often occur m G-C-rich regions of sequence and they can 
mask the correct sequence m a particular region of the gel Compresstons are 
fragments that have comtgrated because they are not properly denatured as a 
result of then formation of stable mtrastrand secondary structures This problem 
can somettmes be overcome by repeating the sequencing reactions using dtffer- 
ent termmatton mixes that contam 7-deza dGTP, 7-deza dATP, or ITP, which are 
purme analogs 
Parallel bands m all four lanes at sequences 200 bp or more from the primer can 
be a common problem It may be caused by a decrease m enzyme activity, tf the 
termmatlon or labelmg reacttons were carried out at temperatures above 37°C 
Take care to use a properly equthbrated water bath or incubator for these stages 
Another posstbthty 1s that the enzyme may have lost its acttvtty by repeated 
freeze-thaw cycles Increase twofold the amount of enzyme used m each reac- 
tion The template may also have strong secondary structures that cause the poly- 
merase to pause Followmg the annealing step, Incubate the primer-template 
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solution at 6&7O”C for 4 mm, return the solution to room temperature for 2 mm 
and then immediately proceed to the labeling reaction 

11. Smgle-stranded DNA quality can be assessed by the A26s/,42s0 ratio, which should 
not be greater than 1 8 for successful sequencing If the absorbance IS greater 
than 1.8, then repeat phenol chloroform extractions If the preparation is clean, 
then the A 260 can be a good estimate of the concentration of the ssDNA A 1 mg/ 
mL solution of ssDNA has an A 2h0 of 33 Quality and quantity of ssDNA can also 
be determined by agarose gel electrophoresis, using a 1% EtBr stained gel Two 
major bands are usually seen the helper phage DNA and the single-stranded plas- 
mid There may be genomic chromosomal contammation, which will appear as a 
large product, or RNA contammation, which will appear on the gel as a smear of 
small fragments 

12 With the Sequenase PCR product kit, the polymerase is supplied prediluted m a 
modified buffer This contains morganic pyrophosphatase to prevent pyrophos- 
phate accumulatton and also a higher than normal glycerol concentration to aid 
enzyme stability For this latter reason, direct sequencing reactions must be run 
on glycerol-tolerant sequencing gels (I e , not TBE gels) This preparation is com- 
patible with the use of 7-deaza-dGTP to resolve compressions and manganese 
buffer to read close to the primer 

Reference 
1 Shukla, D D and Ward, C W (1988) Amino acid sequence homology of coat 

protein as a basis for identification and classification of the potyvnus group J 
Gen J&-o1 69,2703-27 10 
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Preparation of Coat Protein-Containing Binary 
Vectors for Use in 
Agrobacterium-Mediated Transformation 

Corrin V. Wallis and Margaret I. Boulton 

1. Introduction 
Transgemc plants expressing the coat protein (CP), and/or the RNA tran- 

script of the CP gene of many RNA vnuses, may be protected against the virus 
from which the CP gene was derived, and, in some cases, against related viruses 
(for further details, see Chapter 3). Since tt IS not posstble to predict from the 
literature when protein expression 1s not required, the procedure described m 
thus chapter will be destgned to obtain CP expresston. The mtttatlon codon of 
the CP may be deleted or mutated to prevent productton of the protein 

To date, the maJortty of CP-medtated resistant transgemc plants have been 
dtcots, since the majority of species are more amenable to transformatton by 
the naturally occurrmg sol1 bactermmAg&acterium tumefaczens and are more 
easily regenerated to whole plants than monocots However, recent improved 
regeneration efficiency of cereals (especially rice and maize) and the demon- 
stration that rice may be transformed by Agrobacterium (I) are likely to lead to 
the extension of the techmque to the economtcally important cereal crops. 

Weld-type Agrobacterzum strains produce tumors on host-plant ttssues, 
which prevent subsequent regeneration of plants; therefore, disarmed strains, 
m which a portion of the Tt (tumor-inducmg) plasmrd has been deleted, have 
been produced, e.g., LBA4404, pGV3850 (2,3). These strains are nononco- 
genie, but still possess the virulence (vir) genes necessary for the transfer of 
foreign genetic material to the plant. 

For Agrobacterzum-medlated gene transfer, the foreign DNA must be present 
between the left (LB) and right (RB) borders of the TI plasmrd. The large size 
of the Ti plasmtd (wild-type plasmtds are approx 200 kb) precludes tts direct 
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mampulatton, and therefore an alternative small plasmid (a lo- to 20-kb binary 
vector) IS used that is able to replicate m Escherichia colz as well as 
Agrobactenum. Thus, cloning 1s done m E colz and the final expression cas- 
sette m the binary vector 1s then introduced mto Agrobacterium containing the 
vir plasmid, using either conlugatton (with the help of plasmid pRK20 13, which 
provtdes the transfer functtons for mobthzatton of plasmtds from E colz to 
Agrobacterzum (41) or transformation procedures. In the latter case, 
electroporation of transformation-competent Agrobacterzum (5) 1s the method 
of choice, although, in the absence of the appropriate equipment, the less-effi- 
ctent freeze-thaw method (6) may be used. 

The binary vector represents an artifictal T-DNA generally defined by the 
T-DNA borders (although only the RB 1s essential for transfer, and binary vec- 
tors containing only the RB are transfer competent). Inserted between the 
borders, there are a selectable marker gene expresston cassette for selec- 
tion of transformed plant cells and a site for clonmg of the foreign gene. 
The latter may either constitute a multiple clonmg site (mcs) surtable for 
direct clonmg of an already-constructed foreign gene plant expression cas- 
sette or an expression cassette composed of a plant transcripttonal promoter, 
a clonmg stte(s), and a termination (or polyadenylatton) signal. The strong 
constttuttve caultflower mosaic virus (CaMV) 35s promoter and the CaMV 
or nopaline synthase (nos) poly(A) sequence regions are commonly used 
for transcription mtttation and terminatton, respectively. Presently, there is 
no evidence to support the requirement for tissue-specific promoters for 
CP-mediated protection, even for phloem-limited vtruses. Thus, the CaMV 
35s promoter is suitable for expression in all dicot plants, but alternative 
promoters may be required for high levels of protem expression m some 
monocots (7). 

The neomycin phosphotransferase II gene (nptll) is a commonly used 
selectable marker gene that confers resistance to kanamycin m transformed 
plants. This has proven useful for solanaceous plants, but less so for the more 
recalcitrant legumes and monocots, for which hygromycm or the herbicide 
btalophos are commonly used; m these cases, alternative vectors will be 
required (e.g., see refs. I and 8). 

Binary vectors also possess an anttbtottc resistance gene for selectton of 
recombinant bacteria. The presence of the ZacZ gene may facilitate identifica- 
tion of recombinant clones through blue-white color selection (see Chapter 
27), but 1s available on only a few binary vectors (e.g., pBIN19; ref. 9), and 
generally not on those that already contain the expression cassette A reporter 
gene cassette (commonly encoding P-glucuromdase [GUS]) for tdenttficatton 
of transformed plant tissues may also be useful. Few of the vectors used for 
CP- mediated protectton contam the GUS gene, although one, pGA482GG 
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A 
SC S Xb 

CaMV nos NPTII nos 

C 

nos GUS CaMV nos NPTll nos 

Fig. 1. Examples of types of binary vectors used for Agrobacterium-mediated trans- 
formation of plant cells. The nptI1 gene provides kanamycin selection for transformed 
plants, and unique restriction enzyme sites within the multiple cloning sites (mcs, solid 
bars) facilitate CP gene insertion (only unique sites are shown on this figure). (A) 
pBIN 19 (9), which requires insertion of a CP gene cassette comprising promoter and 
terminator sequences, but provides color selection from the IacZ gene. (B) pROKI1, 
which provides transcription regulatory signals flanking the mcs. (C) pGA482GG (Z/9), 
which includes a GUS marker-gene cassette, but requires a CP gene cassette to be 
inserted into the mcs. Hatched- and line-filled boxes represent promoters (nos or 
CaMV, respectively), dot infils the nos terminator. Restriction sites: B, BarnHI; S, 
SmaI; K, KpnI; SC, SacI; H, HindIII; Hp, HpaI; C, &I; E, EcoRI; Xb, XbaI; Sa, WI. 

(IO), has proved successful in a number of studies (10-12). Typical binary 
vectors are shown in Fig. 1. 

The artificial T-DNA is transferred to the plant by cocultivation of wounded 
plant material (generally, leaf disks, see Chapter 38) and Agrobacterium. The 
transfer is mediated via the vir functions present in trans on the Ti plasmid (for 
a review of Agrobacterium-mediated plant transformation, see ref. 23). 

The procedures required to produce CP-expression constructs for 
Agrobacterium-mediated plant transformation can be divided into three steps: 

1. Ligation of the virus gene fragment into a plant expression cassette already 
present in a binary vector, and transformation of E. coli with the binary construct. 

2. Transfer of the binary construct to Agrobacterium by electroporation (method 1) 
or conjugation (the triparental mating procedure), method 2. 

3. Confirmation of the integrity of sequences inserted in Agrobacterium by South- 
ern analyses (method 1) and/or the polymerase chain reaction (PCR, method 2). 

Cucumber mosaic virus (CMV)-0 strain will be used to illustrate the clon- 
ing of a plant virus CP gene into the plant binary expression vector pROKI1, as 
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described by Yle et al. (14). Vector pROKI1 1s based on pBIN19, but contams 
the CaMV 3 5 S promoter and nos termmatlon sequence. For plasmld transfer to 
Agrobactenum, both the trlparental mating procedure (modified from ref. 15) 
and the electroporatlon procedure (modified from ref. 5) will be described, 
because electroporatlon equipment may not be available m all laboratones. 

2. Materials 

1 A DNA sample of a cloned cDNA copy of the virus CP gene (e g , CMV strain 0, 
clone pUCP) 

2. DNA of the Agrobacterzum binary vector (here pROKI1; see also Note 1). 
3 Molecular biology reagents for the purlficatlon and clonmg of DNA (see Note 2) 
4 The appropriate Agrobactewm strain (here LBA4404, but see Note 3) 
5. For trlparental mating (Subheading 3.2.2.) a helper plasmid (pRK 20 13) present 

m E colz (normally HBlOl) for moblhzatlon of the binary plasmld from E toll 
to Agrobacterzum, and mtrocellulose filter circles (2 5 cm diameter, 45 p pore 
size). Neither of these materials are necessary if Agrobacterzum 1s to be trans- 
formed by electroporatlon 

5 For electroporatlon (Subheading 3.2.1.). modified YEP broth and agar. Prepare 
by adding 10 g yeast extract, 10 g peptone, 5 g NaCl, and 5 g sucrose to 950 mL 
distilled water. Bring to pH 7 5 and make to 1 L. Sterlhze by autoclavmg 

6 Sterlhzed LB broth and LB agar (see Chapter 27) 
7 Appropriate filter-stenhzed antlblotlc solutions (here kanamycm sulfate), 50 mg/mL 

m dHz0, and rlfamplcm (50 mg/mL m methanol) (see Note 4) 
8. Sterlhzed glycerol 

3. Methods 
3.1. Cloning of DNA Fragments Into Plant Transformation Vectors 

Throughout this chapter pROKI1 will be used as an example of a binary 
vector and pUCP (14) will be used to provide the virus CP insert. The CP gene 
may be obtained by dlgestlon of pUCP with BamHI and Sac1 and Inserted mto 
similarly digested pROKI1. A non-insert-contammg clone should also be pro- 
duced to provide control transgemc plant lines 

1 Digest approx 10 pg of the cloned vn-us DNA with the appropriate restnctlon 
enzyme to release the CP gene fragment from the cloning vector For pUCP, this 
could be BamHI and Sac1 (see Note 5) 

2 Separate the CP fragment from the vector by agarose gel electrophoresls The 
fragment may be vlsuahzed by ethldmm bromide stammg and UV irradiation and 
purified from the agarose using your preferred technique (see Note 6) 

3 Digest approx 5 pg of the binary vector with the appropriate restrlctlon enzymes 
(for pROKI1, these are BamHI and Sad) and purify the linearized vector from an 
agarose gel (see Notes 1 and 7) 
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4 Ligate the binary vector and CP fragments using T4 DNA hgase and approx 100 
ng of the binary vector and a 3-4Mexcess of the CP fragment (m most cases, this 
will be an approx 20-ng CP fragment; see Note 8) 

5 Transform competent E colr cells with the hgatlon mixes Include a transforma- 
tion control using approx 20 ng of uncut binary vector Plate the cells onto LB 
agar contammg the appropriate antlblotlc (for pROKI1, 50 pg/mL kanamycm, 
see Note 9) 

6 Confirm the presence of the msert by restrlctlon enzyme dlgestlon and agarose 
gel electrophoresls of small-scale plasmld DNA preparations (see Note 10) 

3.2. /nfroducfion of Plasmids info Agrobacterium 

3 2 1. Using Electroporation 

1 Grow an overnight culture (10 mL) of the Agvobacterlum stram, shaking at 28°C 
(see Note 11). 

2 For each DNA construct to be used, pellet the bacteria from 2 x 1 5-mL ahquots 
of the culture by centrifugation for 1 min m a mlcrocentrlfuge 

3. Wash pellets by resuspension m Ice-cold 1 mM HEPES/KOH, pH 7 0, followed 
by centrlfugatlon for 30 s at high speed m the cold 

4. Repeat the washing step twice more 
5 Resuspend the pellets m 0 5 mL ice-cold 10% glycerol, centrifuge as before 
6. Resuspend m 20 pL ice-cold 10% glycerol. Combme the contents of the two tubes 
7 Add binary construct DNA (see Note 12) and leave the tube on ice for 5 mm 
8. Transfer the bacterial mix to an Ice-cold electroporatlon cuvet (Bio-Rad, 0 2 cm elec- 

trode gap) Pulse usmg a Blo-Rad gene pulser with pulse controller (see Note 13) 
9 Dilute with 1 mL YEP medmm, incubate shaking for 2 h at 28”C, prior to platmg 

serial dllutlons on selectrve LB agar (for pROKI1, 50 pg/mL kanamycm) Incu- 
bate at 28’C for 3-8 h 

3.2.2. Using Triparental Mating 

1 Grow IO-mL cultures of each of the E colz donor (contammg the binary vector 
construct), and helper strains (HBlOl containing plasmld pRK2013), and the 
appropriate Agrobacterluln strain to exponential phase (see Notes 11 and 14) 
Include also the binary vector culture (the minus insert control). 

2. Centrifuge the bacteria at 3000g for 10 mm; resuspend m 10 mL LB broth (see 
Note 15) 

3 Mix the three cultures m the ratlo of 1 vol of each E colz culture to 2 vol of 
Agrobacterzum (e g ,200 200.400 I.cL, respectively) m a sterile microcentrifUge tube 

4 Plpet 400 & of the conJugatlon mix onto a sterile mtrocellulose circle posIttoned 
m the center of a Petri dish contammg LB agar. Allow the filters to dry for approx 
1 5 h m a lammar flow cabmet Incubate the dishes and filters at 28’C for 24-36 
h (see Note 16). 

5. Place filters m 10 mL of sterile distilled water and shake to resuspend the bacte- 
real cells (see Note 17) 
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6 Spread 100 pL of the resultmg suspension at dllutlons of l&*, lp, and 1 o-6 on 
LB agar containing the appropriate antlblotlcs (e.g , for LBA4404 and pROKI1, 
50 pg/mL rifamplcm plus 50 pg/mL kanamycm, see Note 18) Ahquots of each 
of the three bacterlal cultures should also be plated Incubate for 48 h at 28°C to 
allow single colonies of transconjugants to grow 

7 Confirm the fidelity of the Agrobacterzum transconjugant usmg either Southern 
hybridization or PCR analyses, and store the bacteria m 50% glycerol at -70°C 
(see Note 19) 

3.3. Analysis of Transconjugants 

3 3 1. Using Miniprep and Southern Analyses 

1, Prepare the binary vector plasmld DNA using standard mmiprep protocols for E 
~011, except that Agrobacterlum should be grown for approx 24 h at 28’C (see 
Note 20). 

2 Digest approx 5 pg of the DNA with restrlctton enzymes that produce a restnc- 
tlon fragment pattern characterlstlc of the binary vector construction (see Note 21) 

3 Separate the DNA fragments by agarose gel electrophoresls, analyze using South- 
ern blotting and hybrldlzatlon to a labeled CP-specific DNA probe (see Note 22) 
The techniques are detailed m Chapters 27,4 1, and 43. 

3.3.2. Using PCR Techmques 

The amplification of the CMV-0 CP insert using primers that bmd to the 
CaMV 35s promoter and the nos terminator will be described (see Note 23). 

1 Use 1 p.L (or 2% of the total volume) of mmlprep DNA (e g , that prepared m 
Subheading 3.3.1., step 1) or a small proportion of the Agrobacterzum colony 
under test 

2 Carry out a PCR reaction as described m Chapters 28 and 42, using the fol- 
lowing primers 
a. Primer 1 (CaMV 35s promoter). 5’-ATATCTCCACTGACGTAAGG-3’ 
b Primer 2 (nos terminator) 5’-CGGCAACAGGATTCAATCTT-3’ 
and reaction condltlons OF Denaturatlon at 94°C for 7 mm, followed by 30 cycles 
of 94°C for 1 mm, 53°C for 2 mm, and 73°C for 3 min (see Note 24) 

3 Confirm the presence of the insert wlthm the transconjugant Agrobacterzum by 
electrophoresls of 10% of the amplified sample (see Note 24) 

4. Notes 

1 Many binary plant transformation vectors are freely available for research, 
however, for work that is likely to have commercial applications, the use of 
some vectors produced with industrial funding may be restricted The vector 
(pROKI1) that we have chosen as an example IS freely available and does not 
suffer from such llmltatlons Although it has been found that pBINl9 and Its 
derivatives (e g , pROKI1) have a mutation wlthm the nptll gene that provides 
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transgemc plants with suboptimal resistance to kanamycm, the vectors have 
been used frequently to produce CP-medtated virus resistance and are not 
likely to present problems wtth any commonly used plant species. The com- 
plete sequence of pBIN19 IS known (16), and an improved verston, pBINPLUS 
has been produced (17) The choice of binary vector may also depend upon 
the followmg. 
a The suitabrhty of restriction enzyme sites (e g , a multiple clonmg site) for 

the CP gene sequence 
b The compatibility of the bacterial selectable marker gene with the 

Agrobacterzum stram to be used for plant transformation (many disarmed 
strains carry some bacterial reststance, e.g., pGV3850 is carbemcillm- and 
rifampicm-resistant and therefore not suitable for use with bmary vectors that 
are selected for by carbemcillm resistance) 

c The ability of the binary vector to be mamtamed in the absence of selection 
The latter 1s of relevance when assessmg risk factors, because a low-copy- 
number vector, which 1s rapidly lost without selectton, has a lower envnon- 
mental risk than one that IS more stable. 

Many of the modern binary vectors are more practtcal, havmg a wider range 
of umque enzyme sites to factlttate clomng, etther through mclusion of rare 
restriction enzyme sites and/or decreased vector sequences A number of versa- 
tile vectors have been constructed by Jones et al (18) that contain different pro- 
moters, termmators, and selectton cassettes, as well as an array of restrtctlon 
sttes, to facrhtate direct msertion of foretgn genes or the transfer of foreign-gene 
cassettes from compattble pUC-based plasmtds Addmonally, they allow a chotce 
of orientanon of the expresston cassette that may be of importance for optimal 
expression of transgenes (see references within ref. 28) Although the vectors 
have not been used for CP gene msertton, there 1s no evidence to suggest that 
choice of binary vector is important for CP-mediated resistance Apphcations for 
vectors should be directed to the laboratories in which they were developed. 

2 Molecular biology protocols used here are described m Chapters 27,28, and 4143 
Additional mformatton may be obtamed from ref. 19 

3 The choice of Agrobacterzum stram depends on its host range (1 e , the ability of 
the bactermm to interact with the host plant). As well as the strams described m 
Subheading 1, wide host-range disarmed supervirulent strams, such as AGLl 
(20) and EHA105 (21), are avatlable. A survey of the hterature should show 
strains suttable for transformation of parttcular plant species (for example, see 
references withm Table 3 2 of Grumet /22/). The correct chotce of strain IS espe- 
cially Important If cereals or grasses are to be transformed (1,23) 

4. Some antlbrottcs are degraded by light, but most solutions are stable tf stored at 
-20°C All should be handled with care (use gloves and avotd inhalmg the pow- 
der), because they may be toxtc and/or allergemc. 

5 The general procedure outlined 1s appropriate for cloning all vnus CP genes, but 
since each vnus gene has a umque nucleotide sequence, the restriction enzyme 
sites used will doffer In the example crted, the CP gene IS excised with a small 
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amount of flanking sequence, necessitated by the absence of restrtctton enzyme 
sites at the N- and C-termini of the gene. If cloning of only the CP gene sequence 
1s required, it will usually be necessary to engineer appropriate restriction sues, 
either by mutagenesis (24) or by PCR amplification of the required fragment 
with mutagenic primers, m which case it is advisable to sequence the PCR frag- 
ment Such mutagenesis should not be necessary if the arm is to engineer resrs- 
tance, rather than identify the resistance mechanism; but always ensure that a 
translation mmation codon is not produced between the promoter and the CP 
initiation codon For genes that are normally expressed as a polyprotein (e g , 
potyvn-us genes), an AUG mmation codon wrthm a Kozak consensus may need 
to be added for CP expression (25); for those CP genes that are not the 3’-terminal 
gene (e g., m comovnuses), a translational terminator should be inserted at the 
appropriate site 

The amount of DNA to be digested will also vary, depending on how large a 
proportton of the construct the CP gene occupies For example, a I-kb CP gene 
cloned mto a pUC-based plasmid (of approx 3-kb size) represents about 25% of 
the total DNA concentratton, thus a maximum of 2 5 pg of CP gene DNA may be 
released from 10 ug of the construct It is wise to assume that up to 50% of the 
total gene fragment may be lost during the extractron procedure and always to 
start with more construct DNA than is strictly necessary 

6. A 1% agarose gel 1s suitable for most CP gene fragments, the buffer used will 
depend on the gel purification procedure used Many commercral ktts are avarl- 
able for gel purrficatron, m addition to the techmques described m Chapters 27, 
33, and 43. Note: Ethtdmm bromide 1s carcmogemc, use gloves when handlmg It 
and limrt exposure by purchasing preweighed tablets or solutions (Sigma, Poole, 
Dorset UK). To avotd breakage of the CP DNA, expose it to UV irradiation for 
the mmtmum time, and if possible use the preparatory option on the transrllumr- 
nator, rather than the analytrcal setting. Note: Ultraviolet light may burn exposed 
skm and damage eyes, always wear appropriate protective gloves and glasses 
and/or face visors 

7. The restrictton enzyme sites used will depend on the sequence of the CP gene 
being used Gel purification of the cut vector will mmtmtze the mclusron of any 
uncut vector and remove the small BamHI-Sac1 fragment If the vector 1s dtgested 
wrth a smgle enzyme, remove the 5’ phosphate using calf intestinal phosphatase 
(see Chapter 27). It 1s useful to do this dephosphorylatton step, even when two 
different enzymes have been used, as it will prevent rehgatton if one of the 
enzymes has not completely digested the vector DNA Dephosphorylation is 
especially advisable when the vector does not have color selection to facilitate 
identificatron of insert-containing colomes 

8 Estimate the DNA concentration of the vector and CP fragments by comparing 
their fluorescence following gel electrophorests and ethrdmm bromide Staining 
with that of a marker of known concentration For the hgatton, include two tubes* 
one containing 100 ng vector, the other 100 ng vector plus hgase, to monitor the 
success of the vector digestion and dephosphorylatton 
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As with other plasmrds, the antibiottc wtll depend on the vector used Where 
IacZ color selection is possrble (see Chapter 27), include X-gal and IPTG in 
the medmm. 
In the present example, the enzymes used should be BumHI and Sac1 Alterna- 
tively, the presence of the insert may be confirmed by PCR amplification using 
primers able to hybrrdrze to sequences within the CP gene or within the 35s 
CaMV promoter and the nos terminator More details of the latter primers are 
shown in Subheading 3.3.2., and PCR screening IS described m Chapters 28,4 1, 
42, and 48. 
A. tumefaczens may normally be grown in LB agar containing appropriate anttbr- 
ottcs (e g , rrfamptcm for strams LBA4404 and pGV3850, which carry the resrs- 
tance gene on then chromosome) For cells required for electroporation, YEP 
medium should be used and they should be grown to an absorbance of 0 5-l 0 
Agrobacterwm should be grown between 25 and 30°C, temperatures higher than 
this may result m loss of the TI plasmrd. A shaking speed similar to that used for 
E colz (e g , 200-250 rpm) IS acceptable 
The DNA concentratron m the mtx should be approx 1 pg/40 pL cells It IS not 
necessary to prepare highly purified DNA; clean mmiprep DNA prepared by the 
alkalme lys~s method (19) and resuspended m sterile distilled water IS smtable If 
excess salt 1s present m the DNA solution, sparking may occur during the 
electroporatron and this will markedly reduce the transformation efficiency If 
such problems are routmely encountered, remove the salt usmg proprtetary clean- 
up columns or ethanol prectpttatlon. 
The gene pulser should be set to 25 pF capacitance and 2 5 kV charge, the pulse 
controller resistance to 2000 Successful transformattons have also been obtained 
wrth 4OOQ 
Include the antibiotics appropriate to the plasmtds/strams used In this example, 
use kanamycm (50 pg/mL) for pRK2013 and pROK.II, and rifampicin (50 pg/mL) 
for LBA4404 Cultures m exponential phase ~111 give the greatest number of 
transconmgant colomes, but stationary phase cultures may be used. 
Washing the cells removes the antibtotics that might kill the bacteria prior to 
the conlugatton 
Ptpet the bacteria carefully onto the filters and do not move the plates until the 
filters have dried If the suspension runs off, the bacteria can be collected using 
the disk lust before transfer to water If a lammar flow cabmet IS not available, 
the mixed culture may be centrifuged for 5 mm m a mtcrocentrtfuge, the superna- 
tant removed, and the pellet placed over the filter or plated directly onto the agar 
Control filters, of each culture alone, should also be prepared 
It is normally suggested that bacteria be resuspended and drluted m 10 mM 
MgSOQ, but sterile dtstrlled water can be used provided that platmg is done with- 
out undue delay 
None of the commonly used E coli strains are resistant to rtfamptcin; thus, only 
Agrobacterzum should grow on these plates Kanamycm selects for the presence 
of pROKI1 sequences m transconmgants, the pRK20 13 plasmrd does not reph- 
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cate m Agrobacterzum Plating of the original bacterial cultures ~111 determine 
that none are able to grow on the plates contaimng both anttbtotics. If required, 
transconmgants can be confirmed as Agrobacterzum by their ability to metabo- 
lize 3-keto-lactose, as described by Bernaerts and Deley (26) To do this, bacteria 
are grown for 2-3 d on lactose yeast-medmm agar plates (10 g lactose, 1 g Difco 
yeast extract and 20 g LabM agar per 1 L) and the plates flooded with Benedicts 
reagent. (Dtssolve 173 g sodium citrate and 100 g anhydrous sodium carbonate 
m 850 mL water, then add, whde sturmg, to 17 4 g copper sulfate dissolved m 
100 mL water Make to 1 L with water, it is not necessary to sterdtze this reagent ) 
A yellow color reaction m the medium around the streak confirms the cultures to 
be Agrobacterzum This method is suitable for all Biotype I strains of 
Agrobacterzum (this includes all strains commonly used for plant transformation) 

19 Agrobacterzum cultures survive for only a short time (often less than 1 mo) on 
LB agar plates at 4°C and therefore the transconlugant should be stored at -70°C 
To do this, prepare an overnight culture of the selected colony, as described m 
Subheading 3.2.1. Mix equal volumes of sterilized glycerol and bacteria to give 
a 50% glycerol solution Ensure that the contents of the tube are well mixed, then 
store at -70°C Using this glycerol concentration, the bacteria may be sampled 
without any need for thawing, because the culture remains slightly soft. Cultures 
stored m this way have remamed viable for the past 8 yr m our laboratory. Stor- 
age at -20°C is suitable for times of less than 1 yr 

20. Many binary vectors are based on low-copy-number replicons, and therefore the 
host bacteria should always be grown under appropriate antibiotic selection (m 
this case, kanamycm) 

21. For the present example, BamHI plus Sac1 digestion will release a 657 bp (CP 
gene) fragment; HmdIII plus EcoRI will release an approx 2-kb fragment, 
mcludmg the promoter, CP, and terminator The DNA obtained from 
Agrobacterzum IS often less clean than that obtained from E colz, so that two to 
five times the usual amount of enzyme should be added and digestion increased 
to 4-l 6 h (increase the reaction volume, if necessary) For controls, the origmal 
binary vector DNA, plus and minus the insert, should also be digested Calculate 
the fragment sizes by comparison with mol-wt markers 

22. The CP gene fragment prepared m Subheading 3.1., step 2 can be used for pre- 
parmg the probe. Thoroughly check transconJugants prior to plant transforma- 
tion, because rearrangement and recombmation events may take place during the 
cloning procedure and multimertc copies of the CP fragment may be inserted mto 
the vector 

23 The primers descrtbed here are appropriate for the analysts of all constructs that 
use the CaMV 35s promoter and the nos terminator They are sited in regions 
conserved m all CaMV strains (S Covey, personal communication) and nos re- 
gions analyzed to date 

24. Compare the size of the insert with a CP fragment (e.g., that prepared m Sub- 
heading 3.1., step 2). Alternative primers may be used, commonly, these have 
homology with the inserted viral gene sequence or T-DNA border sequences In 



Binary Vectors for Transformation 351 

these cases, the reaction condmons should be calculated as described m Chapters 
28, 41, 42, and 48. Agrobacterlum colonies wtthout an Insert should be used 
as a control 
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Potato Transformation 

Lee Rooke and Keith Lindsey 

1. Introduction 
Potato is the world’s fourth most important food crop, being surpassed m 

total productton only by wheat, corn, and rice. Improved resistance to dis- 
ease and pests during growth and storage is therefore of sigrnficant eco- 
nomic importance. 

Cultivated varieties of Solanum tuberosum L. are tetraploid and exhibit a 
high level of genetic heterozygosity, which imparts vigor and high tuber yield 
to the cultivar. Improvement by conventtonal breeding is comphcated because 
of segregation of the important characteristtcs and traits among the progeny. 
Genetic engmeermg offers the opportumty to introduce genes of interest and 
value mto a cultivar wtthout altermg the commerctally desirable phenotype 
Our own mterest m potato transformation IS m usmg T-DNA-mediated pro- 
moter trapping to identify tissue-specific genes m thus species (2). 

Potato is one of the few crop species readily susceptible to infection by the 
soil-borne bacterium Agrobacterzum tumefaczens, the causative agent of Crown 
Gall disease. This mfection represents a natural gene vector system m which 
genetic mformation IS transferred from the bacterium and Integrated mto the 
plant nuclear genome, where the transgenes can be expressed. The system has 
been exploited to genetically engmeer plants by elimmating the oncogemc 
genes from the transferred DNA (T-DNA). Specttic genes mtroduced between 
the T-DNA border repeats can then be transferred into plant cells without being 
accompanied by tumor formation (ref. 2; see Chapter 35). Transformed plant 
cells are directly selected for m tissue culture by the mcluston within the trans- 
ferred DNA of a marker gene that confers resistance to an antibiotic or herbi- 
tidal compound (3). Efficient transformation must be subsequently followed 
by reproductble regeneration of whole plants: Manipulation of hormone com- 
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bmations in the culture medium can be used to induce multiplication of undif- 
ferentiated callus prior to induction of shoot formation (see Note 1). 

Agvobacterium-mediated transformation has been employed successfully 
with a number of different potato cultivars (4-6), using leaf (4,7), stem (7-9), 
or tuber disks ($6) as explant tissue Continuous availability of healthy, vigor- 
ously growing leaf and stem material by micropropagation of shoot cultures in 
vitro is a major advantage over the use of field-grown tubers, for which age is 
a critical factor tn their transformability. 

This chapter details a transformation protocol for the cultivar D&sir&e, using 
in vitro cultured stem explants, that IS rapid and efficient DttsirCe is amenable 
to tissue culture and has a higher capactty for transformation and regeneration 
than many other potato cultivars, which may require alternative or additional 
conditions (see Notes 1 and 2) 

2. Materials 
2.7. Transformation Vector System 

1 An avirulent strain of A tumefuczens, for example, LBA4404, containing the dts- 
armed helper plasmid pRAL4404 (20) 

2 A binary vector, such as pBm19 (II), with the gene(s) to be transferred Integrated 
mto the multrple clonmg sate between the T-DNA border repeats 

2.2. Bacterial Culture Media 
1 LB (Lurra-Bertam) broth 10 g/L bacto-tryptone (Drfco, Detron, MI), 10 g/L 

sodium chloride, 5 g/L bacto-yeast extract (Drfco), make up m delomzed water 
and alter to pH 7.0 with 1NNaOH. 

2 LB agar composmon as for LB broth; sohdtfy wrth 15 g/L bacto-agar (Difco) 
Sterilize the media by autoclavmg (12 l°C, 15 mm) and add the appropriate antibt- 

otics when rt has cooled to 45-55°C The A tumefaczens strain LBA4404 is resistant 
to rrfampicm (use at 100 mg/L medium), and the binary vector pBm19 confers bacte- 
rial and plant cell resistance to kanamycin (for bacterial medmm, use at 50 mg/L) 

3 Incubator and shaker set at 29°C for Agrobacterzum cultures 

2.3. Plant Material 
1 Virus-free m vitro stock of the potato cultrvar To mamtam healthy material, sub- 

culture every 4-6 wk by transferrmg the top 1.5 cm of the shoot (contammg the 
apical merrstem) onto fresh MS30 medium m either 30 mL sterile plastic tubes, 
glass culture tubes (Sigma, St Louis, MO), or Magenta vessels (Sigma) 

2 Growth incubator or room, set at 25°C wrth a 16-h photopertod, and a photon flux 
density of approx 50 pmollm2/s, from fluorescent lighting 

2.4. Plant Culture Media 
1. MS liquid Murashige and Skoog basal medium (ref. 22; Sigma) wrth 30 g/L 

sucrose, make up m detomzed water and adjust to pH 5 9 with 1N KOH 
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2. MS30 medmm. Composition as for MS liquid; solidify with 8 g/L bacto-agar (Difco) 
3 Callus-mducmg medium MS30 supplemented with 0.186 mg/L NAA, 2.25 mg/L 

BAP, 10 mg/L GAs, 50 mg/L kanamycm, and 200 mg/L cefotaxime 
4. Shoot-mducmg medium: Composition as for callus-mducmg medium, but omit- 

ting the NAA. 
Sterilize all media by autoclavmg (12 1 ‘T, 15 mm). Because many antibiotics 

and hormones are heat-labile, add to the medium after autoclavmg, when it has 
cooled to approx 45-55°C 

2.5. Antibiotic Stocks 

1 Cefotaxime bought commercially as Claforan (Roussel), dissolve m deionized 
water to a concentration of 100 mg/mL, filter-sterilize (0 2-pm filter), and store 
at -2OT Cefotaxime IS not stable m the light and breaks down rapidly, therefore 
medmm contaming cefotaxime should be prepared immediately before use, and 
not stored. 

2 Kanamycm sulfate (Sigma)* Dissolve m deiomzed water to a concentration of 50 
mg/mL, filter-sterihze, and store at -20°C 

3 Rifampicm (Sigma) Dissolve m methanol to a concentration of 50 mg/mL and 
store at -2OT 

Caution: Since these chemicals can be harmful, wear suitable protective cloth- 
mg when preparmg stocks 

2.6. Hormone Stocks 

1 BAP, 6-benzylammopurme (Sigma) Dissolve m 1N NaOH to a concentration of 
4 5 mg/mL, filter-sterihze (0 2-pm filter), and store at &5”C 

2 GA3, gibberelhc acid (Sigma). Dissolve m deiomzed water to a concentration of 
20 mg/mL, filter-sterihze, and store at &5”C 

3. NAA, 1-naphthalene acetic acid (Sigma) Dissolve m 1NNaOH to a concentra- 
tion of 1 86 mg/mL, filter-stermze, and store at 0-5°C. 

2.7. Miscellaneous 

1. Laboratory sealmg film and Micropore tape (3M, Loughborough, UK) 
2 Presterihzed 9-cm plastic Petri dishes (Sterilm, Stone, UK) 
3 Inoculatmg loop and tissue culture implements. 

3. Methods 
This method is based on that described by Twell and Ooms (8). All tissue culture 

mampulatlons must carried out under sterile condltlons m a lammar flow hood. 

1. Streak the Agrobacterwm onto LB agar plates contammg nfamptcm and kanamycm, 
so that a confluent bacterial lawn will be produced, and Incubate at 29°C for 48 h 

2. Prepare the potato material by cuttmg stems from the in vitro-grown plants mto 
mternodal sections approx 0 5-l 0 cm m length Ensure the sections are devoid 
of leaves and axillary buds. 
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Stand the stem sectlons vertically m MS30 medmm, poured m Petri dishes, and 
smear the apical end with Agrubacterzum taken from the LB plate, using a sterile 
moculatmg loop (see Note 3) 
Seal the Petri dishes with sealing film (see Note 4) and allow to cocultlvate for 48 
h (for mcubatlon condltlons, see Subheading 2.3.) 
Followmg cocultlvatlon, transfer the explants to callus-mducmg medium, the 
sections can now be laid horizontally (see Note 5) 
Seal the Petri dishes with MIcropore tape (see Note 6) and incubate as before 
Green callus will develop at the maculated, apical end of the stem section within 
2-4 wk Transfer the callus, or the whole explant, to shoot-inducing medium and 
seal the Petri dishes with Micropore tape 
When regenerated shoots have reached a height of 0 5-l 0 cm, transfer them 
onto MS30 medium to induce rooting The medmm should be supplemented with 
both cefotaxtme and kanamycm (see Note 7) 
Rooted shoots are maintained on MS30 medmm supplemented with kanamycm 
m the same way as the potato stocks (see Subheading 2.3.) and tested by PCR 
and Southern analysis to confirm transformation (see Chapters 41-43) 

Regeneration of shoots from the callus should occur wlthm 2-6 wk, and the 
entire process of transformation and regeneration of rooted transgemc plantlets 
can be accomphshed m 2-3 mo. 

It IS advisable to include a full range of controls with each transformation 
experiment cart-led out (see Note 8). 

4. Notes 
1 A prerequisite of plant transformation 1s a reliable, efficient regeneration proto- 

col, because the transformation procedure reduces the regeneration efficiency 
slgmficantly. Different cultlvars have their own mdlvldual preferences of hor- 
mone combmatlons and concentrations for optimal regeneration (6,23) An 
appropriate ratio of cytokmm (BAP) to auxm (NAA) m the medium induces plant 
cells to undergo prohferatlon mto undifferentiated callus, and, by decreasing or 
removing auxm, the cells are induced to differentiate into shoots Inclusion of 
glbberelhc acid (GA3) can promote stem elongation The callus phase needs to be 
kept to a mmlmum to reduce the risk of somaclonal variation (phenotyplc vana- 
tlon, either genetic or eplgenetlc m origin) 

2 Different cultlvars vary in their amenability to transformation and regeneration 
As well as variation m hormone levels and combmatlons (see Note I), the trans- 
formation protocol can include precondltloning the explants before cocultlvatlon 
with the bacterial cells (7,13), addition of silver mtrate m the growth medium to 
obtain efficient shoot regeneration (4), and the use of a nurse or feeder layer 
(5,9) During cocultlvatlon, the explants are incubated on filter paper above a 
feeder layer of plant cell suspension, which 1s m contact with the culture medium. 
This requires the avallablhty of an exponentially growing cell suspension (nor- 
mally tobacco, petunia, or potato) Acetosyrmgone 1s the prominent inducer of 
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the bacterial virulence genes, mvolved m T-DNA transfer, released in solanceous 
plant tissue followmg wounding (2), and can be mcluded m bacterial growth 
medium to increase the frequency of T-DNA transfer (6). With certain cultivars 
the choice of explant, vector, and Agrobacterwm stram may prove important m 
developing an efficient transformation protocol 

3 Both ends of the stem section can be smeared with bacteria and the explant laid 
horizontally on the medium Incubate 15-20 explants per Petri dish 

An effective alternative to this method IS to immerse the stem sections, and 
leaves (cut mto halves) m a liquid culture of Agrobacterzum. Grow an overnight 
culture of Agrobacterzum in LB broth (remember to mclude antibiotics) at 29°C 
with shaking at 200 ‘pm, and pellet by centrifugation at 3000g for 5 mm Resus- 
pend the cells in twice the volume of MS liquid (this dilution varies, from 2- to 
loo-fold, with different protocols, see refs. 5,6, and 23) and immerse the explants 
for 10 mm. Briefly blot the explants on sterile filter paper, being careful not to let 
them dry out, and transfer them to MS30, making sure they are m close contact 
with the culture medium The remamder of the protocol IS exactly the same as 
that described, and regeneration, from callus at the cut explant surfaces, occurs 
withm the same time-scale Because m vitro-grown leaves are small, leaves taken 
from soil-grown plants can be used, but need to be surface-sterihzed A sterile 
cork-borer is a quick way of cuttmg uniformly sized leaf disks 

4 Sealing the plates maintains humidity, which IS thought to enhance mfection 
5 Decrease the number of explants to 5-7 per Petri dish. Callus-mducmg medium 

IS supplemented with kanamycm to select for transformed plant cells, and with 
cefotaxtme to kill the Agrobacterrum The level of kanamycm (50 mg/L) IS above 
the concentration on which nontransformed tissue is able to grow 

6 Micropore tape allows gas exchange and prevents the plates from becommg too 
humid If the plant tissues become overrun with Agrobactenum, then transfer 
them to fresh plates (cefotaxime is degraded rapidly m light) and leave the plates 
unsealed If this becomes a serious problem, the explants can be washed m a 
cefotaxime solution 

7 Either take one shoot per callus or identify shoots obtamed from the same callus, 
because they may be clonal m origin. It is important to include cefotaxime and 
kanamycm m the medium during rooting, to help prevent bacterial regrowth that 
can interfere with subsequent analyses, and to ensure selection against escapes 
Occasionally, shoots that are not transformed or do not express the foreign DNA 
can survive on medium contammg selection. Roots are relatively sensitive to 
antibiotics, and inclusion of selection m the rooting medium should prevent root 
formation on nontransformed shoots. 

8 Controls should be included with each experiment. A full set of controls would 
consist of inoculated explants incubated on culture medium lacking antibi- 
otic selection, explants maculated with the Agrobacterzum strain (no binary 
vector) incubated on medium with and without antibiotic selection, and 
unmoculated explants incubated on medium with and without antibtotic selec- 
tion and cefotaxime 
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Transformation of Tomato 

Artur J. P. Pfitzner 

1. Introduction 
Smce 1986, when Beachy and coworkers (2) first pubhshed a protection of 

transgemc tobacco plants expressmg the tobacco mosaic virus (TMV) coat pro- 
tem (CP) against TMV mfection, transgemc plants have become an important 
tool m plant vnology. Coat protein transgemc plants have been used success- 
fully to obtain protection agamst many different plant vu-uses (2). In addmon, 
transgemc plants expressmg vual gene products can be used to study the func- 
tion of one particular gene m the viral life cycle or m the mteraction with spe- 
cific host plants. 

Most of these experiments have been conducted with tobacco as a model 
plant. A plant species of great commercial importance, which is affected by 
many viral diseases, is tomato (Lycoperszcon esculentum Mill.). Since tomato 
can be transformed using Agrobacterzum, it is a good choice as an alternative 
to tobacco for studying viral gene function m transgentc plants However, m 
contrast to tobacco, there is a considerable variation m the tissue culture per- 
formance of dtfferent tomato culttvars. The method described here was optt- 
mtzed m our laboratory for the transformatton of greenhouse tomato culttvars 
like Craigella and Moneymaker. It IS based on protocols developed by Filatti 
and coworkers (3) and by Smith et al. (4). 

2. Materials 
1. Agrobacterzum strains For transformation of tomato the Agrobacterzum 

tumefaczens strain LBA4404 was used, which harbors the severely deleted 
Tt plasmtd pAL4404. Thus TI plasmtd serves as a helper for the transfer of the 
T-DNA from a second (binary) plasmtd that contains the selectable marker and 
the gene of interest We use the binary plasmtd, pBm19 (51, and derivatives of 
thts plasmtd. 
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Tomato cultivars The transformation procedure described here was optimized 
for L esculentum Mill. cv Craigella and tested for a variety of mutants m the 
Craigella background Seeds of this tomato variety can be obtained from Horti- 
culture International, Wellesbourne, UK. Another tomato cultivar, which was fre- 
quently used for the generation of transgemc plants, IS L esculentum Mill cv 
Moneymaker This tomato variety IS very popular and can be obtamed from many 
local seed companies 
5X Mm A salts Dissolve 52 5 g K2HP04, 22 5 g KH,PO,, 5 0 g (NH&SO,, and 
2 5 g sodium citrate x 2H,O m 1 L ddH,O, and autoclave 
Mm A medium Mix 10 mL 5 x Mm A salts and 40 mL ddH,O Autoclave and 
then add 50 pL 20% MgS04 solution (filter-sterilized) and 500 pL 20% glucose 
solution (filter-sterdlzed) 
Rrfampicm stock solution Dissolve 50 mg of Rifamplcm m 1 mL DMSO 
Kanamycm stock solution Dissolve 25 mg of kanamycm in 1 mL ddH,O and 
filter-sterilize the solution (see Note 1). 
Hygromycm stock solution Dissolve 30 mg of hygromycm B in 1 mL ddH,O 
and filter-sterilize the solutron 
Acetosyrmgone stock solution 10 mA4 acetosyrmgone (3,5-dimethoxy-4- 
hydroxyacetophenone) in ethanol. 
Zeatm riboside stock solution Dissolve 10 mg of zeatm riboside m 10 mL ddHzO 
and filter-sterilize the solution 
Carbenictllm stock solution Dissolve 1 g of carbemcdlm m 4 mL of ddH,O and 
filter-sterilize the solution 
100 x B5 vitamins Dissolve 10 mg of mcotmic acid, 100 mg of thramme 
hyddrochloride, 10 mg of pyridoxme hydrochloride, and 1 g of myo-msitol m 
100 mL of ddH20, filter-sterilize, and freeze at -20°C m ahquots. 
MS0 medium Dissolve 4 6 g of MS salts and 30 g of sucrose m 1 L ddHzO, 
adjust the pH to 5 4 with KOH, and autoclave, then add 10 mL of the 100X B5 
vitamin stock solution 
MSOZR medium Prepare MS0 medium and add 0 5 mL acetosyrmgone stock 
solution and 2 mL zeatm riboside stock solution For the preparation of solid 
medium, add 6 g of agar per 1 L medium before autoclaving 
Agrobactermm induction medium Mtx the following: 
a 5 mL 2X MS salt solution (9 2 g m 1 L ddH,O, pH 5.4). 
b 1 25 mL Sodium phosphate buffer (100 mM, pH 5 4) 
c 5 pL Acetosyrmgone stock solution (10 mM) 
d 20 pL Rifampicm stock solution (50 mg/mL) 
e 20 pL Kanamycm stock solution (25 mg/mL) 

Then add ddH20 to a final volume of 10 mL 
Selective shoot regeneration medium* Dissolve 4 6 g of MS salts and 30 g of 
sucrose m 1 L of ddHz0, add 6 g of agar, adJust the pH to 5 7 with KOH, and 
autoclave Cool the medium down to 50°C m a water bath and add 10 mL of 
100X B5 vitamin stock solution, 2 mL of zeatin riboside stock solution (1 mg/mL), 
4 mL of kanamycm stock solution (25 mg/mL), and 2 mL of carbemcillm stock 
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solutron (250 mg/mL). Pour the medmm into sterile Petri dishes or mto sterile 
plant containers and let rt sohdify at room temperature 

16 Selective root regeneration medium: Dissolve 4 6 g of MS salts and 10 g of su- 
crose in 1 L of ddHzO, add 4 g of agar, adJust the pH to 5 7 with KOH, and 
autoclave Cool the medium down to 50°C m a water bath Then add 10 mL of 
100X B5 vitamin stock solutron, 2 mL of kanamycm stock solutron (25 mg/mL), 
and 2 mL of carbemcrllm stock solutron (250 mg/mL) Pour the medium mto 
sterile plant containers and let rt sohdrfy at room temperature 

17 Germmatron medium Dissolve 4 6 g of MS salts (Srgma) m 1 L of agar and 
adjust the pH to 5 7 with KOH Autoclave and cool down to 50°C. Pour the 
medmm mto sterrle plant containers and let rt solidify at room temperature 

3. Methods 
1 Sterilize tomato seeds for 30 s m ethanol, for 20 mm m 1 5% NaOCl, 0.1% 

Tween-20, and then wash three times m sterrle water The seeds are then seeded 
on sterile germmatron medium and are incubated at room temperature m the dark 
After 3-5 d, most seeds have germinated. About 2@-30 seeds are incubated m 
one sterile plant contamer (7 x 10 cm) For one transformation experiment, 
5@-60 seedlings are needed 

2 After germmatron, the sterile plant containers are transferred to a plant growth 
chamber with a temperature of 25°C and with a photoperrod of 16 h light and 8 h 
dark. After 8 d, the cotelydons have grown to the maximal size and can be used 
for transformation 

3 Thirty-six hours before the harvest of the cotyledons, the Agrobacterlum 
strain containing the plasmrd to be tranferred mto the tomato genome, e g , 
pBm19, IS maculated m 5 mL Mm A medium For pBml9, add 50 pg/mL 
kanamycm and 100 pg/mL rrfamprcm. The Agrobacterum culture 1s rncu- 
bated m a bacteria shaker at 30°C 

4. The cotyledons of the sterile tomato seedlings are cut off and the trps of the leaves 
are removed Then, the cotyledons are cut m half and placed upside up on plates 
with MSOZR medium containing 0 6% agar The Petri dishes are sealed with 
parafilm and Incubated m a plant growth chamber (25°C photoperrod of 16 h 
light/8 h dark) 

5. Forty-erght hours after startmg the Agrubacterwn culture, the bacterra are har- 
vested by centrrfugatron at 4300g and resuspended m 3 mL of sterile 
Agrobacterzum mductron medium (see Note 2) The Agrobactena are now mcu- 
bated for another 12 h at 30°C m a bacteria shaker 

6. After 12 h of incubation m the mductron medium, the Agrobacterza are pelleted 
at 43OOg, resuspended in 3 mL of MS0 medium, and diluted by adding 15 mL 
MS0 medium (see Note 3) The cut pieces of the tomato cotyledons are removed 
from the MSOZR plates, dipped into the Agrobacterza solutron, blotted dry on 
sterile filter paper, and placed back on the same MSOZR plates 

7 The MSOZR plates are sealed agam and incubated for 2 d m a plant growth 
chamber under the same condrtrons 
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8 After 2 d of mcubatlon, the tomato cotyledon explants are transferred to plates 
with selective shoot regeneration medium and incubated m a plant growth cham- 
ber under the same condltlons (see Note 4) 

9 Every week, the cotyledon pieces are placed on fresh selective shoot regenera- 
tlon medium (see Note 5). After about 4 wk, depending on the tomato cultlvar, 
the first call1 can be observed 

10 Leaf pieces with calll, which have reached a size of ca l-2 mm, are trans- 
ferred mdlvldually to plant containers (7 x 10 cm) with selective shoot regen- 
eration medmm This procedure results m a much better growth of the call1 
(see Note 6) 

11, After about 2 wk, shoots start to grow from the call1 Shoots of ca 1 cm m size 
are cut off and placed on selective root regeneration medmm m sterile plant con- 
tamers (7 x 10 cm) 

12. Wlthm l-2 wk, roots start to develop. Rooted shoots are now transferred to sol1 
and further cultivated m the greenhouse (see Note 7) 

4. Notes 

1 Stock solutions are all filter-stenhzed usmg a 0.45-pm Mllllpore filter and frozen 
in aliquots at -20°C 

2 Acetosyrmgone and an acidic pH are important for the mductlon of the vlr genes 
of Agrobactenum. 

3 Since overgrowth of the tomato leaf pieces by Agrobacterla 1s a constant prob- 
lem with tomato transformation, it IS very Important to dilute the Agrobacterzum 
culture well enough 

4. The transformation efficiency can be enhanced by a factor of about two by 
usmg feeder layers of suspension culture cells from tobacco In our hands, 
the feeder layers turned out to be a constant source of contammatlons There- 
fore, we recommend omlttmg the feeder cells and followmg the above proto- 
col carefully. 

5 A weekly change of the medmm 1s very important to keep the Agrobacterza down 
6 It IS also Important to watch the calli very carefully If the call1 start to produce 

phenolic compounds, the medmm has to be changed munedlately Otherwise, the 
call1 may die wlthm hours 

7 Tomato plants can be easily multlplled by cuttmgs 

References 
1 Powell Abel, P A , Nelson, R S , De, B , Hoffmann, N , Rogers, S G., Fraley, R T , 

and Beachy, R N (1986) Delay of disease development m transgemc plants that 
express the tobacco mosaic virus coat protein gene Sczence 232,738-743. 

2 Beachy, R. N , Loesch-Fries, S , and Turner, N. E (1990) Coat protein medlated 
resistance against virus infection Ann Rev Phytopathol 28,45 l-474 

3 Fllattl, J. J., Klser, J , Rose, B., and Comai, L (1987) Efflclent transformation of 
tomato and the mtroductlon and expresslon of a gene for herblclde tolerance, m 



Transformation of Tomato 363 

Tomato Bzotechnology (Nevms, D J and Jones, R. A , eds ), Llss, New York, pp. 
199-210. 

4 Smith, C J S., Watson, C F, Ray, J , Bird, C. R , Moms, P. C , Schuch, W, and 
Gnerson, D. (1988) AntIsense RNA mhlbltlon of polygalacturonase gene expres- 
slon m transgemc tomatoes. Nature 334,724-726 

5. Bevan, M. (1984) Bmary Agrobactenum vectors for plant transformation Nuclezc 
Acids Rex 12,87 11-872 1 





38 

Tobacco Transformation 

Jennifer F. Topping 

1. Introduction 
The generatlon of genetically transformed plants is central to, and has indeed 

revolutiomzed, plant molecular biology. This IS true for studies at both the 
fundamental and more apphed levels of research. For researchers Interested m 
unravelmg the roles of specific genes m particular pathways of growth and 
development, the mtroductlon mto plants of foreign genes and gene promoters 
linked to reporter genes allows the detailed study of the temporal, spatial, and 
quantitative expression of plant genes and the actlvltles of associated regula- 
tory sequences. 

It 1s not yet possible to transform many of the important crop species, and 
therefore so-called model plants species are used widely in transgemc research. 
A model plant species, for use in such studies, can be defined as one that can be 
efficiently and simply transformed with foreign DNA. Furthermore, the trans- 
formed cells or tissues must then be able to regenerate to produce fertile mature 
plants that produce transgemc seed. 

Over the years, one particular dlcot species that has emerged as an excellent 
model plant for transgemc studies IS Nicotzana tabacum (Tobacco). One 
tobacco cultivar commonly used IS N. tabacum cv. Petit Havana SRl (com- 
monly abbreviated to SRl); the methods described here are specifically for this 
variety. However, the methods are also apphcable to other cultlvars, such as 
Samsun and Xanthl. The most efficient and technically most simple method of 
transforming tobacco is to infect leaf explants with disarmed strains of the 
naturally occurring soil-borne bacterium Agrobacterzum tumefaczens, which 
contains a disabled (nononcogemc) Tl plasmld (I). The gene construct to be 
transferred is integrated between the T-DNA borders of a binary vector (2), 
which IS introduced mto the Agrobacterzum. Followmg moculatlon, and under 
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suttable culture condtttons, the leaf explants will readily regenerate transgemc 
plantlets which can then be potted out and grown to maturity 

Thts chapter ~111 descrtbe and discuss the techniques mvolved m the estab- 
lishment and maintamance of tobacco shoot cultures, which are source of leaf 
material for Agrobacterzum-mediated transformatron, the introduction of plas- 
mlds into Agrobacterzum by trtparental mating, the moculatton of leaf explants 
with Agrobacterzum, and the subsequent selection and regeneration of the trans- 
formed material 

Our laboratory has found rt very convenient to use aseptic leaves from shoot 
cultures as the source maternal for transformattons. However, tt 1s possible to 
use greenhouse grown plants as a source of leaf maternal, provided that the 
leaves are free from pests and diseases, and that they are surface-stertlrzed 
prior to transformation. 

2. Materials 
2.7. Plant Growth Regulators and Antibiotics 

1 Benzylammopurme (BAP, Sigma, Poole, UK)* Make a stock solution of 1 mg/ 
mL by drssolvmg the BAP m a mmrmum volume of dilute HCl (O.OlM), and 
make up to the final volume with ddHzO The BAP solution can either be filter- 
sterrhzed through a 0.2~pm acrodrsk and added to the autoclaved medmm or rt 
can be co-autoclaved with the medium The solution is stable for several months 
at -20°C 

2. Kanamycm sulfate (Sigma). Make a stock sohmon of 100 mg/mL m ddHzO and 
filter-sterthze through a 0.29~~1 acrodrsk The solutron IS stable for several months 
at -20°C. 

3 Cefotaxrme. Cefotaxlme can be purchased from Sigma, but It IS cheaper If pur- 
chased from Roussel Laboratories (Uxbridge, UK) under the trade name Claforan 
Make a stock solutron of 100 mg/mL m ddH,O, filter-sterilize, and store m the 
dark at -20°C 

4 Rrfamptcm (Sigma). Make up a stock of 20 mg/mL m methanol and store at -20°C 

2.2. Plant Culture Medium 

1. l/2 MS10 (Germination medium) 2 2 g/L Murashtge and Skoog basal medium 
(Srgma), 10 g/L sucrose, 8 g/L agar (Becton and Dmkmson, Plymouth, UK) 
Adjust pH to 5.8 with lMKOH, and autoclave (121°C, 20 min) The media can 
be stored for several months at room temperature 

2. MS30* 4.4 g/L Murashrge and Skoog basal medium (Sigma), 30 g/L sucrose, 
8 g/L agar (Becton and Drckmson) Adjust pH to 5 8 with IMKOH, and auto- 
clave (12l”C, 20 mm) The media can be stored for several months at room 
temperature 

3. Shootmg medmm 1: MS30, 1 mg/L BAP. Add the appropriate volume of the 
stock BAP solution to the molten MS30 when rt has cooled to 50-6O”C. 
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4. Shootmg medmm 2. MS30, 1 mg/L BAP, 100 mg/L kanamycm sulfate, 200 mg/L 
cefotaxtme Add the approprtate volumes of the stock BAP and antlbtottc solu- 
trons to the molten MS30 when It has cooled to 5&6O”C 

5 Rooting medmm MS30 plus 200 mg/L cefotaxtme and 100 mg/L kanamycm 
sulfate. Add the appropriate volumes of the antibiotic solutrons to the molten 
MS30 when rt has cooled to 5WO”C 

2.3. Bacterial Culture Medium 

1 Lurta-Bet-tam (LB) broth. 10 g/L tryptone (Dtfco, Detrott, MI), 5 g/L yeast extract 
(Dtfco), 5 g/L NaCl Drssolve the sohds, adJust the pH to 7 2 with INNaOH, and 
autoclave (121°C 20 mm) The broth can be stored at room temperature for sev- 
eral weeks. 

2. LB agar. Make up LB broth as described above, then aliquot mto bottles, add 15 
g/L agar (Becton and Dtckmson), and autoclave (12 1 “C, 20 mm) The agar can 
be stored at room temperature for several weeks 

2.4. Bacterial Strains 

1 A tumefaclens strain LBA4404 (3) 
2. Escherzchla colz helper strain pRK2013 (4) 

2.5. Miscellaneous Solutions 

1 70% (v/v) Ethanol 
2 Bleach solutton. 10% (v/v) sodmm hypochorrte, 0 05% (v/v) Tween-20 
3 Stertle dH,O 
4 10mMMgS04 

2.6. Plant Growth Containers 

The seeds should be germmated and grown for 2-3 wk m deep 9-cm Falcon@ 
Petri dishes (Becton and Dickmson, Loughborough, UK). The transformed shoots 
should be grown mittally m 60-mL polypots (Northern Media, Loughborough, 
UK). The seedhngs can then be transferred to larger (250-500 mL vol) vessels. 
Kilner jars are ideal, and plastic Magenta boxes are available from Sigma. In etther 
case, there should be good ventilation to prevent the buildup of ethylene, which 
may mhrbtt plant growth (5) Therefore, the hds should not be tightened, or they 
can be removed completely and replaced with one half of a Petri dash and sealed 
with gas-permeable Micropore@ tape (3M, St. Paul, MN). 

2.7. Miscellaneous Materials and Equipment 

1 Stertle filter paper 
2 Sterile Petrt dashes. 
3. Sterile polypot or beaker 
4 Scalpel 
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5 Forceps 
6 Laboratory sealing film (Whatman) 

3. Methods 
3.1. Establishment and Maintainance of Tobacco Shoot Cultures 
3 1.1. Steril/zation of Tobacco Seed 

1. Working in a sterile flow cabinet, place the seeds in a flat bottomed tube or beaker 
2 Immerse the seeds m 70% (v/v) ethanol for 20 s and agitate by gently swnlmg 

(see Note 1) 
3 Tobacco seeds tend to float, so remove the ethanol using a sterile pipet by keep- 

mg the tip of the pipet close to the bottom of the beaker to suck off the ethanol, 
leaving the seeds at the bottom of the tube 

4 Immerse the seeds in the bleach solutton for 20 mm (see Note 2) Agitate occa- 
sionally by swnlmg 

5 Remove the bleach solutton using a stertle ptpet, as described m step 3, and wash 
the seeds five times m sterile dtstilled HZ0 (see Note 3) Leave a small volume of 
the final wash m the tube (0 l&O).3 mL) 

3.1.2. Germination of the Seeds 
1 Using a sterile pipet, transfer the sterilized seeds m the final wash solution to a 

deep 9-cm Falcon Petri dish contammg germination medium Tilt the plate and 
remove the excess H20 with the plpet. Gently spread the seeds out with the pipet 
and seal the dish with Micropore tape 

2 Wrap the plates in alumuuum fotl, to exclude light, and leave at 4°C for 2-3 
d to vernalize 

3 Remove the foil and transfer the plates to a growth cabmet set at 22-25°C and 
with a light intensity of 50-200 pmol/m2/s, supplied by Warmwhite@ or 
Coolwhtte@ (Osram, Merseyside, UK) fluorescent tubes The light can be con- 
stant or long daylength. Germmahon will occur within 2-4 d 

3.1.3. Initiation and Subculture of Shoot Cultures 
1 When the seedlmgs are 2-3 wk old and large enough to handle, transfer them 

using sterile forceps, in a sterile flow cabinet, to a larger vessel, for example, a 
60-mL sterile polypot contammg MS30 In about 2-3 wk, the plantlets will have 
three to four pairs of leaves and can be subcultured 

2 To subculture the shoots, excise the apical bud and the newest pair of leaves from 
the plantet with a scalpel and embed the explant m MS30 m a Kilner Jar or a 
similar vessel with a loose-fitting lid A second and perhaps third cuttmg can be 
made from the same plantlet, if necessary, remove a stem section contammg a 
pair of leaves and, hence, axtllary shoot menstems, and place m another Kilner 
Jar (see Note 5) Contmue to grow the shoot cultures under the same conditions 
as described above After 4-6 wk, the shoots will have produced roots and will 
have several pans of fully expanded leaves. It is these fully expanded leaves that 
are used for transformation by Agrobacterzum. 
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3 Shoots should be subcultured routinely every 4-5 wk mto fresh MS30 (If the 
cultures become contammated, see Note 6). 

3.2. The Introduction of Plasmids into Agrobacterium 
by Triparental Mating 

3.2.7. Setting Up Cultures of Parental Plasmids 

1. Two days before the trtparental matmg, set up 10 mL LB broth + 100 mg/L 
rrfampicm culture of LBA4404 Leave the culture to grow for 48 h at 28-3O”C, 
with constant shaking 

2 The day before the mating, set up a overnight culture of pRK2013 (m E. colt 
strain HB 101) and an overnight culture of the E co11 strain containing the con- 
struct to be transformed mto the tobacco, each m 10 mL LB broth + 100 mg/L 
kanamycm sulfate. In our laboratory, we routmely use the binary vector Bin19 
(2) transformed into XL 1 blue cells (6), supplied by Stratagene (Cambridge, UK) 
The Bm19 plasmtd confers to bactertal and plant tissues resrstance to kanamycm 
sulfate; therefore, add 100 mg/L of kanamycm sulfate to the overmght culture 
Grow both cultures at 37”C, wtth constant shaking 

3.2.2. Mating Procedure 

1 Take 100~pL altquots from each IO-mL culture and mix together m a stertle 1 5- 
mL Eppendorf tube (store the remaming hqutd cultures at 4°C) 

2 Spm the cells down m a mtcrocentrtfuge (12,000g for 5 mm) 
3 Resuspend the pellet m 10 u.L of 10 mMMgS04 
4 Put the lo-& droplet onto an LB agar plate and Incubate overnight at 28-30°C 

During this time, mobtltzatton of the plasmtd occurs 
5 Usmg a microbtologtcal loop, streak out a patch of the bacteria onto an LB agar 

plate containing 100 mg/L kanamycm and 100 mg/L rtfamptcm At the same 
ttme, as a control, streak out each of the parental strams from step 3 on a duph- 
cate plate and Incubate the plates overnight at 28-30°C. Only the LBA4404 har- 
boring the Bin 19 vector should grow 

6. Restreak for single colomes, If necessary. 
7 Check by DNA restrtctton analysis that no rearrangements have occurred m the 

gene construct to be transformed mto tobacco (see Note 7) 

3.3. Inoculation of Leaf Explants with Agrobacterium 

1 Working m a sterile environment, cut fully expanded leaves from 4- to 6-wk-old 
shoot cultures and place them m a sterile Petrt dish 

2 Wtth a scalpel, remove the leaf midrib and the leaf edge and then cut the 
lamma into small pieces approx 1 cm* (see Note 8) Place 5-6 explants 
adaxtal-side up on a plate of shootmg medium 1 Prepare 20-30 explants for 
each construct 

3 Seal the plates with laboratory sealing film and incubate the explants for 2 d 
under constant light at 22°C 
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On the day before the moculatron, set up a 75-mL LB broth culture of the 
LBA4404 stram harbormg the DNA construct from a fresh overnight culture 
Add 100 mg/L of both kanamycm sulfate and rrfamprcm to the LB broth and 
incubate overmght at 28-30°C, with shakmg (200 rpm) 
Measure the optrcal density of the culture at 600 nm and dilute it, rf necessary, 
with fresh LB broth to an ODeO,, of 1 0 (see Note 9) Pour the culture mto a sterile 
beaker or polypot 
With sterrle forceps, remove the leaf explants from the plates and immerse them 
m the bacterial suspension MIX by swirling and leave for 1 mm 
Remove the explants and blot them dry on sterile filter paper (see Note 10) 
Replace the explants on the same shootmg medmm 1 plates, again adaxral-side 
up, seal the plates with laboratory sealing film, and incubate as before for 2 d (see 
Note 11). 
Transfer the explants to shootmg medium 2 Leave the plates unsealed and return 
them to the growth room for a further 2 d (see Note 12). 
Reseal the plates with Mrcropore tape or laboratory sealing film The first regen- 
erating shoots should be visible after 3 wk If the plates become contaminated, 
see Note 13 

3.4. Growth of Transformed Material 
1 When the shoots are brg enough to handle (approx 1 cm m length), they should be 

removed from the leaf explant and transferred to rooting medium m 60-mL 
polypots The shoots usually fall away for the leaf explant very easily, because, 
by this stage, the explant tissue IS brown and dying In contrast, the shoots should 
be bright green and healthy Only single and well-separated shoots should be 
removed from each explant, to avoid propagatmg genetic clones (see Note 14) 

2 Return the shoots to the growth room, making sure that the lids on the polypots 
are attached loosely, to allow gas exchange Roots should develop wrthm 2-3 wk 

3 When the plantlets have three to four pairs of leaves, they should be transferred 
to either KrlnerJars contaming MS30 or directly mto compost If the plantlet 1s to 
be grown m compost, rt IS important to carefully rmse all the agar from the roots 
and to autoclave the compost before potting out, to avoid bacterial and fungal 
growth The plants should be hardened off gradually over a perrod of l-2 wk 

4. Notes 
1 Treatment of the seeds with 70% (v/v) ethanol removes waxy substances from 

the surface of the seeds and ktlls some contammatmg organisms present Do not 
exceed the rmmersron time of approx 20 s, because this will result m a loss of 
vrabrhty of the seed 

2 Tween-20 acts as a surfactant, to allow access of the stertltzmg bleach solutron 
3 Washing the sterilized seeds five times m Hz0 IS necessary to remove all of the 

bleach solutton. Failure to do this will result m a loss of vrabrlrty m a portion of 
the seed. However, rf the germmatron plates are contaminated with fungi or bac- 
terra and this contammatron appears to be associated with the seeds, then either 
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switch to a fresh batch of seed, or, if this is not possible, extend the sterihzatton 
time to 30 mm, and reduce the washes to three. Fewer seeds ~111 germinate, but it 
is worth it if the remammg seedlings are free of any contamination. 

4. If there is hmtted contammation on the plate, then the infected area should be 
removed as quickly as possible m order to salvage the remaining seedlings. 

5. By takmg more than one cuttmg from a shoot-culture, it is very easy to bulk up 
material rapidly This may be helpful, for example, if tissue is required for DNA 
or RNA extractions and a plant IS also required for potting out, m order to gener- 
ate seed. 

6 

7. 

8 

9 

If the shoot-culture medium becomes contaminated during the tissue mampula- 
tions, it may be possible to rescue the culture by removmg the shoot apex and 
transferring it to fresh medium. However, if the plant maternal itself is contami- 
nated, it is usually best to dtspose of the whole culture by autoclavmg There are 
occastons when it is essential to try to rescue contaminated cultures; this can be 
attempted m three different ways* 
a. Surface-sterthze the entire plant shoot by immersion, for 10 mm, m a solution 

of 10% (v/v) bleach solution, wash five times m sterile distilled H20, and 
transfer to fresh medium This method is only successful tf the plant maternal 
is contaminated on the surface, rather than systemically 

b Transfer the shoot apex to fresh medium contammg 200 mg/L cefotaxime 
This ~111 mhtbit bacterial growth if the shoot is small (~0.5 cm) and IS pushed 
well into the medium 

c Transfer the plantlet (I e , the shoot plus roots) to compost Remove all the 
agar by rmsmg under runnmg H,O, transfer to autoclaved moist compost m a 
plant pot and cover with plastic film to mamtam a high humidity, and allow 
the plant to harden off gradually over a 2-wk period before transferring to 
normal greenhouse conditions, allow to flower, then collect seed, from which 
new shoot cultures can be initiated 

It is well worthwhtle carrying out a rapid plasmtd preparation at this stage to 
ensure that the right plasmid has been transferred to the Agrobacterzum, and that 
no major rearrangements have occurred. Bm19 is a low copy-number plasmid, 
but we have found that starting with a 50-mL culture and using standard mimprep 
techniques (e.g , ref. 7), enough plasmid DNA IS prepared for several restrictton 
enzyme digests 
Tradittonally, the tobacco leaves were cut mto disks with a cork-borer, and, 
although this ehmmates the need to remove the midrib and leaf edges (to expose 
wounded tissue, which IS the tissue infected by the Agrobacterzum), we find that 
it is much quicker and simpler to cut the leaves mto small pteces with a scalpel 
When culturmg the leaf explants with the Agrobacterza, it IS very important that 
the bacterial suspension is not too concentrated, because this will lead to an over- 
growth of the explant by bacteria, which is very difficult to kill off Therefore the 
bacterial suspension should be agitated gently (by sucking up and down with a 
pipet, to break down the clumps of bacteria) and then diluted wtth fresh LB broth 
to a final ODeoO of 1 0 
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Another important step to ensure that the bacteria do not overgrow the leaf 
explants is to remove excess bacteria by thoroughly blotting the leafs on sterile 
filter paper prior to transferring them to the shooting medium 
By sealing the plates with laboratory seahng film, a humid environment is cre- 
ated for the 2 d during which the Agrobacterlum infection takes place 
After the mfectton period, the Agrobactenum should be killed off as qutckly as 
possible This can be achieved by embedding the leaf explants well into the 
medium, and by not sealing the lids on the Petri dishes for a few days After this 
time, the lids should be sealed with laboratory sealing film again, otherwise, the 
plates ~111 dry out too rapidly, but this ttme, cut small slits m the laboratory 
sealing film to allow gas exchange to occur freely 
If, while waiting for the transformed shoots to appear, the plates do become over- 
grown wtth bacteria, then transfer the leaves to fresh plates The leaves ~111 have 
expanded considerably and will have become wrinkled, they will therefore have 
come out of contact with the medium, so, when transferring the ttssue, try to 
embed the edges mto the medmm 
Ideally only remove shoots that have regenerated from the edges of the explants 
that are tn good contact wtth the medium, and, therefore, are kanamycm-rests- 
tant It is usual for the edges of the explant to curl away from the medium, thus 
mcreasmg the opportumty for escapes, but only shoots that are kanamycm-rests- 
tant will produce roots in the rooting medium (which contains kanamycm) 
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Genetic Transformation of Wheat 

Dong-Fang Chen 

1. Introduction 
Genetic transformation of plants 1s a technique by which foreign DNA is 

introduced into plant cells, leading to regeneration of transgemc plants, with 
new features resulting from integration and expression of the foreign DNA 
This technique has become an indispensable tool, both for plant 
brotechnologrsts to mcorporate agronomrcally useful genes mto crops, and for 
plant molecular btologrsts to test a particular structural gene or promoter m 
plant cells. Plant vnologrsts use this technique to study the relatronshrp between 
a viral pathogen and Its host, and to introduce antiviral genes mto plants to 
combat viral diseases. 

Wheat (Trzt~um aestwam L ) IS the world’s largest crop m total productron 
and area. However, despite persistent attempts by numerous laboratories over 
many years, a technique for successful wheat transformation was reported only 
very recently. The first transformed wheat plant was reported m 1992 (1,2); 
since then, three other groups have obtamed fertile transgemc plants, mdepen- 
dently (3-5). There are three common technical features m these reports. First, 
immature embryos were used as starting materials. This 1s because wheat 
immature embryo cultures give rrse to a very large number of healthy 
regenerants within the shortest tissue-culture period. The regeneration IS usu- 
ally initiated from the scutellum tissue through formation of embryogemc cal- 
lus and somatic embryogenesrs. Second, microproJectile bombardment method 
was used as a means of DNA delivery. With this method, DNA was coated onto 
very fine heavy metal particles (ca. 1 pm m diameter), which were then accel- 
erated at high speed by compressed hehum gas or gunpowder cartridges toward 
plant cells, Such high-speed partrcles could penetrate the cell walls and deliver 
DNA into plant cells. Although such a way of delivermg DNA into plant cells 
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appeared to be a very crude method when it was first pubhshed m 1987 (61, Its 
potential and effectiveness have become increasingly recognized. For wheat 
transformation, because there is no versatile blologlcal vector avallable, and 
wheat protoplast culture IS still an empirical, time-consummg, and genotype- 
dependent procedure, the mlcroproJectlle bombardment of intact tissue, par- 
ticularly scutellum, became a favorable choice Third, the bar gene, which 
encodes phosphmothricm acetyltransferase (PAT), was used as the selectable 
marker, and corresponding substrate, L-phosphmothncm (L-PPT), was used as 
the selective agent. Although this herblclde selection system does not provide a 
very “tight” selectlon, It has been shown to be more effective than some antlbl- 
otlc selection systems tested. The wheat transformation technique described 
here 1s a detailed presentation of these three features, supplemented by the 
author’s relevant research experience over many years. 

2. Materials 
To mamtam a steady supply of plant material, wheat plants (see Note 1) are grown 
m a greenhouse or growth chamber at regular Intervals, m 6 mch diameter plastic 
pots tilled with pottmg mixture (Ready Earth from W R Grace or Fisons M2 or 
F3 compost) Greenhouse and/or growth chamber condltlons are as follows the 
first 40 d at 1 Y/l 2°C dimght temperature and 1 O-h photoperlod (300 pm/m*/s), 
followed by maintenance at 2 1 “/I 8°C d/mght temperature and 16-h photoperlod 
(300 Cun/m*/s) Plants are watered every second day and fertlllzed once a week 
with 0 4 g/L of soluble greenhouse fertlhzer (see Note 2) Plant spikes are tagged 
on the first day of anthesIs, so that seeds contammg Immature embryos at correct 
stage for culture can be collected later. 
Plasmld DNA, containing a selectable marker (e g , bar), a reporter (e g , gusA), 
and genes of interest (e g , a piece of viral genome sequences encoding coat pro- 
tern [CP] or rephcase), IS prepared at a concentration of 1 0 pg/pL m sterile dH20 
Good quality DNA (free from RNA and protem contammatlon) should be used 
(see Note 3). Store DNA solution at -20°C 
The Blohstlc PDS-lOOO/He Particle Delivery System (Blo-Rad), or a blollstlc 
device using gunpowder cartrldge IS needed (see Note 4) The blohstlc device 
should be situated m lammar flow hood, and the sample chamber of the device 
should be kept sterile by spraymg 70% ethanol before and after use Rupture disk 
holder, rupture disks, parts for assembling stopping plate, and sample plate should 
be sterlhzed m 70% ethanol and kept under aseptlc condltlons 
Tungsten or gold particles, 1.0 pm m diameter, are usually used (see Note 5). 
Particles m 60-mg ahquot are washed m 100% ethanol (HPLC or spectrophotom- 
eter grade) m a 1 5-mL microcentrifuge tube, then suspended m 1 mL sterile 
dHzO A 50-pL ahquot (for 48 bombardments) of the particle suspension IS 
plpeted mto mlcrocentrlfuge tubes (1 5 mL), while vortexmg the suspension con- 
tinually The tungsten particle ahquots should be stored at -20°C to prevent 0x1- 
datlon, gold particle allquots can be stored at 4°C 
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5 DNA coating solutions Prepare 2 5M CaC& and 0 1M spermrdme (free base) 
solutions m dtsttlled water Falter-stertllze both soluttons Spermme at the same 
concentratron can be used as a substitute for spermtdme 

6 Media for mnnature embryo culture are as follows The basic medium 1s MS 
basal medium (Imperial) supplemented by 30 g/L sucrose, 100 mg/L mosnol 
(MSO), and 1 or 2 mg/L (MS 1 or MS2) 2,4-dichlorophenoxyacetlc acid (2,4-D) 
For shoot regeneration, MS0 without any phytohormones or wtth 1 mg/L each of 
indole acettc acid and zeatm 1s used (see Note 6). For root formation, half-strength 
MS0 medium (l/2 MS) is used The media are adjusted to pH 5 8 using 1M HCL 
or KOH, solidified with 0 25% gelrtte, sterilized using autoclaves at 120°C for 
20 mm, and are poured mto 9-cm Petri dishes or Magenta cultural vessels For 
selection, add 5 mL or 10 mL L-PPT stock solution (see Subheading 3.8.) mto 
MS0 or l/2 MS media, mix well, and pour them mto 9-cm Petri dishes or Ma- 
genta culture vessels 

7 @Glucuromdase (GUS) hrstochernical assay solutron 0 5 mg/mL 5-bromo-4- 
chloro-3-mdolyl-P-o-glucuromde (x-glut) Dissolve 25 mg x-glut in 3 mL 
dtmethy sulfoxide (DMSO) m a lOO-mL beaker, add 50 mMof pH 7 0 phosphate 
buffer wtth 0 01% Trtton X-100, to a final volume to 50 mL Filter-sterthze the 
solutton and store at -20°C 

8. Selection stock solution 1 mg/mL, L-phosphmothrtcm (L-PPT) stock solutton m 
dH20 (see Note 7) Filter-sterthze the stock solutton and store at -20°C 

3. Methods 
3.1. Preparing Wheat lmma ture Embryos 

1 Collect immature seeds 12-14 d after anthesis and surface-sterilize the seeds 
using 10% Domestos for 20 mm, followed by thorough rinsing with sterile water 

2 Dissect the seeds to excise Immature embryos, usmg fine needles under a low- 
power (magnification x 16) stereo microscope placed m a lammar flow hood 
Immature embryos at this stage are about 1.0-l .2 mm long and semitransparent 
(see Note 8) 

3. Place the immature embryos on the MS2 medium, with the axis m contact with 
medium (the scutellum facing upward), 2&30 embryos as a cluster m the mtddle 
of a Petri dish (see Note 9) 

4. Preculture the embryos at 25°C m darkness for 2 d before they are subjected to 
bombardment 

3.2. DNA Coating and Loading 
1 To an ahquot of 50 pL of the particle solution m a 1 5-mL microcentrifuge tube, 

add, m order, under contmuous vortexmg, 5 pL of DNA, 50 pL of CaCl,, and 20 
pL of spermtdine, and continue vortexmg for 5 mm 

2 Spin the mrcrocarrrers (the DNA-coated particles) in a microcentrifuge for 20 s; 
remove and discard as much supernatant as possible 

3 Wash the mrcrocarrters with 250 pL of 100% ethanol (HPLC or spectropho- 
tometer grade) by vortexmg briefly, and centrifuge for 20 s, remove and dts- 
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card the supernatant; resuspend the mlcrocarrlers m 60 pL of 100% ethanol 
(see Note 10a) 

4. Pipet 6 pL of the mlcrocarrler suspension onto the center of the macrocarrler 
already installed m the macrocamer holder 

5. Let microcarrler/macrocarrrler dry m a low-humidity and vibration-free envlron- 
ment for about 1 mm To obtain the best results, use the prepared macrocarriers 
as soon as possible (see Note lob) 

3.3. Microprojectile Bombardment 

Caution: Safety glasses should be worn by everyone in the area when the 
PDS-1 OOO/He or a different biollstlc device is being operated. The procedures 
described below are for the use of the PDS- 1 OOO/He. 

Set the helium pressure at 1300 PSI (or another pressure 200 PSI above the 
burst pressure of the selected rupture disk) by turning the regulator adjusting- 
screw clockwise 
Place an 1 lOO-PSI rupture disk m the rupture disk retammg cap, screw, and tlghten 
the cap onto the gas acceleration tube (see Note 11) 
Place a sterile stopping screen on the stopping screen support (see Note 12) 
Install the macrocarrier holder with macrocarrier on the top rim of the fixed nest 
The microcarriers should be facing down toward the stopping screen Place the 
macrocarrier cover lid on the assembly and turn clockwise untd snug Place the 
macrocarrier launch assembly m the second slot from the top In the sample chamber 
Place the precultured wheat embryos (in a Petri dish without the lid) at a distance 
of 13 cm from the stopping plate and close the sample chamber door tightly 
Turn the vacuum pump on Set the VACUUM switch on the PDS- 1 OOO/He to the 
VAC position to evacuate the sample chamber to 26-28 m of mercury Put the 
vacuum switch m the HOLD position. 

6. Press and hold the FIRE switch until the rupture disk ruptures (see Note 13), 
release the FIRE switch unmedlately after the disk ruptures 

7 Release the vacuum m the sample chamber by setting the VACUUM switch to 
the VENT position 

8. Open the chamber door, remove and cover the Petri dish 
9 Reassemble rupture disk and mlcrocarrier launch assembly for next bombard- 

ment (see Note 14) 

3.4. Recovery of Bombarded Embryos and Assessment 
of DNA Delivery 

1 Rearrange the treated embryos by placing 10 of them m a Petri dish contammg 
fresh MS2 medium, grow them m darkness at 25°C for 2 d 

2 If the gusA gene IS used as a reporter (see Note 15a), take a few embryos for GUS 
hlstochemlcal stammg using the x-glut solution (7). Incubate the embryos m the 
x-glut solution for 12-l 8 h at 37’C, then transfer the embryos mto 70% ethanol 
for fixation As a result of delivery and expression of the gusA gene, blue spots 
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(singles cells or cell clusters) ~111 appear on the scutellum tissue of the embryos 
after stammg Record the number and dtstrlbutton of the blue spots (per embryo 
or per bombardment) to obtam transtent gene expression frequency data Such data 
provide informatton on the effectrveness of the DNA delivery (see Note 15b) 

3. Continue to culture the rest of the bombarded embryos at 25’C in darkness for 
another 2 wk 

3.5. Selection and Regeneration of Transformed Shoots 

1 After 2-3 wk culture, callus will form from the scutellum tissue of the immature 
embryos Transfer these embryo-callus cultures to MS1 medium contaming 5 
mg/L L-PPT m 9-cm Petri dishes and place the cultures at 25°C under fluorescent 
light (3000 lux for 16 h). Presence of L-PPT m the MS1 medmm allows trans- 
formed cells and cell clusters to prohferate, while suppressmg the growth of the 
untransformed cells (see Note 16) 

2. Allow these embryo-callus cultures to grow for another 2-3 wk, somattc embryo 
structures and green spots will appear on some of the callt. Transfer these 
call1 to MS0 medium contammg 5 mg/L L-PPT m 9-cm Petri dishes for shoot 
development, leave the rest of the call1 to contmue to grow untti they form 
morphogemc structures 

3.6. Selection and Regeneration of Plantlets 

After a further 2-4 wk, shoots will form on the L-PPT contammg MS0 medium 
Shoots normally grow m clumps. When thetr leaves reach l-2 cm, dissect the 
shoot clumps mto mdtvtdual shoots, transfer them mto l/2 MS medium contam- 
ing 10 mg/L L-PPT m Magenta culture vessels (4-5 shoots mto a box), and cul- 
ture them under the same growth condmon 
Truly transformed shoots will produce healthy roots at the base of the shoots, to 
form the transgemc plantlets (To plantlets). Allow the T, plantlets to grow until 
thetr leaves reach to the lid of the Magenta culture vessel A small proportion of 
untransformed shoots, whtch escaped from the first two rounds of selectton, ~111 
have bleached leaves and will not form healthy root system (see Note 17) 
For wmter varietres, the Tc plantlets can be vernahzed at 4°C for 4-8 wk at 
this stage 

3.7. Growth of TO Plants Into Maturity 

1 Gently pull the plantlets out of the Magenta culture vessel. Wrth great care, wash 
away with tap water the Gelrne or agarose surrounding the roots, so that the root 
system is not damaged 

2. Transfer the plantlets into pots contammg Fisons F3 (Fisons) compost. It IS use- 
ful to provide these plantlets wtth a low-humidity condrtion (about 3@-50%) m a 
growth chamber for l-2 wk, then transfer them mto a contained greenhouse 

3 Maintain these plants m the greenhouse condmon as descrtbed above (see Sub- 
heading 2., item 1) Cover all of the spikes of the To transgenic plants with cross- 
ing bags during the flowering stage (see Note 18) 
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4. For the maturatton of the seeds of the T, plants (T, seeds), cease to water, and 
feed the plants 30 d after the pollmatron 

5 Harvest and label the T, seeds from each mdlvrdual spike 
6. Autoclave the rest of naturally drted plant parts (straw, old leaves, and roots) and 

compost for disposal 

3.8. Phenotypic, Genetic, and Molecular Analyses 
of Transgenic Plants and Their Progenies 

1 For phenotypic and genetic analyses, germinate the T, seeds (and some 
untransformed seeds as negative control) m 9-cm Petri dishes contammg L-PPT 
solutron (10 mg/L, soaked m filter paper) The seeds that have the functronal bar 
gene will germinate and produce normal seedlings, but the seeds that do not 
have the bar gene ~111 produce stunted and bleached leaves wlthout a healthy 
root system 

2 Collect mformatron about the germmatron frequency based on seeds from mdi- 
vrdual spikes If a single Locus Integration of the bar gene had occurred m 
the T, plants, a typical Mendelian segregation of 3.1 (reslstant*sensrtrve) 
would be observed 

3 An alternatrve test 1s to germinate the T, seeds m sol1 and grow the seedlmgs for 
3-5 wk, then spray the seedlings with 2% Basta. The sensmve plants wrll show 
bleached leaves a few days after the spraying and subsequently be killed, but the 
resrstant plants will grow normally The ratio of resistant to sensmve plants would 
be 3 1, rf transgenes are Integrated at a smgle Locus (see Note 19) 

4 Choose L-PPT or Basta resrstance plants, collect plant parts at different stages of 
development, e g , leaf, root, ovary, anther, and mrcrospore, for GUS assays (see 
Subheading 3.4.2.) 

5 Detection of PAT enzyme activity can also be conducted (I!?) m the L-PPT-resls- 
tant To and T, plants. 

6. Southern hybrldizatron and polymerase chain reactton (PCR) analyses to con- 
firm stable integration and desired expressron of the transgenes (see Note 20 and 
Chapters 4 143). 

7 Northern hybrrdrzatron analysrs to detect the transcripts of the transgenes (see 
Chapter 44) 

8 To detect the product of a particular transgene, which IS not readrly detectable 
using enzymattc assays, e g , viral CP or replmase, the Western hybrldrzatron 
analysis IS necessary (see Chapter 45) 

4. Notes 

1 The choice of wheat varrety for the transfommatron test 1s important. So far, only 
those varieties that are hrghly regenerable under trssue culture condrtrons, are 
smtable for transformatton tests. The varieties that are shown to be amenable to 
transformation include the followmg varieties Bob Whrte, Pavon, RH770019, 
Florida, and Frelder If transformation targets are commercial vanetres, rt 1s rec- 
ommended that a regeneration test IS carried out m advance 



Genetic Transformation of Wheat 379 

2 

3 

4 

5 

6. 

7. 

8 

9 

10 

Winter wheat varieties require vemalizatton treatment at a young seedling 
stage (4-28 d after germmatton). The wheat seedlmgs are placed m cold room or 
refrigerator at 4°C for 6-8 wk before they are transferred to a greenhouse or 
growth chamber. 
To mamtam wheat plants free from pests and diseases, spraying msectrcrde and 
fungtctde IS somettmes necessary. 
Contammatton by RNA and/or proteins m DNA samples affects the quality of 
DNA coating onto the particles RNase (DNase-free) and protease K can be used 
to remove RNA and protein contammatton, respectively It IS recommended to 
check the plasmtd DNA’s purity using agarose gel electrophoresis before coat- 
ing The form of DNA can be either supercooled or linear 
If a gunpowder cartridge devrce IS used, mstallatron of a nylon membrane 
(250-e meshes) between the stopping plate and the sample plate m the sample 
chamber IS recommended Thus could reduce the cell damage caused by the shock 
wave and gunpowder residues. 
The choice of particles (gold or tungsten) 1s a matter of personal preference No 
difference at a transient gene expression level was observed after comparison of 
the two types of parttcles for DNA delivery into wheat and other cereal cells 
(Chen and Dale, unpubhshed data) Electron-mlcroscoptc exammatton showed 
that gold particles were spherical and umform, while tungsten parttcles were less 
umfomm m size and polygon n-r shape. Gold parttcles, however, are about 120 
times more expensive than tungsten parttcles (Bio-Rad) 
Although most wheat varieties respond to an order of culture on MS2, MS 1, and 
MS0 media by regeneratton through somatic embryogenests, some varieties may 
require special media for a higher frequency of regeneratron. The L3 medium (4) 
has been used to promote regeneration. 
L-phosphmothrtcm (Sherman) 1s the actrve mgredtent of the herbicide Basta 
Basta can also be used as a selective agent Proper converston to obtain the cor- 
rect concentratton of an active mgredtent is needed when usmg Basta 
Seeds at different posmons along the spoke mature at a dtfferent rate Seeds at the 
central part of the spike normally mature earlier than those at the temmmal posl- 
ttons. Therefore, munature embryos harvested 12-14 d after anthests often show 
different sizes and colors, which represent dtfferent degrees of maturity. Embryos 
longer than 13 mm, with opaque white color, are too old to be cultured (they ~111 
germinate on medium), and embryos less than 10 mm, wrth total transparency 
color, are too young to be cultured. 
Because of the low transformatton frequency when using mrcroproJecttle bom- 
bardment, 60&1000 immature embryos are usually needed to produce one or a 
few transgemc plants for testing one DNA construct 
a. Coating of DNA onto the particles occurs more evenly tf the preparatron IS 
kept under contmuous agttatton. This can be achieved by usmg a multrple-place- 
ment platform attachment head on a vortex mixer Once CaCl* IS added to the 
mixture, particle-DNA aggregates wrll form. Contmuous vortexmg at thts stage, 
and further vortexmg after adding spermtdine, are very tmportant. After adding 
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ethanol to the microcarriers, the aggregates should become dispersed again If 
large aggregates persist, it may mean that either DNA was not sufficiently clean 
or DNA concentration is too high Presence of the microcarrier aggregates affects 
the evenness of loading the microcarriers onto macrocarriers 
b To obtain uniform amounts of microcarriers, all pipetmg should be done from 
a conttnuously vortexed tube. Pipetmg should be done rapidly, because 
microcarriers settle out quickly, even in the pipet tip Dispense the microcarrlers 
onto the macrocarriers and allow them to dry only m a vibrationless envnon- 
ment, because vibration enhances the agglomeration of microcarriers High 
humidity results m rapid water absorption by the ethanol, resultmg m slower 
drying This can lead to serious agglomeration of the microcarriers 
If the retaining cap is not tightened sufficiently, the rupture disk may slip out of 
place before it ruptures This will not properly launch the macrocarrier to accel- 
erate the mtcrocarriers The rupture disks should not be handled with bare hands 
at any stage, because the grease and sweat left on the disk prevent tt from holdmg 
its posttton properly, even when the cap is tightened To remove grease or dust, 
the disk can be soaked m tsopropanol or pure ethanol nnmediately before use 
Occasionally, the operator forgets to put the stopping screen m the stoppmg screen 
support. When the rupture disk bursts, this ~111 cause the macrocarrier to pass 
straight through the stopping plate, which destroys the sample Therefore, always 
double-check the placement of the stopping screen 
A metering valve is installed m the solenoid valve assembly to control the rate of 
fill of the gas acceleration tube It should take about 12-15 s to fill to bursting 
pressure The gage at the top of the acceleration tube should be observed A more 
rapid till rate may result m what appears to be a lower bursting pressure, because 
of gage lag The metering valve is preset, but may be adlusted, if desired. 
If necessary (e g , to test transient gene expression), multiple bombardments can 
be applied to the same sample More DNA particles will be delivered to the target 
tissues, but cell damage caused by more particles, multiple shock wave, and 
vacuum, IS more severe Control samples should also be set up at this stage, I e 
immature embryos bombarded with particles coated with the calf thymus DNA 
a Although gusA gene is the most widely used reporter gene for plant transfor- 
mation test, maize CI/Lc genes (9,10) can also serve as reporter for wheat trans- 
formation (11) The CI/Lc genes encode trans-factors, which regulate 
anthocyanm biosynthesis m maize. Delivery and expressron of the Cl/Lc genes 
mto wheat cells results m cell-autonomous coloration (m most cases, red color) 
The advantages of usmg such a reporter system are. Gene expression can be eas- 
11y visualized on target tissues and cells without using a destructive assay, cell- 
autonomous coloration allows more accurate countmg of the gene expression 
events, it represents a more accurate esttmatlon of DNA delivery events than the 
gusA gene m wheat. But the disadvantage of using this reporter system is that it 
can only be used as a marker for transient gene expresston, because these regula- 
tory genes could impinge upon other cellular and physiological processes This 
requires the CI/Lc genes to be coated on particles separately from the target genes 
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b If no or few blue spots were observed after x-glut stammg, tt may mean that 
DNA coatmg or bombardment parameters (rupture pressure, dtstance between 
the sample and the stopping plate, and the macrocarrter travel distance, and so 
on) were not optimal 
Imposrtion of selection can be earlier or later than the time specified here The 
earliest selection may be applied 2 d after bombardment The late selectton may 
be applted at the plantlet stage, which IS about 6-8 wk after bombardment The 
early selectton normally provides a tight procedure to catch the transformants, 
but it may reduce regeneration frequency as a result of suppressing the prohfera- 
tton of the maJortty of the untransformed cells The late selection gives all the 
cultured ttssues a maximum opportumty to regenerate, but unavoidably allows 
some untransformed shoots to escape the selection 
Observatton of root formation from the preselected shoots on the l/2 MS medium 
with 10 mg/L of L-PPT helps to recognize the true T, plantlets The roots of 
the real transformants will grow mto the medtum and develop lateral roots at 
the bottom of the culture vessel; the escapes or chtmeric transformants will have 
poor mittatton of roots, which cease to grow when the root bps touch to the sur- 
face of the selection medium At this stage, small sections of leaves or roots from 
the plantlets can be collected for GUS htstologtcal assay, which will provide fur- 
ther informatton about the stable transformation status 
Although wheat IS an Inbred spectes, to avotd possible gene&al comphcatron m 
the transgemc progeny resulting from crosspollmatton between mdtvtdual trans- 
gemc plants, tt 1s necessary to bag the flowermg spikes 
Further genettcal analysts of the T, plants by crossing them with the wild-type 
plants IS sometimes necessary This test is parttcularly useful m obtammg genetic 
mformatton from those T, plants that have multiple copies of the transgene mte- 
grated mto different posmons on the nuclear genome 
In the Southern hybridization analysts (see Chapters 41 and 43) of transformed 
plants derived from the direct DNA delivery, tt 1s often observed that common 
rearrangement patterns of transgenes obscures the hybrtdtzatton pattern of the 
mtegratton The Dpn 1-atd Southern hybrtdtzatton technique (12) may be used to 
remove all the possible N6-methyladenine DNA 
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Production of Transgenic Rice (Oryzz~ sat&.. 
subspecies japonica cv. Taipei 309) 

Wallace G. Buchholz, Weimin Teng, Delphia Wallace, 
John R. Ambler, and Timothy C. Hall 

1. Introduction 
Oryza satwa L. has three subspecies: indica, japonica, andjavanlca Subsp 

zndrca grows well m southern temperate and tropical regions; subsp. japonzca 
grows well m cooler climates such as Japan; and subsp. Javanzca IS grown 
mostly in the Americas and Europe. Several viruses infect rice, causing devas- 
tating losses m yield. Tungro disease is caused by an association of an RNA 
genome vnus (rice tungro spherical virus) and a DNA genome vnus (rice tungro 
bacilliform virus). Estimated annual yield losses caused by Tungro vu-us mfec- 
tion of rice exceed $1.5 billion (1). Rice ragged stunt virus causes the second 
most important viral disease, with economic losses exceeding $140 milhon 
annually. Several tenutvnuses are also maJor pathogens in various rice-growing 
regions. These mclude rice grassy stunt vnus, which is prevalent m the Phihppmes, 
rice stripe vu-us, which is often found in Japan; and rice hoJa blanca vnus, which 1s 
endemrc m Latin America and occurs m sporadrc but disastrous outbreaks. Novel 
biotechnologtcal approaches for resistance, using various pathogen-derived genes, 
are being explored (2). The production and thorough molecular analysis of 
transgemc plants by methods such as those described m this chapter and m 
Chapter 41 are vital toward evaluation of the efficacy of these new approaches. 

The method presented m this chapter is primarily for transformation of 0 
sativa subsp.Japonica cv Taipei 309 (T309) by particle bombardment (3) 
using the commercially available helium-driven PDS lOOO/He system (E. I du 
Pont de Nemours, Wilmington, DE). Discussions of the biolistics process and 
opttmization of conditions have been presented (4,5), and an excellent mono- 
graph of rice anatomy has been published (6). 

From Methods m Molecular Bfology, Vol 81 Plant Virology Protocols 
From Vms lsotatron to Transgenrc Resk5k3nce 
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A major advantage of the btohsttcs system IS that rt 1s useful for a wider 
range of culttvars than other systems currently available for stable transforma- 
tion of rice. For instance, transformatron and regeneration have been success- 
ful using a subsp.javanzca culttvar, Gulfmont (W Teng, W. G. Buchholz, and 
T. C. Hall, unpublished), and a subsp. indzca culttvar, TN1 (71, by the biohsttcs 
approach. Although tt IS less genotype-dependent than other available meth- 
ods, blolisttcs IS still limited to those cultrvars that are amenable to regenera- 
tion from tissue-culture. The major disadvantage of the biobstics system 1s the 
same as that for all other direct DNA uptake systems; fragmentation and rear- 
rangement of input DNA leads to msertton of functtonally intact genes of mter- 
est at relatively low frequencies (approx l-2% of transformants). 

Two other systems have been developed for stable transformatton of rice* 
direct DNA uptake by protoplasts and Agrobactenum-mediated transforma- 
tion Protoplast transformanon has received much attention and depends on 
physical (e.g., electroporatton [8,9/) or chemical (e.g., polyethylene glycol 
[PEG] (IO/) means to stimulate DNA uptake. Electroporatlon-mediated trans- 
formatton, with which we have many years experience (II), can be an efficient 
way to produce large numbers of independently transformed plants with rela- 
tively low numbers of copies of the genes of interest. Stmtlarly, PEG-mediated 
transformation produces many transformants, but, m our hands, the number of 
copies of the introduced genes tends to be very high. The prtmary dtsadvan- 
tages to protoplast systems are that they are currently limited to only a few 
cultrvars, they are labor intensive, and the embryogenic cultures are extremely 
sensitive to environmental fluctuattons and equipment failures. Also, depend- 
mg on the culture and its age, the frequencies of cell-wall regeneration from 
protoplasts, plant regeneration from calh, and ferttltty vary widely from one 
experiment to the next 

Though highly sought after, Agrobacterium-mediated transformation of 
rice was not convmcmgly shown until recently (22). Using the same bacte- 
rial strains and plasmlds as that study, we have successfully repeated trans- 
formation of rice callus tissue and have regenerated transgemc plants (13) 
This IS an exciting development, because of the very desirable characteris- 
tic of the Agrobacterrum system m which a discrete portion of DNA 1s mte- 
grated into the genome. This yields a hrgh frequency of cotransformatton 
of an intact copy of the gene of interest with the selectable marker. It 
remains to be seen whether the Agrobacterium system will be highly geno- 
type dependent. 

The protocol presented below, although workable and currently producmg 
transgemc rice plants from approx 10% of the bombarded embryos, should be 
taken as a starting point. As with any methodology, this protocol contmues to 
evolve as more experience IS gamed and as more parameters are varied and 



Production of Transgenic Rice 385 

optimized. Using the stated condltlons, the approximate time from isolation of 
embryos to having transgemc seed from Taipei 309 varies from 6 to 9 mo. 

2. Materials 
2.7. Embryo /so/a tion 

1 Single-edge razor blades 
2 Bleach (50%), prepared by d1lutmg commercial bleach (5 25% HClO) with an 

equal volume of sterile water Just prior to use Add two drops of Tween-20 
per 100 mL 

3 Sterile Jewelers forceps (e g , cat no. 4380, Ha1mlton Bell, Montvale, NJ). 
4 Betadine (10% Iodine antiseptic solution) 
5 Sterile 100 x 15-mm culture plates. 
6 Sterile 100 x 25-mm culture plates 
7 Ethanol (EtOH, 70%) 1n a spray bottle. 
8 LS 2 5 ussue-culture medium (24) 

a To 990 mL ultrapure H20, add the followmg, with stirring 1 package 
Murashlge & Skoog Salt Mixture (/25/, cat. no 11117-066, Glbco-BRL, 
Gaithersburg, MD), 30 g sucrose, 100 mg myo-mosnol, 0 4 mg thiamine-HCI 
(0 4 mL of a 1 -mg/mL solution in H20), 2 5 mL of a 1 -mg/mL 2,4-D solution 
(2,4-dlchlorophenoxyacet1c acid, cat no D 8407, Sigma, St LOUIS, MO, d1s- 
solved 1n 0 02M NaOH or 95% EtOH) AdJust pH to 5 8 with 0 5M KOH 

b Add 3 85 g agarose (Sigma Type I, cat no A6013) per 1-L media bottle, and 
add medium 

c Leave bottle 11d loose, cover 11d and neck with aluminum foil, and autoclave 
(12 1°C 25 min, liquid cycle) After autoclavlng, swirl medium to evenly d1s- 
tribute agarose and cool to 50°C. 

d. Transfer bottles to a lammar flow hood, spray, and wipe with 70% EtOH 
e If needed, add filter sterlhzed selective agent (e g , 4 mg blalaphos/L; see 

Subheading 2.3.) 
f. Pour approx 20-25 mL per 100 x 15-n-m plate used for embryo isolation and 

bombardment For selection plates, pour approx 50 mL per 100 x 25-mm plate 
g Label plates and leave overnight m a lammar flow hood (with fan off) to dry 

2.2. Biolistics (Four Plates of Embryos, Four Shots Per Plate) 

1 B1o-Rad helium-driven PDS 1 OOO/He system 
2 Grade 5 helium gas 1n a cylinder with at least 1500 ps1 
3 250 mL 70% EtOH, prepared Just prior to use 
4 100 x 25-mm sterile tissue-culture plates 
5 Eight 1 l OO-psi burst disks (Blo-Rad) 
6 Eight 1300-ps1 burst disks (Blo-Rad) 
7 Sixteen macrocarrier holders (Bio-Rad) 
8 SIxteen macrocarr1ers (Blo-Rad) 
9 SIxteen stop screens (B1o-Rad) 
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16 CaC12 (2 5M), filter-sterilize, and store at -2O”C, stable for months 
17 50% Glycerol, filter-sterilize, make up as needed 

Macrocarrler loader (Blo-Rad) 
Box of laboratory wipes (KImwIpes) wrapped m alummum foil and autoclaved 
Gold mlcrocarrlers (1 .O pm) (Blo-Rad) 
Plasmld DNA encodmg a chlmerlc phosphmothrlcm acetyl transferase gene (16) 
(e g , we have used either the CaMV 35s [Huntley and Hall, m preparation] or 
maize ublqultm 1 [Christensen and Quail, m preparation] promoter, coupled with 
the nopalme synthase polyadenylatlon signal, to drive expression m rice) 
Plasmld DNA encoding the gene of interest to be Introduced 
0 1MSpermldme Dissolve the free base m water, filter-sterlllze, and store at 
-20°C Discard after l-2 mo 

2.3. Selection and Regeneration 

1 LS 2 5 tissue-culture medium supplemented with 4 mg/L blalaphos. 
2 MSD4 tissue-culture medium 

a To 985 mL ultrapure H,O, add the following with stirring 1 package 
Murashlge and Skoog Salt Mixture uZS/, Glbco-BRL, cat no 11117-066), 
30 g sucrose, 100 mg myo-mosltol, 1 mL of MS vitamins + glycme (1000 X 
stock, see below), 0 5 mL BAP (6-benzylammopurme, Sigma cat no B 9395, 
1 mg/mL stock m 0 1M HCl), 50 pL NAA (naphthalene acetic acid, Sigma 
cat. no. N 0640, 1 mg/mL stock m EtOH). Adjust pH to 5 80 with 0 SMKOH 
Add 3 85 g agarose (Sigma Type I, cat no A60 13) per 1 -L media bottle, and 
add medium. Cover bottle lid and neck with foil, leave lid loose, and auto- 
clave (121”C, 25 mm) After autoclavmg, swirl medium to evenly dlstrlbute 
agarose and cool to 50°C Transfer bottles to a lammar flow hood, spray, and 
wipe with 70% EtOH Pour approx 50 mL per 100 x 25-mm plate Leave 
plates overnight m lammar flow hood (with fan turned off) to dry 

b MS vitamins + glycme (1000X stock, store at -20°C, stable for months). To 
50 mL ultrapure H,O, add the following, with stlrrmg 25 mg mcotmlc acid, 
25 mg pyrldoxme HCl, 5 mg thlamme-HCl, 100 mg glycme. 

3 MS0 medium: Prepare as for MSD4, except omit BAP and NAA After adding 
the agarose and medium to the media bottle, fully dissolve the agarose by heatmg 
(Phytagel, Sigma cat no P 8 169 may be substituted for agarose) Allquot 60-65 
mL per Magenta box (Sigma cat no. VSSOS) and put the box lids on Autoclave 
(121”C, 25 mm) and transfer Magenta boxes directly to a lammar flow hood to 
cool. Stacking boxes helps ellmmate condensation on the lids 

2.4. Want Growth 
1. Shredded pasteurized peat moss 
2 Coarse vermiculite 
3. l-gal Plastic pots 
4 12 x 2-m Round trays 
5 1 x 2-mm Mesh nylon screen 
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Table 1 
Mikkelson’s Nutrient Solutiona 

Constituent 
Stock solutton, 

g/L 

Nutrient solutton, 
mL stock solutron/L 

KNOs 
Ca(NO& 4H20 
NH4H2P04 
MgS04 * 7Hz0 
Mtcronutrtent stock solutron 
Iron cheleate 330 

101 1 
236 2 
115.1 
246 5 

b 

c 

60 
40 
2.0 
10 
10 

02i.3 

OMake a separate stock solution of mIcronutrIents and each macronutrlent Dilute stock 
solutions to prepare final nutrient solution 

hFor mlcronutrlent stock solution, dissolve the followmg m 1 L water while mixing 
3 728 g KCl, 1 546 g HjB03, 0 338 g MnS04 4H20, 0 575 g ZnS04, 0 125 g CuS04 5H20, 
0 08 1 g H2Mo04 (85% MOO,) 

‘Add iron cheleate as a sohd to the final nutrient solution 

6. Reverse osmoses purtfied or detonized water. 
7 l-gal Plastrc bags (e g , Ztplock freezer bags, Dow, -11 x 11 m ,2 7 mtl) 
8 Mtkkelson’s (I 7) nutrtent solution (see Table 1) 

3. Methods 

3.1. Preparation of Embryos 
1 Collect panicles 12 d after flowering and keep the cut ends submerged m water until 

use Choose seeds that are almost fully formed and are close to the end of the mrlky 
stage The embryos should be approx 2.0 mm long (1.7-2 2 mm) (see Note 1) 

2. On a clean area, but not necessartly m a laminar flow hood, remove the sptkelet 
from the panicle by cuttmg through the rachtlla at the base of the gram. Be espe- 
cially careful to cut high enough to facilitate removal of the lemma and palea, but 
low enough to avotd damaging the embryo 

3 Using a Jewelers forceps, peal away the lemma and then the palea, being careful 
not to damage the pertcarp (which should be light green) on the surface of the 
gram This can be dtfftcult, since the lemma and palea are interlocked and do not 
separate easily 

4. The dehulled seeds should be immediately submerged m sterile water and left 
there while subsequent seeds are being processed 

5. Transfer the dehulled seeds to the bleach solution (100 mL for each 1 O&l 50 
seeds) m a flask and vacuum mfiltrate (- 1 mmHg) for 5-l 0 mm, gently swnlmg 
each l-2 mm Adequate vacuum is being applied tf all the seeds mmally float 
and the surface of the liquid IS covered with tine bubbles By the end of the 
vacuum treatment, many of the seeds should smk and the bubbles on the surface 
will be much larger. 
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6 

7 

8 

9 

10 

11 

12 

13. 
14. 

After the vacuum treatment, leave seeds m the bleach for another 15-20 min, 
swirling occasionally By the end of the treatment, most of the green will have 
been bleached from the perrcarp 
Transfer the flask to a tissue-culture hood; spray the flask and all materials mtro- 
duced mto the hood with 70% EtOH Wash hands and forearms wrth Betadme 
and use aseptic techmque for subsequent mampulahons 
Decant the bleach, discarding any seeds that float (these tend to have undersize 
embryos), and distribute 75-l 00 seeds per 100 x 25-mm tissue-culture dish Add 
25-30 mL sterile water to each culture dish and gently shake until all the seeds 
are submerged Thoroughly decant the water and repeat this wash for a total of at 
least three washes 
Transfer approximately five seeds to a sterile 100 x 15-mm tissue-culture dish lid 
or bottom 
Hold a seed with the tips of one forceps and use the other to carefully peal the 
perrcarp from the embryo end of the seed Puncture the seed coat (testa and 
exosperm layers) and dislodge the embryo from the endosperm. 
Place the embryo on LS2 5 medium so that the flat side (plumule and radrcle 
side) is m contact with the medium and the scutellum is up 
Repeat steps 9-l 1, arranging 4&60 embryos m a rectangular pattern centered m 
the dish 
Incubate overnight at 26°C m the dark 
Examine for contammatron and, if present, subculture axemc embryos onto fresh 
plates Be careful not to mistake endosperm starch granules for contaminants 

3.2. Preparation for Biolistics 
It is assumed anyone using a PDSlOOO/He btoltstics system for bombard- 

ment of rice tissues has access to the Bio-Rad operation manual. Therefore, 
details of the basrc operation of the system will not be covered here. Rather, the 
following protocol will only discuss details and variables, as needed, to clarify 
the rice transformation process. 

All the followmg steps (until the plants are put mto soil) must be done with 
aseptic technique m a lammar flow or btocontamment hood It cannot be over- 
emphasized that one of the primary reasons for failure of an experiment is 
contamination. 

Preparation of microcarriers can be done several days in advance and, as 
indicated above, embryo isolation should be done l-2 d rn advance, m order to 
detect and mmtmtze contammatton. The microcarriers should not be coated 
with DNA until Just prior to bombardment 

1. Thoroughly spray the btohstics apparatus and the interior of the hood with 70% 
EtOH. If possible, also irradiate the contents of the hood with a germmrdal lamp 

2. Distribute the burst disks, stop screens, macrocarrier holders, macrocarrrers, 
and macrocarrier loader mto 100 x 25-mm culture dishes and cover them with 
70% EtOH 
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3 Allow all components, except the burst disks, to soak for at least 1 h to sterlhze 
Sterlhze the burst disks by soaking for 5 mm. After stenhzatlon, transfer all com- 
ponents to a layer of autoclaved wipes to dry 

3.2.1. Preparation of Microcarriers 

The followmg method IS modified slightly from that of Heuser (5) and was 
origmally developed by Sanford et al. (4). It allows the preparation of 30 mg of 
particles, which would be adequate for 50 mdivldual bombardments. We usu- 
ally prepare 30 mg, since the particles can be stored for only about 3 wk at 4”C, 
or 2 wk at room temperature. For ease of handling, when 60 mg are needed, we 
prepare two tubes with 30 mg each. 

1 In a 1 5-mL mlcrocentrlfuge tube, vigorously vortex 30 mg of particles m 0 5 mL 
freshly prepared 70% EtOH for 5 mm 

2 Incubate particles at room temperature for 15 mm 
3 Microcentrifuge (15,OOOg) for 5 s and decant 
4 Wash particles three times as follows 

a Add 0.5 mL sterile water 
b. Vortex for 1 mm 
c Allow particles to settle for 1 mm 
d Microcentrifuge for 5 s and decant 

5 Add sterile 50% glycerol to brmg the particle concentration to 60 mg/mL 
6 Whde vigorously vortexmg, distribute 40-pL ahquots of particles into 1 5-mL 

mlcrocentrlfuge tubes 

3.2.2. Coating DNA on MIcrocarriers 
1 Add I and 3 & (I mg/mL) CsClz-purified plasmld encoding the btalaphos-resls- 

tance gene and the gene of interest, respectively, to a 40 pL ahquot of particles 
(see Note 2). We usually bombard with four different constructs m a given 
experiment, which results m coating four ahquots of particles at a time 

2 Place tubes on a table mixer (e g , Eppendorf Model 5432) and mix for 5 mm 
3 While vortexmg vigorously, add 40 pL CaC12 (2.5M) and then 16 pL sperml- 

dme (0 1M) 
4. Continue vigorous vortexmg for 3 mm 
5 Allow particles to settle (for at least 1 mm) while subsequent allquots are 

bemg processed. 
6 MicrocentrIfuge for 4-5 s 
7 Draw off supernatant with a plpet and discard 
8 Without disturbing pellet, add 112 pL freshly prepared 70% EtOH 
9 Draw off supernatant with a ptpet and discard 

10. Again wlthout dlsturbmg pellet, add 112 pL. 100% EtOH 
11. Draw off supernatant with a plpet and discard 
12 Suspend particles m 39 J.IL of 100% EtOH (a few mlcrohters will be lost to evapo- 

ration and 36 pL are needed) by mixing with the plpet tip and then vigorously 
plpetmg up and down 
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3.2 3. Loading Macrocarriers 
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For each construct to be bombarded, insert four stertle macrocarrters into 
macrocarrter holders, using the macrocarrter loader Rotating the loader 9&l 80 
degrees, while pressing down, helps m seating the macrocarrter Place each set of 
4 into a labeled sterile culture dash 
Place a set of four macrocarrters to be loaded with parttcles on sterile lab wtpes m 
the rear of a lammar flow hood 
With the DNA-coated parttcles evenly suspended by vtgorous vortexmg or 
ptpetmg, remove a 9-pL ahquot and quickly spread It over the central portton of 
a macrocarrter, 1 e , the area directly above the openmg m the holder The ethanol 
will qutckly evaporate (see Note 3) 
Repeat step 3, loading the other three macrocarrters with the parttcles coated 
with the same construct Once the ethanol has evaporated from the last macro- 
carrier, place all four back mto the labeled culture dish 
Repeat steps 2-4 for parttcles coated with each of the other constructs 

3.2.4. Particle Gun Parameters 
1 Rupture disk to macrocarrter gap one-eighth m 
2 Macrocarrier travel distance 6 mm 
3 Target dtstance approx 1 I cm, i e , target platform m second slot from bottom 
4 Helium pressure* We routinely bombard each set of embryos four times; twtce 

usmg 1 1 00-psi burst drsks, then twice using 1300-ps1 burst disks. 
5 Chamber vacuum 26 m Hg 
6. Mtcrocarrters. 1 0 pm, Au (see Note 4) 

3.3. Bombardment of Embryos 
1 Turn on the PDS 1 OOO/He, the vacuum pump, and the helium Adjust the pressure 

at the He bottle to 1300 pst 
2 Assemble rupture-disk assembly with an 1 lOO-psi rupture disk 
3 Assemble mtcrocarrter launch assembly: Place a sterile stop screen into posmon 

m the stopping screen support, place a loaded macrocarrier (partrcle side down) 
m the fixed nest, and screw the macrocarrter cover hd on unttl snug. Insert launch 
assembly mto the second slot from the top 

4. Center a plate of embryos on the target platform, shde tt into the second slot from 
the bottom, remove the culture plate lid, and close the chamber door 

5 Draw vacuum to approx 26 m Hg 
6 Press the “fire” button until the rupture disk bursts 
7. Release the vacuum, open the chamber door, put the lid back on the plate of 

embryos, and remove the plate and target platform from the chamber 
8. Dtsassemble the mtcrocarrler launch assembly, discarding the spent macrocarrter 

and stop screen 
9. Dtsassemble the rupture disk assembly and discard the spent rupture disk 

10 Repeat steps 2-9 for each addmonal 1100 psi bombardment. Bombard each plate 
of embryos twice at 1100 pst, rotating the plates 90” between shots, 
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11 Adjust the pressure at the helium bottle to 1500 PSI and repeat the above process 
using 1300 pst rupture dtsks, until all the embryos have also been bombarded 
twtce at 1300 psi 

12. Sea1 the plates wrth parafilm and Incubate overnight at 26°C m the dark 

3.4. Selection and Regeneration 

1 

2 

3 

4 

5 
6 

7. 
8 
9 

10 

11. 

12. 

13 

The day after bombardment, the embryos should be transferred to LS2.5 medtum 
supplemented wtth 4 mg/L btalaphos (see Note 5) 
After incubation for 3 wk (26°C dark), growth of callus should be apparent on 
the surface of many of the embryos The clumps of cells present m these call1 
should be subcultured to fresh selection plates Durmg subculture, gently tease 
the clumps of cells apart, tf possible Also, take care to assure good contact 
between the ttssue and the medium, smce crossprotectton of btalaphos-senstttve 
cells 1s a potential problem (crossprotectton can also be a problem when 
hygromycin IS used as a selecttve agent, see Note 6). Also, because of the htgh 
frequency of stblmgs from mdtvtdual embryos, tt IS advisable to subculture all 
call1 from each embryo separately. 
Subculture surviving ttssue at least three consecutive ttmes, wtth approx 3 wk 
intervals between subcultures The call1 should be exposed to btalaphos for a 
mimmum of 8 wk. 
Subculture - 1650 mg (-2-3 mm dtameter) pieces of btalaphos-resistant callus 
onto MSD4 medium Incubate at 26°C m the dark (see Note 7) 
1 t&14 d later, orgamzed structures should be vtstble on the surface of the call1 
After a total of 3-4 wk on regeneratton medmm, ettolated shoots and posstbly 
roots will develop 
Leave cultures m the dark until leaves develop (another l-2 wk) 
Transfer to a lighted incubator (26’C, 18 h hght.6 h dark) 
Leaves will green-up m a few days, but do not transfer developing plantlets to 
Magenta boxes unttl roots develop (see Note 8). 
Collect leaf samples for PCR analysts durmg transfer of plantlets to Magenta 
boxes (see Note 9) 
Transfer each mdivtdual plantlet to a Magenta box by picking it up with a 
pair of forceps and scrapmg any adhermg callus off wrth another Insert the 
base of the plantlet mto the medmm far enough to submerge at least some of 
the roots. 
Once transplanted mto Magenta boxes, the plants grow qmte raptdly After 2-3 
wk, most plantlets will have developed a vtgorous root system, grown leaves that 
touch the top of the box, and be ready to transplant to sod 
Discard plantlet if PCR analysts mdtcates It lacks the gene of interest 

3.5. Potting Plants and Growth Conditions 

1 Prepare potting so11 at least 12 h in advance to allow thorough wettmg MIX five 
parts shredded, pasteurtzed peat moss with seven parts coarse vermtcuhte and 
saturate with Mtkkelson’s nutrient solution. 
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2. Insert a 7 x 7-m nylon mesh mto the bottom of a 1 -gal pot, and fill wtth potting 
sod to wtthm 4 mm of the rtm 

3 Make a small depression m the center of the pottmg so11 
4. Carefully remove a transgemc plant from a Magenta box 
5 Remove all tissue-culture medmm from the roots by rmsmg them under run- 

rung water 
6. Remove any callus tissue or dead maternal from the roots and the base of the 

plant 
7 Place the plant in the depression with the roots spread out, cover the roots wtth 

soil, and gently, but firmly, press down, so that roots and sot1 make good contact 
8 Label the pot and loosely cover the plant and top portton of the pot wtth a 1 -gal 

plastic bag 
9. Immediately place the pot mto a tray of water. 

10 Place plant m a cool, low-ltght growth chamber (25°C day, 23°C mght; 20,000 
lux, 14 h hght. 10 h dark cycle). Replemsh water m tray as needed to keep tt full 

11 After 2 wk, cut the corners off the plasttc bag (leaving approx 2-m openmgs) to 
lower the humtdtty mstde 

12 3 wk after pottmg, remove the bag and begin fertthzer regimen 
a For the first 30 d, the plants should be top-fed wtth 0 1X Mtkkelson’s solu- 

tion (see Table 1) Alternattvely, Peters Professional Hydro-Sol fertthzer, as 
modtfied (I@, can be used 

b Thereafter, bottom feed by toppmg the tray off, as needed, wtth full-strength 
(1X) Mtkkelson’s solutton or fertilizer mix 

13. After at least another week (4 wk total) under low-light condtttons, adjust the 
growth chamber to htgh light (30,000 lux, 16 h light 8 h dark cycle) for at least a 
week, to complete acchmation During thts period, the very fine leaves produced 
m the Magenta box die, and broader, normal leaves develop. Contirmatton of 
blalaphos resistance can be tested after the plants have adapted to the so11 (see 
Note 10) 

14 Preferably, transfer plants to a greenhouse The plants should flower m -8 wk 
after potting to sotl, and the seeds wrll be mature -30 d after pollmatton (see 
Note 11) 

4. Notes 
1. Smce seed development IS more advanced at the top of the pamcles than the 

bottom, only -30-40% of the seeds from each panicle will be at the correct stage 
Therefore, for each 100 embryos needed, collect three panicles 

2 The final prectpttatton of the DNA before coating the particles must be done 
under aseptic conditions The DNA volume added to coat the particles may be 
critical (4) 

The ratio of selectable marker DNA to gene of Interest DNA and the total 
amount of DNA to coat onto the parttcles are parameters currently being optt- 
mized There are tradeoffs to be considered when modlfymg etther parameter 
We expect that a htgher proportton of gene of interest DNA will result m an 



increase m the frequency of herbtcide-resistant plants that also contain the gene 
of interest However, addmg more of this DNA may also result m an increase m 
the number of copies of the gene of Interest m each transformant Consideration 
of this eventuahty is especially relevant, because of the increasing number of 
reports indicating that multiple copies of an introduced DNA sequence can lead 
to gene silencmg by cosuppression, methylation, and DNA rearrangement and 
deletion (for reviews of these phenomena, see refs. lS22) 

3 When done correctly, the particles ~111 be evenly distributed over the center’of 
the macrocarrier. Thts step is tricky, and, to a large extent, will determme how 
evenly the particles ~111 be distributed over the target area after bombardment. It 
is especially important to be fast, since the particles ~111 settle very quickly, even 
in the pipet tip 

4. We have had slgmticantly more success usmg gold particles than the much less 
expensive tungsten particles However, acid pretreatment has been reported (22) 
to greatly increase the transformation frequencies obtained using tungsten par- 
ticles We have confirmed this observation in transient expression experiments, 
and we are currently testmg it m stable transformation experiments 

5 Bialaphos is dissolved m water at a concentration of 4 mg active Ingredient/ml 
and IS stable for months at -20°C To the best of our knowledge, unformulated 
bialaphos is not currently available commercially. We obtam bialaphos through 
the courtesy of Dr Hiroyuki Anzai, MeiJi Setka Kaisha, Morooka-cho, Kohoku- 
ku, Yokohama, 222 Japan 

6 Chimeric plants can be obtained, presumably because of crossprotection (23) 
Therefore, it is imperative to apply strmgent selection for a mmimum of 2 mo 

7 If problems are encountered m regenerating plants, subculture the resistant call1 
onto hormone-free LS2 5 without btalaphos for 7-10 d after the selection regi- 
men, then transfer them to MSD4 

8 Some plants without roots can be transferred, if the aerial portion of the plant 
IS well-developed. They ~111 usually develop roots quickly m the hormone- 
free medmm. 

9 To sample plantlets, remove the tissue-culture lid and position the upper 1 5-2 
cm of a leaf inside a 1 5-mL microcentrifuge tube. Shear the leaf off by closing 
the hd while holding the lower portion of the leaf with forceps (to avoid pullmg 
the plant up during samplmg). As with all samples collected for PCR analysis, 
extreme care must be taken to avoid crosscontammation Store samples at -20°C 
mm1 they are used for DNA isolation. 

10 After the putative transgemc plant has been transplanted to soil and developed 4 
5 leaves, a simple way to test for functional expression of the bar gene is to dip 
the end 3-4 cm of a leaf mto an Herblace solution (250 mg Herbiace/lOO mL 
H20) and allow the leaf to dry. After 5 d under normal growth conditions, the 
, reaction can be scored (cool, low-hght conditions delay the response). If resis- 
tant, the plant will not suffer any damage If sensitive, only the leaf tissue directly 
exposed to Herbiace will brown and die, but the rest of the plant will remam 
unaffected. Always include a bialaphos-sensitive control for comparison 
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Table 2 
Pesticides Frequently Used for Rice 

Trade name Active mgredlent Manufacturer 

Benomyl 

Banner 

Avid 

Dlazmon Knox 
Out 2FM 

Pentac 

Stirrup 

Methyl 1 -(butylcarbamoyl)-2- 
benzlmldazole-carbamate 

Proplconazole 1-([2- 
{ 2,4-dlchlorophenyl)-4- 
propyl- 1,3-dloxolan-2-yl] 
methyl- 1 H- 1,2,4-tnazole) 

Avermectm B, (2 1%) 

Dlazmon. O,O-Dlethyl O-(6- 
methyl-2-[ I-methylethyl]-4- 
pynmldmyl)phosphorothloate 

Dlenochlor (Decachloro bzs 
[2,4-cyclopentadlene-1-yl]) 

Insect pheromones 

Miller Chem. and Fertilizer 
Box 333 
Hanover, PA 1733 1 

Cuba-Geigy 
PO Box 18300 
Greensboro, NC 27419 

Merck MSD AGVET Dlvlslon 
126 East Lincoln Avenue 
Rahway, NJ 07065 

Pennwalt, Agchem Division 
Three Parkway 
Philadelphia, PA 19 102 

Sandoz Crop Protection 
341 E Ohlo Street 
Chicago, IL 606 11 

Fermone 
2620 N 37th Drive 
Phoenix, AZ 85009 

11 Mite and Insect mfestatlons are problems common to greenhouse grown plants 
and heavy mfestatlons can prevent seed set and production from otherwlse 
healthy plants Grooming to remove all dead material and at least 6-m spacing 
between plants to allow air clrculatlon will help reduce fungal and insect prob- 
lems Benomyl or Banner (see Table 2), applied at the rates recommended by the 
manufacturers, can be used as needed to treat fungal mfectlons To control mite 
or insect mfestatlons, we have found Avid, Dlazmon Knox Out 2FM, and Pentac 
applied at the manufacturers’ recommended rates (Table 2) to be the most effec- 
tive For prophylactic treatment, we cycle through the followmg at 2-wk mter- 
vals Avid, Dlazmon, Dlazmon, Dlazmon, Pentac 

In the event of severe mite mfestatlons. 
a Make the following solution. 25 mL Avid, 3 7 mL Stirrup-M (a behavlor- 

modlfymg chemical) (Table 2), 2 7 g Benomyl, 30 mL of a mild dish washing 
hquld (e g , Ivory), and 8 L water 

b Spray the plants to thoroughly wet them, especially around emerging leaves 
c Place the plant and pot totally mslde a large plastic bag and seal It 
d Incubate the plants m a cool (2 l”C), shady place 
e Remove the bags after 2 d If the plants are healthy and vigorous, or after 1 d 

If they are weaker and less healthy 
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f. Return plants to normal growth area 
g Repeat the process 1 wk later, except substitute 5 mL Pentac for the Avid m 

the solutton 
The plants ~111 show signs of stress (yellowing of outer leaves), but top fertil- 

tzmg with an extra 250 mL of double-strength fertihzer/plant/week for a few 
weeks helps them recover Return to normal biweekly msecticide treatments 
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Molecular Analysis of Transgenic Rice 

Wallace G. Buchholz, James P. Connell, Siva P. Kumpatla, 
and Timothy C. Hall 

1. Introduction 
It makes little sense to invest time and effort in assaying blological actlvitles 

of transgenic plants if the plants do not contam a functlonal gene of interest. 
Although this appears to be self-evident, many Investigators attempt to use 
blologlcal assays for the presence of the gene of interest prior to conducting 
mformatlve molecular characterlzatlon of transgemc plants. Where facile tests 
are avallable, such as those for j3-glucuromdase (GUS) actlvlty, this may be 
feasible. However, low levels of activity frequently make sample blochemlcal 
screening approaches unreliable Of the several analytical techniques avall- 
able, we have chosen to describe methods for polymerase chain reaction (PCR) 
and genomtc DNA blot analysis: methods that are fundamental for confirmmg 
and characterlzmg gene insertion 

1.1. PCR 

PCR is a powerful and extremely sensltlve techmque for detectmg DNA 
sequences in transgemc plants. PCR uses the activity of a (thermostable) poly- 
merase, combmed with ohgonucleotlde primers, substrates (DNA template, 
dNTPs, and so on), and cofactor, to preferentially synthesize and, hence, 
amphfy a specific fragment of target DNA One cycle of a reaction generally 
consists of sequential incubatton at high temperature (e.g., 94”C, 45 s) to dena- 
ture the double stranded DNA substrate, incubation at a lower temperature (e.g., 
5@-65”C, 45-60 s) to allow the ohgonucleotlde primers to anneal, and incuba- 
tion at 72°C (e.g , 2 min) to allow chain elongation. A major variable m the 
reaction 1s the annealing temperature; it must be low enough to allow the prim- 
ers to anneal to the complementary sequences m the target DNA, but high 

From Methods m Molecular Bology, Vol 87 Plant V/rology Protocols 
From Virus lsolatron to Transgentc Resrstance 

E&led by G D Foster and S C Taylor 0 Humana Press Inc , Totowa, NJ 

397 
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enough to prevent annealing at related sequences Repetition of this cycle 2s 
40 times results m amphtication of target sequences between the primers, 
thereby provtdmg a very sensitive method of detection However, the high sen- 
sitivity of this reaction makes false positives caused by contamination a seri- 
ous problem (see Note 1). 

1.2. Genomic Blot Analysis 

Genomic DNA blot analysis, origmally described by Southern (1), can pro- 
vide extensive information about the transformation event being studied. Im- 
portant controls include the use of DNA from a nontransformed plant to show 
if sequences homologous to those of the probe being used are present m the 
plant genome, and large (>50 kb) DNA not treated with any endonuclease to 
confirm integration mto chromosomal DNA. Detectton of hybrtdizmg bands 
of a size correspondmg to the plasmid used for transformation provides cau- 
tionary mformation regarding the putative transformation The choice of 
restriction digests that will yield a predicted gene fragment are important for 
determining if rearrangement has occurred, and also provide insight to copy 
number. The use of an endonuclease that cuts only once within the gene of 
interest IS valuable, since this permits determmation of copy number and dis- 
tmction of Independent transformants Hybridization patterns are most simple 
to interpret if the probe used corresponds to a sequence that lies entn-ely to one 
side of the single restrictton site 

The DNA isolation protocol presented is a slightly modified version of the 
method developed by Taylor et al. (2). Plant tissue is frozen m hquid nitrogen 
and ground to a fine powder with a mortar and pestle. The powder is added to 
an extraction buffer composed of CTAB detergent and a high concentration of 
salt, m which the nucleic acids (NAs) are solubihzed and subsequently sepa- 
rated from cell walls and other particulates by centrifugation Extraction of the 
solution with an organic solvent removes many carbohydrates and proteins. 
Upon addition of the precipitation buffer that dilutes the salt concentration, an 
msoluble NA.CTAB complex forms. After centrifugation, the NA:CTAB pre- 
cipitate is solubtlized under high-salt conditions and the NAs are selectively 
precipitated with isopropanol. RNA is removed by RNase digestton, and, after 
additional alcohol precipitations, DNA of suffictent purity to be digested with 
restriction enzymes has been isolated. 

Hundreds of variations of genomic blot analysis are currently used with suc- 
cess. The method described below relies on a mmimum amount of equip- 
ment that might be available m all laboratories Genomic DNA is size 
fractionated by agarose gel electrophoresis. The DNA is made smgle- 
stranded by base denaturation and is transferred to a membrane by capillary 
action. Heat treatment under vacuum 1s then used to bmd the DNA to a mem- 
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Table 1 
10X PCR Buffer (for 10 mL) 
For a final (10X) concentration of use of a. 

100 mM Tns-HCl (pH 8 0) 
500 n-&f KC1 
15 mA4 MgCl* 
0.1% Gelatin 
2 mA4 dATP 
2 mM dGTP 
2 mA4 dTTP 
2 mA4 dCTP 
1% Trlton X- 100 
H20 

Total 

1 mL 
2mL 
075mL 
10mg 
02mL 
02mL 
02mL 
02mL 
0.1 mL 
535mL 
10.0 mL 

1MTrls (pH 8 0) 
2.5M KC1 
0 2M MgCl* 
Powdered gelatm 
O.lM dATP 
0 1MdGTP 
0 1MdTTP 
0 1MdCTP 
100% Trlton 
55 55M Stock 

brane. Radlolabeled single-stranded DNA probe 1s hybridized to complemen- 
tary sequences present m the filter bound DNA Nonspeclflcally bound 
probe 1s washed off under condltlons that allow specifically bound probe to 
remam hybrldlzed. The presence of complementary sequences 1s then vlsual- 
lzed by autoradlography. 

2. Materials for Molecular Analyses 
2.1. isolation of DNA for PCR Analysis 

1 Disposable pellet pestles (e g , no 749520, Kontes Glass, Vmeland, NJ) 
2. Extraction buffer: 200 mA4Trls-HCl, pH 8 0,250 mMNaC1,25 mMEthylenedl- 

mtrllotetraacetlc acid (EDTA), 0 5% sodium dodecyl sulfate (SDS) 
3 Isopropanol (IpOH) 
4 TE 10 mA4 Tris-HCl, pH 8 0, 1 mMEDTA 

These additional reagents are needed if DNA 1s being isolated from 
callus tissue* 

5 5MNaCl. 
6 5MKOAc. 
7 30% polyethylene glycol 8000 (no P 5413, Sigma, St LOUIS, MO) m TE. 

2.2. Supplies for PCR Reactions 

1 PCR buffer (see Table 1) 
2 Sense and antisense primers 
3 Thermostable polymerase (e g , AmphTaq, Perkm-Elmer, Norwalk, CT) 
4. Mineral 011 
5 Thermocycler (e g , PTC-100, MJ Research, Watertown, MA) 
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2.3. Isolation of DNA for Genomic Blot Analysis 
1 Extractton buffer (Stable for months at room temperature) 2% Hexadecyl- 

trimethylammomum bromide (CTAB, no. 5882, Sigma), 100 m&Y Trts-HCl, pH 
8 0,20 mM EDTA, 1.4M NaCl, 2% P-mercaptoethanol added Just prtor to use 

2 Prectpttatton buffer (stable for months at room temperature) 1% CTAB, 50 mMTns- 
HCl, pH 8.0, 10 mM EDTA, 1% P-mercaptoethanol added Just prior to use 

3 Mortar and pestle 
4 Liquid nitrogen (N2) 
5 Shaking water bath or hybrtdizatton oven (optional) 
6 Chloroform.tsoamyl alcohol 24 I 
7 Polypropylene oak rtdge (or stmilar) centrifuge tubes 
8. Polypropylene tubes (17 x 100 mm) with caps 
9 1M Ammonmm acetate 

10 7 5M Ammonmm acetate 
11 Isopropanol 
12 TE + RNase 10 mA4 Tris-HCI, pH 8 0, 1 mA4 EDTA, 20 pg/mL RNase A 
13 Ethanol (EtOH, 70%) 

2.4. Supplies for Genomic Blot Analysis 
2.4 1. Agarose Gel Electrophoresis 

1 40X Tris-acetate buffer (stable for months at room temperature) 193 5 g Trtzma, 
65 7 g sodmm acetate (anhydrous), 29 8 g EDTA, 650 mL ddHz0, adJust pH to 
8.0 with glacial acettc acid, adJust volume to 1 L 

2 Loading buffer (100 mL) (filter-stertlize, stable for months at room temperature) 
0 1 g bromophenol blue, 15 g Ficoll400, to 100 mL with ddHz0 

3 Peristaltic pump to recirculate buffer m gel box 
4 Orbital shaker (e.g., Model G2, New Brtmswtck Sctentific, Edison, NJ) 
5 Ethidmm bromide solutton (0 5 pg/mL m ddH*O) 
6 Pyrex dish. 
7 UV light box (preferably 302 nm) 
8. UV germtctdal lamp (254 nm) or UV crosslmker (e.g , Stratalmker, Stratagene, 

San Diego, CA) 
9 Camera equipped with filters (I e , W haze and Wratten 23a filters) for documentation 

2.4.2 Capdary Blottmg 
1. Nitrocellulose (e.g., no BA 85, Schleicher and Schuell, Keene, NH) or nylon 

membrane (e g., Hybond N, Amersham, Arlmgton Heights, IL) 
2. Chromatography paper (e.g., no. 3030917, Whatman, Maidstone, UK) 
3 Blottmg table (see Note 2) 
4. Paper towels cut to the size of the gel to be blotted 
5 Heat sealable plastic bags (e g., Seal-A-Meal bags, Dazey, Industrial Anport, KS) 
6 50X Denhardt’s solutton (100 mL, can store for months at -20°C) 1 g BSA (frac- 

tion V), 1 g Fmoll 400, 1 g polyvmylpyrrohdone (mol wt -4O,OOO), to 100 mL 
with ddH,O, mix extensively to dissolve 
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Add liquid nitrogen to a collected leaf sample (e g , see Chapter 40, Subheading 
3.4.) and grind to a fine powder ma 1 5-mL microcentrtfuge tube wtth a pellet pestle 

2 Add 300 pL of extraction buffer, mix, and incubate extract m a water bath (65°C 
3&60 mm) 

3 Centrifuge briefly (15,OOOg, 30 s) to pellet cellular debris 
4 Transfer 150 pL of supernatant to another 1.5-mL mtcrocentrifuge tube 
5 Add 150 pL of isopropanol and mix by mverston 
6 Incubate at room temperature for at least 5 mm 
7 Centrifuge (15,OOOg, 5 mm) to pellet precipitate 
8. Aspirate and discard each supernatant with a fresh pipet ttp 
9 Dry pellets briefly under vacuum 

10 Dissolve each pellet m 30-50 pL TE (dependmg on the size of the DNA pellet) 

7. 20X SSC (1 L, can store for months at room temperature). 175 g NaCl, 88.23 g 
Na citrate, to 1 L wtth ddH20. 

8 Southern base (make fresh before use)* 850 mL ddH,O, 20 g NaOH, 87 7 g NaCl 
(after NaOH has dissolved), adJust volume to 1 L 

9 Southern neutrahzatton solutton (1 L, can store for months at room temperature) 
800 mL ddH20, 60.5 g Trizma base, 175 3 g NaCI, adjust pH to 7 0 with HCl, 
adjust volume to 1 L 

10 Prehybridization solution (100 mL, can store for months at -2O’C) 30 mL 20X 
SSC, 20 mL 50X Denhardt’s solutton, 50 mL ddH,O 

11 Hybrtdization solution (10 mL, can store for months at -20°C). 3 mL 20X SSC, 
1 mL 50X Denhardt’s, 200 pL lMTris-HCl, pH 8.0, 100 pL 10% SDS, 100 pL 
0 5M EDTA, 250 pL 0 1M Na pyrophosphate, 5 35 mL ddH,O 

12 Salmon sperm DNA (10 mg/mL m water) (see Note 3) 
13. 6X Wash mix (1 L, can store for months at room temperature) 300 mL 20X SSC, 

10 mL 20% SDS, 10 mL 0 5M EDTA, 680 mL ddH,O 
14. 0.3X Wash mix (1 L, can store for months at room temperature) 15 mL 20X 

SSC, 5 mL 20% SDS, 980 mL ddH*O. 
15 Scientific imaging film (e g , Kodak X-OMAT XAR-5, Eastman Kodak, Rochester, NY). 

3. Methods 
3.7. Extraction of DNA for PC/? Reactions 

3.1.1. DNA Extract/on from Leaves for PCR 
Unless otherwise noted, all steps should be carried out at room temperature 

3.1.2. DNA Extraction from Callus for PCR 

This is a modification of the method of Agudo et al. (3). If scaled up, sufftctent 
quantities of drgestable DNA can be Isolated from callus for genomtc blot analysts. 

1 Put 10-100 mg of callus tissue m a 1 5-mL microcentrifuge tube, add 300 pL of 
extraction buffer, and homogenize, usmg a pellet pestle 

2. Incubate the extract m a water bath (65°C 30-60 mm) 
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3 Centrifuge briefly (15,OOOg, 30 s) to pellet cellular debris 
4. Transfer 300 pL of supernatant to another 1 S-mL mlcrocentrlfuge tube 
5 Add 75 pL 5M NaCl and 120 pL 5MKOAc and incubate on Ice 5-10 mm 
6. Centrifuge (15,OOOg, 5 mm) to pellet preclpltate 
7. Transfer supernatant to another 1 5-mL mlcrocentrlfuge tube 
8 Add 180 & 30% PEG to the supernantant fraction, mix and incubate on Ice for at 

least 20 mm 
9 Centrifuge (1 S,OOOg, 5 mm) to pellet nucleic acids 

10 Aspirate and discard supernatant with a fresh plpet tip 
11 Dry pellets briefly under vacuum 
12 Dissolve each pellet m 3&50 pL TE (depending on the size of the DNA pellet) 

3.2. Running the PCR Reactions 

Prior to analyzing putative transgemc rice plants, primers should be designed 
and synthesized (see Note 4). Also, a PCR amphficatlon program should be 
optlmlzed (see Note 5). The followmg steps should be done sequentially m 
order to llmlt posslbllltles of contamination. 

1 Set up a single homogenous reaction mix that contams the followmg components 
(per sample) Always Include negative and positive control reactlons (see Note 
6) Reaction mix required per sample. 5 pL 10X PCR buffer, 2 pL sense primer 
@ ODZeO = 2,2 & antisense primer @ ODZ6,, = 2,0 05 $ Taq DNA polymerase 
(0 25 U), 40 pL H20, yleldmg a total volume of 49 pL per sample 

2 Ahquot 49 pL of mix mto a 0.5-mL microcentrlfuge tube for each sample, and 
overlay with 25 FL of mineral 011 (Put all PCR stock solutions back mto the 
-20°C freezer before handling any DNA samples ) 

3 Add 1 pL of rice DNA for each reaction. (Put away all DNAs from test samples 
before handling any positive control DNA ) 

4 For the positive-control reaction, add 10 pg (1 pL of a 10 ng/mL) plasmld DNA to 
-100 ng of wild-type rice DNA 

5 Run the appropriate PCR program for fragment amphficatlon 
6 Transfer 15 p.L of the PCR reaction to another tube contammg 3 pL of gel 

loading dye 
7 Size-fractionate PCR products by agarose gel electrophoresls (l-2% gel, depend- 

ing on the size of the amplification product expected) 
8 Results of typical reactions are shown m Fig. 1 and discussed m Section 3.5.1. 

3.3. Extraction of Genomic DNA for Blotting 

The volumes m this protocol are adjusted for 0.5-l .5 g samples and ~111 yield 
50-100 pg DNA. For larger samples, use appropriately scaled-up volumes 
Unless otherwise noted, all steps should be carried out at room temperature. 

1 Weigh out approx 1 g of rice leaves (rapidly growing tissues such as young leaves 
are preferable) and shce mto 0 5-cm sections Place leaf cuttmgs mto a cold 
mortar, add enough liquid mtrogen to cover the leaves and grind them to a 
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fine powder with a pestle Add additIona liquid nitrogen, as needed, to keep 
the tissue frozen. 

2 Add frozen powder to 5 mL extraction buffer (preheated to 65°C) m a polypropy- 
lene screw-cap tube (e.g., Oak Ridge tube) and mix well 

3 Incubate at 65°C for at least 30 mm (2-3 h IS optimal) Rollmg (e.g , in a hybndlza- 
tion oven) or gently mixing during incubation significantly improves DNA yield 

4. Cool samples to ~50°C and add an equal volume of chloroform*lsoamyl alcohol 
(24 1) and mix gently by inversion for -2 min Be sure to relieve pressure in the 
tubes by loosemng the caps occaslonally 

5 Centrifuge (10 mm, -2000g) 
6. Transfer the supernatant (-3 mL) to a 17 x 1 00-mm (e g , Falcon 2059) tube and 

add 2 vol of preclpltatlon buffer. 
7 Invert to mix and incubate (room temperature, 30 min). If solutions do not become 

cloudy, add another 1 mL of preclpltatlon buffer and incubate longer For dilute 
solutions, it 1s advisable to incubate overnight 

8 Centrifuge (5 mm, 2000g) to pellet nucleic acids 
9. Discard supernatant. (Caution: The pellets are quite friable at this stage and are 

easily lost!) Aspirate as much of the remaining liquid as possible 
10 Dissolve the pellet in 200 pL of lMNH40Ac. Sometimes the pellets resist dls- 

solving and hence this step can be more of a resuspension In either case, transfer 
the nucleic acids to 1 5-mL mlcrocentrlfuge tubes 

11 Add 100 pL. NH40Ac (7 5M) and mix well 
12 Add 1 0 mL of lsopropanol and mix well by inversion 
13 Incubate at room temperature for 5 mm 
14 Centrifuge (15,OOOg, 5 min) to pellet precipitate. 
15 Aspirate the supernatant and dissolve the pellet m 200 p.L TE + RNase. At this 

point the pellet should dissolve easily. If not, or If the solution 1s extremely VIS- 
COUS, add more TE + RNase 

16 Incubate for l-2 h at 37°C 
17 Add 100 & NH40Ac (7 5M) and mix. 
18. Add 500 pL isopropanol and mix well by mverslon. The nucleic acids may be 

visible as a fluffy, brownish-white precipitate. 
19 Centrifuge (15,OOOg, 5 min) to pellet precipitate 
20 Rinse pellets with 70% EtOH and briefly dry 
2 1 Dissolve pellets m 1 OO& of TE 
22. Quantify DNA by fluorometry Spectrophotometric analysis can be accurate, but 

may not be so because of contaminants. Typically, the DNA concentration will be 
-0 5-l 0 mg/mL. 

3.4. Genomic DNA Blot Analysis 

3.4.1. Preparation of DNA for Blotting 

1 Digest DNAs to completion with the appropriate restriction enzyme(s). At least 
the first few times DNA 1s isolated with this method, It IS useful to confirm it has 
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Fig. 1. PCR analysis of putatively transformed rice. DNA for PCR amplttication 
was extracted from rice leaves and amplified as described in the text. The PCR prod- 
ucts were size fractionated by electrophoresis through 1.2% agarose gels cast in Tris- 
borate buffer. (A) PCR amplification products obtained using green fluorescent protein 
gene (g&)-specific sense (GFPS 117; S-GAACTTTTCACTGGAGTTGTCC-3’) and 
antisense (GFPAS 17: S-TATTTGTATAGTTCATCCATGC-3’) primers. The PCR 
program (94V, 30 s; 54”C, 30 s; 72Y!, 60 s) was run for a total of 30 cycles. 
DNAs used as substrate in each lane were: -, reaction mix without added DNA; +, 
10 pg gfp plasmid DNA mixed with 100 ng wild-type T309 DNA; l-5, bialaphos- 
resistant transgenic rice cotransfonned with chimeric bar (9) and sfp (ZO) genes; 6 and 
7 T309 plants transgenic for a different gene of interest. Lane M contains BRL 1 -kb 
ladder size standards. (B) PCR amplification products obtained using rice triose phosphate 
isomerase (ZZ) gene-specific sense (TPIs4775: 5’-GAGACTCTCGAGCAGCGGG-3’) 
and antisense (TPIA6122: S’GCATTGCTCAAGCTGCAGG-3’) primers. The PCR 
program (94’C, 30 s; 5O“C, 30 s; 72“C, 60 s) was run for a total of 30 cycles. 
Lanes: As in A. 
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Fig. 1. (C) PCR amplification products obtained using P-glucuronidase gene-spe- 
cific sense (GUSS400: 5’-GGTGGGAAAGCGCGTTACAAG-3’) and antisense 
(GUSA 1599: S-GTTTACGCGTTGCTTCCGCCA-3’) primers. The PCR program 
used was the same as for A. DNAs used as substrate in each lane were: -, reaction mix 
without added DNA; +, 10 pg j3-glucuronidase-containing plasmid DNA in 100 ng 
wild-type T309 DNA; l-4, bialaphos-resistant transgenic rice cotransformed with bar 
and P-glucuronidase chimeric genes; 5 and 6, wild-type T309 plants. LaneMcontains 
BRL 1 kb ladder-size standards. 

been cut to completion by running a small aliquot on a gel before running the gel 
to be blotted (see Note 7). 

2. Cast a 0.7% agarose gel in 1X Tris-acetate buffer. A higher concentration gel can 
be used if resolution of smaller fragments is desired. 

3. Add 5-6 pL loading buffer to each DNA sample, load the gel and electrophorese. 
Recirculate the buffer, since 1X TAE has little buffering capacity. (In 1X TAE 
buffer, the dye front will migrate about 10 cm if run at 0.8 V/cm for -16 h, i.e., 23 
V in a BRL H5 gel box [for running 11 x 14 cm gels].) 

4. Carefully transfer gel to a glass baking dish. Cut -2-3 mm off each side and 
the bottom to remove the meniscuses. Remove the upper portion of the gel by 
cutting through the wells. Horizontally shave the meniscus off the upper sur- 
face of the gel at each well. Cut the top right corner off the gel to make orien- 
tation easy. 

5. Add ethidium bromide solution (200-300 mL) and stain DNA by gentle agitation 
on an orbital shaker for 20-30 min. 

6. Place the stained gel on a UV light box (302 nm), align a ruler with the wells 
beside a lane with size standards and photograph. 

7. Introduce single-strand breaks into the high-mol-wt DNA with UV light (254 nm) 
(see Note 8). 
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8 Place gel back in the baking dish and add Southern base solutton (use 1 L of 
solution for an 11 x 14-cm gel) and incubate with gentle agitation on an orbital shaker 
for 1 h (4-mm-thrck gels) to 1 5 h (>4-mm-thick gels) to denature the DNA 

9 Briefly rmse excess base from the gel a few times with ddH,O 
10 Add Southern neutrahzation solution (-500 mL) Gently agitate for 45 mm, pour 

off, and replace with fresh neutralizatron solution Gently agitate for another 1 h 
(1 5 h for thrcker gels). 

3.42. B/otting Gel 

1. 

2 

3 
4 

5 

6 

7. 
8 

9 

10. 

11. 

Cut two pieces of chromatography paper and one prece of mtrocellulose or nylon 
membrane to the exact size of the gel to be blotted. Cut off the top right corner of 
the membrane and label the blot wrth a soft lead pencil on the bottom center (see 
Note 9) 
Wet membrane m hot (60-90°C) ddH,O. When hydrated, decant water and satu- 
rate membrane and chromatography paper with 20X SSC. 
Assemble a blotting table (see Note 2). 
Put a puddle (-20-30 mL) of 20X SSC on the blottmg table and lay the gel upsrde 
down m the puddle, being careful to avoid trapping bubbles. Gently rub the gel, 
or roll with a pipet, to remove any bubbles trapped between the gel and the chro- 
matography paper (see Note 10) 
Put a puddle of 20X SSC on the gel Carefully lay the membrane (labeled srde 
down) on the gel and align the cut corner for orientatron and the top of the mem- 
brane precrsely with the wells to allow accurate measurements Avoid trappmg 
bubbles, as above. 
Put a puddle of 20X SSC on the membrane. Carefully lay one ptece of chroma- 
tography paper on the membrane, avoiding bubbles Lay the second piece on the 
first and then stack paper towels (that are cut to the same size as the gel) on top 
until the towels are 15-20 cm high (see Note 11). 
Fill dish with 20X SSC, until the level is Just to the bottom of the glass plate 
Cover the dash and paper towel stack with plastic wrap to prevent evaporatron If 
desired, a weight can be placed on the paper towels A 15 x 20-cm glass plate 
with a small water bottle balanced in the center IS adequate (total weight -400 g) 
Blot for 24-48 h Replace wet paper towels (do not disturb the bottom l-2 cm of 
the stack) and replenish the 20X SSC m the dtsh as needed 
When blotting is complete, remove the paper towels. Leave the two sheets of 
chromatography paper with the mtrocellulose Lift the gel off the blotting table 
and turn rt over. Mark or cut the membrane as needed, and remove and discard 
the gel. Note that the gel should be quite flattened. Evaluate transfer efficiency 
by staining the gel with EtBr, rf desired 
Dry the filter between sheets of chromatography paper and further dry for at least 
2 h at 80°C under vacuum. Be careful: Nltrocellulose will be very brittle at this 
stage. (Alternatively, while the membrane IS still damp, but not shiny wet, and on 
the chromatography paper, place it with the DNA side up inside UV crosslmker 
and fix the DNA to the membrane ) 



Molecular Analysis of Transgenic Rice 407 

12. 

13 

14 

15. 

16 

17. 

18 

19 

20 

21 

Place the membrane m a sealable plastic bag (moisten nitrocellulose with 2X 
SSC first). Seal the bag very close to the membrane on three sides, but leave 3-4 
cm of bag on the open end This extra space will allow the bag to be opened and 
resealed several times as solutions are removed or added 
Add a generous volume of prehybridlzation solution (lo-20 mL, dependmg 
on the blot size) and seal the bag close to the cut edge, excludmg as many 
bubbles as possible 
Prehybrldlze at 65°C for at least 4 h (overnight, If background has been 
a problem) 
Cut the end off the plastic bag and squeeze the prehybrldizatlon solution out 
Rolling a plpet over the bag will get most of it out Seal the bag close to the edge 
and then cut a corner off to add the hybrldlzatlon mix through 
Prepare the hybridlzatlon solution: 
a Radiolabel the hybndlzatlon probe using any of the comrnerclally available 

kits (e g , mck translation, random prime, and so on). 
b Use a mmlmum volume of hybridization solution (54 mL 1s usually adequate 

for an 11 x 14 cm membrane, use less if possible) 
c Just prior to use, add 2 1.18 denatured, sheared salmon sperm DNA/mL 
d Denature the hybrldlzatlon probe (see Note 12) and add it to the hybndlza- 

tion solution 
Add the hybrldizatlon solution to the bag and seal the bag as close to the mem- 
brane as possible, being careful to eliminate all the bubbles Two blots, placed 
back to back, can be hybridized in the same bag 
Hybridize overnight at 65’C, preferably m a shaking water bath or on a rocker, to 
promote movement of the solution in the bag 
Transfer the membrane from the bag and wash sequentially with -200 mL 
each of 
a 6X wash mix, 65”C, 30 mm; 
b 0 3X wash mix, 65”C, 30 mm, 
c. 0 3X wash mix, 65”C, 30 mm, and 
d. 2X SSC briefly at room temp to rinse SDS away 
Place the blot between two layers of plastic wrap, and, if the blot will be reprobed 
later, care should be taken to keep the membrane moist (see Note 13) 
Expose to Imaging film 

3.5. Interpretation of Results 
3.5.1. Interpretation of PCR Results 

Figure 1 shows a variety of PCR results that were obtained using the above 
techniques. Details of the reactions are described m the figure legend. Panels A 
and B show very clean, predlctable, and easy to interpret results; those m Panel 
C are less clear-cut, but quite common. 

In panel A, the negative control lanes (-, 6 and 7) lack amplification prod- 
ucts when the green fluorescent protein (GFP) primers were used, and the posl- 
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ttve-control lane (+) shows a product of the predicted size. Taken together, 
these data Indicate the results of this experiment should be valid. It can be 
concluded that the plants assayed m lanes 3-5, which show fragments of the 
predicted size, contam at least one unrearranged copy of the GFP coding region 
(between bp 117 and 817) However, it is not clear whether the results from 
plants assayed m lanes 1 and 2 are valid. If these two DNA extracts could serve 
as substrates for PCR amphfication, the negative result would be valid. In con- 
trast, tf they could not support amphficatton, they could be false negatives. 
Therefore, all samples were tested for the ability to act as substrate for PCR by 
amphfymg an endogenous single-copy gene (trtose phosphate tsomerase), as 
shown m Panel B. 

In Panel B, the negattve (-) and postttve (+) controls gave the expected 
results, mdicatmg the expertment should be valid. However, the positive 
control (TPI plasmid) resulted m the ampltficatton of addtttonal, unex- 
pected fragments The very high-mol-wt fragments mdicate the presence of 
rice DNA added to that reactton, and the smaller than predicted fragments 
are probably caused by nonspecific prtmmg at other sttes m the plasmid. 
This is ltkely because of the low annealing temperature used The results m 
lanes l-7 indicate that all the samples, importantly, samples 1 and 2, can 
serve as substrate for PCR. Taken together with those m Panel A, these data 
provide strong evidence that samples 1 and 2 lack an Intact copy of the 
central portion of the GFP codtng region Be aware that this result does 
not necessarily indicate that genomic blot analysis of these plants 
(using GFP as a probe) would result m no hybrtdtzation, since rearranged 
or deleted portions of GFP could be present. Rather, it simply indicates that 
the two prtmer sites are not present or, if present, are not m the correct 
relative orientation 

The presence and absence of fragments m the posittve (+) and negative 
(-, 5 and 6) control lanes, respectively, validate the results of the PCR 
shown m Panel C Another reaction (data not shown) Indicated all samples 
served as substrate for PCR Therefore, it can be concluded that the plants 
assayed m lanes l-3 contam at least one unrearranged copy of the GUS 
codmg region (between bp 400 and 1599) An additional higher mol-wt 
fragment (lane 1) and lower mol-wt fragments (lanes 2 and 3) are also 
present, probably mdtcatmg the presence of addtttonal rearranged copies 
of the GUS coding region n-r these plants Furthermore, since the banding 
pattern IS identical m lanes 2 and 3, it is likely that these two plants are 
siblmgs. The presence of a low-mol-wt fragment, but not a fragment of the 
expected size m lane 4, suggests this plant contams only a rearranged 
copy(ies) of the GUS coding region 
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3.5.2. Interpretation of Genomrc Blot Results 

Figure 2 shows a vartety of genomtc blot results that were obtained usmg 
the above techmques. The plants analyzed had previously been shown to be posl- 
ttve by PCR analysts. A complete set of analysis IS shown for JKA plants 56 
and 61 that had been cotransformed wtth construct JKA (Fig. 2A) and UBar (a 
chimeric btalaphos resistance gene driven by the maize ubtquitin 1 promoter, which 
was a gift of A. Chrtstensen and P. Quail). The DNA fragment used as a hybrtdtza- 
tton probe is shown m panel A. First, the controls give the expected results; no 
hybndizatton 1s detected to DNA isolated from the nontransgemc, wild-type T309 
(cv. Taipei 309); whereas tt IS detected to the four-copy postttve-control reconstruc- 
tion lane (4X) contaunng wild-type T309 DNA spiked with plasmid JKA DNA. 
Second, it is evident that sequences related to the probe are integrated m the 
genome of the transgemc plants, since all the hybrtdtzatton seen comtgrates with 
the high-mol-wt rice genomic DNA m those lanes containing undigested DNA (u). 

When double-digested with BumHI and EcoRI, plants 56 and 61 both con- 
tam the 3 2 kb fragment expected, if an unrearranged copy(ies) of the gene is 
present. This concluston is confirmed by the presence of the expected 1.6 kb 
EcoRV fragments m both plants There appear to be many more intact copies 
of the EcoRV fragment than the BamHIIEcoRI fragment, suggesting that many 
rearrangement events occurred m the promoter region between the EcoRV and 
BarnHI sites In addition to the expected fragments, many fragments of higher 
and lower mol wt are also present, mdtcatmg substantial rearrangement of the 
input plasmid. A rough estimate of the total number of copies of these sequences 
present in the rice genome can be made by estimating the number of frag- 
ments present (and their intensities compared to the reconstructtons) m the 
lanes digested with KpnI. A conservattve estimate is that plant 56 has -4&50 
copies and plant 61 has well over 100 copies 

In contrast to the high numbers of copies of the gene of interest m the two 
JKA plants shown, the WBD plants have relatively low numbers of copies 
These DNAs, including the one copy reconstruction, have been digested with 
EcoRI, whtch should release a 2.1 -kb fragment if the 3’ end of the promoter, 
the coding region for arcelin, and the complete nopaline synthase poly(A) 
addition site fragment are intact. A fragment of the correct stze IS present m 
plant 87, but not in the other two. It is unclear whether plants 68 and 76 have a 
functtonal copy(ies) of the introduced gene, wtth the limited data available 
from this single blot. For instance, if the 3’ EcoRI sue was lost during DNA 
rearrangement and mtegration, but the poIy(A) addition signal was left intact, 
either plant could theorettcally contain a functtonal gene. In contrast, tf the 
EcoRI srte m the promoter has been deleted because of rearrangement, tt would 
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Fig 2 Genomlc blot analysis of race (A) Partial restriction maps of chlmerlc genes 
JKA and WBD that were introduced mto rice The DNA fragments used as hybndlza- 
tlon probes and the fragments expected are shown. 

be likely the promoter was disrupted and the likelihood of a functional gene 
being present would be low. Although addtttonal genomtc blots using different 
restrtctton digests could be used to determine the extent and location of the 
rearrangements, it 1s easier to amplify overlappmg fragments using PCR (e.g., 
see Fig. 7 m ref. 4) to confirm the integrity of the gene. 

In just the above few examples, it is easy to see that the copy number of 
introduced sequences can vary from low (l-2) to very high (>lOO). Because of 
the increasing number of reports of gene silencmg (5-71, which are often attrib- 
uted to the plant responding to multiple copies of genes, a challenge for future 
research is to determine how to regulate and limit the number of copies mtro- 
duced. One mechanism that might explam, at least partially, how the copy num- 
ber varies was presented at a recent meeting (8) Scanning EM photos of 
DNA-coated microcarriers showed some that had small precipitates of DNA 
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Fig. 2. (B) DNA from PCR positive transgenic plants was isolated and subjected to 
genomic blot analysis using the accompanying protocol, except only 1 pg of DNA was 
used for the JKA plants. The fragments indicated in panel A were random primer 
labeled with [32P]dCTP and used as hybridization probes. Size markers are shown to 
the left of the blots and the expected fragments are indicated with asterisks. 4x or lx, 
4 or 1 copy reconstructions of the chimeric genes; wt, wild-type T309 DNA; 56 and 
61, independently transformed rice plants transgenic for construct JKA; 68, 76, and 
87, independently transformed rice plants transgenic for construct WBD. The indi- 
cated DNAs were left undigested (u) or digested with BumHI and EcoRI (B/RI), KpnI 
(K), EcoRV (RV), or EcoRI (RI). 

attached; others had DNA precipitates attached that were actually larger than 
the 1 -pm microcarriers. 

4. Notes 
1. Contamination of samples with plasmid DNA and crosscontamination during 

plant DNA isolation must be rigorously avoided. Since the reaction is exponen- 
tial and the total amount of product made is primer-limited, the signal strength 
cannot be used to judge whether a fragment is caused by contamination. In theory, 
if the reaction is carried to completion, all reactions with the same primers should 
result in the same amount of product regardless of input DNA concentration. In 
practice, differences in signal intensity do occur, but are presumably the result of 
inefficient priming, inefficient elongation, inhibitors in the crude DNA samples, 
or a combination of these factors. Therefore, the following precautions should 
always be taken with all materials that will be used for PCR analysis. 
a. Use gloves at all times and frequenfly wash or change them. 
b. Use aerosol resistant pipet tips for all steps, including stock solution prepara- 

tion, DNA isolations, and PCR reactions. 
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c Use PCR-designated reagents, preferably stored m small ahquots For those 
not ahquotted m advance (e g., orgamc solvents), ahquot mto a new dtspos- 
able chemical resistant contamer (e.g , Falcon 2059 tubes) Just prior to use 
and discard any excess 

d. Use separate designated areas for sample workup (e.g , lab bench), PCR 
set up (e g , lammar flow hood), and PCR product analysts (e g , electro- 
phoresls bench) 

e. Use disposable pestles for grinding tissue Pertodtcally decontaminate 
ptpeters, mtcrocentnfuge racks, and so on, by nradiatton with a gernuctdal lamp 

2 To assemble a blotting table, place a 20 x 30-cm glass plate on four size 11% 
rubber stoppers m a 26 5 x 37 5 x 5 j-cm glass baking dish Cut chromatography 
paper 26 x 36 cm, and notch the corners so the edges can hang over the stdes of 
the glass plate and touch the bottom of the baking dish Saturate the paper with 
20X SSC Cut another paper 20 x 30 cm and place over first on top of the glass 
Saturate wrth 20X SSC and roll any bubbles out with a ptpet The table can be 
stored for weeks by sealing the top wtth plastic film. Replace the upper layer of 
paper prior to reuse 

3 The salmon sperm DNA solutton should be denatured and sheared by heating to 
100°C for 10 mm with mternnttent vigorous vortexmg It can be stored for months 
at -20°C. Once denatured, avotd condmons that allow renaturatton and occa- 
sionally repeat heat denaturatton 

4 Most primers we use have 2&24 nt and are -50-60% G + C Two of the last 3 nt 
at the 3’ end of the primers, especially the ultimate nt, should be G or C tf pos- 
stble We generally amplify fragments that range from -40&2000 bp 

5 Opttmrzatton of a PCR program can be done by usmg 10 pg ( 1 pL of a 10 ng/mL 
solution) purified plasmtd DNA as substrate A good starting pomt for determm- 
mg the annealing temperature (T,) of a typical (I e , -20 nt) PCR prtmer m stan- 
dard PCR buffer 1s to use the equation T, = (4 x G + C residues) + (2 x A + T 
residues). Twenty cycles are usually adequate to amplify a fragment from purr- 
tied plasmtds. Once condttlons are defined for ampltficatton of the target 
sequences from plasmtd DNA, add 10 pg of plasmtd to 50-l 00 ng of wild-type 
rice DNA (Isolated using the above protocol) and run the reaction for 3&40 
cycles (This number of amphficatton cycles is usually required because of the 
relatively low purity of DNA prepared using the above method ) Further adjust- 
ments to the PCR program may be necessary. 

6. For every set of PCR reactions, include two negative controls (no DNA and wtld- 
type race DNA) and a posmve control. Preferably, the posmve control DNA 
should be from a transgemc plant known to contain the target sequences Alterna- 
tively, plasmid added to weld-type rice DNA (-10 pg into 100 ng) can be used 
The DNAs used for controls should be isolated in parallel with the samples to be 
tested At least until the DNA tsolatton technique becomes routme, those extracts 
yteldmg negative results should be tested to confirm that the DNA can serve as a 
suitable PCR substrate This 1s easily done by amphfymg a fragment from an endog- 
enous single-copy gene (e g , cytosohc trtose phosphate tsomerase) (see Fig. 1). 
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7. For blot analysts, we normally load 2 pg of DNA per gel lane, although htgher 
amounts can be used Routmely, DNA ahquots are run undigested to confirm that 
the introduced sequences comtgrate with t-me genomtc DNA, mdtcatmg mtegra- 
bon tn the genome. Addrttonal ahquots are digested wtth -8 U of restrrctton 
enzyme for 4 h m a total volume of 20-30 p.L After adding loadmg buffer, the 
entire reaction can then be loaded m a single well of a gel Postttve and negative 
controls should always be mcluded As a negative control, we use wild-type T309 
DNA digested with the same restnctton enzyme as the test samples A one copy/ 
haplotd genome reconstruction is Included as a posittve control This consrsts of 
2 pg of wild-type rice DNA that has been spoked with plasmtd DNA. The amount 
of plasmtd to add can be determined by the followmg equation 

n*D*P*660 I K*6.02 x 1O23 = A4 

where n = the number of gene copies desired m the reconstructron, D = pg 
genomtc DNA loaded per lane; P = plasmtd size m bp, K = 0 6 x l&l2 pg, the 
mass of a haploid copy of the rice genome, and M = pg of plasmtd DNA to use 

The reconstructton and putative transgenic rice DNAs should be digested with 
an enzyme(s) to release a DNA fragment that would mdtcate whether the mtro- 
duced gene IS intact When compared to the mtenstty of the reconstructron, the 
intensity of this fragment can also be used to estrmate the copy number of the 
introduced gene Addmonal copy number information can be obtained by dtgest- 
mg the DNA with an enzyme that cuts once in the center of the introduced gene 
If the probe hybridizes only to the sequences on one side of the site, the mnnmum 
copy number of the introduced gene will equal the number of hybrrdlzing frag- 
ments The copy number would be half that number tf the hybndlzatton probe 1s 
complementary to sequences on both sides of the restrictton sue After blottmg 
and hybridization with a high specific activity probe (-1 x lo9 cpm/pg DNA), 
single copy/haplotd genome fragments can be vlsuahzed by overnight exposure 
(-70°C one enhancing screen) to Kodak X-OMAT XARJ film, or 2 h exposure 
to a phosphotmager plate 

8. Cover the lower portion of the gel with a folded paper towel to avotd mckmg 
the low-mol-wt DNA (-6 kb and less). Expose the uncovered portion of 
the gel to a UV light (254 t&f) The time of exposure and distance from 
the light source must be determmed empu-lcally to optimize DNA transfer, 
but allow efficient hybridization once blotted (Presumably, thymtdlne 
dtmers or other products produced during UV exposure interfere with hybrtdtza- 
non ) Begin wtth a 15-s exposure at -10-15 cm For this step, we use a 
Stratagene UV crosslmker (3000 pW/cm*) and expose for 0 6 mm The upper 
2 cm of the gel should be exposed for another 0.4 mm to further tuck the 
uncut genomlc DNA 

9. Binding of radiolabeled probe to contaminants (body 011s proteins, and so on) on 
the membrane can lead to high background. Therefore, care should be taken when 
handling the membranes Always use gloves or clean, blunt forceps, and avoid 
contacting duty surfaces 
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It is essential that bubbles are not present to assure umform flow of buffer, and 
thereby uniform transfer of the DNA, to the membrane 
Parafilm or other hydrophobic material can be butted up to the gel on all sides 
to prevent overhanging paper from absorbing buffer without it going through 
the gel 
Use 5 x lo6 cpm denatured probe/ml hybridization solution. To denature, dilute 
the volume of probe needed to at least 50 pL with H20, heat denature (95-lOO”C, 
5 mm), and fast chill for 2-3 mm on wet ice prior to adding to the hybrtdization 
solution. 
If the membrane becomes dry, it is virtually impossible to remove the hybridized 
probe. If kept moist, -9O-100% of the probe can be removed and the blot reused 
(We have reused mtrocellulose blots 6-7 times with only limited loss m sensmv- 
ity.) Strip the probe by mcubatmg it m 20&300 mL of 30 mM NaOH, 1 mM 
EDTA for 15 mm at room temperature, with gentle agitation Decant and neutral- 
ize with a similar volume of Southern neutrahzation solutton Use a radiation 
monitor before and after strippmg to evaluate the effectiveness of probe removal 
If some radioactivity remams, expose the blot for a specific time to determme the 
background level To re-use the blot, the prehybridization step can be omitted 
Add the hybridization solution (without probe) and Incubate at 65°C for l-2 h 
before adding the probe 
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PCR Analysis of Transgenic Tobacco Plants 

Dawn Worrall 

1. Introduction 
Although the display of antibiotic resistance can be a good indlcatlon that a 

regenerated plant is transformed with introduced DNA, escapes that represent 
partial or no transfer may be present within the population of primary 
transformants. The polymerase chain reaction (PCR) provides us with a tech- 
nique for rapidly analyzing large numbers of putative transformants for the 
presence of a transgene DNA sequence. 

Frequently, plant DNA extraction protocols are time-consuming and not 
applicable to very small amounts of tissue. The use of PCR to analyze large 
numbers of samples has therefore been unfeasible. However, since the pubhca- 
tlon of a small-scale DNA extraction method by Edwards et al. (I), screening 
of transgenic plants by PCR has become a routine procedure. The method 
includes few steps and does not involve the use of phenol or chloroform. Many 
samples can therefore be processed m a short period of time wlthout exposure 
to toxic chemicals. 

PCR can provide us with a useful tool to demonstrate the presence of spe- 
cific DNA sequences wlthm the genome; however, care must be taken to 
include the appropriate control PCR experiments. When Agrobacrerlunz has 
been used as the transformation vector, it is important to be able to dlstmgulsh 
between Agrobacterium contamination and genume PCR positive results. The 
presence ofAgrobacterium can be tested by carrying out a control PCR expen- 
ment, which mvolves a primer that 1s specific to the binary vector sequence 
from beyond the classically defined T-DNA border region. Included m Table 1 
IS the sequence of a non-T-DNA right border (RB) primer (2) designed 
against the pBinl9 binary vector (3). This primer can be used in conjunc- 
tlon with p11~t-II 5’ primer (also shown in Table l), if the binary vector was 

From Methods /n Molecular Bfology, Vol 81 Plant Virology Protocols 
From Wrus lsolatron to Transgemc Rexstance 

E&ted by G D Foster and S C Taylor 0 Humana Press Inc , Totowa, NJ 
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Table 1 
Primer Sequences for some Commonly Used Promoters and Reporter Genes 

Gene/promoter Primer sequences 
Size of PCR 
fragment, bp 

+-II gene 5’ TCT CAC CTT GCT CCT GCC 3’ (forward pnmer) 464 
5’ AGG CGA TAG AAG GCG ATG C 3’ (reverse pnmer) 

gusA gene 5’ AGC ATC TCT TCA GCG TAA GG 3’ (forward pnmer) 611 
5’ TGA ACA ACG AAC TGA ACT GG 3’ (reverse primer) 

A 
Gt 

nos promoter 5’ GAC AAG CCG TTT TAC CGT TTG GAA CTG 3’ (forward primer) 270 
5’ CTG CAG ATT ATT TGG ATT GAG AGT G 3’ (reverse pnmer) 

CaMV35S promoter 5’ CTA CTC CAA AAA TGT CAA AGA TAC AGT C 3’ (forward primer 370” 
5’ GGG CTG TCC TCT CCA AAT G 3’ (reverse primer) 

non-tDNA RBb 5’ CGC TCT TTT CTC TTA GGT TTA 3’ (forward pnmer) 

npt-II 5’ 5’ GTC ATA GCC GAA TAG CCT C 3’ (reverse primer) 

“Expected size for a smgle 35s promoter If  a double 3% promoter IS present wlthm the construct, two PCR products will be 
obtamed, one of 370 bp and the other 775 bp 

bThls pnmer can be used m conJunctIon with the npt-II 5’ primer or a construct-specific primer to check for Agrobacterzum con- 
tamination 
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based on pBm19, or with a construct-spectfic primer tf a second vector primer 
1s not avatlable. 

Recently, Martmeau et al (4) have exammed Agrobacterzum-transferred 
DNA m a populatton of several hundred independent transformed plants 
representing several crop species From this study tt appears that DNA from 
beyond the border-repeats m the original bacterial plasmtd are also inte- 
grated into the genomes of ZO-30% of the transgemc plants. This high fre- 
quency of beyond-the-border DNA transfer has several tmpltcattons. First, 
the use of a primer that IS designed against DNA sequences flanking the 
borders for identifying Agrobacterzum contamtnation on primary 
transformants might not be as clear cut as expected. Second, researchers 
using T-DNA tagging as a means of cloning genes may encounter problems 
when attemptmg to identify adjacent plant DNA sequences because the T-DNA 
1s larger than expected. 

Despite these tindmgs, if care IS taken when devising PCR experiments, the 
results can be informative. In the PCR experiment shown m Fig. 1, the primers 
were designed to Identify an introduced p( 1,3)-glucanase transgene (5). How- 
ever, the native p( 1,3)-glucanase gene 1s also recognized, but this gene can be 
dtstmgulshed from the transgene by the presence of an intron that increases the 
mol wt of the amplified product. The PCR amphficatton of the nattve p( 1,3)- 
glucanase gene also served as a convenient posmve control for each sample 

The PCR method presented here has some negative points, but tt can be 
extremely useful for the prehminary screen of large numbers of regenerated 
putative transformed plants. However, tt 1s important to remember that much 
more mformatron about the number of copies and arrangement of the mtro- 
duced DNA within the plant genome can be obtained by carrying out Southern 
analysts (see Chapters 4 1 and 43) 

2. Materials 

2.7. DNA Extraction 

1 Drsposable grmders/spatulas (Sarstedt, cat no 8 1970) 
2. PCR DNA extractron buffer. 200 mMTris-HCl, pH 7 5, 250 mMNaC1, 25 mA4 

EDTA, 0 5% SDS. Store at room temperature 
3. Propan-2-01. 
4. TE. 10 mMTns-HCI, pH 7 5,0 1 mA4EDTA. 

2.2. PCR from Plant DNA 

1. Tuq DNA polymerase (Promega, Southampton, UK) 
2. PCR buffer (10X) Supphed with the Tuq DNA polymerase. Store at -20°C 
3. dNTP stock 2 mA4 of each dNTP Store at -2O’C 
4. Thermal cycling machine (Cetus, Wamngton, UK) 
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c term prlrnar 
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A3 PR #3 N+Ctermprimers 

C term+ Ml3 primers 

A3 PR #2 N + C term primers 

C Mm + Ml3 primers 

A3 PR #4 N + C term primers 

C term + Ml3 primers 

~~~~~ N+Ctermprhws 

C term+ Ml3 primers 

A9 PRtlO N + C term primers 
C term + Ml3 primers 

Ag(1) PRXlO N + C term primers 
C term + Ml3 primers 

Wild Type N + C term primers 
C term + Ml3 primers 

Plasmid N + C term prlmers 
C term + Ml3 primers 

1 = Transgene PCR product -1 kb 
2 = Native gene PCR product -1.5 kb 

Fig. 1. PCR analysis to confirm the presence of an introduced modified PR p( 1,3)- 
glucanase gene in regenerated tobacco plants. (A) Schematic diagram to illustrate the 
position of primer sites on the tDNA. (B) PCR products separated on a 0.8% agarose 
gel. In this example, the presence of a native p( 1,3)-glucanase gene within the tobacco 
DNA served as a positive control for the PCR reaction. The native gene contains an 
intron of approx 500 bp, so it is readily distinguishable from the transgene. This example 
shows that some of the regenerated plants did not contain the introduced p( 1,3)-glucanase 
gene (e.g., samples A9 PR #lO and A3 PR #3), and therefore represented escapes. 

p( 1,3)-glucanase primer sequences: 
Forward primer 5’ GGGTCTAGACCATGGCTGCTATCACACTCCTAGG 3’ 
Reverse primer 5’ GGGCCGCGGTCACCCAAAGTTGATATTATATTTGG 3’ 

2.3. Analysis of PCR Products 
1. High gelling temperature agarose (molecular biology grade, e.g., Seakemm, 

Flowgen, Lichfield, UK). 
2. Electrophoresis buffer (1 OX TAE): 4M Tris-acetate, pH 8.0, 10 mA4 EDTA. 
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3 DNA loadmg buffer (10X) 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene 
cyanol, 25% (w/v) F~coll (type 400). 

4. Ethldmm bromide solution. 5 mg/mL ethldium bromide dissolved m water 
(Caution: Ethidmm bromide is a mutagen and irritant) 

5 DNA size markers. I-kb ladder (BRL, Paisley, UK) 
6 Electrophoresls apparatus (e g., Blo-Rad, Hemel, Hempstead, UK) 
7 UV transillummator plus orange G filter. 

3. Methods 
3.7. DNA Extraction 

1. Samples for PCR analysis can be taken from the plant by pmchmg out a disk of 
material (usually leaf) using the lid of an Eppendorf (see Note 1) 

2 Grind up the plant tissue, using a disposable grinder, for approx 15 s 
3. Add 400 ,uL PCR DNA extraction buffer and vortex for 15 s 
4. Leave at room temperature until all of the samples have been processed (see 

Note 2) 
5 Centrifuge at 15,000g In a mrcrocentrlfuge for 1 mm 
6 Remove 300 pL. of supernatant to a fresh tube and add an equal volume of 

propan-2-01 
7 Incubate at room temperature for 2 mm (see Note 3), before centrifuging at 

15,OOOg for 10 mm 
8. Completely remove supernatant and vacuum- or air-dry the pellet (see Note 4) 
9 Resuspend the pellet m 100 pL TE (see Note 5) 

10 Typically, 2 JJL of this DNA solution can be used for PCR analysis. 

3.2. PCR from Plant DNA 

1. For each DNA sample, set up a PCR reaction A typical reaction 2 pL DNA 
solution (see Note 6), 2 p.L 1 OX PCR buffer (see Note 7), 0 1 n-&I dNTPs, 1 5 U 
Taq DNA polymerase, 1 @4of each primer, make volume of reaction up to 20 p.L 
with sterile water (see Note 8) 

2 Overlay the reactions with a drop of mineral 011 
3 Carry out 30 cycles of denaturatlon (95’C for 1 mm), annealing (50-60°C [see 

Note 91 for 1 min), and extension (72°C for 1 mm/kb of predicted DNA product) 
4. Check the PCR products by electrophoresis on an agarose gel. 

3.3. Detection and Analysis of PCR Products 

1 Prepare a 1% agarose gel m 1 X TAE buffer. Before pouring into casting tray, add 
ethldmm bromide solution (to a final concentration 0 05 mg/mL). 

2. Add 0.1 vol DNA loading buffer to the PCR reaction through the 011 
3 Place the gel m electrophoresls apparatus, and cover with 1X TAE buffer. 
4 Add ethldmm bromide solution to the 1X TAE buffer (to a final concentration of 

0 05 mg/mL) 
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5 Load the PCR samples mto the gel and also include m one well approx 1 E, 1 -kb 
ladder mol-wt markers. 

6 Run the gel at 60-100 V until the bromophenol blue visual dye marker has 
migrated to approx 4 cm from the bottom of the gel 

7 Visualize the PCR products on a UV transillummator and photograph usmg 
Polaroid Land Camera or video camera (Flowgen) with an orange G filter to 
maxlmlze the contrast (see Note 10) 

4. Notes 
4.7. DNA Extraction 

1 If the plant material IS to be processed directly, store at room temperature Alter- 
natively, store on dry Ice or at -80°C Leaf disks are the usual source of material 
for this extractlon procedure However, the techtuque has also proved to be suc- 
cessful with small amounts of tissue from hairy root cultures 

2 Samples do not appear to deteriorate after 1 h of storage under these condltlons 
3 At this stage, a strmgy DNA preclpltate may be vlstble 
4 DNA pellets are often green or brown m color, this 1s expected from a crude 

extractlon procedure 
5 The pellet may not resuspend completely, but the small amount of debris remam- 

mg does not appear to mhlblt the PCR amphficatlon 

4.2. PCR from P/ant DNA 
Imtlally, it IS advisable to try several different volumes of the sample DNA to 
determine the optimum 
Although PCR buffer 1s usually supphed with Tuq DNA polymerase, a recipe 1s 
provided below for those who wish to assemble their own reagents. It IS useful to 
have a recipe, so that components can be varied, If neccessary For example, 
certain primer sets work more efficiently with different magnesium concentra- 
tlons 1 X PCR buffer 44 mMTrls-HCl, pH 8.8,ll mMNH$04, 4 5 mA4 MgCl*, 
7 mA4 P-mercaptoethanol, 113 #;/mL BSA, 4 5 mA4 EDTA 
To speed up the process and to mmimlze errors, make a stock solution contammg 
enough buffer, pnmers, Tuq DNA polymerase, dNTPs, and water for all the reac- 
tions, then ahquot into the PCR tubes before adding the DNA sample. Addmg the 
DNA template last mmlmlzes the risk of contammatlon between samples It IS 
generally good practice to include a water negative control and a plasmld posl- 
tlve control (1 ng plasmld DNA 1s sufficient) among the plant DNA samples 
The anneahng temperature can be determined from the sequence of the primers 
The melting temperature for duplex DNA of less than 20 bp can be calculated as 
follows. 2°C for every AT pair, plus 4°C for every CC pair. To obtam the anneal- 
mg temperature, 5’C IS subtracted from the melting temperature 

4.3. Detection and Analysis of PCR Products 
10 The product should appear as a sharp band at the expected size Small DNA prod- 

ucts (primer dlmers) are sometlmes visible as diffuse bands close to the leading 
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front of the gel Additional faint bands, which may be caused by nonspecific 
priming, may also appear 
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Southern Analysis of Transgenic 
Tobacco Plants 

Dawn Worrall 

1. Introduction 
Southern analysts (1) is routmely carried out to determme whether a plant 

regenerated from tissue-culture has been transformed with foreign DNA. The 
technique of Southern analysis begins with the extractton of genomic DNA 
from the plant, digestion of the DNA with dtagnosttc-restrtctton enzymes, and 
fracttonatton of the restricted DNA by agarose gel electrophorests Followmg 
the transfer of the fracttonated DNA to a nylon membrane by capillary blotting 
(Southern blottmg), a radtoacttvely labeled fragment of the foreign DNA IS 
used for the detection of homologous sequences wtthm the plant genomtc DNA. 
This technique allows not only the detectton of foreign DNA, but also an estt- 
matton of the number of copies and the arrangement of the foreign gene(s) 
within the plant genome. 

Polymerase chain reactton (PCR) techniques can also be used to demon- 
strate the presence of foreign DNA (see Chapters 41 and 42). However, 
although PCR gives results rapidly, tt 1s necessary to carry out a range of con- 
trol experiments to avotd false-postttve results that may arise from contammat- 
mg DNA sequences. The PCR method can be useful when there are only limited 
amounts of tissue avatlable for analysts. However, tf there IS suffictent mate- 
rial, Southern analysrs should be performed m preference since much more 
mformatton can be gamed 

Detailed protocols are presented below for the extraction of genomtc 
DNA, Southern blottmg, radtoacttve labeling of DNA fragments, and for 
hybrtdtzatton. A method IS also included for the strtppmg and reprobing of 
DNA blots. 

From Methods m Molecular &o/ogy, Vol 81 P/ant Wology Protocols 
From VKUS lsolatron to Transgemc Resistance 

Edlted by G D Foster and S C Taylor 0 Humana Press Inc , Totowa, NJ 
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2. Materials 
2.1. Genomic DNA Extraction 

Worrall 

5 
6 
7 
8 
9 

10 
11 
12 

13 

14 

Liquid mtrogen 
Pestles and mortars 
50-mL Polypropylene tubes 
2X cetyl trtethylammomum bromide (CTAB) solution. 2% (w/v) CTAB, 100 mM 
Trts-HCl, pH 8.0, 1.4M NaCI, 20 mM EDTA. 
Chloroform octanol. mtx the two soluttons m the ratio 24.1. 
10% CTAB solutton’ 10% (w/v) CTAB, 0 7M NaCl 
CTAB prectpttatton buffer 1% (w/v) CTAB, 50 mA4Trts-HCl, pH 8.0,lO mMEDTA 
lMNaC1 
Absolute ethanol 
70% (v/v) Ethanol 
TE. 10 nuI4 Trts-HCl, 1 mM EDTA, pH 7.2. 
RNase A (Stgma, Poole, UK) Prepared by dtssolvmg m sterile dHz0 to a con- 
centration of 10 mg/mL and heat-treating by botlmg for 10 mm to destroy any 
contaminating DNases. Store at -20°C. 
Phenol.chloroform tsoamyl alcohol solution Mix the solutions 25 24 1 
The phenol can be purchased ready-equthbrated m Trts buffer from Sigma 
This solutton can be stored in the dark at 4°C for up to 6 wk Caution: Phenol 
1s toxic 

5M NaCl 

2.2. Southern Blotting 
2 2 1. Restriction Enzyme Digest/on of Genomic DNA 
and Agarose Gel Electrophoresls 

1. High-gellmg temperature agarose (molecular biology grade, e g , SeakemTM, 
Flowgen, Ltchfield, UK) 

2. Electrophorests buffer (10X TAE) 4MTrts-acetate, pH 8 0, 10 mA4 EDTA 
3. DNA loading buffer (10X) 0.25% (w/v) bromophenol blue, 0 25% (w/v) xylene 

cyanol, 25% (w/v) Ftcoll (type 400) 
4 Ethtdmm bromide solutton 5 mg/mL ethtdtum bromide dtssolved m water 

(Caution: Ethidmm bromide IS a mutagen and irritant). Store thts solution 
at 4°C 

5 DNA size markers. I-kb ladder (BRL, Paisley, UK) 
6 Electrophorests apparatus (e g , Bio-Rad, Hemel, Hempstead, UK) 
7 UV transtlluminator (e.g , Flowgen) and an orange G filter 

2.2 2. Preparation of Gel for DNA Transfer 

1 Depurmatmg solution* 0 25M HCl 
2 Denaturing solutton. 0 5M NaOH, 1.5M NaCl 
3. Neutrahzmg solutton. 3.OMNaC1, 0 5MTrts-HCl, pH 7.4. 
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2.2.3. DIVA Transfer 

1. Nylon membrane (e g., Zeta Probe GT, Bto-Rad). 
2 10X SSC 1 SMNaCl, 0 15M trisodium cttrate, pH 7 0. 
3 3MM paper (Whatman, Maidstone, UK). 
4 Paper towels 
5 Sponges 
6 Plastic tray. 
7. ClmgfilmSealmg film (Whatman). 
8 8OT oven 

2.3. Radiolabeling a DNA Fragment 
by the Random Primer Method 

1. GeneClean IITM DNA purification kit (Bio 101, supplied by Anachem, Luton, UK) 
2. Solution 0. 1.25MTri.s-HCI, 0 125M MgCl*, pH 8 0 (stored at 4°C). 
3. Solution A* I mL solutton 0 + 18 pL P-mercaptoethanol + 5 pL of each dATP, 

dTTP, and dGTP (each triphosphate previously dissolved in TE, pH 7 0, at a con- 
centration of 0.1 M; stored at -20°C). 

4 Solution B. 2M HEPES, titrated to pH 6 6 wtth 4M NaOH (stored at 4°C) 
5. Solution C: Hexadeoxyrtbonucleotides (Pharmacta, St. Albans, UK) dissolved m 

TE at a concentration of 90 ODz6,, U/mL (stored at -20°C) 
6 Ohgolabeling buffer (OLB) Prepared by mtxmg together solutions A, B, and C 

m a ratio of 100:250~150, respectively. Store in aliquots at -20°C This protocol 
assumes that the radtolabel 1s a[32P]dCTP. 

7 Sterile dH20. 
8 BSA (10 mg/mL). 
9 a[32P]dCTP (10-50 pCi) 

10 Klenow fragment of Escherzchia co11 DNA polymerase I 
11. TE: 10 mMTris-HCl, 1 mMEDTA, pH 7.2. 
12 Sephadex G-50 column, equilibrated in TE, pH 7 2. 
13 Liquid scmtillant: 5% (w/v) POP in toluene 
14 Scintillation counter. 

2.4. Hybridization of a DNA Probe to a Southern Blot 

1 Church buffer, 0.25MNa2HP04, pH 7.2,7% SDS. 
2. Radtoactive probe 
3. Wash I: 20 mMNa2HP04, pH 7.2, 5% SDS. 
4. Wash II* 20 mMNa2HP04, pH 7.2, 1% SDS 
5 Saran Wrap (Dow, supplied by SLS, Wtlford, UK). 
6 X-ray film (e g., Amersham, Little Chalfont, UK, Hyperfilm-MP) 
7 Hybaid (Teddmgton, UK) oven and glass bottles 
8 Geiger counter 
9 Autoradtography cassette contammg signal intensifying screens (e.g , from GRI, 

Dunmow, UK). 
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3. Methods 
3.1. Genomic DNA Extraction 

One of the major hmitmg factors in the isolation of plant DNA 1s the effi- 
ctent disruption of the cell wall. There is often a compromtse between com- 
plete wall breakdown and the length and yield of DNA. Another problem often 
encountered with plant DNA isolation is the presence of contammatmg carbo- 
hydrates and phenohcs. These compounds are dtffcult to separate from the 
DNA and can interfere with the quantificatton of nucleic acids by spectropho- 
tometry. More importantly, these contaminants also mhtbtt the activity of DNA 
modifying enzymes. To try to reduce this contaminatton problem, plant tissue 
that is low m such compounds should be used as source material. Young, fully 
expanded leaves are often suitable for this purpose 

In the method described below, which is based on that of Murray and 
Thompson (2), the plant cell wall is disrupted by grinding the frozen plant 
tissue with a mortar and pestle. The ground tissue is then incubated m an aque- 
ous solutton contammg chelating agents, to inhibit nuclease actton, and a 
detergent, to solubulize membranous material The success of the method is 
because of the fact that in the presence of high salt concentrattons, the CTAB deter- 
gent binds nucleic acid to form soluble complexes. If the salt concentratton is 
subsequently decreased, nucleic acid-CTAB complexes precipitate, but contami- 
nating carbohydrates are left behind in solution. The resultmg nucleic acids are 
therefore relattvely free from compounds that can contaminate DNA preparations. 

Thts protocol has routmely been used to extract DNA from tobacco leaves 
and whole mature Arabsdopszs plants. A yield of up to 500 pg of genomtc DNA 
can be expected from 5 g tobacco leaf material. A review of nucleic acid 
extraction protocols for different species of plants can be found m ref. 3. 

1 Grind 5 g tobacco leaf material (see Note 1) in liquid nitrogen, in a precooled 
pestle and mortar 

2 Transfer the frozen powder to a 50-mL tube. 
3 Add l-2 mL per gram of 2X CTAB buffer preheated to 95°C. Mix thoroughly by 

gentle repeated inversion of the tube and transfer to a 56°C water bath (see Note 2) 
4 Incubate for 20-60 mm, mixing occasionally 
5 Allow the tubes to cool, and add an equal volume of chloroform octanol 
6 Emulsify by gentle shaking and centrifuge for 10 mm at 1OOOg (see Note 3) 
7 Transfer the upper aqueous phase, which contains the DNA, to a fresh tube and 

add 0.1 vol 10% CTAB solution preheated m a 56°C water bath 
8. Mix thoroughly, until the solution clears, and repeat chlorofornnoctanol extrac- 

tion and centrifugation 
9 To the new aqueous phase, add an equal volume of CTAB precipitation buffer, 

mix thoroughly, and allow to stand at room temperature for at least 20 mm 
(see Note 4) 
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10. Spin down precipitate at 1OOOg for 15 mm 
11 Dram tubes well and resuspend the pellet m 1M NaCl (1 mL/g startmg maternal) 

(see Note 5) 
12 Add 2X vol of ethanol to precrprtate nuclerc acrds Store at -20°C for 30 min 

Spur down nuclerc acrds and rmse the pellet twice with 70% ethanol (see Note 6) 
13 Fmally spm down nucleic acrds for 5 min at 1 OOOg, remove all 70% ethanol, and 

vacuum-dry pellets for 5 mm 
14 Resuspend the pellet m TE (100 pL/g of starting material) (see Note 7) 
15. If RNA-free DNA IS required, steps 16-20 can be followed (see Note 8). 
16 Add 10 p.L of RNase stock to the solution and mcubate at 37°C for 30 mm 
17. Add an equal volume of phenol chloroform rsoamyl alcohol and emulsrfy by 

inversion Centrifuge at 15,OOOg in a microcentrifuge for 2 mm. 
18. Remove the aqueous phase to a fresh Eppendorf tube and add 0 05 vol5M NaCl 

and 2 vol of ethanol Store at -20°C for 30 mm 
19 Spur down nuclerc acids and rmse the pellet with 70% ethanol 
20. Remove all 70% ethanol and vacuum-dry pellet for 5 mm, before resuspend- 

mg in TE 
21 Analyze the DNA by fractionating 1 pL on a 1% agarose gel 

3.2. Southern Blotting 
3.2.1. Restriction Enzyme Digestion of Genomic DIVA 
and Agarose Gel Electrophoresis 

It IS important to obtain as much mformation as possible on the structure and 
organization of transferred genes within the plant genome. The number of cop- 
ies of T-DNA, whether they are tandemly linked or dispersed, and the posttron 
within the genome can have a great effect on the expression levels and mherit- 
ante patterns of introduced genes 

By selecting appropriate restriction enzymes to cut the plant genomic DNA, 
it is possible to gam information about the orgamzation of the T-DNA withm a 
particular transformant. The number of T-DNA copies can be estimated by two 
commonly used methods. The first method mvolves digesting genomic DNA 
with restriction enzymes that cut twice wrthin the target T-DNA, to yield an 
internal fragment. The copy number IS estimated by calibrating the mtensity 
(followmg autoradiography) of the mtemal fragment band against samples of 
known copy numbers of the foreign DNA (usually plasmid DNA) run on the 
gel. Genomic DNA from untransformed plants must be added to the plasmid 
copy number control samples, to provide a similar background to the trans- 
gemc sample for hybridization. In the second method, the genomic DNA is 
drgested with a restriction enzyme that cuts once in the target DNA. Here, 
border fragments are generated, where the second site of cleavage is m the 
genomic DNA. Since the site of the second cleavage is expected to be different 
for each independent msertion event, the number of bands observed on the 
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autoradiogram indicates the number of copies present Tandemly linked T-DNAs 
can also be diagnosed by cutting with restriction enzymes that cut once within 
the construct. In this case, a single tntense band is generated from internal 
fragments within the tandem repeat Border fragments of dtfferent sizes are 
also generated, This experiment 1s important m order to differentiate between 
single and multrple insertion events when segregation data have indicated a 
single locus insertion In all cases it is important to run a negative control using 
nontransformed genomic DNA, to check that, under the experimental conditions 
used, there is no background hybridization that could confuse the analysis. 

1 Digest genomic DNA with appropriate restriction enzymes (see Note 9) 
2 Prepare a 0.8% agarose gel m 1X TAE buffer. Before pourmg mto casting tray, 

add ethidmm bromide solution (to a final concentration 0.05 mg/mL) 
3. MIX digested DNA with a 0 1 vol gel loadmg buffer. 
4 Place the gel m electrophoresis apparatus, and cover with 1 X TAE buffer 
5. Add ethidmm bromrde solution to the 1X TAE buffer (to a final concentration of 

0 05 mg/mL) 
6 Load the DNA samples and 1 pg 1-kb ladder on the gel 
7 Run the gel at 6&100 V until the bromophenol blue visual dye marker has 

migrated approx three-fourths of the way down the gel. 
8 Visualize the DNA on a LJV transillummator and photograph, using Polaroid Land 

Camera or video camera (Flowgen) with an orange G filter to maximize the con- 
trast (see Note 10) 

3.2.2. Preparation of Gel for DNA Transfer 
1 After photographmg, incubate the agarose gel m depurinatmg solution for 15 

mm at room temperature, with gentle agitation This acts to depurmate or acrd- 
nick the DNA, and increases the efficiency of DNA transfer to the membrane 

2 Remove the depurmatmg solution and rinse the gel m distilled water 
3. Incubate the gel m denaturing solutron for 30 mm at room temperature, with 

gentle agitation (see Note 11) 
4. Rmse the gel m distilled water 
5 Incubate the gel m neutralizmg solution for 30 mm at room temperature, with 

gentle agitation (see Note 12) 
6 The gel is now ready for DNA transfer 

3.2.3. DNA Transfer 

There are many different membranes commercially available for nucleic acid 
blotting The nylon-based ones are the most practical, because they are very 
strong and can withstand repeated use (which is important if the membranes 
are to be probed sequentially, such as with more than one DNA sequence), 
with minimal loss of sensitivity The products that we have used in our 
laboratory are Zeta-Probe GT (Bio-Rad), Gene Screen Plus (DuPont, 
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Hounslow, UK), and Hybond N (Amersham). For ease of use, high slgnal- 
to-noise ratio, and durability, we have found Zeta-Probe GT to be the most 
suitable. It is Important to follow the manufacturer’s guldelmes for each 
type of membrane used. However, the methods for use are all broadly siml- 
lar, and the protocols given below are suitable for all three membranes men- 
tioned above. 

1, Cut the nylon membrane to the same size as the gel and presoak the membrane in 
either distilled water or the transfer buffer (10X SSC), according to the mem- 
brane manufacturer’s mstructions 

2 Cut three pieces of 3MM paper to the same size as the gel, and soak m the trans- 
fer buffer 

3 Lay sponges to a thickness of 6-8 cm m a plastic tray and flood with 10X SSC 
4 Lay two pieces of 3MM paper, larger than the gel, on the sponges (see Note 13). 
5 Lay the gel on top of the 3MM paper, checking that there are no air bubbles 

Cover the remaining surface of the 3MM and sponges with cling film (see 
Note 14) 

6 Carefully place the membrane on the gel, ensurmg that there are no air bubbles 
present (see Note 15) 

7. Place the presoaked pieces of 3MM paper on top of the gel, followed by a stack 
(approx 10 cm thick) of paper towels Place a glass plate and a suitable weight 
(e.g , a 500-mL medlcal flat) on top of the stack and leave standmg overmght to 
allow DNA transfer to take place 

8 If necessary, top up the transfer buffer in the tray before leavmg the blot 
overnight 

9 Remove the membrane, wash it briefly m 10X SSC, and then leave It to air-dry 
on 3MM paper, DNA-side up 

10. Follow the manufacturer’s mstructlons to meverslbly crosslmk the DNA to the 
membrane (see Note 16) The membrane IS now ready for hybrldlzatlon 

3.3. Radiolabeling a DNA Fragment by Random Primer Method 

A method for radlolabelmg DNA fragments in agarose gel slices to high 
specific activity was devised by Femberg and Vogelstem (4). However, the 
specific activity of the DNA fragments can be significantly increased by puri- 
fication of the DNA from the agarose gel, by electroelution or by using purifi- 
cation kits (e.g., GeneClean II DNA purrficatlon kit available from Blo 101). 
To estimate the amount of DNA that should be labeled, the hybridlzatlon mem- 
brane manufacturer’s guldelmes should be consulted, typically, the probe 
should be at a concentration of 10-50 ng/20 mL of hybrldlzatlon solution. It 1s 
also important to generate a probe with a good specific actlvlty, to produce a 
high signal-to-noise ratio durmg hybridization. A specific activity of 108 cpm/ 
pg probe 1s generally recommended 
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The equipment available for carrying out hybrldlzatlons has improved over 
recent years, allowing the reactions to be carried more safely and with greater 
ease. The rotisserie-type hybridlzatlon oven (e.g., Hybald) can be very useful. 
Multiple hybrldlzatlon reactlons can be carried out simultaneously (provided 
the same temperature is required), and the glass bottles used m the oven 
mlmlmlze the risks associated with the handling of radloactlvely labeled solu- 
tions and membranes. 

The protocol presented here 1s deslgned to allow the detectlon of a specific 
DNA fragment using a homologous, radloactlvely labeled DNA sequence 
as probe. Both the hybrldlzatlon reaction and washes are carried out under 
stringent condltlons, at 65”C, to mmlmlze nonspecific hybrldlzatlon. There 
are various hybrldlzatlon buffers that can be used, but Church buffer (5) 
seems to produce the best results. The SDS wlthm the buffer acts as a block- 
mg agent, which, m conJunctlon with the reaction temperature of 65”C, 
eliminates problems of background hybndlzatlon. This buffer can be used 
successfully with any of the membranes mentioned above It 1s convement to 
make up 2-3 L of both the hybrldlzatlon buffer and the wash solutions and 
store them at 65°C. 

Purify the DNA fragment by electroelutlon or usmg the Gene Clean kit (Blo 10 l), 
and resuspend m dlstllled water at a concentration of l&100 ng/pL This stock 
can be stored for several months at -20°C 
To a sterile Eppendorf tube, add 0 6 pL of BSA, 3 pL of OLB, 1040 pC1 
[32P]dCTP, and 0 6 pL (0 5 U) of the large fragment of DNA polymerase I 
(Klenow fragment) Store on Ice 
The final volume of the ollgolabelmg reactlon will be 15 pL Therefore, add 
an appropriate volume of dlstllled water to 1 O-50 ng of the DNA probe stock 
solution and boll for 5 mm to denature the DNA Centrifuge brlefly to collect 
the contents to the bottom of the tube, and cool on ice before adding to the 
reaction mix. 
Incubate the reaction at 37°C for approx 1 h (see Note 17) 
Add 200 pL TE, pH 7 2, to stop the reaction 
Fractlonate the probe to remove the unincorporated [32P]dCTP by running the 
reaction mixture through a Sephadex G-50 column, equlhbrated m TE, pH 7 2 
(see Note 18) 
Pool the labeled fractions 
Denature the probe by bollmg for 5 mm (see Note 19) lmmedlately prior to add- 
mg to the hybridization solution (see Subheading 3.4.) 

3.4. Hybridization of DNA Probe to Southern Blot 

1 Place the membrane m a Hybald glass bottle and add enough Church buffer to 
cover the membrane (typically, ca l&25 mL) Prehybrldlze the membrane at 
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65°C for 15-30 mm m a Hybald oven (see Note 20) OccasIonally, It may be 
necessary to alter the hybrldlzatlon condltlons (see Note 21). 

2. Add the denatured radloactlve probe to some fresh Church buffer (10 mL) and 
mix carefully. 

3 Pour away the prehybrldlzatlon buffer and replace it with the probe solution The 
hybndlzatlon should be carried out at 65”C, with constant agltatlon, for at least 12 h 

4. Remove the probe solution (see Note 22) and replace with Wash I. Incubate at 
65”C, with constant agltatlon, for 30 mm. Remove the wash and repeat 

5. Remove Wash I and repeat the procedure with Wash II 
6. If the actlvlty IS not localized and the background 1s still high, repeat step 5 
7. Remove excess wash solution, wrap the membrane m Saran Wrap, and expose to 

X-ray film at -8O”C, m a cassette contammg signal mtenslfymg screens. 
8 If desired, after autoradlography, the blot can be stripped and reprobed by fol- 

lowmg the protocol m the next sectlon 

3.5. Probe Stripping and Rehybridization 
1 If reprobmg 1s desired, do not let the membrane dry out between hybrldlzatlons 

(see Note 23) 
2 Wash the membrane 2 x 20 mm each m a large volume of 0 1 X SSUO 5% SDS at 

95°C (see Note 24) 
3 Check that all of the probe has been removed from the blot by exposing 

overnight 

4. Notes 
4.1. Genomic DNA Extraction 

1. It 1s Important not to crush the plant material or let It wilt, because this may affect 
the efficiency of the extractlon The protocol can be successfully scaled up or 
down, depending on the amount of tissue available 

2 After adding the 2X CTAB buffer to the ground plant material, the suspen- 
sion 1s sometimes very viscous This 1s dependent on the source of the mate- 
nal, and the amount of polysaccharlde present m the tissue If very VISCOUS, It 
may be advantageous to dilute the extract further with allquots of CTAB 
extractlon buffer 

3 CTAB will preclpltate at temperatures below 15°C so ensure that the centrifuge 
and rotor are at room temperature before msertmg the tubes 

4. This step preclpltates CTAB-nucleic acid complexes by reducmg the NaCl con- 
centration; If no precipitate forms, add a little more precipitation buffer Preclpl- 
tates may be stringy or fine suspensions The solution can be left for a longer time 
than Indicated to allow preclpltatlon, even overmght, as long as the temperature 
1s mamtamed over 20°C 

5 The CTAB-DNA pellet may not resuspend unmedlately, and It may be neccessary 
to heat the solution to 50°C It IS often easier to resuspend the CTAB-DNA com- 
plexes if they have been pelleted m a low-speed benchtop centrifuge 
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6 The CTAB IS soluble m ethanol, but the nucletc acids are not The ethanol washes 
remove any remammg CTAB from the nucletc acids, which may otherwrse mhtbtt 
restrtctton-enzyme digestion 

7 If highly pure DNA IS required, the DNA can be purtfied on a CsCl/EtBr gradient 
at this stage 

8 Instead of removing the RNA at thts stage, RNase can be added to the DNA 
durrng restrrctron enzyme dtgestlon In this case, 2 pL of 0 5 mg/mL 
RNase A (diluted from the 10 mg/mL stock, Subheading 2.1.) can be added 
to each reaction 

4.2. Southern Blotting 

4.2.1. Restriction Enzyme Digestion of Genomlc DNA 
and Agarose Gel Electrophoresrs 

9. The amount of DNA drgested varies with the source of the DNA Typically, l-10 
pg are digested to detect a single copy T-DNA, depending on the species For 
Arabzdopsu, 500 ng-1 pg 1s sufficient, but for tobacco, 10 pg 1s usually required 
It IS best to digest genomrc DNA overnight 

10 When photographmg the gel, rt IS useful to put a ruler alongside to provide a 
reference for stzmg the hybrtdtzmg bands later 

4.2.2. Preparation of the Gel for DNA Transfer 

11 The mcubation period of 30 mm is the mmtmum time required for denaturation, 
and can be increased to 2 h without any detrtmental effects, provtdmg htgh qual- 
ity agarose has been used to make the gel 

12 The mcubatton period of 30 mm is the mmimum time required for neutrahzation 
It 1s better to increase this mcubatron time, espectally If mtrocellulose 1s being 
used, smce this type of membrane becomes fragile tf put m contact with a gel that 
1s not completely neutralized 

4.2 3. DNA Transfer 

13. Ensure that the 3MM paper is saturated wtth buffer and that there are no an 
bubbles present, which would prevent local transfer of the DNA 

14. Push the clmgfilm 2 mm under the gel, thts will prevent the buffer short ctrcutt- 
mg the gel, which would result m poor transfer 

15 Cut a comer off the membrane to allow orrentatton later, and mark the positrons 
of the wells with a soft pencd 

16 The DNA can be bound to the membrane by bakmg the membrane at 80°C for 30 
mm m a vacuum oven Alternatively, the DNA can be bound to the membrane by 
UV crosslmkmg Before using this method, the UV source has to be calibrated 
for the particular membrane (6) Automatically regulated UV crosslmkmg 
machines are now commercially available from several manufacturers (e g , 
Stratagene, Cambrtdge, UK) 
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4.3. Radiolabeling a DNA Fragment 
by the Random Primer Method 

17 During the time that the oligolabelmg reaction IS procedmg, set up 
prehybridization of the blot (see Subheading 3.4.) 

18. This type of labeling reaction is usually very efficient, so the unincorporated 
[32P]dCTP does not have to be separated from the probe DNA before adding to 
the hybrtdization solutton However, genomic Southerns often require a long 
exposure time, so a clean background IS necessary. In this case, probe fraction- 
atton can be beneflctal 

When fracttonatmg a probe for the first time, tt 1s helpful to add blue dextran 
(10 mg/mL) to the reaction mixture just pnor to fmcttonatton. The dye co-migrates 
with the labeled DNA fragment, thereby faclhtatmg tdenttficatton of the desned 
fracttons (the blue dextran does not interfere with the subsequent hybrtdizatton) 
It is now possible to buy ready made columns for DNA fracttonatton (e.g., 
Stratagene NucTrap purification columns) 

19 It 1s important to boll the DNA probe thoroughly, because a double-stranded probe 
wrll not bmd to sequences on the Southern blot 

4.4. Hybridization of a DNA Probe 
to a Southern Blot 

20. If a Hybaid oven 1s not available, the hybrtdtzation can be carried out m a plastic 
sandwich box with a tight-fittmg lid, such as a Boehrmger (Lewes, UK) box 
(cat no 800058). To prevent the membrane drying out during the hybrtdtza- 
non period, a ptece of Saran Wrap just bagger than the box should be floated 
on top of the hybridizatton solutton Alternattvely, a heat-sealed plastic bag 
can be used. 

21 It is often useful to be able to alter the strmgency (amount of nucleotide mis- 
match allowed) of the hybrtdizatton reaction and the washes Wtth the Church 
buffer system, this can be achetved by altering the temperature of the hybrtdtza- 
non and washes. Alternatively, the followmg buffer system can be used, m which 
the strmgency can be altered by changing the salt concentratton. Hybrtdizatton 
solution: 6X SSC, 10X Denhardts (50X Denhardts: 1% Ficoll [type 4001, 1% 
PVP, 1% BSA), 0 5% SDS, 6% PEG 6000, 0 5 mg/mL sheared and denatured 
herring sperm DNA Wash solution I: 3X SSC, 0.5% SDS Wash solution II 0.5X 
SSC, 0.5% SDS. 

22. The probe solution can be stored at -20°C and reused after bodmg for 5 mm 

4.5. Probe Stripping and Rehybridization 

23 The Zeta-Probe membrane should be stripped as soon as possible after autorad- 
tography If this 1s not posstble, ensure that the blot IS well-wrapped with Saran 
Wrap and store m the freezer 

24 A 1 -L Duran bottle 1s useful for strippmg the probe from Southern blots 
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Detection and Quantification 
of Transcript RNA in Transgenic Plants 
Using Digoxigenin-Labeled cDNA Probes 

Kara D. Webster and Hugh Barker 

1. Introduction 
The detection of RNA transcript expressed from transgenes 1s often one of 

the first steps in the analysis of transgemc plants. Such analysis might include 
confirmatton that RNA transcripts are of the expected size and the quanttfica- 
tton of transcript m different transgemc lines. Until recently, the most common 
method of RNA detection mvolved the use of cDNA probes labeled with 32P or 
35S. However, the use of radtotsotopes involves special procedures and facile- 
ties for handling and a requirement for the reliable delivery of radiochemicals, 
which frequently have short half-lives. Such facilities may be expensive and/ 
or, in some countries, dtfftcult to obtain, Furthermore, radioactive decay limits 
the time a probe can be used, 32P-labeled cDNA probes have a maximum use- 
ful lifespan of about 2 wk By comparison, nonradioactive probes do not have 
many of the problems associated with handlmg radioactive probes The 
digoxigenin (DIG) system developed by Boehrmger Mannheim (Mannhelm, 
Germany) for nonradioactive labeling of RNA and DNA probes has been 
developed so that sensitivity is comparable with radioactivity. This chapter 
will describe the use of DIG-labeled cDNA probes The use of RNA probes 
using the DIG system is described in Chapter 47. 

The DIG system uses digoxigenin, a steroid hapten m the form of DIG-l l- 
dUTP, to label DNA, RNA, or ohgonucleotides. Probes can be produced by a 
number of methods. We will describe techniques for cDNA probes produced 
by polymerase chain reaction (PCR) and random priming. The process of 
hybridization and detection IS relatively simple. Followmg a conventional 
Northern blotting procedure, labeled probes are hybridized to membrane-bound 
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nucleic actd, which are detected usmg an alkaline phosphatase-conmgated anti- 
digoxtgemn antibody and a chemiluminescent substrate. Chemilummescent 
substrates can be visuahzed by exposure to X-ray film, thus providing a per- 
manent record that 1s dtrectly comparable to results that would be obtained 
using radioactive probes. Luminescent detectton is fast and sensitive, and mem- 
branes can easily be stripped and reprobed 

DIG probes have several advantages over radioactive probes. For example, 
usmg chemtlummescent substrates, detectton can be completed wtth a 15 to 
30-mm exposure to X-ray film, compared to l-3 d required for most 32P-labeled 
probes. Another advantage 1s that probes can be stored at 4°C or -20°C for 
many years with no apparent loss m senstttvity For example, radioactive and 
nonradioactive cDNA probes to tobacco rattle virus RNA were recently pre- 
pared from the same plasmid used to make a DIG probe nearly 3 yr earher, and 
which had been stored at -20°C. In a comparative test, the stored DIG-labeled 
probe was as sensttrve for detection as the freshly prepared DIG and radtoac- 
ttve probes. Many of the probe preparation, hybrtdrzation, and washmg proto- 
cols are the same or similar for the DIG and radtoacttve systems. The followmg 
are techniques that we use for detection and quanttficatton of RNA transcript 
m transgemc plants. The DIG system has many uses and vartattons, a more 
comprehenstve guide and instructtons can be found m ref. 1. 

2. Materials 
2.7. Boehringer Reagents 

I PCR DIG labeling kit This contams PCR buffer, 25 mA4 magnesium chloride, 
fiq DNA polymerase, and dNTP mixture contammg DIG- 11 -dUTP. 

2 DIG-High Prime (random prtmmg labelmg) kit Contams an opttmized reaction 
mixture of buffer, random nucleottdes, Klenow enzyme, dNTPs, and DIG- ll- 
dUTP m 50% glycerol. 

3 Positively charged nylon membrane 
4. DIG-labeled control DNA 
5 Blocking reagent 
6 DIG Easy Hyb (hybridization) buffer 
7. Anti-DIG-alkaline phosphatase, Fab fragments 
8 CSPD (chemtlummescent) substrate. 
9 DIG-labeled RNA mol-wt markers 

2.2. Stock Solutions 

Unless stated otherwise, autoclave and store at room temperature (see 
Note 1). 

1 TE buffer 10 mMTris-HCl, 1 mMEDTA, pH 8.0 
2 Buffer 1. 100 mA4 maleic acid, 150 mM sodium chloride, pH 7.5, with NaOH. 
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3 Buffer 2. Blocking stock solution (see item 5) diluted 1 m 10 m buffer 1 This 
buffer should be made fresh every time It 1s used, because It deteriorates quickly 

4 Buffer 3 100 mM Trls-HCl, 100 mM sodium chloride, pH 9 5 
5 Blocking stock solution. Make up 10% blockmg reagent in buffer 1 and heat until 

almost bollmg, mixing occasionally, then autoclave and store at 4°C 
6 Wash buffer Buffer 1 + 0 3% Tween-20. Make fresh, as required 
7. RNA extraction buffer 100 mM Tris-HCl, 100 mA4 llthnun chloride, 10 mM 

EDTA, 1% SDS, pH 8 0 
8 MOPS buffer (10X). 0.4M MOPS, pH 7.0, 100 mM sodium acetate, 10 mA4 EDTA. 
9 SSC (20X). 0.3M sodium citrate, 3M sodium chloride, pH 7.0 

10 Tris-SDS: 100 mMTris-HCl, 0.2% SDS, pH 8.0 
11 Agarose gel loading buffer 50% glycerol, 1 mMEDTA, 0.4% bromophenol blue, 

and 0 4% xylene cyan01 Do not autoclave. 

2.3. Apparatus 

In addltton to general laboratory apparatus and a thermocycler for labeling 
probes by PCR, the followmg are required. 

1 Several steps m the hybridization procedure require the use of heated solutions 
and constant movement of the solutions over the membrane This can be achieved 
using a dish on an orbltal shaker m an Incubator, but IS much better done In a 
purpose-made hybrldlzatlon oven with rotating hybrldlzatlon tubes At other 
stages, when the membrane IS incubated m a sealed plastic bag, this should be 
agitated on an orbltal shaker 

2 RNA is bound to nylon membranes by heating at 120°C for 15-30 mm or by UV- 
irradiation (see Note 2) using a purpose-made UV crosslmker In the absence of 
such a machme, an appropriate UV lamp or translllummator could be used, but 
the time of exposure should be determined emplrlcally 

3 Glass dishes are required at several stages for incubating membranes These, and 
all other glassware, should be sterlhzed before use by dry heat at 145°C 

3. Method 

3.1. Labeling Probes by PCR 

The use of a Boehrmger PCR-DIG labeling kit IS recommended. See Note 3 
for dlscusslon of some theoretical and practical aspects. 

1 Resuspend up to 1 pg template DNA m 5 pL sterile dH20 
2 MIX, on ice, m a PCR reactlon tube* 66 5 @ sterile dH20, 10 pL PCR buffer, 6 pL 

MgCl2, 10 pL dNTP mix (containing 2 mM dGTP, dATP, dCTP, 1.3 mM dTTP, 
and 0.7 mM DIG- 11 -dUTP), 1 pL each of upstream and downstream primers 
(1 mg/mL). 

3 Add to PCR reaction tube 5 pL template DNA and 0 5 pL Z’uq polymerase 
4. Mix PCR reaction constituents thoroughly and centrifuge briefly to collect 

the llquld Overlay with 100 pL of light llquld paraffin, If required by the 
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thermocycler The followmg reaction cycles were found to be good usmg a 
Perkm-Elmer 9600, but should be altered to suit respective template, primers, 
and thermocycler 

Hold at 95°C for 1 mm 
5 cycles at 94°C for 1 mm 

55°C for 30 s 
72°C for 30 s 

25 cycles at 94°C for 30 s 
55T for 30 s 
72°C for 30 s 

Hold at 72°C for 5 mm 
5 If an ahquot of the reaction mixture is analyzed by agarose gel electrophoresis 

after ampltfication, the mol wt of the PCR product will be found to have mcreased 
stgmficantly because of mcorporation of DIG- 11 -dUTP, compared to the unla- 
beled product The concentratton of the probe should be determmed as descrtbed 
m Subheading 3.3. and then stored at 4°C or -20°C (see Note 4) 

3.2. Labeling Probes by Random Priming 

The use of a Boehrmger DIG-High Prrme (random priming) kit is recom- 
mended. See Note 5 for discussion some theoretical aspects. 

1 Resuspend 1 pg template DNA in 16 p.L of sterile water 
2 Denature the DNA thoroughly by boilmg the template for 10 mm and chdlmg on 

an ice-salt-water mix until cool 
3 Add 4 pL of DIG Hugh Prtme, mix thoroughly, then centrifuge briefly. 
4 Incubate overnight at 37°C 
5 Stop the reactton by addmg 2 pL 0 2MEDTA, pH 8 0 
6 Determine the concentration of the probe as described m Subheading 3.3. and 

store at 4°C or -2O’C (see Note 4). 

3.3. Estimating Concentration of Labeled Probe 

Make IO-fold serial dilutions of DIG-labeled control DNA m TE buffer from 
1 ng/p.L to 0 01 pg/pL. (equivalent to dilutions of 1 20 1.2,000,000 of the original 
DNA). Spot 1 pL of each dtlution onto a postttvely charged nylon membrane, 
approx 60 x 30 mm 
Prepare a similar dilution series of the labeled probe, direct from the PCR prod- 
uct, and spot 1 p.L of each dilutton onto the membrane 
Bmd the DNA to the membrane by exposmg to UV or by heatmg (see Note 2) 
Equthbrate the membrane for 1 mm m wash buffer 
Incubate membrane at 37°C for 30 mm in 50 mL of buffer 2 m a dish 
Dilute anti-DIG-AP, Fab fragments to 75 mU/mL (1 10,000) m buffer 2 Diluted 
anttbody solutions are stable for 12 h at 4°C A prectpttate can form m the antt- 
body solutton during storage, this should be removed by brief centrtfugation 
before use Failure to do this can result m background spots on the membrane 
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7 Incubate the membrane for 30 mm in 5 mL of antibody solution at room tempera- 
ture in a sealed plastic bag 

8 Discard the antibody sol&Ion and wash the membrane 2 x 15 mm with 50 mL of 
wash buffer m a dish at room temperature 

9 Equilibrate the membrane m 10 mL of buffer 3 for 2 mm in a dish 
10. Dilute chemllummescent substrate CSPD (25 mM) 1 100 in buffer 3 Place the 

membrane (DNA side up) on one half of a plaslc bag, and gently dispense the CSPD 
substrate onto the surface of the membrane scattering the drops across the sur- 
face Approximately 0 5 mL of diluted CSPD 1s sufficient for a 60 x 30-mm blot 
Rock the membrane gently to disperse the liquid before lowering a top sheet of 
plastic over the membrane gently and disperse any bubbles Incubate the filter for 
5 min at room temperature without shakmg 

11 Move the membrane mto a fresh plastic bag, allowmg excess substrate to drip off 
during the transfer, seal the bag, and incubate at 37°C for 15 mm Do not allow 
the membrane to dry out during transfer 

12 Retain the membrane m the bag and expose to X-ray film for 2-5 mm, or as necessary 
13. By comparing the mtenslty of the spots given by the control DNA and the labeled 

probe, the concentration of the new probe can be estimated (see Note 6) 

3.4. Extraction of RNA from Plant Tissues 

This method IS based on a protocol described m (2) Caution: It IS essential 
that gloves are worn at all times. 

Place 0 5 g leaf material (midribs removed) m a 4-mL polyethylene tube (or use 
less material m a mlcrocentrlfuge tube) mto liquid nitrogen, and leave until the 
leaf material is completely frozen before grinding to give a fine powder, using a 
plastic or glass rod 
Add 1 mL extraction buffer and I mL TE saturated phenol Heat at 80°C for 1 
mm, mix vigorously for 30 s, incubate at 80°C for 2 mm, and mix again 
Add 1 mL of a 24 1 mixture of chloroform lsoamyl alcohol Because chloro- 
form bolls at 55”C, it IS essential to cool the tubes before adding it Shake 
vigorously for 30 s. 
Centrifuge tubes at 16,000g for 3 mm, remove the upper aqueous phase, and add 
1 vol of 4M LlCl MIX well and leave overmght at 4°C 
Centrifuge tubes at 16,000g for 3 min and discard aqueous phase Add 200 pL 
sterile dHzO to resuspend the pellet, and transfer to a fresh mlcrocentrlfuge tube 
Keep on ice and add 0 1 vol 3h4 sodium acetate and 2 vol of absolute ethanol 
Mix well and store m the freezer at -20°C overnight, or at -70°C for 30 mm. 
Centrifuge at 16,000g for 5 mm and discard solution Rinse the pellet in 400 pL 
70% ethanol, centrifuge at 16,000g for 2 mm, and discard solution 
Remove remammg ethanol from pellets under vacuum, until dry Resuspend and 
dissolve the pellet m 100 p.L Trls-SDS, or more if required Estimate RNA con- 
centration m a spectrophotometer and store at -2O”C, after addltlon of 2 vol of 
absolute ethanol and 0 1 vol 3M sodium acetate, pH 5 8, until ready for use 
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3.5. Preparation of Northern BIots 

3.5.1. RNA Gels 

1 In a lOO-mL flask, mix 0 6 g agarose, 5 mL 10X MOPS buffer, and 34 mL stertle 
dtsttlled water. These constttuents should be melted, then cooled sltghtly before 
adding 11 mL formaldehyde (37%) Pour the gel and posttton the sample comb 

2 In a 1.5-mL mtcrocentrtfuge tube, mtx 1 pL 10X MOPS buffer, 3 5 pL formalde- 
hyde (37%), 5 5 pL contammg 10 pg of sample RNA m stertle dtsttlled water, 
and 10 & detomzed formamtde Heat samples at 55°C for 15 mm and then add 3 
pL loading buffer 

3 Once the gel 1s set, place in the gel tank and use 1X MOPS as the electrophorests buffer 
4 Load the samples, mcludmg a sample of RNA size marker (see Note 7), onto the 

gel and run for approx 2 h at 60 mA, or unttl the dye ts about 3 cm from the 
bottom of the gel. 

3.5.2. Transfer of RNA to Nylon Membrane 

RNA can be transferred onto a membrane using a vacuum-transfer blotter or 
by usmg the following tradtttonal procedure The membrane must not be 
touched with bare hands. 

1 Trim off excess agar from gel, mcludmg the loading wells Remove right-hand 
corner to provtde ortentatton 

2 Cut a nylon membrane and two squares ofwhatman 3MM chromatography paper to 
the same size as the gel, and two long strips (cut to the wtdth of the gel) to act as wicks 

3 Label, wtth pencil, the srde of the membrane that will be m contact wnh the gel 
4 Place a piece of glass across a large dish contammg 300 mL 20X SSC Wet the 

two longest pieces of filter paper m 20X SSC and drape across the glass and mto 
the SSC m the dash, to act as a wick 

5. Carefully place the gel on the wick and smooth out any au bubbles 
6 Cover all exposed areas of filter paper with cling film 
7. Wet the membrane in 10X SSC (see Note 8) and place on top of the gel, smooth- 

mg out any air bubbles and makmg sure that the corners are well-matched 
8. Wet the two squares of filter paper m 20X SSC, place on top of the membrane, 

and smooth down gently 
9 Place a 70-mm stack of absorbent paper towels on top, wetgh down evenly with 

500 g wetghts, and leave to transfer overmght 
10 Bmd the RNA to the membrane by exposing to UV or by heatmg (see Note 2) 

The membrane should be nradtated on both sides before hybrtdtzatton with DIG 
probes, as descrtbed m Subheading 3.7. 

3.6. Preparation of RNA Dot Blots 

1. Prepare sertal dtluttons of total RNA extracts from leaves m sterile dH20 (typt- 
tally from 5 pg/pL to 0 5 pg/$). 2$ of each dilution should be spotted onto a 
piece of postttvely charged nylon membrane 
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2. Bind the RNA to the membrane by exposure to UV or by heating (see Note 2) 
The membrane should be lrradlated on both sides before hybrldlzatlon with DIG 
probes, as described m Subheading 3.7. Followmg nucleic acid detection, quan- 
tltatlve estimates of the amount of RNA can be made (see Note 9) 

3.7. Hybridization of DIG-Labeled DNA Probes to RNA on Nylon 
Membranes 

See Note 10 for discussion of hybridization buffers 

1 Prewarm to 37°C the roller containing 20 mL DIG Easy Hyb solution and mcu- 
bate the membrane for 30 mm to prehybridize (see Note 11) 

2 Denature the DIG-labeled DNA probe by bollmg for 10 mm and then rapldly 
chlllmg on an Ice-water mrx Add probe to fresh prewarmed DIG Easy Hyb solu- 
tlon (2.5 mL 1s suffclent for a 1 OO-cm* membrane, If using a roller, the mmlmum 
volume required is 8 mL) and mix gently. Do not allow foaming to occur, because 
bubbles cause increased background 

3 Pour off and discard the prehybldrzatlon solution from the membrane and place It 
m a plastic bag; immediately add the probe m DIG Easy Hyb Do not allow the 
membrane to dry out 

4. Incubate overmght at 37’C 
5 Pour off the hybridlzatlon probe solution and retain Probes can be re-used three 

to four times after storage at -20°C When reusing a probe diluted m DIG Easy 
Hyb, it must be denatured at 68°C for 10 mm and fast chdled before use (see Note 
12) Hybrldlzed nucleic acid should be detected as described m Subheading 3.8. 

3.8. Detection of Hybridized Nucleic Acid 

1 After hybridlzatlon, wash the membrane for 2 x 5 mm at room temperature with 
at least 50 mL 2X SSC containing 0 1% SDS to remove unbound probe It 1s 
preferable to do this m a dish on an orbital shaker, rather than using a hybndlza- 
tlon oven. Ensure there 1s enough buffer for the membrane to move freely 

2 Wash 2 x 15 mm at 68°C with at least 50 mL of 0.1 X SSC contammg 0 1% SDS 
The buffer should always be prewarmed, and, if using a hybrldlzatlon oven, both 
the hybridlzatlon tube and buffer should be preheated (see Note 13) 

3 Now proceed from steps 4-11 of Subheading 3.3. Use 1 mL of diluted CSPD 
substrate for a IOO-cm* blot. 

4. Expose to standard X-ray film for 30 mm-24 h, as necessary. Exposures can be 
obtained for up to 2 d after the addition of the chemllummescent substrate 

4. Notes 
1 Flltratlon of many solutions IS recommended by Boehrmger, but we commonly 

autoclave without apparent problems 
2 RNA and DNA can be bound to the membrane by heating at 120°C for 30 mm or 

by exposure to 120,000 @/cm* UV. Always UV crosslmk both sides of the mem- 
brane, because this will reduce background 
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3 

4 

5 

6 

7 

8. 

9 

10 

PCR can be used to prepare DIG-labeled DNA probes DNA probes are effi- 
clently labeled with DIG- 1 l-dUTP using PCR, because small amounts of DNA 
(100 ng-1 pg) can be directly amphfied and labeled m a single reaction. Although 
the PCR could be done directly on intact plasmid DNA, Boehrmger have recom- 
mended that insert be restriction-digested from vector sequences, followed by 
phenol chloroform extraction and ethanol preclpitatton before labelmg We have 
found this improves the probe sensitivity, compared to usmg undigested plasmid 

The optimal PCR condttions have to be adapted and optimized to each tem- 
plate-pnmer combmation The concentrations of MgCl*, enzyme, template, and 
primers, and the thermocycler reaction times we have given may not sun all suu- 
ations It is possible and convement to use reduced PCR volumes (typically 
50 pL) when determmmg optimal condmons for making a new probe 
Probes m regular use can be stored at 4°C or at -20°C if intended for long- 
term storage 
Random pnmmg is a fast and efficient method for preparation of probes and is 
well-suited for labelmg relatively long probes However, there may be only hm- 
ited mtroduction of labeled nucleotlde into the probe Usmg a Boehrmger DIG- 
High Prime kit, DIG-labeled probes can be generated withm an hour, but, for 
mcreased yield, an overmght reaction IS preferable It IS important to dtgest the 
vector to remove the target insert prior to labeling; labeled vector sequences can 
lead to nonspecific hybrtdization 
Typically, we use a DNA probe concentration of 5-25 ng/mL to detect RNA 
However, the optimum concentration of a new probe should be determmed, tak- 
mg background signal mto account 
The samples should include a lane contammg a conventional RNA marker, which 
can be cut off before transfer, and ethidium bromide stained An alternative, and 
preferable, method is to use DIG-labeled RNA mol-wt marker supplied by 
Boehrmger; there are three size ranges available This has the advantage that it 
will be transferred durmg blottmg and will be visible on the X-ray film alongside 
the sample bands DIG-labeled mol-wt marker should be heated at 65°C for 10 
mm before being placed on ice, other details for using mol-wt markers can be 
found m the manufacturer’s technical leaflet 
It is not necessary to prewet nylon membrane, but, if required, it wets faster m 
10X SSC than in 20X SSC 
Estimates of transcript RNA concentratron can be made by comparmg the mten- 
sines of hybridized nucleic actd spots wtth those given by dtluttons of a known 
concentratton of purified RNA Estimates of relative amounts of RNA can also 
be determmed by comparmg the mtensmes given by different samples. The range 
of dilutions that IS suitable for prevrously untested RNA extracts, should be 
determmed emptrtcally It IS very important to mclude RNA samples from 
nontransgenic plants to act as controls for nonspecific hybridization 
There are various buffers that can be used for hybridization Dig Easy Hyb is 
nontoxic and does not contam formamide. It is ready to use and is both DNase- 
and RNase-free The optimum hybridization temperature should be estimated 
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empirically and depends on whether the target is DNA or RNA, the GC content, 
and homology of probe to target, further details can be found m ref. I Although 
the use of DIG Easy Hyb buffer is probably the easiest option, if buffer contam- 
mg formamide is required, the followmg can be used* 5X SSC, 0 1% lauryl- 
sarcosme, 0 02% SDS, 1% blocking reagent, and 50% deionized formamide 

11 Prehybridization can be longer than 30 mm, but do not exceed 2 h 
12. Probe denaturation is more efficient if done in a water bath rather than a dry block. 
13 Unbound probe is removed m washing steps 1 and 2 If using probes >lOO bp, 

the washes m step 2 must be at 68°C; for shorter probes, the washing temperature 
must be determined empirically. Membranes are most easily washed by shaking 
in a dish m an incubator, rather than m a hybridization oven. An exception to this 
are the washes m step 2 at 68”C, which is difficult to achieve in an Incubator It IS 
important to preheat the roller and buffer before use m this step. Never allow the 
membrane to dry out at any time, because this will increase background 

References 
1. DIG System User’s Guide for Filter Hybridization Boehrmger Mannhelm, 

Mannheim, Germany 
2 Verwoerd, T C , Dekker, D M M , and Hoekema, A (1989) A small-scale proce- 

dure for the rapid isolation of plant RNAs. Nucleic Acids Res 17,2362 





46 

Assaying Levels of Plant Virus by ELBA 

Roy Copeland 

1. Introduction 
Enzyme-linked immunosorbent assay (ELBA), since its use with plants was 

described by Clark and Adams (I), has become the most popular method for 
detection of vrruses in plants, because of its stmpltcity and wide applicabihty. 
Used mainly to confirm presence or absence of mfection, it can be adapted to 
estimate concentration of an antigen, e.g., viral capsid protein, m plant sap. 
The procedure described m detail here is that for double antibody sandwich 
(DAS) ELISA with alkaline phosphatase-conjugated antibody, which suf- 
fices for most occasions. However, the prmcrples outlined will apply equally 
well to mdnect ELISA, using an anttspecies comugate, or to plate trapped 
antigen ELBA, should those variants be the method of choice for a specific 
viral protein. 

The text is worded for those who already have, or can purchase, vnal-spe- 
ctfic IgG and enzyme-conjugated antibodies. Preparation of antibodies is 
described m Chapter 29 of this volume. Optimization of IgG and comugated 
antibody dilutions is fully described by Hill (2) and Converse and Martin (3). 

2. Materials 
1 96-Well flat-bottomed polystyrene or polyvmyl mtcrottter plates suttable for 

binding of IgG 
2 Viral protein-specific IgG for coating wells. 
3. Vrral protein-specific antrbody coqugated to alkalme phosphatase 
4 Coating buffer 0 1Mcarbonate buffer, adjusted to pH 9.6 (1 59 g Na2C03, 2 93 g 

NaHC03 per L). 
5. Sample buffer Normally phosphate-buffered saline (PBS) pH 7 4 8 g NaCl, 0 2 

g KHzPOd, 2 9 g Na2HP04 12 Hz0 per L, with the addrtton of 0.05% Tween-20 
and 2% polyvmylpyrrohdone, mol wt 40,000. 
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6 Conlugate buffer Sample buffer with the addttton of 2 g/L ovalbumm (Sigma, 
Grade V) 

7 Substrate buffer 1M drethanolamme adjusted to pH 9 8 with 2N HCl Buffers 
should be kept refrigerated An antimrcrobtal agent, e g , 0 2 g/L of NaNs, should 
be added to coating, sample, and conIugate buffers if prolonged storage IS antici- 
pated (Caution: NaN3 IS htghly toxic ) 

8 Wash buffer PBS contammg 0 05% Tween-20 (PBS-Tween) Wash buffer can be 
stored as a 1 OX concentrate without preservattve and used freshly dtluted 

9 Substrate p-mtrophenyl phosphate (1 mg/mL) IS the substrate normally used with 
alkaline phosphatase Powder or tablets work equally well 

10 PurltIed vrral protem or vnions, concentrated at least to 0 1 pg/mL 

3. Method 
Since the aim 1s to compare concentrations of vtral protem tn many samples 

of ttssues, perhaps assayed over substantial periods of time, standardtzation 
and faithful replication of procedures at all stages from growth of plants to the 
completion of ELISA are required to maxlmlze precision m resultant data. 

3.1. Collection of Leaf Tissue and Extraction of Sap 
1 Etther a disk of tissue from the lamma of a leaf or an enttre leaflet or leaf can be 

the standard unit of tissue for assay If sampling spans days or weeks, tissue 
should be collected at the same time each day from plants mamtamed under um- 
form condrtions of photo period, temperature, nutrmon, and hydration 

It is advisable to refrigerate sampled tissue Immediately after collectton if the 
Interval before sap extraction will exceed a few minutes 

2 Sap may be extracted mechanically (m which case, rt 1s necessary to know the 
dry matter content of the trssue) and aliquots added to sample buffer predispensed 
mto mlcrotiter wells, or tissue can be macerated m a proporttonate volume of 
sample buffer before transfer of ahquots to microttter wells Either way, the mter- 
val from sap extraction to placement m wells should be mmimized 

3.2. ELISA Procedure 
1 Add trapping antibody diluted approprtately m coating buffer Normally, a 1 &mL 

IgG concentration IS used Any volume between 50 and 200 pL per well can be 
chosen It should, though, be equal to or shghtly greater than the volumes used m 
subsequent stages of the procedure Incubate at 4°C overmght 

2 Mechamcally or manually empty trapping antibody solutton from the wells and 
wash three ttmes with PBS-Tween (see Note 1) Washed plates should be inverted 
and tapped onto ttssue paper to dislodge droplets remaining m wells Plates can 
be used mnnedtately for the next stage, or, alternatively, wrapped m polythene to 
prevent drying, and stored for days at 4°C or for up to 6 mo at -20°C 

3 If necessary, at this stage and/or after washing out of test antigen, plates can be 
treated to block any remammg nonspecific reactive sites on the polystyrene sur- 
faces as a means of reducing high background-absorbance values (see Note 2) 
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Add test antigen diluted m sample buffer Any convenient volume between 50 
and 200 pL 1s suitable, but It should not be greater than that used m coating the 
plate For assay of vn-us capsld protem m Infected sap, the optimum dllutlon of 
sap may range from 1.5 to 1: 1000 and has to be determined by a prehmmary 
assay (see Notes 3 and 8) The layout of test samples and cahbratlon samples on 
a plate 1s discussed m Note 4 Preferably, incubate dilute sap overnight at 4°C 
Alternative mcubatlon periods are 34 h at 25°C or 2-3 h at 37°C 
Wash thoroughly with PBS-Tween to remove all traces of nonspeclfically bound 
antigen Wells should be filled and emptied at least three times 
Add alkalme phosphatase-conjugated antigen-specific antlbody diluted m conju- 
gate buffer warmed to the Intended mcubatlon temperature Use at a dllutlon 
previously determined to give maximum dlscrimmatlon between posltlve and 
negative samples Volume per well IS that used for antigen samples. Incubate for 
3-4 h at 25-37’C, or overmght at 4°C (see Notes 6 and 7) 
Wash thoroughly with PBS-Tween. 
Add freshly prepared p-mtrophenyl phosphate substrate, 1 mg/mL (preferably 
the same volume/well as m step 6), diluted m substrate buffer warmed to room 
temperature Incubate at room temperature, away from direct sunlight, and record 
absorbance at 405 nm, when color has developed, usually after 15-60 mm (see 
Note 5) If necessary, development of color can be halted by the addition of 50 pL 
3NNaOH/well. 

3.3. Calculation of Virus Protein Concentration in Test Samples 

1 Prepare a calibration curve for purified vu-us protem based on mean absorbance 
values obtained for each concentration of purified viral protein 

2. Calculate mean absorbance values for each vu-us-inoculated sample and subtract 
the absorbance value obtamed for the nomnoculated (virus-free) control 

3 Using the callbratlon graph, convert absorbance values mto ng virus protern 
per well 

4 Allowmg for dllutlon of sap and volume per well, calculate weight of viral pro- 
tein per umt weight of plant tissue or umt volume of sap For example, m Fig. 
1 A, the 1: 1000 dllutlon of sap ylelded an absorbance value of 0 6, which Fig. 1B 
shows 1s equivalent to 62 ng viral protein Because each well contained 50 & of 
diluted sap, the calculation for concentration of virus protein 1s 62 ng x 1000 
(dilution factor) x 1000 pL/50 pL = ng vlrions/mL of undiluted sap = 1 24 mg 
PVX vlnons/mL of undiluted sap. 

A portion of the leaves from which sap was extracted was weighed, dried, 
reweighed, and calculated to have 14.4% dry matter The concentration of 
vlrlons therefore can be recalculated as 1 24 x (100 - 14 4)/l 00 = 1 06 mg PVX 
vlrlons/g fresh wt of leaf 

4. Notes 
1. At all stages of ELISA, thorough washing of wells is essential to mmlmlze back- 

ground color. Flaws m the performance of mechamcal/automatlc washers are a 
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Fig 1 Relationship between concentration of viral protem and absorbance m DAS- 
ELISA (A) Diluted sap of PVX-Infected leaves (B) Purified PVX virions diluted m 
sample buffer 

common cause of elevated absorbance values m rows, columns, or single wells 
of microplates Turning a microtiter plate through 180” and repeating the wash 
program is a simple way of ensuring that all wells are washed thoroughly when 
using a mechanized washer, Plant debris that settles on the floor of wells and is 
not dislodged during washing increases background color Mechanical agitation 
of plates at the end of step 4 of the ELISA procedure should overcome the prob- 
lem Even if usmg a plate-washing machme that will aspirate contents of 
wells, it is advisable to manually empty each plate after incubation of diluted 
sap and antibody-enzyme conmgate, and wipe dry the top surface, before 
washing with PBS-Tween Errors caused by uneven background color develop- 
ment are more easily detected if there are at least duplicate wells of each sample 
on a microtiter plate 

2 Agents commonly reported to be effective m blocking uncoated reactive sites on 
the surfaces of wells are’ 0 2-2% solution of powered nonfat milk, bovine serum 
albumm, ovalbumm, or gelatme diluted m PBS-Tween and incubated for l-2 h at 
25°C; 1 pg/mL polyvmyl alcohol (Sigma P8136) m PBS-Tween, incubated for 1 
mm at room temperature 

3 A plot of absorbance against Logic antigen concentration m DAS ELISA will 
produce a sigmoid curve with depressed absorbance values at the very highest 
concentrations of antigen (Fig. 1) Accurate quantitative analysts is possible only 
m the median range of antigen concentration, where absorbance-responds lm- 
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early to change m antigen concentration. Thus, when assaying concentration of 
viral protem m transgemc plants, a prehmmary assay has to be run with serial 
dduttons of sap from virus inoculated untransformed plants of the parent geno- 
type inoculated and grown m identical conditions to determine the range of dllu- 
tions that he wtthm the linear phase of the stgmoid curve A similar assay is 
needed to quantify the response to concentrattons of purtfied virions or viral pro- 
tem (Fig. 1B) In the lmear phase, both curves should have equal slopes 

The dtlutron of sap chosen for assay of transgemc plants should produce 
absorbance values that fall wtthm the linear phase of the associated calibration 
assay of purified viral protein If tt is anticipated that transgemc plants will have 
a lower virus content than the parent genotype, then a dilution at the upper 
end of the linear phase would be appropriate (e g , 1.100 m the assay depicted 
m Fig. 1A). Two or more dilutions of sap of test samples may have to be 
mcluded if the plant material to be assayed 1s expected to have a wide variation 
in viral concentration 

4. The dtstrtbutton of samples on a microtiter plate is a matter of mdivldual choice, 
often constramed to a degree by the software program m the calorimeter/plate 
reader used to measure absorbance. Each plate, though, should have wells to 
which only reagents have been added, and against which background absor- 
bance the plate 1s blanked m a plate reader, wells with a range of concentra- 
tions of purified viral protein diluted m sample buffer; wells with sap from 
untransformed, virus-Inoculated plants; wells with sap from untransformed, 
vtrus-free plants, wells with sap from virus-inoculated plants of each transgemc 
line, and wells with sap from virus-free plants of each transgemc line Bunch et 
al (4) have described m detail how allocation of wells on a 96-well microtiter 
plate between calibration and test samples Influences accuracy and efficiency m 
quantitative ELISA Then calculations are complex and need recalculation for 
every protocol, but, simplified, they show that (1) the cahbration assay should 
contam at least four concentrations of viral protein, dtstributed over the linear 
phase of the absorbance curve, and that (2) all test samples should be included 
on each plate It is more efficient to split replicates between plates rather than 
test samples 

5 Prior to reading color development, wipe the top surface of each plate to prevent 
substrate solutton from contammatmg the photocells m the reader. 

6 Evaporation from wells during mcubatlon of plates can be mmimized by usmg 
proper plate covers or by simply placing an empty used plate on top and putting 
the stack of plates m a polythene bag. 

7 If an indirect ELISA using an anttspectes antibody-enzyme conlugate IS required, 
then the second vnus protem-specific antibody is Incubated at step 6 of the ELISA 
procedure, and, after washmg, the antispectes conJugate is Incubated m wells for 
34 h at 25°C or 2-3 h at 37°C 

8. If plate-trapped antigen ELISA is necessary, determmatlon of the optimum 
dilution of sap m buffer is still required as a prelude to the actual assay for 
viral protem 
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Detection of Plant RNA Viruses 
by Nonisotopic Dot-Blot Hybridization 

Vicente Pall&s, Paloma MS, and Jestis A. Sbchez-Navarro 

1. Introduction 
Unlike for fungal and bacterial diseases, no direct method for the control of 

viral diseases 1s yet available. The early detection of plant viruses constitutes, 
therefore, one of the mam ways of controlling these diseases, and so sensltrve 
detection systems are essential. Until now, methods based on the protem com- 
ponent of the viral particle have been mainly used m plant virus detection (2,2). 
The application of recombinant DNA technology to plant vtrology has permtt- 
ted the use of diagnostic methods based on the genomic component of viruses. 
Nucleic acid hybridization has proved to be a very reliable and sensitive tech- 
nique m plant vu-us diagnosis (for a review, see refs. 3 and 4). The most com- 
mon method for molecular hybridization 1s the dot-blot hybridization 
technique, which mvolves the direct application of a nucleic acid solutton to a 
solid support, such as mtrocellulose or nylon membranes, and detection wtth 
appropriate probes. Until very recently, these probes usually consisted of 
nucleic acids labeled with radioactive precursors, but, because of the risks and 
safety precautions required, the use of radioactively labeled probes has been 
restricted to specialized laboratones. 

The use of nonradioactrve precursors to label nucleic acrds has made the 
molecular hybridization technique more accessible and is being used in more 
vnus-host combinattons. Among these nonradtoactive precursors, those derived 
from biotin and digoxrgemn molecules are the most widely used. The biotinyl 
labeled nucleic acids are recognized with great efficiency by avrdin or Its 
mrcrobral analog, streptavrdm, taking advantage of the exceptronally high 
affinity of the avtdin-brotm complex The main disadvantage of this system is 
that, when sap extracts are used, the endogenous biotm can cause false post- 
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tlves, or, alternatlvely, the presence of glycoprotems that bmd avidm- or blotin- 
bmdmg proteins can give unworkably high background. Another widely used 
molecule to nonradloactlvely label nucleic acids IS the hapten dlgoxlgenm, 
which is bound via a spacer arm (11 carbon residues) to uridin-nucleotides and 
IS incorporated enzymatlcally mto nucleic acids by standard methods. The pro- 
tocol described here is based on probes labeled with dlgoxlgenin. The fact that 
methods based on the biotin-avldm complex have not been included in this 
chapter does not mean that they are less efficient, but only that the authors are 
less famlhar with them. The reader is referred to excellent reviews and original 
papers for details on the blotm-avldm system (5-9). 

The followmg procedure 1s divided into three steps The first involves the 
synthesis of the labeled probe by mcorporatmg the dlgoxlgenm mto a cRNA by 
means of an m vitro transcription reaction, or mto DNA by the random-pnm- 
mg method The second part describes the preparation of the samples and the 
molecular hybrldlzatlon reactlon with the appropriate probe. After hybndlza- 
tlon and blockmg steps, bound probes are detected by high-afflmty antlbody 
Fab-fragments coupled to alkaline phosphatase. The third part implies the 
development of the detectlon method. Although chemilummescent detection 
methods have been reported to be much more sensltlve than colorlmetric meth- 
ods, the latter are also described, because of their convenience for testmg field 
samples m less well equipped laboratones. 

2. Materials 
2.1. cRNA Probes 

1 10X Transcription buffer: 400 mA4TrwHC1, pH 8 0 (2O”C), 60 mA4 MgC12, 100 
mM dlth1othreitol (DTT), 20 mM spermldlne, 100 mM NaCl (Boehnnger 
Mannhelm, Mannhelm, Germany). Store at -20°C 

2 10X Digoxlgenin-RNA (DIG-RNA) labeling mixture 10 mA4 ATP, 10 mMCTP, 
10 mA4 GTP, 6 5 mA4 UTP, 3 5 mM Dig-UTP, pH 7 5 (20°C) (Boehnnger 
Mannhelm) Store at -20°C. 

3 RNase inhibitor (40 U/pL) (Promega, Blotec, Madison, WI) Store at -20°C 
4 RNA polymerase T7, T3, or SP6 (Boehnnger Mannhelm) (40 U/pL) Store at 

-20°C 
5. DNase I, RNase-free (20 U/pL) (Promega) Store at -20°C 
6. 0.2M EDTA, pH 8 0 Store at room temperature 
7 TE buffer 10 mM Tns-HCl, pH 8 0, 1 mM EDTA. Store at room temperature 
8. 4M L1Cl. Store at 4°C. 

2.2. DNA Probes 
1 10X Hexanucleotlde mixture 0 5MTr1s-HCl, pH 7.2 (2O”C), 0.1MMgC12, 1 1nA4 

dlthloerythr1tol (DTE), 2 mg/mL bovine serum albumin (BSA), hexanucleotldes 
62 5 A,,, U/mL, pH 7 2 (20°C) (Boehnnger Mannhelm). Store at -20°C. 
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2 10X DIG-DNA labelmg mixture. 1 mA4 dATP, 1 mM dCTP, 0 65 mM dTTP, 0 35 
mA4 Dig-dUTP, pH 7 5 (20°C) (Boehrmger Mannhelm) Store at -20°C 

3. Klenow enzyme (2 U/pL) (Boehrmger Mannhetm) Store at -20°C 
4 4MLiCl Store at 4OC 

2.3. Do t-B/o t Hybridization 

1 Mortars, 
2 50 mM Sodium citrate, pH 8.5. Autoclaved Store at room temperature 
3 Nylon membrane, posmvely charged (Boehrmger Mannhelm) 
4 20X SSC. 3M NaCl, 0 3M sodmm citrate, pH 7.0. Autoclaved Store at room 

temperature 
5 Blocking stock solution 10% (w/v) blocking reagent (Boehrmger Mannhelm) m 

buffer 1 (see Subheading 2.4., item 1); autoclaved and stored at 4°C 
6 Prehybridization solution 50% (v/v) deiomzed formamide, 5X SSC, 2% (w/v) 

blocking reagent (added from 10% blocking stock solution), 0 1% (w/v) 
N-lauroylsarcosme, 0.02% (w/v) sodium dodecyl sulfate (SDS) Store at -20°C 

7 Washing solutton I 2X SSC, 0 1% (w/v) SDS. 
8 Washing solution II* 0 1% SSC, 0 1% (w/v) SDS 

2.4. Immunological Detection 

1 Buffer 1. 0. IA4 maleic acid, 0 15M NaCl, pH 7 5 (2O”C), adjusted wtth concen- 
trated NaOH, autoclaved 

2 Washmg buffer 0.3% Tween-20 (Sigma, St LOUIS, MO) m buffer 1 
3 Buffer 2. 1% blocking reagent (added from 10% sterile stock solution) m buffer 1 
4. Buffer 3. O.lMTris-HCl, pH 9 5, 0 lMNaC1, 50 mM MgC12 Discard the solu- 

tion tf a precipitate appears after a long storage pertod 
5. Antibody-coqugated solution freshly prepared Dilute I. 10,000 the sheep 

antidigoxigenm Fab-fragments ConJugated to alkaline phosphatase (750 U/mL) 
(Boehringer Mannhelm), m buffer 2. Diluted solutton is stable only for 12 h at 
4°C Undiluted preparatton are stable at 4°C Do not freeze 

6 75 mg/mL Nttroblue tetrazolmm (NBT), m 70% (v/v) dtmethylformamtde, and 
50 mg/mL 5-bromo-4-chloro-3-mdolyl phosphate (BCIP), m dtmethylfotmamide 
(Boehringer Mannhelm) Store at -2O’C 

7 CSPD@ substrate (10 mg/mL) (Tropix, Bedford, MA) Store at 4°C and protected 
from light 

8 X-Ray films 

3. Method 

3.1. Synthesis of the Probe 

The two methods described here for preparing the nomsotopic label require 
that part of the viral sequence IS cloned mto the polylmker site of a plasmld 
vector that contains a promoter for SP6, T7, or T3 RNA polymerase. For RNA 
probes, the plasmld vector must be digested with an appropriate restrlctlon 
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endonuclease that leaves the msert downstream of the RNA polymerase pro- 
moter If possible, select a restriction enzyme that generates a 5’ overhang end, 
otherwise, longer-than-unit transcripts may be obtamed. Following digestion, 
the linearized plasmid IS extracted with phenol*chloroforrn before using the 
DNA for transcription reactions. For DNA probes, the complementary strand 1s 
synthesized by using a mixture of random hexanucleotides to prime DNA tem- 
plate. Although the lmearrzation of the plasmid is not necessary, it is recom- 
mended because it increases the efficiency of the labehng When no previous 
information about the viral primary structure is available, a digoxigenm-labeled 
cDNA probe can be synthesized from viral RNA by primmg with random 
hexamers and usmg reverse transcrtptase by standard protocols (10). 

3 1.1 cRNA Probes 

1 To a microcentrifuge tube contammg 1 pg of linearized DNA template, add the 
followmg. 2 pL of 10X transcription buffer, 2 p.L of 10X DIG-RNA labeling 
mixture, RNase inhibitor (40 U), SP6, T7, or T3 RNA polymerase (40 U), and 
make up to a final volume of 20 pL with sterile water All the components must 
be added at room temperature, since DNA can preclprtate at 4°C m the presence 
of spermidme 

2 Centrifuge briefly and incubate for 2 h at 37°C 
3 (Optional) Add DNase I, RNase-free (20 U), and incubate for 15 mm at 37°C 

This treatment is not usually necessary, because the DIG-labeled RNA transcript 
is IO-fold in excess of the template DNA 

4 Add 2 p.L 0.2M EDTA, pH 8.0, to stop the reaction 
5 Precipitate the labeled RNA with 2.5 pL 4M LiCl and 2 5 vol of ethanol 
6 Centrifuge at 12,000g and resuspend the RNA sample m TE buffer or sterile 

water (see Notes 1 and 2). 

3.1.2. DNA Probes 

1 Denature the DNA by heating it at 95’C for 10 mm Rapidly submerge the tube m 
an ice bath 

2. Add to a microcentrifuge tube the followmg reagents 10 ng-3 pg freshly dena- 
tured DNA, 2 pL of 10X hexanucleotide mixture, 2 pL of 10X DIG-DNA label- 
mg mixture, Klenow enzyme (2 U), and make up to a final volume of 20 pL with 
stenle water. 

3 Mix gently, centrifuge briefly, and Incubate for at least 60 mm at 37°C 
4 Add 2 p.L of 0.2M EDTA, pH 8 0, to stop the reaction. 
5 Precipitate, and recover the labeled DNA, as described above 

3.2. Preparation of the Samples and Hybridization 
1 Homogenize the leaf tissue m a prechilled mortar with 2 vol 50 mM sodium 

citrate, pH 8.5 Altematrvely, the tissue can be homogenized m resistant plastic 
bags (see Note 7) 
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2 The extracts are clarified by centrtfugatton m a microcentrtfuge at 15,900g 
for 15 mm The supernatant 1s then ready for application to a nylon mem- 
brane Denaturatton of the samples at thts step can help to increase sensttlvtty 
(see Note 3). 

3 Cut a piece of a nylon membrane to the appropriate size Before removing the 
two pieces of paper that protect the membrane, mark it into 1 x 1 -cm squares with 
a pencil The membrane below will be suffictently marked by the pencil’s pres- 
sure for the squares to be vtstble. Cut a comer of the membrane so that the samples 
can be located after detection. It 1s important to handle the membrane with gloved 
hands or with forceps to avoid undesirable background 

4. A 5-pL sample of the supernatant obtained m step 2 is then applied to each marked 
square of the membrane Nylon membranes does not need any previous treat- 
ment. Nitrocellulose membranes must be prepared by presoakmg m water and 
then m 20X SSC. They must also be dried before being loaded with RNA Larger 
volumes can be applied under vacuum with the aid of a Bio-dot blotting appara- 
tus (Bto-Rad, Hercules, CA). The sample volume must be then adjusted to avoid 
saturation of the membrane The nucleic acids are bound covalently to the mem- 
brane by baking at 80°C for 2 h (see Note 5) 

5 Nonspeclftc bmdmg sites are blocked by mcubatmg the membrane m the 
prehybrtdtzatton solutton (10 mL/lOO cm2 of membrane) twtce for 1 h at 68°C 

6 The prehybrtdtzatton mixture 1s then removed and replaced by 10 mL/lOO cm2 of 
the same solutton, plus 0 220 5 pg/mL of the DIG-labeled RNA probe, and mcu- 
bated overnight at 68’C DNA-DNA hybrtdtzattons must be made at 42”C, 
hybrtdtzations of the RNA probes to DNA blots are usually performed at 50°C 
Preferably, the prehybrtdtzatton and hybrtdtzatton steps are carried out m a 
hybndtzatton oven, tf available Alternatively, they can be carried out m heat- 
sealable plastic bags m a water bath, with gentle shaking, m which case care must 
be taken that no air bubbles are trapped in the plastic bag The solutton contam- 
mg the probe can be reused several ttmes without loss of senstttvity In addttron, 
probes stored at -20°C m the hybridization solution can be used for several 
months without stgmficant loss of sensrttvity In our case, probes stored up to 2 
yr, which have had no more than four or five uses, gave sattsfactory results 

7 Finally, the membrane 1s washed 2 x 5 mm at room temperature with washing 
solution I, followed by 2 x 15 mm at 68°C m washing solutton II, to eliminate the 
nonhybrtdtzed probe 

3.3. Immunological Detection 

All the steps are performed at room temperature with gentle shaking. Put the 
membrane tn a plastic box or tn hybrldrzatron bags, and make sure that the 
solution covers the membrane totally. 

1 The membrane is washed brtefly (approx 2 mm) m washing buffer 
2 Blocking reagent (buffer 2) 1s then added and the membrane is incubated for 30 

mm at room temperature to block nonspectfic detection 
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3 The membrane IS then Incubated at room temperature for 30 mm with antlbody- 
conjugated SohHion 

4 To eliminate the excess ofunbound antibody, the membrane 1s incubated m wash- 
mg buffer 2 x 15 mm and then equilibrated for 3 mm with buffer 3 Optical or 
chemllummescent detection methods can be developed, depending on the type of 
substrate used 

3.3.1 Color/metric Detect/on 

1 The membrane 1s incubated m a plastic bag m the dark, wlthout shaking, with a 
freshly prepared solution containing NBT (0 3375 mg/mL) and BCIP (0 175 mgi 
mL), m buffer 3 m a final volume of approx 5 mL/lOO cm2 of membrane. 

2 Remove the substrate solution when a purple color appears (15 mm-l 2 h) The 
color reaction IS stopped by washing the membrane m TE buffer The results can 
be documented by photocopymg or by photography 

3 3.2. Chemiluminescent Detection 
1 The chemllummescent substrate CSPD@ (10 mg/mL) IS diluted 1 100 m buffer 3 

The membrane is incubated for 5 mm with 5 mL of the above freshly prepared 
solutlon/lOO cm2 m a plastic bag m the dark 

2 Cut the plastic bag at the top and remove the substrate solution (it can be re-used 
several times) Using forceps, slide the membrane up the sides of the bag so that 
any excess liquid remains m the bag (do not allow the membrane to dry) The 
membrane 1s then sealed damp m a new plastic bag and incubated for 15 mm at 
37°C Make a first exposure to X-ray film at room temperature for approx 15 
mm Additional exposures may be taken, since luminescence continues for at 
least 24 h Do not let the membrane dry if reprobing 1s Intended (see Note 6) 
Store the membranes at 4°C m 2X SSC 

4. Notes 

2 

An easy way to double-check that the dlgoxlgemn has been Incorporated into the 
transcript RNA 1s to compare the electrophoretlc moblhty m TBE-agarose gels of 
the transcription products obtained m the presence and absence of the precursor 
DIG-UTP If the dlgoxlgemn has been incorporated mto the cRNA, its electro- 
phoretlc moblllty will be slower than that of the unlabeled transcript Alterna- 
tively, transcription products can be serially diluted and spotted on nylon 
membranes, which can be developed as described m the general method 
In some cases, no or very low yields of dlgoxlgemn-labeled transcripts are 
obtained A dose-dependent mhlbltlon of SP6, T7, and T3 RNA polymerases by 
the DIG-UTP precursor has been previously described (22). In addmon, some 
templates are not suitable for the transcriptton reaction In this situation, the 
manufacturer of DIG-UTP recommends reclomng the cDNA, so that another 
RNA polymerase can be used However, Heer et al (22) have shown that lower- 
mg the relative amount of DIG-UTP could circumvent this problem In our hands, 
templates having a size m the range of l-2 7 kb gave the best yields when using 
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a ratio of 0.28.0.72 (DIG-UTP UTP) vs the one recommended by the manufac- 
turer (0 35:0 65) However, since no direct correlation between a specific 
sequence pattern and transcription effictency has been observed, the optimal DIG- 
UTP:UTP ratio must be determined expertmentally for a given template, if syn- 
thesis of the probe contmues to be a problem 

3 If senstttvtty 1s poor when using clarified sap extracts to detect RNA vn-uses, 
samples can be denatured by heating at 60°C for 15 mm m the presence of form- 
aldehyde, since this treatment helps to increase the hybrtdtzatton signal slightly 
(12). Additionally, samples can be phenol-extracted and concentrated by ethanol 
prectpitatton. However, this last step is not recommended for routine diagnosis, 
because the procedure is obvtously more laborious In addition, solutions con- 
taming phenol are highly toxic and spectal safety precautions must be taken 

4. When posstble, chemtlummescent detection should be the method of choice 
because of its higher sensmvny over the calorimetric one In addition, when 
clarified sap extracts are used, the remainder of the natural green-browmsh color 
of leaves on the membranes interferes directly with the colortmetrtc detection, 
probably because of the reductton of the mtroblue tetrazolium by components 
of the plant sap, the light emission is not altered by the presence of these 
components. 

5 If nylon membranes are used, the sensitivity of the chemilummescent detection 
method can be increased by UV crosslinkmg of RNA-containing plant samples, 
which results m a 5- to 1 O-fold increase over the standard bakmg methods When 
no UV source is avatlable, the samples can be fixed to the membrane by bakmg 
for 15-30 mm at 120°C or for 2 h at 80°C 

6. In some applications (for instance, to dtagnose several vnuses on the same mem- 
brane), it would be desirable to have the possibthty of reprobing Unfortunately, 
digoxtgenm-labeled cRNA probes tend to remain bound to RNA dot blots fol- 
lowing stripping treatments that remove s*P-labeled cRNA probes, thus making 
reprobing not recommended when using thts kmd of probes. Then, it is advisable 
to duplicate membranes wtth equivalent samples and probe them with the differ- 
ent probes 

7 To make the nomsotopic dot-blot hybridizatton technique more accessible to 
nonspecialized laboratories, an alternative procedure can be applied to prepare 
and clarify field samples (13). Sap extracts are obtained by homogemzing the 
tissue with 1 vol 50 mM sodium curate in a resistant plasttc bag with a hand 
model homogemzer Using Sap-Impregnated cotton buds, the samples are then 
applied to nylon membranes by uniformly pressing them until a lateral diffusion 
is observed. The nucletc acids are then bound to the membrane and hybridized, 
as prevtously described This procedure avoids the need for centrtfugatlon to 
clarify the samples and the use of micropipets to load them. Although the mate- 
rial directly applied on the central area is not accessible to the luminescent 
substrate, the diffused material gives a very specific and rehable doughnut-hke 
hybrtdtzatton signal, which is lust as sensittve as clarifying the samples by 
centrtfugation. 
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Detection and Quantification of Plant Viruses 
by PCR 

Susan Seal and David Coates 

1. Introduction 
The polymerase chain reaction (PCR) is a technique that enables the spe- 

cific amplification and hence detection of target DNA sequences from com- 
plex mixtures of nucleic acid. A combination of short, specific primers and 
thermostable DNA polymerases are used to amplify the target sequence, 
through repeated cycles of denaturatton, reannealmg, and DNA synthesis at 
high temperatures, allowing an exponential increase m the amount of the DNA 
of interest By addition of a reverse-transcription (RT) step, PCR can also be 
applied to cDNA generated from RNA templates Its extreme sensttivity and 
high specificity make it an unparalleled techmque for the detection and charac- 
tertzatton of rare messages, Including viral mfecttons that are difficult to detect 
and diagnose by serology or electron microscopy 

Although PCR ts now a routme technique in many laboratories, there are 
still a considerable number of problems in getting good, reproducible amphfi- 
cations. With plant tissues, the vast majority of the problems have to do with 
the initial purification of the nucleic acid, to give samples pure enough to be 
used in the enzymatic reactions. The protocols described here are a combma- 
tion of routine methods used in our laboratories, and hmts and comments 
on the problems that mtght be encountered, with pointers to further reading for 
those workmg with particularly recalcitrant tissues. 

2. Materials 
2.1. General Equipment 

1. Polythene bags: 10 x 15 cm, 500 gage (e.g., from Polybags, Greenford, UK). 
2. Hand-held wallpaper seam roller narrow roller -3-cm width (available from 

hardware stores) 
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3. Mtcrocentrtfuge tubes. 2, 1.5, and 0 2-O 5 mL, to tit PCR machme. 
4 Mlcropipetors, adJustable volume from 0.1 to 20 pL, 20 to 200 pL, and 200 to 

1000 pL. It IS wise to use a separate set solely for ptpeting RT and PCR reagents, 
to reduce chances of crosscontammation. 

5. Pipet tips for mtcroptpetors Filter ttps further reduce the chance of crosscon- 
tamination for prpetmg RNA and DNA extracts 

2.2. Solutions and Reagents 

For detection of RNA viruses, constderable care must be taken to limit 
exposure of extracted RNA to active RNases. Materrals and solutions should 
be treated as described in detatl in Sambrook et al. (I), which can be sumrna- 
razed as follows: bake tools and containers at 180°C for >2 h (tf heat-resistant); 
wearing protective clothing, treat autoclavable contamers and solutions with 
0.1% (v/v) diethyl pyrocarbonate (DEPC) overmght in fume hood, followed 
by autoclaving, because RNases cannot be removed from Tris-contatntng 
buffers with DEPC, prepare Trts-soluttons from RNase-free Tris with 
DEPC-treated sterilized water and glassware; dtsposable plastrcware (gloves, 
microcentrtfuge tubes, tips, and so on) is usually RNase-free when supplied by 
manufacturers, and hence need not be treated, but should at all times be handled 
wearing clean gloves 

1 

2 

3 
4 

8 

9. 

10. 

Acid-phenol choroform (5.1 [v/v]) Made from stocks or bought commercially 
Store in a dark bottle at 4°C 
Chloroform. Caution-Highly toxic, avoid mhalatton. Wear protective cloth- 
ing, and only carry out mampulattons m a fume hood. Store in the dark at 
room temperature 
Chloroform.rsoamyl alcohol (24 1 [v/v]). TOXIC See chloroform 
CTAB extractton buffer. Dissolve 0 4 g cetyltrtmethylammon~um bromrde 
(CTAB) m 2 mL lMTrts-HCl, pH 8.0,O 8 mL 0 5MEDTA, pH 8 0,5 6 mL 5M 
NaCl, 5 mL sterrle ddH*O. Make up to 20 mL with sterrle ddH20, autoclave at 10 
psi for 15 mm, and store at room temperature 
Drstilled deromzed water (ddH20) 
Dtethylpyrocarbonate (DEPC). Caution: Because this is a mutagen, wear gloves 
and treat soluttons and glass/metalware m a fume hood 
DNA markers 100 bp ladder (1 pg/lO a) Mix the following. 190 u.L sterile 
dHzO, 40 pL 6X orange G loading dye, and IO pL 100 bp ladder stock (1 pg/pL, 
e.g , Pharmacia 27-4001-01) Store m refrigerator or freezer 
DNA polymerase 5 UIyL, e g , Tuq polymerase (Promega M1865) Store 
at -20°C 
dNTP mix. 10 mM: 10 mM of dATP, dCTP, dGTP, and dTTP in sterile ddH20 
Store at -20°C 
dNTP stocks. 100 nuI4 deoxynucleottde triphosphates stocks (HPLC grade) 
Commerctally avatlable 



11 1MDTT Dissolve dnhiothreitol m 10 mMNa-acetate, pH 5.5. Sterilize by tiltra- 
non, dispense mto suitable ahquots and store at -20°C 

12 0 5MEDTA, pH 8.0. Usmg a magnetic stirrer, suspend Naz EDTA salt m ddHzO 
It will be necessary to adjust the pH to 8 0 by adding NaOH pellets (-20 g) to allow 
the salt to go into solution Stenhze by autoclavmg and store at room temperature 

13 Ethanol, 70%. Dilute 95% ethanol with sterile dH20, and store at -20°C 
14 Ethanol Store at room temperature. 
15 Ethidmm bromide stock (10 mg/mL)* Caution-Wearing gloves, dissolve one 

1 00-mg ethtdmm bromide tablet (Sigma E25 15) m 10 mL sterile ddH,O Store in 
the dark at room temperature 

16 Guanidimum extraction buffer (Caution: TOXIC, wear gloves) 4M guamdmmm 
thtocyanate, 20 mM 2-(N-morpholmo)-ethanesulfomc acid, pH 7 0, 20 mM 
EDTA, 50 mM P-mercaptoethanol (add Just before use), prepared m sterile 
ddH20 Caution: Carry out all manipulations mvolvmg P-mercaptoethanol m a 
fume hood, because it IS highly toxic and a possible mutagen 

17 High-vacuum stlicon grease (Dow Corning, Munchen, Germany) Dispense 
grease mto autoclavable polypropylene syringe, wrap m foil, and autoclave Store 
at room temperature 

18 Loadmg buffer 6X orange G loading dye: Mtx 0.9 g F1coll400,O 015 g orange G, 
400 & 0 5MEDTA, pH 8 0, and 4 5 mL sterile dH20 Store at room temperature 

19 25 mA4MgC12* This 1s usually supphed with the DNA polymerase obtained com- 
mercially Dissolve MgCl, 6H20 m ddH20, and autoclave If anhydrous MgCl, 
IS used, care should be taken when adding ddH20, because it is extremely hygro- 
scopic Store at room temperature 

20 Mineral 011, light white (e g , Sigma M35 16) 
21 NA extraction buffer 2% (w/v) SDS, 0 1M Tris-HCl, pH 8 0,2 mM EDTA, pH 

8 0, made from 10% (w/v) SDS, IMTrts-HCl, pH 8 0, and 0 5MEDTA, pH 8 0, 
stocks Autoclave and store at room temperature 

22. Ohgo(d Dynabeads (Dynal, Oslo, Norway) 
23. PCR buffer (10X): An optimum buffer is generally supplied by commerctal sup- 

pliers for their DNA polymerase 
24. PCR primers* 18-30 bases long, 10-100 pmol/pL m sterile ddH*O 
25. Phenol Caution-All phenol and chloroform-containing solutions are highly 

toxic, handle m fume hood wearing protective clothing, gloves, and face-shield 
Do not use phenol solutions that have oxtdtzed and have changed from colorless 
to light pink. It is recommended to add 0 1% (w/v) 8-hydroxyqumolme to phenol 
as an antioxidant, a partial mhibitor of RNase, and to chelate metal tons involved 
m bmdmg RNA to proteins The addition results m the solution turnmg yellow, 
and oxidation being visible by a color change to brown Dispose of phenol and 
chloroform waste accordmg to laboratory regulations 

26 Phenol, acid (for RNA vnuses) saturated with 0 1Mcitrate buffer -pH 4 5 (e g , 
Sigma P4682). Store m a dark bottle at 4QC 

27 Phenol, neutral (for DNA vu-uses) saturated with TE (e g , Sigma P4557) Store 
m a dark bottle at 4°C. 

Detection of Plant Viruses by PCR 471 
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28 

29 

30 

31 

32 
33 

34 

35 
36 

37 

38 
39 
40 

41 

42. 

Phenol:chloroform.tsoamyl alcohol (25:24*1 [v/v]) made from stocks or bought 
commercially Store m a dark bottle at 48C 
Polyvmyl pyrrohdone (PVP, mol wt 40,000), 20% (w/v)’ Prepare fresh on day of 
use m sterile dH,O 
Reverse transcrtptase, e g , Avtan Myeloblastosts Vnus (AMV) Reverse Tran- 
scrtptase at 2&25 U/p.L (e g , Promega M9004) 
RNase A Dissolve at 10 mg/mL m sterile ddHzO Heat to 95°C in a water bath 
for 5 mm, then allow to cool to room temperature Dispense and store at -20°C 
RNasm (40 U/pL, Promega), store at -20°C 
RT buffer (5X) Thts 1s usually supphed with the reverse transcrtptase, and, for 
AMV-RT from Promega, the 5X buffer composttton IS 250 mMTrts-HCl, pH 8 3, 
250 mA4 KCl, 50 mA4 MgC12, 2 5 nnI4 spermtdme, 50 nnI4 DTT 
RT primers, random hexamers, ohgo( or specific downstream primer con- 
structed or obtained commercially. Dilute stock solution to a working concentra- 
tion of 100 t&I for random hexamers, or 50 @4 for oltgo(dT) or specrfic prtmer 
Store in aliquots at -20°C 
Sterile ddHzO Distilled detomzed water sterthzed by autoclavmg 
sodmm dodecyl sulfate (SDS), 10% (w/v) Weigh out m fume hood, and dissolve 
m warm sterile ddHzO Store at room temperature, and heat to -60°C tf detergent 
comes out of solutton subsequently 
Sephadex G-50 resin. Suspend 10 g of Sephadex G-50 (medium grade) m 160 
mL of RNase-free sterile ddH,O Allow to settle, then ptpet off the supernatant 
and wash the swollen resin three times with RNase-free sterile ddHzO Eqmh- 
brate the resin m 50 mL RNase-free TE and autoclave at 10 psr for 15 mm Store 
at room temperature 
3M Sodmm actetate, pH 5 5 
T7 polymerase (- 10 U/pL) and reactton buffer 
TBE buffer (5X) 0.45M Trts-borate, lOmA Na2 EDTA For 1 L of 5X stock, 
dissolve 54 g Trts base, 27 5 g boric acid, and 20 mL Na2EDTA pH 8 0 m dH20, 
adJust to 1 L, and store at room temperature. 
TE 10 mM Trts-HCl, 1 n&I EDTA, pH 8 0 Make from 1M Trts-HCl and 0 5M 
EDTA, pH 8.0, stock soluttons and autoclave. Store at room temperature 
lMTrts-HCl, pH 8.0 Dissolve Trts base m 900 mL dHzO, and adjust to pH 8 0 
(at room temperature) by adding concentrated HCl (-40 mL) m fume cupboard 
Ensure that the pH electrode IS suitable for measurmg the pH of Tns-contammg 
solutions accurately Add ddH,O to make 1 L of solutton, and autoclave. Store at 
room temperature. 

3. Methods 

3.1. Preparation of Template 

There are many methods for RNA or DNA extraction, and the method of 
choice will depend on virus and plant tissue. Below IS one method for total 
nucleic actd extraction, one method for DNA extraction from recalcitrant tts- 
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sue, and two methods for extraction of RNA using a RNase-inactivating 
extraction buffer. Degradation of RNAs can also be mmimtzed by working 
rapidly and performing operations at 04°C whenever possible. 

3.7.1 Extraction and Purification of Total Nucleic Acid (2) 

1 Place plant tissue (approx 1 cm*) m a small polythene bag and freeze m hqutd 
mtrogen Grind sample to a tine powder using the seam roller (see Note 1) As 
the leaf powder thaws, add 300 ~JI. of nucletc actd extractron buffer, homogemze 
sample, working qutckly, and transfer It to a 1 5-mL mtcrocentrrfuge tube (see 
Note 5) 

2 Immediately add 150 p.L of phenol (actd phenol for RNA viruses, neutral phenol 
for DNA vuuses) and 150 pL of chloroform Vortex to mix thoroughly 

3. For rsolatton of RNA, incubate at 70°C for 5 mm 
4 Centrifuge at room temperature (12,OOOg, 10 mm), and transfer 200 pL of the 

supernatant to a sterile mrcrocentrrfuge tube (see Note 2) For RNA vnuses, add 
2 p.L of 1M DTT and 1 pL of RNasm as rtbonuclease mhtbttors Quick-freeze 
RNA templates m llqmd mtrogen before and after column purification, to mmi- 
maze RNase acttvtty, and store at -80°C 

5 Fractionate the supernatant on a 1-mL Sephadex G-50 column (see Subheading 
3.1.2.) or purtfy polyadenylated RNAs using ollgo(dT)25 Dynabeads (Dynal, 
Oslow, Norway) (see Subheading 3.1.3.). 

3.1.2. Sephadex G-50 Column Purification 
1 Plug the bottom couple of mm of a 1-mL disposable syringe wtth sterile glass 

wool. Add 1 mL of equthbrated Sephadex G-50 resm to the plugged syrmge, and 
then insert this mto a 15mL centrifuge tube and centrifuge (7OOg, 4 mm) 

2 Add more resin unttl the packed column volume is approx 0.9 mL Wash the 
column twice by adding 100 pL TE and recentrlfugmg (7OOg, 4 mm) 

3. Apply 100 pL of thawed nucleic acid to the column; put a sterile microcentrifuge 
tube under the column before recentrifugmg (7OOg, 4 mm) to collect the purr- 
lied extract. 

3.1.3. Dynabeads Oligo(dT)25 Purification of Polyadenylated RNA 

Extract polyadenylated RNAs from 100 pL of the supernatant according to 
manufacturer’s conditions, with the modification that hybridization of RNA to 
the magnettc beads is carried out for 10 min at room temperature. 

3 1.4. DNA Purification 
This method was developed to extract DNA from dried fig leaves (the usual 

methods produce a small brown, latex-like ball), and optimized by M Cornell, 
D. MacGregor, and P. Gaunt. It is loosely based on the Rogers and Bendtch 
CTAB nucleic acid extraction method (3), followed by purtficatron using DNA- 
binding resins. Magic Mmlpreps TM from Promega (Madison, WI) were used 
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successfully by David Coates’ laboratory, but the method should work with 
any of the column-resin combmattons avatlable for purlfymg plasmtd DNA. 

Freeze 0 5 g leaf material m hqutd mtrogen, then grind It m hqmd mtrogen m a 
precooled mortar and pestle 
Add the powder to 4 mL CTAB extractton buffer prewarmed to 65°C (for dried 
material, dilute 1.1 with sterile ddHzO first), contammg 1% (w/v) PVP. Add 100 
pL 10 mg/mL RNase A and mcubate at 6YC for 30 mm 
Add 4 mL chloroforrn/lsoamyl alcohol (24 l), mrx gently for 5 mm Spin for 5 
min (benchtop centrifuge), and collect 1 mL of the aqueous phase 
Extract once more with 1 mL chloroform/rsoamyl alcohol, and collect 0 5 mL of 
the upper phase. 
Add 1 mL of your favorne DNA-bmdmg resm, mix, and spur for 1 mm Decant, 
resuspend pellet m wash buffer, and load tt mto the column 
Wash the column with 2 mL of the appropriate column wash (see manufacturer’s 
mstructtons), spin briefly to dry the resin, then elute with 50 pL of TE pre- 
heated to 65°C 

3 7 5. Guanidinium Extraction Method for RNA 

The method below IS Richard Mumford’s modtticatton of the method by 
Logemann et al. (4) (see Note 6) 

I 

2 

3 

4 

5 

6. 

Place plant tissue (approx 0 2 g) m a small polythene bag and freeze m hqutd 
mtrogen. Grind sample to a fine powder using the seam roller, and then add 2 vol 
(400 pL) guanidmmm extraction buffer and 20 pL of fresh 20% (w/v) PVP 
Homogenize sample fully, then transfer supernatant to a sterile mrcrocentrlfuge 
tube containing -30 pL of sterile high vacuum srhcon grease, and an equal sample 
volume (400 pL) of acid-phenol*choroform (5 1 [v/v]) Vortex sample to form 
an emulsion 
Just before centrifugatton, add 600 pL DEPC-treated stertle ddHzO to each 
sample and then centrrfuge (12,OOOg, 15 mm). This reduces the density of the 
aqueous phase, so that the sthcon grease forms a barrier between the organic and 
aqueous phase 
Collect supernatant, transfer it to a 2-mL microcentrifuge tube, and precipitate 
RNA by adding I vol of me-cold tsopropanol and mcubatmg at -70°C for at 
least 1 h 
Centrifuge (12,OOOg, 15 mm), and decant supernatant, takmg care not to lose the 
RNA pellet Wash pellet with 500 $ cold 70% ethanol, and centrifuge for 3 mm 
(see Note 3) Remove as much of the supernatant as possible, and dry pellet m a 
vacuum desiccator or lammar flow cabmet 
Dissolve dry pellet in 50 p.L DEPC-treated sterile ddHzO (see Note 4) 

3.1.6. Guaniciinium Extract/on Method for RNA (II) 

This is a variation adapted from that used by S. Gurr (personal communication). 
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1. Precool a small pestle and mortar with hquld mtrogen, and snap-freeze 200-400 
mg of plant tissue m liquid nitrogen m a polypropylene tube Make sure there 1s 
a pool of liquid nitrogen m the pestle, then hit the tube containing the sample 
against the bench to fragment the tissue, pour it mto the hquid nitrogen m the 
pestle, and grind to a fine powder. Keep the powder wet all the time by adding 
more liquid mtrogen, as appropriate. 

2. Mix 0.5 mL guamdmmm buffer and 0 5 mL acid phenol chloroform*lsoamyl 
alcohol (25:24: 1) m an 1 1-mL polypropylene push-cap tube 

3 Let the nitrogen evaporate from the pestle (wait until the tissue changes from 
dark green to light green), then pour the powder straight mto the extraction buffer. 
Vortex to mix 

4 Centrifuge (10 min, 1OOOg) m a bench top centrifuge 
5 Transfer the aqueous (top) phase to a 1.5-mL Eppendorf tube containing 0 5 mL 

phenol:chloroform:isoamyl alcohol Mix, spin, and repeat until the interface 1s 
clear (usually three or four times). 

6. Collect the aqueous phase, add 0 2 vol of IMacetic acid and 0 7 vol of cold 96% 
ethanol. Mix and incubate overnight at -20°C. 

7 Pellet by spinning at maximum speed (12,000g) in a mlcrocentrlfuge at 4°C for 
10 mm Dram the pellet, add 400 cls, 3M sodium acetate, pH 5 5, and vortex 
Respm for 10 min at 4°C Repeat once more (low-mol-wt RNA and contammat- 
ing polysaccharides will redissolve) 

8 Remove the salt with a final wash with 70% ethanol, spm 10 mm and redissolve 
the dried pellet m 20-30 pL sterile ddH,O If hard to dissolve, add more water 
and/or heat to 958C for 2 mm and quench on ice. 

For hints and comments on recalcitrant tissue, see Note 7 

3.2. Design of Primers 
Primer design has been discussed extensively m various books (e.g., refs. 

5 and 6), and there are a variety of computer programs that aim to automate 
the process. In our experience, these programs may be useful, but are not 
prerequisites to good primer design. There 1s still too little known about the 
interactions between short ollgonucleotides to be able to produce good pre- 
dictions on whether a particular primer pan 1s a good one. In general, the 
trick 1s to test several sets of primers, rather than to rely on one set and try 
to optimize conditions for that pair. With that m mind, the followmg gulde- 
lines are offered. 

1 There are no definite rules to guarantee the success of a primer pair Because 
some primer pairs are lOO- to lOOO-fold more sensltlve than others for elusive 
reasons (7), several sets of primers should be tried out 

2 Design the primers by visual inspection of the nucleic acid sequence Then, if 
avallable, use a primer design program (e.g., primer from the Whitehead Instl- 
tute) to check for some of the features mentioned below. 



476 Seal and Coates 

3 The primers should be 18-30 nucleotldes long, with a r, of 558C or above The 
T,,, can be approximated by assuming each A or T contrlbutes 2°C and each G or 
C contributes 4%, and addmg up the values Where Inosme 1s used (as a totally 
redundant base), It ~111 not contnbute to the T, Where redundant primers are 
used, calculate the lowest T,,, and start from there 

4 As far as possible, design primers with the same T, 
5 Primers should be approx 20&2000 bases apart, If less, the product can be more 

easily confused with primer-dlmers, and, If larger, the product may not be effi- 
ciently amphfied. 

6 Primers forming halrpm loops, or pairs havmg complementarlty at 3’ ends should 
be avolded 

7 Do not use ohgo on its own’ Have this anchored, by usmg a mix of 3 
ohgo primers with A, C, or G at 3’ end (see Note 8) 

8. Mismatching of T bases in target sequence or primer occurs at a higher rate than 
for other bases, so it IS best to avoid a T at the 3’ end of the primer for dlscnmmat- 
mg slmllar DNAs (8) In most cases, try to ensure that the 3’ end has a GC clamp 

9 Avold runs of three or more of the same base 

Notwithstanding these comments, primer unpredictability 1s such that, If 
there IS no other choice, try It anyway. A final comment* Check the primer 
sequences against the nucleic acid databases to make sure you have not mad- 
vertently deslgned a primer that would ampltfy some other known sequence. 

3.3. Reverse Transcription 
1 Prepare a master mix of all the components listed below, except the RNA tem- 

plate Make suff%zlent mix for all samples, plus avallable positive and negative 
controls, plus one spare reaction to allow for plpetmg errors 

For 1 x 25-pL reactlon (15 pL mix, 10 plL RNA). 4 @ sterile ddHzO (DEPC- 
treated), 5 JL AMV RT buffer (5X), 2.5 pL dNTP mix (10 mA4), 2 pL downstream 
primer (50 pM); or 2 & random hexamers (100 @4), 0 5 pL RNasm (40 U/pL), 1 
pL AMV RT (20 U/$) (see Note 9). 

2 Heat RNA samples (0 05-l ~18 m 10 pL vol) at 70°C for 3 mm and chill on Ice 
(see Note 10) Spm samples for a few seconds to remove condensation before 
adding 15 pL master mix Perform RT at 42°C (37°C for random hexamers) for 
3&60 mm 

3. Because reverse transcrlptase activity mhlblts Taq polymerase, heat-mactlvate 
samples (95”C, 5 min) after RT, then chill on Ice 

3.4. Polymerase Chain Reaction (see Note 11) 
The great sensitivity of PCR results m crosscontammation being a common 

occurrence. Extreme care should be taken with template preparation and set- 
ting up of RT and PCR, particularly at steps where aerosols can be formed, 
e.g., opening of tubes and ejecting tips used for plpetmg PCR products (see 
Note 12) 
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1 Prepare a master mix of all the components listed below, except the (c)DNA tem- 
plate. Make sufficient mix for the total number of samples, plus one positive 
control, two water controls, and one spare reaction to allow for plpetmg errors 
(see Note 13) 

For 1 x 50-pL reaction 37 8 pL sterile ddH,O, 1.0 pL dNTPs (10 r&4) (see 
Note 14), 5 0 pL PCR buffer (10X), 3 0 pL MgCl, (25 mA4) (see Note 15), 0.5 pL 
forward primer (50 p&f), 0 5 pL reverse primer (50 cuz/I), 0 2 pL 7iiq polymerase 
(5 U/pL) (see Note 16), 2 0 p.L cDNA template 

2. Put 48 pL of mix mto PCR tubes, and add 2 pL of DNA template If required, add 
sufficient mineral oil (1 drop/50 pL) to cover each reaction 

3 PCR-amplify by placing m thermocycler, programmed as follows (see Note 17). 
a 1 cycle. 95°C for 2-3 mm (mltlal denaturation) 
b 30-45 cycles. 94°C for 10-60 s (denaturatlon), 45-70°C for 30 s (annealing), 

72-74°C for 3&60 s (extension). 
c 1 cycle 72-74 C for 5 mm (final extension). 

4. Store samples in refrigerator or freezer till ready for electrophoresls 

3.4. I. Detection of PCR Products by Gel E/ectrophores/.s 
(see Note 18) 

1 Dissolve l-2% (w/v) agarose in 0 5X TBE buffer by heating, and cool to 
-5060°C before pouring gel on level surface. 

2 Once set, load 5-15 & of PCR reaction plus l-3 @. 6X loading dye mto each 
well, and electrophorese samples at 4-10 V/cm distance between electrodes for 
desired length of time 

3 Visuahze DNA bands on UV transllluminator after stammg for 30 mm m dilute 
ethldmm bromide solution (0.5 pg/mL) (see Note 19) 

3.5. Quantification of Product 
PCR will be exponential under optimum primer, template, and reaction 

buffer condltlons. However, because of the presence and generation of poly- 
merase inhibitors, suboptimal cycling parameters, degradation m polymerase 
activity, and unsuitable template:pnmer ratios, the amplification efficiency 
IS often not exponential, particularly after 15-20 PCR cycles Thus, to dls- 
critnmate between true and false negatives, and for quantlficatlon purposes, 
the reaction requires the mclusion of a known amount of amplifiable template 
in each tube as an internal control from which the amplification efficiency can 
be determined. 

The internal control template should be amplified at the same rate as the 
target, because small differences m amphficatlon will result m large dlffer- 
ences in product yields. However, if its sequence IS too similar, heteroduplexes 
can form m later cycles and interfere with amphficatlon. The most important 
factor controllmg the ampllficatlon rate is usually the primer sequences (7), if 
G/C content and the presence of secondary structure are similar for control and 
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target templates (9) The use of the same primer annealing sequences m target 
and control template 1s recommended, therefore, and is termed competltlve 
PCR. To quantify the target template, known molar amounts of control tem- 
plate are added mto series of reaction tubes containing a set volume of the 
target template. Target and control products must be distingulshable by size (If 
necessary, after restrlctlon digestion) or specific hybridization. The amount of 
control template glvmg the same yield of product represents the amount of 
target template. 

The advantage of using competltlve PCR 1s that quantlficatlon 1s possible 
even after less than exponential amplrfication. If the amplification efficlencles 
are the same for target and control template throughout the PCR cycles, then 
the amount of initial template can be calculated by comparison with the yield 
from a known amount of control template, and use of the equation X = I 
(1 + E)“, where X= final quantity of product, I = amount of startmg template, 
E = amphficatlon efflclency (maximum value of l), y1 = number of cycles 
(see ref. IO) 

3.5 1. Construction of an internal Control 

Considerable care must be taken to find an internal control that 1s amplified 
at the same rate as the target, but does not hinder exponential amplification by 
allowing heteroduplex formation. Moreover, for RNA viruses, because reverse 
transcrlptlon (RT) IS rarely 100% efflclent and RNases may degrade some of 
the target during RNA extraction, there is a need for an internal RNA control, 
which 1s added to the sample before or during extraction 

3.5.2. Construction of Control DNA Template 

Choose a control template for amplification of slmllar G/C content and size 
(within 200 bp) as the target, yet easily dlfferentlated by gel electrophoresls 
Carry out 30 specltic ampllficatlon cycles of the chosen control sequence with 
primers for that template that have been modified by addition of the target tem- 
plate primer sequences at their 5’ ends 
Preclpltate PCR product by addmg 0.1 vol 3M sodmm acetate, pH 5 5, and 2 5 
vol 95% ethanol Incubate at -70°C for >30 mm, centrifuge (12,OOOg, 1.5 mm), 
wash pellet m 70% ethanol, dry, and resuspend In 50 pL sterile ddH,O 
Reampllfy 2 pL of preclpltated template with the target template primers and 
precipitate, wash, and resuspend, as in step 3. Run 3 pL of product on an agarose 
gel to check for single product of desired size, and quantify concentration by UV 
spectroscopy (260 nm) or a fluorimeter (e g , Hoechst model TKO 100) 
Check whether the amphtication efficiency of the control template equals that of 
the target template. Add equal copy numbers of control and target template to 
rephcate 50 $ PCR reactlon mixes, and remove 5-pL samples of the reaction 
mixes after 15, 20, 25, 30, and 35 cycles Electrophorese on an agarose gel and 
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determine yields of control and target template by scanmng ethrdmm bromide- 
stained gels usmg a suttable densitometer, or by using computer imagmg of the 
Polarotd film. Plot the mcrease of the log of the yields of both templates m each 
tube during the PCR. Equal amplificatton eftictenctes will generate graph lines 
of the same gradtent, and Identical product yields, tf identical amounts of tem- 
plate were originally added 

3.5.3. Construction of Control RNA Template 

Following a similar procedure to steps 1-3 in Subheading 3.5.2., incorporate a 
RNA polymerase recogmtton sequence, such as 5’-AATTTAATACGACTCA- 
CTATAGGGAT-3’, for T7 polymerase binding and transcription mitiation (11) at 
the 5’ end of the forward primer, and carry out m vttro transcrtptton 
Perform m vitro transcrtptton m a 50-a reactron vol using 25 pL of above tem- 
plate prepared wtth modified prtmers, and 25 pL transcrtptton reactton mix, 
according to manufacturer’s mstructions For T7 polymerase (Promega), the final 
reaction buffer should be 40 mA4Trts-HCl, pH 7.9, 6 mM MgCl*, 2 mM spermt- 
dine, 10 mMNaC1, 10 mM DTT, 0 5 nut4 of each rtbonucleottde (e g , Promega 
P 122 l), 10 U of T7 RNA polymerase, and 20 U of RNasm (e g , Promega N25 11) 
Incubate at 37°C for 2 h 
Quantttate yield of RNA product by measurmg the OD2~s of an ahquot, and using 
the approximate converston factor of 1 OD26s umt represents 40 pg of RNA/mL 

For an alternative method, see Note 20. 

3.5.4. Competitive (RT-)PCR 

1 Estimate the approximate range of target template present m the sample of mter- 
est. For each sample, carry out rephcate (about five) extracttons, to whtch a series 
of known amounts of competttor RNA or DNA template, covermg the estimated 
range of target template, have been added. 

2 Perform (RT-)PCR on all samples, and electrophorese 1 O-l 5 pL of PCR product 
on an agarose gel, as described m Subheading 3.4.1. Measure the yields of target 
and competttor products 

3. Plot the yields of target and competttor products for each PCR reaction m the 
dtlutton series, after correcting the values to allow for the size dtfference of the 
products. Extrapolate from the graph the amount of competttor DNA that gives 
rise to an equal molar amount of product to that of the target. Dependmg on the 
accuracy required, a couple of runs may be necessary to determine the range of 
competttor template to add to exactly quantify the copies of template 

3.6. In ternal Con fro/s 
An alternative to the opttmtzed controls discussed m Subheading 3.5. IS to 

use an endogeneous gene transcript as a control for RT-PCR. This is especially 
useful when PCR is being used to check the presence or absence of vu-al 
sequences, because all that IS needed IS a second set of primers which give a 
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product slgmficantly different in size from the predicted viral product. For RT- 
PCR, It does require that the cDNA synthesis uses a nonspecific primer, i e., 
ollgo(dT) or random primers, rather than specific primers targeted to the viral 
sequence. Such a control confers several advantages, because It acts as a con- 
trol for both the cDNA synthesis and the PCR, and distinguishes between true 
and false negatives, which IS Important m epldemlologlcal work. Before using 
such a control, It 1s vital to check all the primers both singly and m combma- 
tlon with each other, on infected and uninfected samples, to ensure that there IS 
no interference between the primer pairs, i.e., that the control primers do not 
amplify the target sequence, or that one test and one control primer do not 
amplify some other, unknown sequence (see Note 21) 

4. Notes 

Plant samples can alternatlvely be ground m microcentrifuge tubes using plastic 
grinders or wooden applicator sticks (Fischer Scientific, Pittsburgh, PA), or m a 
pestle and mortar. The latter must be cleaned extensively between use, and, for 
DNA viruses, treated with a DNA-degrading compound, such as 10% sodium 
hypochlonte, to avoid crosscontammatlon of samples 
Interphase material may contain RNases and RT-PCR mhlbltory substances, and 
hence care should be taken to avoid plpeting off any of this material Should the 
interface not form a tight layer, It IS recommended to carry out another 
phenol chloroform extractlon on the supematant To aid separation of the super- 
natant from the interface material, a physlcal barrier like high-vacuum silicon 
grease can be included, as described rn Subheading 3.1.5 
For extractlon of RNA, It is advisable to break up precipitated RNA during the 
70% ethanol wash, and perform more than one wash, If necessary, because mate- 
rial with RNase activity 1s often trapped wlthm the precipitated RNA 
If a RNA-DNA precipitate 1s particularly difficult to dissolve m sterde ddH20, 
this 1s generally either caused by overdrymg of the pellet, or by pelletmg through 
centrlfugatlon being excessive 
SDS releases both RNA and DNA from protein complexes and partially mhlblts 
RNase action. Extraction with phenol-SDS buffers at 60°C will be fairly effec- 
tive at removing DNA contammatlon from RNA extractions 
Guamdmlum methods* These RNA extraction methods are particularly effec- 
tive for tissues high m RNases, because both guamdmlum thlocyanate and 
P-mercaptoethanol inactivate RNases irreversibly 
A variety of technical modifications have been proposed and tested by many labs 
around the world RNA isolation from plants has always been a slightly tricky 
problem The technical approaches need to overcome two major problems. deg- 
radatlon of RNA, hence the use of powerful RNase inhibitors, and mhlbltory 
contaminants, which are a special problem for plant tissue In many cases, PCR 
mhlbltors can be ignored by simply diluting the sample and using the extreme 
sensitivity of PCR to amplify desired fragments. When target molecules are rare 
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to start wtth, or when particularly noxious mhtbrtors extst, then some kmd of 
extra purtficatron step IS needed. Unfortunately, many mhtbttors appear to 
copurtfy with nucleic actds, and separation can be dtfficult. There are two mam 
approaches to getting rid of Inhibitors: a chemical approach, m which the nucleic 
acids and inhibitors, e g , polyphenolics, are separated by differential extractton, 
and a brochemtcal approach, m which the target is spectfically trapped and 
washed to get rid of the contaminants This latter approach is partrcularly useful 
for vrruses, because specific capture columns can be made using antibodies to the 
vu-al CP, before rupture of the particles for cDNA syntheses and/or PCR on the 
now pure nucleic actd (12,13). Vartous resins and matrtxes are available com- 
mercially that have been reported to be sufficiently effecttve at removing parttcu- 
lar mhtbttors from samples to allow RT-PCR amphficatlon (e g , Magtc/Wtzard 
[Promega], Elutip-d columns [Schletcher and Schuell, Germany], Genereleaser 
[Cambto, UK]) These methods add considerable cost to sample preparatton, and 
purtficatton through Sephadex G-50 columns can be equally effective for removal 
of some tmpurtttes. Copurlficatron of polysacchartdes IS a common problem when 
tsolatmg nucletc actds, and the Inhibitory effect some have on fig polymerase 
can be overcome by mcludmg Tween-20 (O-5%), DMSO (5%), or polyethylene 
glycol 400 (5%) m the PCR buffer (1.4). Alternattves are to clean the nuclerc 
acid with a 2M sodium chlortde prectpttatron (15), or to use tissue extractton 
buffers contammg substances such as sodium chloride and cetyltrtmethyl- 
ammomum bromide (CTAB) to reduce copurtfication of complex carbohydrates, 
or the cation-exchange resm Chelex-100 (Bto-Rad) at 2&80% (w/v) (16) Inclu- 
sion of 0 2-l% (v/v) P-mercaptoethanol and/or 1% (w/v) polyvmyl poly- 
pyrolrdone IS effecttve at mhtbttmg oxrdatron and removing polyphenols 
Methods have also been developed using trusopropylnaphthalene sulfomc acid 
andp-ammosahcylic acid (NaTINS-PAS) (I 7), hot borate at alkaline pH, m com- 
bmatton with PVP and deoxycholate (18); or taking advantage of the dtfferenttal 
solubtlmes of nucleic actds and contaminants m solvents such as 2-butoxyethanol 
(19) A favored method m our laboratory for DNA extraction from dtffcult plant 
species IS that of Lodht et al (20), which combmes CTAB, sodmm chlortde, 
polyvmyl polypyrrohdone, and P-mercaptoethanol, with the modtficatton that 
the concentration of EDTA m the extraction buffer is reduced to 10 mM. The 
method would also be suttable for RNA extractron, but the mcubatton step at 
60°C should be reduced to 5-10 mm to reduce RNA degradatton. Poulson (22) 
reports that CTAB extracttons do not generally completely remove polysaccha- 
rtdes and sugar phosphates, whtch can be achieved by dtssolvmg RNA m 25 n-J4 
Trts-HCl, pH 8.0, 25 mM sodmm chloride, and then adding equal volumes of 
2.5Mpotassium phosphate, pH 8 0, and 2-methoxyethanol The mrxture 1s shaken 
vtgorously for 2 min, centrifuged 5 mm, and the upper organic phase transferred 
to a fresh tube An equal volume of 1% CTAB 1s added, the sample incubated on 
me for 5 mm, and then centrtfuged (5OOOg, 5 mm). The RNA pellet 1s then washed 
three times with 70% ethanol containing 0 2Msodmm acetate to convert It to the 
water-soluble sodium salt 



8 The use of ohgo prtmers for RT of polyadenylated vtruses generally only 
gives rise to 2-3 kb cDNAs Random hexamers ~111 generate cDNA from all 
RNA, and so may be preferrable 

9 Avlan myeloblastosis virus (AMV) has a higher RNase H activity than Moloney 
murme leukemia virus (MMLV), and hence is less suitable for generation of long 
cDNAs. The best enzyme for templates m which secondary structure mterferes 
with transcription would be the thermostable polymerase rrth (Perkm-Elmer) 
The latter can be used both for RT m presence of MnCl*, and for PCR m presence 
of MgCl,, after chelatmg out the manganese ion with EGTA Addition of EGTA 
must be very accurate to avoid different MgCl, concentrations m different tubes 

10 It is important for the detection of double-stranded (ds) RNA to work quickly to 
avoid renaturation of strands 

11. RT and PCR can be performed m the same mix (2), but for difficult or low tem- 
plate numbers it is preferable to carry out RT and PCR separately under optimal 
reaction conditions for each enzyme. 

12 Kwok and Higuchi (22) suggested numerous ways to avoid false positives m 
PCR, such as the use of posmve-displacement pipets, separate work areas for 
handling of PCR products, regular changmg of gloves, and the use of uracil prim- 
ers followed by uracil DNA-glycosylase (UDG) treatment before the first PCR 
cycle A simple precaution is to treat all tips, tubes and solutions with 10 mm of 
UV, using, e.g , the Amplnad UV nradtation chamber (Genetic Research Instru- 
mentation, Dunmow, Essex, UK). 

13 PCR condtttons given are meant as a starting point, from which reaction condt- 
tions for each different PCR test should be optimized. Specificity of primer 
annealing is primarily affected by temperature, magnesium ion concentration, 
and the concentration of primers and DNA polymerase Annealing temperatures 
are generally between 55 and 728C, and a good starting pomt for testing new 
prtmers is 5-10°C below the lowest meltmg temperature (r,) of the prtmers used 
Improved specificity of the primers can be achieved by mcreasmg temperature, 
but care should be taken to avoid temperatures that reduce the ampltfication effi- 
ciency of the target Note that dNTPs also chelate magnesium ions, so dramatic 
changes m then concentration will have a concomitant effect on the free mag- 
nesium concentration One of the commonest reasons for a usually successful 
PCR to fail is too low a concentration of free magnesmm, because of con- 
taminating chelators, e.g , EDTA from extraction buffers, or mcreased concentra- 
tions of dNTPs 

14. The concentratton of dNTPs should be 20-200 @4 for opttmal balance between 
fidelity, specificity, and yield, a concentration above 200 w  will result m 
increasingly poor fidelity Primer annealmg is aided by 50 mA4 KCl, but higher 
concentrations, or NaCl at 50 mM, will mhtbtt Taq activity Commercially sup- 
plied PCR buffers usually contain 10-50 mMTris-HCl, pH 8 O-9.0, but this may 
not be optimum for some reactions, e.g , long-dtstance PCR works more effec- 
tively at 25 mA4 Tris, pH 9 0 Nomomc detergents (0 5% Tween-20, or Triton 
X- loo), gelatm, or BSA are often included to help stabiltze the enzyme 
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The concentration of MgCl, should generally be in the range of 0 5-2.5 mA4, and, 
if the DNA solution contams EDTA, this should be taken mto consideration, 
because it will chelate out the magnesium. Primer concentrations are generally m 
the range 0. l-l uJ4 (1 &lo0 pmo1/50+L reaction), and annealing should occur 
within a few seconds It is best to use the mimmum amount of primer that does 
not limit amplification, to avoid nonspecific priming 
The choice of polymerase depends on the properties desired; e.g., Vent poly- 
merase has 3’-5’ proofreading exonuclease activity, thus resulting in a higher 
fidelity Taq polymerase has historically been the most commonly used enzyme, 
and is generally added at l-2 U/50-pL, reaction, but the units needed are highly 
dependent on the commercial source Use of too much enzyme can result m non- 
specific amplltication. The specificity and sensitivrty can also be improved by 
adding the chosen polymerase enzyme once the nntial denaturation step has been 
completed (termed hot-start PCR) 
The duration of each cycle should also be optimized It is important that com- 
plete denaturation of the starter template is achieved, without causing excessive 
denaturation of the enzyme (Taq polymerase has a half life of -40 mm at 95°C). 
Increasmg the duration of the annealing step will decrease specificity Taq poly- 
merase can incorporate about 150 bases/s/enzyme molecule, under optimum con- 
ditions. A safe rule is to allow 1 mm at 72°C for every 1 kb of desired product 
3.1% NuSieveSeaKem (w/w) agarose (FMC, Rockland, ME) gtves better reso- 
lution for experiments m which the additional cost can be Justified 
Ethidmm bromide staining is the most common method, but, if greater sensttivity 
is required, it can be coupled with blotting and a hybridization step An alterna- 
tive is to include a fluorescent-labeled nucleotide durmg PCR. The greatest sen- 
sitivity of detection of fluorescence is by gel electrophoresis on a fluorescent 
DNA sequencer, which IS 1 OO-fold more sensitive than detecting fluorescence on 
a solid phase (23) The amount of PCR product can also be quantified by mcorpo- 
rating a radiolabel (e.g., 50 uCi/mL [--s2P]dCTP) In this case, measurement of 
particle emission can be carried out over a 2-log larger range than light transmit- 
tance, and hence may be preferred (24) 
Synthesizing an internal RNA standard* Alternatively, clone a section of DNA 
containing primer sequences mto a vector contammg T3, T7, or SP6 poly- 
merase recogrntton sequence, and perform m vitro transcription according to 
manufacturer’s instructions. Because it is often desirable to be able to compare 
the results from one RT-PCR run with another, ideally, the standard used should 
be from the same preparation To avoid RNA degradation between experi- 
ments, precipitate the RNA in the presence of carrier RNA, and keep suitable 
aliquots at -80°C When needed, pellet, redissolve, and quantify the amount 
by UV spectroscopy 
Our experience with this technique is with PCR from insects, rather than plants 
For PCR from DNA, primers against any single copy genomic sequence are worth 
trying For RT-PCR m aphids, we have used actm as a control; sequences are 
highly conserved, and expression is essentially constitutive The primers 
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(designed using the rules in Subheading 3.2.) work m all aphid species, and m 
other insects, e.g., Myndus 
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Assaying Levels of Virus with Local Lesion Hosts 

Neil Boonham and K. Roger Wood 

1. Introduction 
A number of methods have been used for the quantttation of vn-us withm 

infected plants. Early ones used physical techniques such as dry-wt and par- 
ticle counts; more recently, serological and nucleic acid-based methods have 
been developed. These methods are all based on a physical aspect of the virus 
particle, and all measure total amounts of vnus (or viral component), regard- 
less of mfecttvlty. Holmes (I), however, was the first to utilize the observation 
that mechanical inoculation of tobacco mosaic vnus (TMV) onto the leaves of 
Nzcotzana glutinosa led to the formation of local lesions, and that the number 
of local lesions was inversely correlated to the dtlution of the moculum. The 
local lesion assay remains the simplest method to quantitatively measure the 
most important btological property of a sample of vu-us, that of the presence of 
viable vnus particles. 

A number of points should, however, be borne in mmd when using an assay 
of this kmd. First, there 1s the obvious requirement for the availability of an 
appropriate host, one which responds to mechanical inoculation with the for- 
mation of clear necrotic lesions or rmgspots, or chlorotic spots (see Fig. 1 and 
Table 1). Second, there is almost always a significant variation m response 
between plants, and between leaves on the same plant. The experimental 
design must take this into account. However, care should be taken not to 
overcomplicate the layout used, since the length of time required to mocu- 
late and the risk of error m such an experimental design may outweigh the 
advantages gamed from the randomization. In addition, although half-leaf 
comparisons give least variation m lesion number, the difficulty in carrying 
out many half-leaf comparisons makes the use of whole opposite leaves 
more practical. Finally, the nature of the curve (see Subheading 3., step 7; 
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Fig. 1. (A) Cucumber mosaic virus/C. quinoa. (B) Tobacco mosaic virus/Nicotiuna 
tubacum cv. Samsun NN (T. M. A. Wilson, SCRI). (C) Watercress yellow spot/Duturu 
strumonium (Walsh, HRI). (D) Beet necrotic yellow vein virus/C. amarunticolor 
(Henry, CSL). (E) Cucumber mosaic virus/Vignu unguiculutu spp. sinensis. (F) Tur- 
nip mosaic virus/Swede (Walsh, HRI). 

Note 2) relating dilution of inoculum to the number of local lesions should 
be taken into account, ensuring that comparisons are made within the 
middle part of the curve, where the number of lesions present is proportional 
to the dilution of the inoculum. 
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List of Local Lesion Host and Virus Combinations for Type Members 
of all Virus Grows 

Genus Type member Local lesion host/comments 

Alfamovirus 

Alphacryptovtrus 

Badnavwus 

Betacryptovtrus 

Bromovwus 

Bymovtrus 

Captllovirus 

Carlavirus 

Carmovtrus 

Caultmovirus 

Closterovirus 
Comovrrus 

Cucumovirus 

Cytorhabdovzrus 

Dtanthovtrus 

Enamovwus 

Alfalfa mosatc virus 

White clover cryptic 
vmls 1 

Commelma yellow 
mottle virus 

White clover cryptic 
VlruS 2 

Brome mosaic vtrus 

Barley yellow mosaic 
VlruS 

Apple stem grooving 
virus 

Carnation latent virus 

Carnation mottle virus 

Cauliflower mosaic 
virus 

Beet yellows virus 
Cowpea mosaic vu-us 

Cucumber mosaic 
virus 

Lettuce necrotic 
yellows virus 

Carnation rmgspot 
VlruS 

Pea enation mosaic 
VlruS 

Phaseolus vulgarts and Vtgna 
unguiculata spp sinensts for 
most strains, Chenopodzum 
amaranttcolor and Chenopo- 
drum quznoa are also suitable 

Not mechamcally transmtsstble 

Not mechamcally transmrsstble 

Not mechamcally transmtsstble 

Chenopodtum hybrtdum and 
Datura stramontum 

None 

P vulgarts cv Pmto and C qutnoa 

C amaranttcolor and C qutnoa 
(dtfficult to transmit from 
carnation because of sap 
mhtbrtors) 

C amaranttcolor and C qutnoa 
(will also detect attenuated 
strains) 

Brasstca campestrts cv Just Rtght 

Dtfficult to inoculate mechamcally 
I? vulgarts cvs. Pinto and Scotia, 

C amaranticolor 
Kgna unguiculata spp smensis, 

P vulgarts, C amaranticolor, 
and C qutnoa 

Ntcottana gluttnosa 

C. amaranttcolor, C qutnoa, and 
V unguiculata spp sinensis 

Chenopodtum album, C 
amaranttcolor, and C qutnoa 
(album and qumoa are constd- 
ered to be the most reliable) 

(contmued) 
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Table 1 (continued) 
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Genus Type member Local lesion host/comments 

Fabavwus 

Fvwwus 
Furovwus 

Subgroup I 
gemmivn-us 

Subgroup II 
geminivirus 

Subgroup III 
geminivirus 

Hordezvzrus 

Idaeovwus 

Ilarvirus 

Luteovwus 

Machlomovlrus 

MaraJivwus 

Necrovwus 

Nepovlrus 

Broad bean wilt 
VlruS 1 

FIJI disease virus 
Soilborne wheat 

mosaic virus 
Maize streak virus 

Beet curly top virus 

Bean golden mosaic 
VlrLu 

Barley stripe mosaic 
virus 

Rasberry bushy 
dwarf virus 

Tobacco streak virus 

Barley yellow 
dwarf VWLIS 

Maize chlorotlc 
mottle virus 

Maize rayado fine 
VlrLlS 

Tobacco necrosis 
VlruS 

Tobacco rmgspot 
v1rlls 

V ungwculata spp slnenszs for the 
broad bean stram (giving red/ 
brown lesions), C amarantl- 
color and C quznoa, for the 
nasturtium, parsley, and petunia 
strains 

Not mechamcally transmissible 
C quznoa and C amarantzcolor 

Not mechanically transmissible 

None 

P vulgarzs cv Top crop, gives 
chlorotlc lesions on primary 
leaves 

C quznoa and C amarantlcolor 

P vulgaris cv The Prince, grown 
at 20°C and 5000 lux with a 
15-h photoperlod Keep the 
plants m the dark for 1 d prior to 
moculatlon Chenopodzum 
murale IS reliable, but the lesions 
are more difficult to count 

Cyamopsrs tetragonoloba, V 
unguzculata spp cylmdrzca, 
Beta patellans, Dollchos 
bljlorus, Gomphrena globosa, 
and P vulgarzs cv Montelga 

Not mechanically transmissible 

None 

Not mechanically transmissible 

P vulgarw and C amaranticolor 

V unguiculata spp. sznenszs, 
Nlcotlana tabacum, Nuzotlana 
clevelandu, C amarantlcolor, 
and Cassla occldentalls 

(continued) 
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Local leston host/comments 

Nucleorhabdovtrus 

Oryzavtrus 

Phytoreovirus 
Potexvtrus 

Potyv1rus 

Rymovirus 
Sequivwus 

Sobemovtrus 

Tenutvtrus 
Tobamovtrus 

Tobravtrus 
Tospovirus 

Tombusvwus 

Trtchovtrus 

Tymovtrus 

Umbravirus Carrot mottle virus 

Waikavirus 

Potato yellow 
dwarf vnus 

Race ragged 
stunt vu-us 

Wound tumor vtrus 
Potato virus X 

Potato virus Y 

Ryegrass mosaic virus 
Parsnip yellow 

fleck vnus 
Southern bean 

mosaic virus 
Rice stripe vtrus 
Tobacco mosatc virus 

Tobacco rattle virus 
Tomato spotted 

wilt virus 
Tomato bushy 

stunt virus 
Apple chlorotrc 

leaf spot 
Turnip yellow 

mosaic virus 

Rice tungro 
spherical vuus 

Ntcotiana rusttca 

Not mechanically transmtsstble 

None 
Gomphrena globosa (the mrddle 

leaves of a plant wrth 8-10 
leaves are most suttable) 

C amaranttcolor, C quinoa, 
Ntcottana repunda, N rusttca, 
Physalisjlorrdana, Solarium 
tuberosum cvs Duke of York or 
Saco, and Solanum demtssum 
“Y”; the latter produces local 
lesions with most strains 

None 
C quwtoa 

Phaseolus aureus 

Not mechanically transmrsstble 
N glutmosa, C amaranttcolor, 

P vulgarts cv Pinto, and 
Ntcottana tabacum cvs Xantht 
nc and Samsun NN 

C amaranttcolor and P vutgarts 
Petunta hybrtda cvs. Pmk beauty 

and Minstrel 
C amaranttcolor, Datura stramo- 

mum, and Oclmum bacdlum 
C qutnoa and P vulgarts 

Chinese cabbage. Most strains 
give chlorottc local lessons; 
young well-nourished plants 
must be used 

P vulgarts cv The Prince, grown 
at 20°C and 2500 lux with an 
8 h photopertod. C qutnoa and 
N tabacum cv Xanthr can also 
be used 

Not mechanically transmtsstble 
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If experiments are designed taking these factors mto account, the assay gives 
a sample and rapid method for obtaimng information, not about total virus con- 
centration, but data regarding the relative concentrations of infective wrus par- 
ticles m the samples compared. 

2. Materials 
1 Grinding buffer, for Infected plant material and for dtlutron of standard vu-us 

preparations, generally, 0.05M phosphate buffer, pII 8 0. 
2 Test plants, as uniform as possible It is advisable to grow more plants than 

required and to select the most uniform of the group In addition, arrange the sets 
of plants m order to allow equal numbers of each size group of plants m each 
sample replicate Plants should be trmuned to leave only the leaves to be mocu- 
lated accordmg to the experimental design used 

3 Abrasive powder, preferably Carborundum (600 mesh); Cehte can also be used 
4 A number of 3-cm squares of Parafilm, enough for one piece per maculation. 

3. Methods 
1 

2 

3 

4 

5 

6. 

7 

Select the test plants and label the leaves to be inoculated by punchmg out small 
disks m the leaf tip, usmg a glass Pasteur ptpet, so that each different moculum 
can be identified (see Notes 1 and 6). 
Dust the leaves to be inoculated with abrasive powder, to give a light, even 
covering. 
Prepare the moculum by homogentzmg the leaf tissue to be tested m a pestle and 
mortar, on ice in me-cold grmdmg buffer (1.1 [w/v]), Serially dilute the stock m 
the grinding buffer (see Note 2), keeping all the samples on ice untrl the mocula- 
tlons are carried out. Sufficient moculum IS required for -25~pL moculatrons of 
each dilution per test leaf. 
Pipet the moculum onto the leaf and smooth onto its surface, from pettole to trp, 
using a piece of Parafilm, under even pressure. The leaf must be supported from 
beneath to prevent damage to the plant. To avotd carryover of moculum, the 
Parafilm must be changed for each sample (see Notes 3 and 4) 
Immedtately followmg inoculatton, spray the leaves of the test plants with water 
to remove the abrasive powder, to remove sap residues that may inhibit mfectron 
or adversely affect the appearance of the leaf, and to help prevent wiltmg 
Incubate the plants at 23’C wtth a 16-h photopertod, for approx 34 d, then count 
the local lesions present on the leaf surface 
The tabulated data can be presented graphically, plotting the log of the local leston 
number (average of the replicates) vs the log of the dilution From data m the 
linear part of the graph, it is possible to extrapolate to the mtercepts on the X- and 
the y-axes, to give both a theoretical dilutton end point and an undiluted lesion 
number, respectively; both are arbitrary measurements, but offer a simple method 
for making relative comparisons of viable vn-us concentration among a number 
of samnles (see examnle m Fie. 2: Notes 5 and 7) 
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Fig. 2 Graph showing an example of data relating local lesion number to the dllu- 
tlon of moculum, for CMV inoculated onto cowpea Also included are the calculated 
lesion numbers for undiluted samples, the normalized lesion numbers, and the dilution 
end points The dilution end points and the undiluted lesion numbers are calculated as 
the antilog of the intercept on the x- and y-axis, respectively. 

4. Notes 
1 The experimental design 1s of utmost importance to the success of an experiment 

of this kmd The most important factor to take into account is the varlablllty 
among the plants and leaves inoculated. Leaves of different ages on the same 
plant do not always react m the same way, and leaves of similar sizes and ages 
from different plants may not react m the same way. In general, the leaves 
selected for moculatlon should be of similar age and size, and, m most cases, the 
use of leaves at the same posltlon and on opposite sides of the mam stem gives 
much less variation If experiments are carried out m this way, SIX to eight reph- 
cates for each sample should give sufficient accuracy The design of the expen- 
ment depends, then, largely on the number of samples to be compared and the 
type of the host plant. 

The simplest example is one in which only two samples are to be compared, 
using a host that has leaves opposite to each other, such as cowpea (Vzgna 
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C 
Fig 3 Examples of moculatton patterns used to randomize treatments upon test 

material for: (A) two samples m a dtrect comparison; (B) five samples, where two 
primary opposite leaves are avarlable for inoculation, and (C) a Latin square m which 
four samples are maculated to plants with multiple leaves available for maculation. 

unguzculata spp. smensrs) In this case, the two samples can be compared on 
opposite primary leaves The outline of an expenment of this kmd is shown m 
Fig. 3A, comparing samples A and B. 

If multtple samples are to be compared, again using a host that has opposmg 
leaves, rt 1s suitable to compare each sample with each of the other samples on 
opposite sides, an equal number of times, as shown m the outline m Fig. 3B In 
this case, samples A-E are bemg compared 

If multiple samples are to be compared using a host in which a number of 
leaves are available for moculatton, such as Chenopodzum quznoa, where four to 
eight leaves may be available, a Latm square design 1s most suitable In thus lay- 
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out, each sample is compared at each leaf position on the assay plants An 
example of an experimental outline of this kmd is shown m Fig. 3C, comparmg 
samples A-D. 

In each of these three cases, replication can be achieved by duplication of the 
sets of plants 

2 The dilutions at which the samples are compared are important for a number of 
reasons, Local leston curves relatmg dtlutton to number of lesions are generally 
sigmoidal m shape At very high concentrations of virus, a change m concentra- 
tion has very little change m the number of lesions Thts may be because of 
aggregation of vuus particles or mhibttors present m the moculum, at very low 
concentrations of vnus, changes m concentration stmtlarly have httle overall 
effect on the number of lesions present, because of the low efficiency of the 
mechanical maculation procedure (2) The slope of the curve may also vary, 
depending on the number of particles requtred to cause mfection However, some 
vuu-host combmattons may not respond to give the predicted single- or mul- 
tiple-hit curves (3) To make meanmgful comparisons, it is necessary to always 
compare samples withm the middle range of the curve, where a change m con- 
centration IS accompanied by an eqmvalent change m leston number An example 
of a local lesion ddution curve, comparmg a sample to a standard, is shown m 
Fig. 2 It may be necessary to carry out prelunmary experiments to reach the 
destred number of lesions per leaf, followed by an experiment m which the ddu- 
ttons can be closer together, around the range that gave the desired number of 
lesions For leaves the size of cowpea, for example, leaf counts m the range of 
l&200 local lesions would give useful estimates. It IS worth bearing m mmd that 
crude extracts from some plants contam mhibitors of mfection, and it may be 
necessary to dilute the moculum sigmticantly to obtain adequate lesion numbers 

3 As an alternative to ptpetmg a standard volume of inoculum onto the leaf and 
spreading it with a Parafilm-coated finger, a small pad of muslm can be soaked m 
inoculum and rubbed over the leaf surface. In any event, it is important to ensure 
that the leaf surface is completely wetted with moculum 

4. It is only necessary to rub the moculum gently over the leaf surface once or twice 
Repeated rubbing is unnecessary and will lead to unwanted leaf damage 

5. If a standard (for example, purified virus) 1s included m each local lesion assay, 
the data can be normalized to it and the data from successive experiments can 
then be compared To normalize the data, use the followmg equation, setting the 
standard lesion number to 100 m each experiment 

Number of lesions produced by undtluted / Number of lesions produced 
by the undtluted standard sample x 100 = Normalized lesion number 

If ahquots of the same standard are used m each experiment, and if multiple 
freeze-thaw cycles are avoided, data from successive experiments can be com- 
pared by using the normalized data 

6. Table 1 lists the local lesion hosts appropriate for the type members of all the 
genera; if the vu-us-host combmation you require IS not m this list, the best 
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source guide 1s the CM1 AAB Descrrptions of Plant Vzruses (4) For new viruses, 
the best hosts to try are Chenopodzum amarantlcolor, C qumoa, JJgna unguzculata 
spp smensis, and Phaseolus vulgarzs If problems are encountered m obtammg 
the required numbers of local lesions, the response can often be Increased by 
leaving the plants m the dark for 24 h prior to maculation (5). Age of the 
plant can also be important. For example, the suscepttbillty of primary leaves 
of cowpea to cucumber mosaic virus decreases markedly when trifohate leaves 
begin to appear. 

7 If it is necessary to make more than Just simple comparisons of samples, and if 
anything other than large differences are sought, the local lesion data requires 
some statistical analysis, refs. 68 review the analysis m more detail 

References 
1 Holmes, F. 0. (1929) Local lesions m tobacco mosaic Bot Gaz 87,39-55 
2 Matthews, R E. F (1991) Methods for assay, detection, and diagnosis, m Plant 

VrroZogy (Matthews, R E F., ed ), Academic, San Diego, pp 1 l-52 
3. Fulton, R W (1962) The effect of dilution on necrotic rmgspot vn-us infectivity 

and the enhancement of mfecbvity by non-mfective virus Vkology l&477485 
4. Descriptions of Plant Viruses Commonwealth Mycological Instttute, Association 

of Apphed Biologists, Kew, Surrey, England 
5 Bawden, F C and Roberts, F. M (1947) The influence of hght intensity on the 

suscepttbihty of plants to certain wruses. Ann Appl B~ol 34,286-296 
6 Kleczkowski, A (1949) The transformation of local lesion counts for statistical 

analysis. Ann Appl Blol 36, 139-152 
7 Kleczkowski, A (1950) Interpretmg relationships between concentrations of plant 

viruses and numbers of local lesions J Gen Mzcrobzol 4, 53-69 
8 Roberts, D A (1964) Local-lesion assay of plant w-uses, m Plant Krology (Corbett, 

M. K. and Stsler, H. D., eds ), University of Flonda Press, Gainesville, pp 194-2 10 



50 

Field Testing Resistance of Transgenic Plants 

Wojciech K. Kaniewski and Peter E. Thomas 

1. Introduction 
This chapter describes methods to detect and assess commercial resistance 

to virus disease that may be conferred on exlstmg plant cultlvars by their trans- 
formatlon with genes derived from vu-uses (1). The prmclples and general 
guldelmes for selection among plants altered by transformation are the same as 
those established for classical breeding (2). However, the approach 1s dlffer- 
ent, since transformation alters one or, at most, a few characterlstlcs m an 
established cultlvar; but breeding creates an entirely new cultlvar. 

A number of factors give rise to the need for field testmg of transgemc plants 
Although It 1s true that some viral genes will confer transgemc resistance, 
and this resistance may be added to a cultlvar as a smgle charactenstlc, It 1s 
not true that resistance IS achieved in every transgemc plant line. In fact, 
expression of resistance may be rare among lines transformed with a viral 
gene, and degree of resistance conferred by a gene can vary contmuously 
from no resistance to complete protection from disease. Furthermore, 
somoclonal varlablllty m cultlvar characteristics may be very common and 
subtle among transformed plants. Somoclonal varlablllty m virus susceptl- 
bility may also occur m the absence of any viral gene (3) Therefore, ngor- 
ous selection among hundreds of transformants may be required to identify 
lines that are resistant and that also conform to or exceed standard agronomic 
characterlstlcs of the parent cultlvar. Selection for agronomic performance, 
described m Chapter 51, should proceed concurrently with resistance selec- 
tion, described in this chapter. 

Field testing required to determine whether mteractlons occur between the 
transgene and its homologous vnus, or with other vu-uses when they infect the 
transgemc crop, 1s also covered m this chapter. 
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2. Materials 
Analysis of plants for vu-us infection at intervals durmg the growing season 

requires a laboratory equipped and supplied to perform serological and nucleic 
acid-based analyses. Facilities are also required for propagation of biological 
vectors of the vn-us. The vectors are needed both to provide field exposure to 
the vnus by direct inoculation and to perform dtagnostic transmissions. Con- 
trolled plant growth facilities are required to propagate plants to be tested, to 
produce index hosts used for vnus diagnosis, and to perform diagnostic trans- 
mission assays, Analyses to determine whether viruses that replicate m trans- 
gemc plants are altered through interactions with the transgene or its products 
requires a fully equipped molecular biology laboratory. 

Requirements for a satisfactory field site, culture, cultivation, and harvest 
machinery, a computer database, and tissue-culture facilities are the same as 
those needed to select for agronomic characteristics, and have been described 
m Chapter 5 1. 

3. Methods 
3.1. Plant Culture 
3 7.7 Field Preparation 

The standard cultivation and weed and disease control methods used m com- 
merce for the parental cultivar are desirable, since they provide the conditions 
under which the transgemc cultivar must perform 

3.1.2. Propagation of Transgenic and Control Lines 
The type of propagants used in field testing will depend largely on whether 

the crop is grown from true seed or vegetative parts Recommended propaga- 
tion methods are given m Chapter 5 1 

3.1.3. Growing and Transplanting In Vitro-Produced Plantlets 
In vitro-produced plantlets must be transferred to sterile soil or artificial 

planting medium m small pots, and then transplanted to the field after a period 
of growth and soil adaptation Recommended methods for transplanting, dis- 
ease control, fertilization, and development of a strong root system (Note 1) 
are given m Chapter 5 1 

Plantlets should be transplanted from the flats to the field while they are 
growmg vigorously. Transplanting machmery may be used for this purpose, 
but the process requires meticulous organization to prevent errors when bun- 
dreds of small, replicated plots are Involved (Note 2). 

3.7.4. Plant Care During Growing Season 
Insect and disease control in plots used to select for resistance to virus dis- 

ease often presents a special problem, since the treatments used to control 
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unwanted pests can interfere with the biological vectors needed to provide vi- 
rus transmlsslon in the current test. In some instances, pesticides may be avall- 
able that will selectively control the unwanted pests. Good judgment 1s required 
to determine the level of insect and disease contammatlon that can be tolerated 
in the selection process. 

Selection for resistance among many lines frequently requires selective pes- 
tlcldal treatments to maintain noninoculated control plots and to protect from 
other diseases. This can be hazardous when done with backpack spray equlp- 
ment, and it can be difficult to achieve without drift to untreated plots when 
performed by machme. 

Additional methods needed for plant care durmg the growing season are the 
same as those required to select for agronomic performance of transgenic lmes, 
and are described in Chapter 5 I. 

3.1.5. Harvest and Storage 

Small plot harvesting without mlxmg between plots and without labeling 
mistakes 1s essential, but difficult to achieve. Careful planning and close super- 
vtsion 1s essential. Appropriate storage 1s especially important in cases m which 
the virus disease affects storablhty of the crop. It IS difficult to achieve when 
refrigeration, humidity, and control of atmospheric gasses are required. 

3.2. Classifying Resistance 

3.2.1. Terminology Based on Viral Function 

For commerce, a resistant cultivar is one that remains relatively unaffected 
economically by disease m the field, compared with the susceptible parental 
cultlvar. This concept serves commerce well, but it deals with the crop as a 
whole. To deal effectively with the ideas involved m development and assess- 
ment of transgemc resistance, we need termmology that specifies how and at 
what stage the normal viral functions required for virus survival are restrlcted 
m the individual resistant plant, and we need to consider how these restrlctlons 
imposed by the resistant plant may affect epldemlologlcal processes required 
for vn-us survival. We also need to understand that it is not virus mfectlon, but 
rather the severity of host reaction to mfectlon that causes disease loss The 
termmology proposed by Cooper and Jones (4) deals with vnu-host interac- 
tions in the mdivldual plant and will be used here. In their proposal, a plant 1s 
either mfectlble or immune (not mfectible) An mfectible plant 1s classified as 
susceptible if specific viral functions required for virus survival m the plant 
proceed with relatively little or no restriction It 1s classified as resistant if 
these functions proceed with considerable restnctlon. The plant 1s classtfied as 
tolerant if its symptom response is mild, or as sensitive if the symptom response 



500 Kaniewski and Thomas 

is severe. Symptom response may, but does not necessarily, reflect the degree 
to which viral functions are restricted 

Essential viral functions in the virus-host mteractton include mitral estab- 
lishment of mfection, multtpllcation m the mittally infected cell, movement of 
the vu-us or its message for replication to adJoining cells, and systemic trans- 
port throughout the host. Eprdemtological processes necessary for a vnus to be 
acquired from one plant and transmitted to another include compatible virus- 
vector and vector-host mteractions. Processes mvolved m virus-vector mter- 
actions may be controlled by viral genes, but those associated with vector-host 
interactions, including feeding of the vector on the host and deposition of the 
vu-us mto the plant, are not controlled by viral genes and should not be affected 
by any pathogen-derived transgemc resistance 

3 2 2 Elucidation of Viral Function Involved in Resistance 

The kmd of field resistance expressed may depend on the function repressed 
Reduced incidence of disease, for example, may reflect repression of the mitral 
establishment of mfection or failure of vn-us to move from mmally infected 
cells. Resistance to spread of vn-us from plant to plant could reflect a longer 
period of trme after maculation of a plant before that plant could itself serve as 
a source of virus for further spread, or it could reflect a reduced transmission 
efficiency from plants with resistance to virus replication 

Incidence of disease expression, severity of symptoms caused by disease, 
and timmg of disease development can be determined visually m the field. 
Beyond these observations, the determination of the specific viral function 
repressed m disease resistance usually mvolves vu-us detection technology. It 
IS difficult to distmguish between true immunity to mttial mfection and failure 
of virus to move from mitially Infected cells, since there may be very few 
mittally infected cells, and the vn-us accumulated m those cells may be msuffi- 
cient for detection. In either case, infection cannot be demonstrated after 
repeated inoculation, and the plants may be described as field-nnmune accord- 
ing to Cooper and Jones (4) Graft maculation techmques may be used to dis- 
tmguish between failure of virus to move from the site of mitral mfection and its 
failure to mfect new cells after it has moved (5) Varying degrees of resistance 
to vnus multiplication m plants may be demonstrated using quantitattve local 
lesion assays (6). Quantitative serologtcal methods may also be used for this 
purpose, but only to the extent that the differences in vu-us antigen accumula- 
tion detected serologically reflect real differences m virus multiplication Very 
low levels of vnus accumulation m plants below those detectable by chmcal 
methods can usually be demonstrated by graft transmission to susceptible 
plants (5), if the vnus moves systemically. Tolerance is easily demonstrated by 
showing that the plant contains vu-us, but expresses mild or no symptoms 
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Resistance based on some form of repression of transmission can usually be 
demonstrated by showmg that the plant IS susceptible when an alternatlve 
means of transmtsslon 1s used. 

3.3. Plant Testing 

The objective in field testmg IS to identify lines that retain or improve the 
origmal parental qualities and are also resistant to the vu-us disease. 

3.3. I. Field Screen Tests 

To save time and resources, it IS important to eliminate lines that are obvl- 
ously susceptible, or that have dlsquahfymg type and yield defects, as early as 
possible m the resistance selection process. A field screen test mvolvmg m 
vitro-propagated plants IS recommended for this purpose, since it IS easier to 
handle the large numbers of plants required m a field test than under controlled 
conditions, and results are more reliable. This test usually involves intentional 
inoculation with the homologous virus, but natural exposure could be used m 
instances when exposure IS reliable. Major quantitative deviants are often 
apparent by their lack of vigor during in vitro propagation and m sol1 pots, and 
these can be eliminated before they reach the field. Large-scale field repllca- 
tion IS not required with artificially inoculated tests (2 replicate plots with 10 
plants/plot is usually sufficient), and most decisions to eliminate or retam a 
line are made by visual observation without the aid of statistical comparrson 
Vn-us titer and presence or absence of virus among piants of selected lines may 
be determined as a selection tool, using a range of diagnostic assays 

3.32 Selection for Agronomic Performance 

Selection for agronomic performance should proceed concurrently with 
selection for resistance This subject 1s described rn Chapter 5 1 

3.3.3. Virus-Resistance Efficacy Tests 

3.3.3.1 PRELIMINARY DECISIONS 

1 Determine the degree of resistance desired: Practical field lmmumty (disease 1s 
precluded) IS a qualitative characterlstlc that may be illustrated with a single plant. 
The test for immunity must provide an exposure that eliminates any practical 
posslblllty that a susceptible plant would escape infection. Thus, it IS more 
efficient to concentrate on small numbers of plants if this level of resistance 
IS required 

A different approach is required when resistance IS less than lmmumty Reph- 
cation and statistical design are important Furthermore, the severity of vu-us 
exposure must be adjusted, so that practical levels of resistance will be tested, but 
not overwhelmed by excessive maculation pressure. 
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Ultimately, resistance is measured as reduced influence of disease on crop 
yield and quahty Factors that may contribute to reduced disease loss include 
percentage of plants that develop disease, severity of symptoms among diseased 
plants, length of time required followmg inoculation for symptoms to develop, 
concentration of vu-us m infected tissue, degree of systemic distribution of the 
vnus, capacity of an infected plant to serve as a source of virus for vectors, sus- 
ceptibility to the spread of vuus from plant to plant, numbers of vectors found 
colomzmg plants, frequency of visitation by vectors, and attraction of vectors to 
vnus source plants 

2 Determine the kmd of resistances that would be effective The specific strategies 
used for field testing must depend on the kmd of resistance desired or required 
One type of resistance may be effective for one vu-us, but it might not be effective 
for another, depending on epidemiological factors involved m dissemmation of 
the different viruses (Note 3) 

Tolerance generally is not the preferred means of reducing disease loss, but it 
could be acceptable when the vuus is not a threat to other crops (i e., potato vuus 
X and potato virus S of potato), or when infected plants within the crop itself do 
not serve as a source of vnus for mfection of other plants (I e , beet curly top 
virus-Infected tomato) 

3.3.3.2. RESISTANCE TO THE HOMOLOGOUS VIRUS 

This test mvolves mtentional maculation of each plant with the vtrus isolate 
that served as the source of the transgene. It is used to rank the resistance of 
lines that survtve the initial screen test described above. When Incidence of 
systemic mfectton 1s the crtterion for resistance selection, at least four repltca- 
tions with 20 plants/rep, arranged in a randomized complete-block design, is 
recommended 

The chief advantage of thts approach is that rt insures that all plants recetve 
a umform exposure The exposure is easily ltmtted to the homologous vtrus for 
mechanrcally transmissible vu-uses, but not for vectored vu-uses, since rt does 
not exclude natural exposure to other isolates and strains carried to the plots by 
vectors. Natural exposure to vectors might be limited by conductmg the mocu- 
latton during a period when the vectors are not present in the area, and then 
controlling the vector using pesticides or other methods at later stages. 

Thts test provtdes an opportunity to obtain resistance data on the incidence 
of systemic mfectton, ttme required for disease development after moculatton, 
virus concentratton in infected plants, and severity of symptoms on infected 
plants. It provides no direct mformation on resistance to spread of virus from 
plant to plant. Thts test also provides an opportumty for more stringent selec- 
tton of agronomic characteristics among the most resistant lines. 

The moculum pressure should be suffictent to assure htgh infection rate m 
wild-type control plants, but should not exceed that requtred to infect 100% of 
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wild-type control plants. If it does, there is a risk that the test may not recog- 
nize practical levels of resistance that are overwhelmed by excessive moculum 
pressure. Plants should normally be maculated when young, vtgorously grow- 
mg, and susceptible to infection, smce older plants may not develop definmve 
symptoms and may acquire resistance to infection and systemic mvaston. The 
method of maculation should be based on the means of transmission of the 
particular virus in nature. Transgemc resistance effective against mechanical 
transmission has not always been effective against vector transmission (7). 

3.3.3.3. VIRUS STRAIN SPECIFICITY TESTS 

The purpose of this test is to determine whether a resistance selected for 
eficacy against the homologous virus is also effective against the major vari- 
ants and strains of the same vu-us. This test is similar to the test for resistance to 
the homologous virus, but it is repeated for each of many different isolates 
or strains of the virus, and the data taken should be the same. To mamtam a 
manageable size, only a few lines considered for commercialization should 
be included 

Virus strain specificity tests for quantitative characteristics cannot be con- 
ducted m the field m areas of high natural disease pressure mediated by mobtle 
vectors. Contammation by natural exposure would compromise the data for 
any particular isolate or stram. It 1s a feasible field test tf the vu-us is restricted 
to mechanical transmission. It is also a feasible test for a vectored virus, pro- 
vided that the resistance is qualitative and the objective is to determine whether 
any isolate or strain of the vu-us, includmg those that mtght be introduced to the 
test by vectors, will break the resistance. 

To prevent any possible interference by crossprotection reactions, tt is 
important to preclude or hmit infection from outside sources prior to and dur- 
mg the intentional maculation with specific virus Isolates. For this purpose, the 
plots may be covered with a floating net. Vectors vuuhferous with the specific 
isolate for mtentional maculation are released under the net. The nets may be 
removed, exposing plots to natural exposure after an appropriate period for 
maculation with the specific isolates. If there 1s a need to minimize exposure 
after the nets are removed, vector-control measures may be applied throughout 
the season. 

3.3.3.4. NATURAL EXPOSURE TESTS 

In natural exposure tests, the experimental plots are planted in a statistical 
arrangement and exposed to the vu-uses and vectors that occur in the region at 
the discretion of nature, wtth no effort to control the exposure. Ulttmately, this 
is the test that resistance must survive, but there are serious disadvantages to 
this approach for rapid selection of resistance m the early stages of selection. 
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Natural exposure may not provide reliable disease exposure, tf the disease does 
not occur m epidemic proportion every year. Although natural exposure is 
essential m the long run to demonstrate whether strains exist that will over- 
come the resistance, the range of vnus strams that occur m a particular region 
may be limited. Furthermore, natural exposure m small plots IS not reliable for 
viruses whose epidemiology depends on a few mittal mfection centers m the 
field and efficient plant-to-plant dtspersal from those mfection centers. With 
such vuuses, entire plots may escape exposure if an mitral mfection is not 
established m the plot. Natural exposure should mvolve large plots, should be 
conducted at multiple locations, should be limited to the few lines m final 
evaluatton for commerciahzation, and may be associated with yield testing. 

A problem in natural exposure trials for a vectored vnus is that the suscep- 
tible control plots may provide a source of disease pressure to the resistant 
test lines that would never be encountered m a commercial situation or m a 
solid stand of the resistant line Thts exposure may be limited, depending 
on mobility of the vector, using border rows of immune plants or a barrier 
screen. If the problem cannot be controlled, it is best to eliminate the sus- 
ceptible control plots and compare the performance of resistant lines with 
susceptible control plots that receive commercial vector control practtces, or 
with a standard for susceptible control plants estabhshed at a safe distance 
from the test plots. 

Data taken m natural exposure trials should focus on a comprehensive view 
of the extent to which the resistance is likely to reduce the influence and cost of 
disease on the commercial crop. Performance of the transgemc lines should be 
compared with that of the parental lme grown under the best of current disease 
control practices The mcidence and severity of vu-us disease, appearance of 
resistance-breaking strains, undetected defects, like an unusual susceptibility 
to a different disease, and abihty to match yield and quality standards of the 
parent cultivar are important characteristics to record. 

3.3.3.5 VIRUS SPREAD TESTS 

If most mfection wtthm a field 1s drssemmated from relattvely few mfection 
centers withm the field itself, resistance to spread of virus from one plant to 
another could provide practical resistance. If the vu-us depends on mechanical 
transmission for dissemmation, resistance to its spread can be tested in small 
plots by measurmg the rate of virus spread m both directions from a centrally 
infected plant m a row The influence of various machines and of workers that 
spread viruses mechanically as they operate m the field is easily measured in 
this manner. If the virus is vector-dependent, and the vector IS relatively mobile 
and spreads the virus mtermittently from one plant to another some distance 
away, resistance to spread of virus cannot be tested m small plots. However, if 
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the vector is relatively tmmobile and spreads the vu-us from one plant to 
adjoining plants in a concentric pattern, then resistance to the spread of virus 
can be tested m small plots, again, by measuring the rate of vu-us spread m both 
directions from a centrally infected plant in a row of plants. Infective vectors 
should be caged on the central plant a few days, until they become acchma- 
tized to the situation and spread virus normally. Alternatively, an infected plant 
can be transplanted at the center of the row, and virus-free aphids placed on 
this plant. After an appropriate period of ttme, to achieve spread of virus from 
the central plant, the plots are treated with pesticide to ehmmate the vectors, 
and disease reading may be taken after an appropriate mcubation period to 
allow for systemic infection of all infected plants. 

3.3.4. Risk-Assessment Tests 

A risk associated with the release of plant germplasm expressing viral genes 
has never been documented. However, there is much speculation (8) that risks 
exist, based on potential mteractions between transgenes or their products and 
vn-uses that infect transgemc plants (further discussed in Chapter 5 1 and 54) 
The field IS an appropriate place to test for these risks, smce the plants m the 
field are exposed to a much broader range of viruses than could ever be 
achieved under controlled conditions. Risk assessment observations and tests 
should be integrated into every field evaluation. 

3 3.4.1. SYNERGISM AND COMPLEMENTATION 

Complementation, the process by which a functional gene of one virus cor- 
rects for defectiveness m the same function of another, coinfectmg vu-us, IS a 
well-known phenomenon. Thus, expression of a transgene could induce sus- 
ceptibihty m the transgemc plant to new viruses, if the expressed gene pro- 
vided an essential function that the new virus could not itself provide. To test 
this possibility, field-test plots should be examined for specific viruses com- 
mon m the area, but to which the transgemc species is normally immune. 

Synergism 1s the interaction between an infecting virus and the product of a 
transgene that results in more severe symptoms than should be expected by 
infection of the parental cultivar. This occurrence would be mdicated by severe 
symptoms that were not associated with alterations in the mfecting virus. 

3.3.4.2 TRANSENCAPSIDATION 

If a vnus infecting a transgemc plant were encapstdated with CP produced 
by the transgene, the infecting vu-us could acquire the transmission character- 
istics and serological properties of the transgene virus. These possibihties are 
easily tested by checking the transmission properties and serologtcal proper- 
ties of viruses found infecting transgenic plants. 
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3.3.4.3. RECOMBINATION 

A new hybrid vu-us could be created by genomic recombmatton between the 
genome of a virus infecting a transgenic plant and the transgene or its mRNA 
Sedimentatton characteristics of the new hybrid would probably be different 
from the original virus, and its occurrence might be mdicated by production of 
symptoms unusual for any of the vnuses that infect the crop species. More 
detailed analyses for genomtc alterations are recommended when these tests 
indicate a change has occurred 

Alterations m the homologous virus may be dtficult to detect, since the 
alteration may have but minor effects on many properties of the vnus Isolating 
the altered vtrtons would be difficult unless the alteration provided a competi- 
tive advantage m the transgenic host or caused a change in host range that 
would facilitate its tsolation. 

3 3 4 4 OUTCROSSING AND WEEDINESS 

There 1s a potential risk that a transgene could be mtroduced mto wild spe- 
cies or other crop plants by outcrossmg. This risk exists only when plant spe- 
cies that could potentially cross with the transgemc species grow in the region 
where test plots are located. It may be necessary to determme crossabihty by 
experimentation prior to field testmg. A number of approaches may be utihzed 
to control this problem. Male sterility in the parental lme used for transforma- 
tion ehmmates the posstbihty of outcrossing. Removal of flowers from plants 
m transgemc test plots also ehmmates the posstbthty of outcrossmg. Isolation 
of test plots from other plants may also be practical, depending on the distance 
required to prevent crosspollination. It may also be practical to eliminate spe- 
cies m the area of the test plots that could potentially cross with the transgemc 
species for the duration of the testing. Screens could be used to exclude polh- 
natmg insects 

There 1s a possibility that a crop species that normally will not compete as a 
weed could acquire this ability by virtue of tts transformation with a viral gene. 
To guard against this possibihty, test plot areas should be exammed for volun- 
teer plants of the transgenic species for 2 yr followmg testmg. Volunteers must 
be eradicated. 

4. Notes 

1, A strong root system IS achieved in potatoes transplanted to flats from in vitro 
cultures by watering the plantlets with a 1 250 dilution of a soluble 15-30- 15 
nutrient solution 

2 For potatoes, we find that hand planting hundreds of small plots is faster and 
neater, and less subject to error than using a transplanter. Potato hills are estab- 
lished and side-dressed with fertilizer using a standard potato planter Holes for 
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transplantmg are punched by hand wtth a 40-mm-dtameter, thin-walled plasttc 
pipe, and 250 mL of 1 125 dtlutton of the fertthzer described above 1s applied to 
the roots of each plantlet soon after tt 1s transplanted. 

3. The kmd of resistance that wtll be effective depends on eptdemtologtcal factors 
that control dtssemmatton of the parttcular virus Dtsseminatton of potato leaf 
roll vnus, for example, depends on relatively tmmoblle apterous aphids that 
spread vuus from few mfectton sources wtthm the field as they walk slowly from 
plant to plant Factors such as length of time after moculatlon for a plant to 
become a source of virus and concentration of vtrus in the source plant could 
result m resistance to spread of this virus. Beet curly top virus in tomatoes, 
on the other hand, rarely tf ever spreads from tomato to another plant. Tomato IS 
poisonous to the vector Although this stimulates the htghly mobile vector of beet 
curly top to hyperacttve movement and efftctent transmission mtttally, tt reduces 
acquisition of the virus and causes the vector to stop feeding within 4 h, and to 
die later (9) 
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Agronomic Performance of Transgenic Plants 

Peter E. Thomas and Wojciech K. Kaniewski 

1. Introduction 
This chapter describes methods to assess agronomtc performance among 

plants of extstmg plant culttvars that have been transformed with viral genes 
for the purpose of achieving resistance to the vn-us (2). The prmctples and 
general gmdelmes for selectton among plants altered by transformatton are the 
same as those established for classical breeding (2). However, the approach 
may be somewhat different, since the objective of the transformation 1s to alter 
only one charactertsttc of the culttvar, its vnus disease resistance, while retam- 
mg the agronomtc charactertsttcs of the parental culttvar. This can be the 
objective of classical breeding, but breeding tends to affect a much broader 
range of charactertsttcs and to create entirely new culttvars. The chief advan- 
tage of achieving vtrus resistance by the transgemc approach, as compared to 
breeding, 1s that resistance may be added to an established cultivar with little 
or no alteration in the proven agronomtc performance of the cultivar. There 
may be considerable market resistance to the mtroductton of a new culttvar, 
since culture, storage, and processmg must be adapted to the reqmrements of 
the new culttvar, and because market appeal has not been established for 
the new culttvar. Because of this resistance to new agronomic characteristics, 
the objective m development of transgenic vu-us resistance 1s to duplicate the 
parental line in all aspects except virus disease susceptibility. Fortuitous 
improvements in agronomtc characteristics that may result from transforma- 
tton may not be acceptable, depending on market requirements. 

Agronomrc assessment and selectton among plants transformed for vnus 
resistance is required, because transformation with vn-al genes may change 
plant characteristics that are agronomtcally important. Two types of changes 
occur. One IS somoclonal variability (3), caused from a restructurmg and 
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realignment of the genetic code as new genes are Inserted. Such changes are 
common and may be subtle among transformed plants. Another type of change 
1s caused by the direct expression of the inserted gene (4). Rigorous selection 
among hundreds of transformants may be required to identify lines that are 
virus-resistant and that also conform to or exceed standard charactertsttcs of 
the parent cultivar Selection for resistance and agronomic performance should 
proceed concurrently 

In contrast to resistance, agronomic performance mvolves many character- 
istics, mcludmg such qualmes as type, yield, foliage appearance, ttme to matu- 
rity, surface appearance, color, smell, taste, texture, shape, size, cookmg and 
processmg quality, brusibihty, storabthty, and shipping quality. The relative 
importance among these characteristics depends on the crop and the use for 
which tt 1s intended. Some agronomic quahttes are objective and quahtattve, 
are easily assessed m small tests, and often conform closely with that of the 
parent cultivar (5). Others, particularly yield, are quantttative, and some, like 
taste, are both quantitative and subjective. These may require extensive testing 
for accurate assessment. 

2. Materials 
Agronomic performance IS markedly affected by subtle differences m grow- 

mg condttrons and must be tested under field condtttons. Thus, the first and 
most important requirement for the assessment of agronomic performance is a 
satisfactory field site. It should present conditions representative of those 
under which the crop is grown commercially, but this presents a problem, 
because the vnus disease ts a production problem m the area for which the new 
resistant lme is intended, and presence of the disease m the susceptible paren- 
tal lme may prevent a valid comparison between the transgemc and parental 
lines. The best solution is to locate agronomic performance trials m the pro- 
duction area and provide the healthy parental control by using pesticides to 
prevent infection. When that IS not possible, it may be necessary to locate 
the trials m an area where the disease 1s not a problem and accept the fact 
that performance may not be the same there as m the production area. Per- 
formance m agronomic trials may be ignored among all lines that fail m the 
resistance trials. 

Culture, cultivatton, and harvest machinery are required for field testing. 
Standard machinery developed for small farms and market gardeners is often 
adequate or easily modified for small-plot work. Planting and harvest machm- 
ery capable of dealing with many small plots without mixmg between plots or 
even between individual plants is often extremely desirable, but very difficult 
to acquire, adapt, or construct. It IS frequently faster, neater, and more reliable 
to plant and harvest by hand than to use machinery designed for commercial 



dgronomic Performance of Transgenic Plants 511 

production, especially in early stages of selection, when many lines are under 
test m many small, replicated plots. Cultural management of small test plots IS 
a real test of adaptabihty and resourcefulness of the manager. 

A computer database is required to manage data. Appropriate statistical soft- 
ware 1s needed to assist m designing plot size and replicatton, and to statisti- 
cally analyze differences m final results. 

A tissue-culture laboratory and growth chamber/greenhouse/screenhouse 
facilmes are usually required if m vitro-produced plantlets are used for field 
testing. Controlled plant growth facrlitres may be required to propagate plants 
to be tested before moving them to the field. A fully equipped analytical and 
molecular laboratory is necessary to determine chemtcal and biochemtcal com- 
position of transgenic plants 

3. Methods 
3.1. Plant Culture 

3.1.1. Field Preparation 

Cultivation, of pre-emergence herbicide for weed control, and treatments to 
control soil pathogens should be applied. In general, the standard treatments 
used m commerce for the parental cultivar are desirable, smce they provide the 
condmons under whtch the transgemc cultivar must perform. 

3.12. Propagation of Transgenic and Control Lines 

The type of propagants used m field testmg will depend largely on whether 
the crop is grown from true seed or vegetative parts. 

3 1.2.1. VEGETATIVELY PROPAGATED PLANTS 

Since m vitro plantlets are m-mediately avatlable followmg transformation, 
tt may save time to proceed with imttal testmg of lines using m vitro-produced, 
R, plantlets Although vegetatively produced crops are always grown in the R, 
generation, the size and physiologtcal condmon of plant parts used as seed can 
markedly influence yield and quality. Thus, final field evaluation should not 
utilize in vitro plantlets as the seed, but should utthze the seed of commerce. 
However, tt 1s often difficult to produce vegetative seed free of contammation 
with seed-borne viruses or other pathogens that may interfere with evaluation. 
In such cases, in vitro plantlets may be mamtained as a backup. 

3.1.2.2. SEED-GROWN PLANTS 

In crops that are produced from true seed, it 1s much easier and less labor- 
intensive to use true seed than vegetatively propagated plantlets, even m mitral 
field testing If the transgemc species is genettcally self-compatible, R1 segre- 
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gatmg progeny can be used m initial screening. This will save time, but it must 
be understood that, m lines with a single gene msertion, 25% of progeny 
wtll not contam the transgene, 50% will be heterozygous for the gene (con- 
tain only a single copy), and 25% will be homozygous for the gene Het- 
erozygous plants may not be as resistant as homozygous plants among 
segregating progeny. If the species requires outcrossmg for seed produc- 
tion, there may be a distinct advantage to eliminating susceptible and off- 
type lines at the vegetative stage, prior to selecting parents for homozygous 
seed production This is particularly important if resistant phenotypes are rela- 
tively rare among the lines. 

3.1.3. Growing and Transplanting In Vitro-Produced Plantlets 

In vitro-produced plantlets normally cannot be transplanted directly m the 
field They first must be transferred to sterile soil or artificial planting medium 
m small pots and then transplanted to the field after a period of growth and soil 
adaptation. It is convenient to use plastic or Styrofoam flats for this purpose. 
The young plantlets m flats should be shaded from direct sunlight m the first 
few days after transplanting. Sanitation is very important. Flats should be 
placed on a pathogen-free surface, smce Pythzum and other damping-off fungi 
can invade the sterile planting media and kill the young plantlets rapidly, if the 
flats are placed on a contaminated surface. This can result m a complete loss of 
the planting A balanced formulation of major and minor elements must be 
added, especially when artificial planting media are used, and the amount 
applied should mcrease as the plantlets grow and require more nutrients 
Development of a strong root system is especially important, not only for a fast 
start once the plantlets are transplanted to the field, but also to prevent the 
planting medium from falling away from the roots as the plantlets are lifted 
from their pots and transplanted to the field (Note 1) 

Plantlets should be transplanted from the flats to the field while they are 
growing vigorously Transplanting machinery may be used for this purpose, 
but the process requires meticulous organization to prevent errors, when hun- 
dreds of small, replicated plots are involved (Note 2) 

3.1.4. P/ant Care During Growing Season 

Most cultural practices, mcludmg irrigation, fertilization, and weed control, 
should be those used m commercial production of the crop 

3.7.5. Harvest and Storage 

Small-plot harvesting without mixing between plots and without labeling 
mistakes is essential, but difficult to achieve. Careful planning and close super- 
vision is essential. Appropriate storage is especially important m cases m which 
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the virus disease affects storability of the crop. It is difftcult to achieve when 
refrigeration, humidity, and control of atmospheric gasses are required. 

3.2. Plant Testing 

Selection for agronomic performance among transgenic lines is largely a 
process of ehminatmg lines that do not meet performance standards of the 
parental cultivar (Note 3). It begins with ehmmation of lmes with obvious 
defects and progressively becomes more stringent, until final selections require 
large-scale testing with careful statisttcal analysis. The selection process 
becomes progressively more costly at each step, and much saving can be real- 
ized if defective lines are identified and eliminated early in the process. 

3.2.1. Agronomic Appearance of New Transformants 

Off-type plants can often be identified among new transformants m tissue- 
culture media by their lack of vigor or by conformational aberrations. 
Transformants with distinct and serious defects may be eliminated immedi- 
ately. However, a degree of caution must be exercised in discarding the initial 
transformants. These plants sometimes exhibit some transitory off-type growth 
that may be caused by stresses associated with regeneration or with the tissue- 
culture medium. 

3.2.2. Agronomic Appearance of Tissue-Culture-Propagated Plants 

The next step m the selection process after regeneration of transformed 
plants involves micropropagation of the transformants m vitro and transfer to 
soil flats Off-type lmes, especially those with low vigor, are more easily rec- 
ognized when they are viewed as groups of plants m flats and compared with 
control plants propagated at the same time than when viewed as mdividual 
plants. In our experience, transformed potato plants that grow slowly m soil 
flats always perform poorly when they are transferred to the field. Aberrant 
growth in soil flats is sometimes a transitory condttton. 

3.2.3. Agronomic Characteristics of Plants in First- Year Field Tests 

More subtle vigor and growth aberration defects that are not obvious at an 
earlier stage are often exhibited after plantlets are transferred from soil flats to 
the field, and most lines that do not rate serious consideration for commercial- 
ization can be eliminated m the first year of field testing, either on the basis of 
susceptibility to virus disease or poor agronomic performance. It is important 
to remember that the micropropagated plantlets used m many early trials of 
some crop species may not produce the same agronomic performance as the 
seed used in commerce. Agronomic performance is important only among lines 
that exhibit adequate disease resistance. Vigor and foliage characteristics of 
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transgemc lines may be rated relative to that of the parental culttvar m dtsease- 
ebmmatron trials only tf this rating can be conducted prior to the development 
of disease in the susceptible parent or when disease in the susceptible parent 
can be controlled, For the purpose of rating vtgor, rt IS convenient to use a 
visual rating scale of 1-5, with the parental cultrvar automattcally assigned a 
rating of 3. 

It IS important to remember that plant vigor, growth aberratton, and disease 
resistance are important only as these characterrstrcs are reflected m yield and 
agronomtc quality of the crop. Therefore, early season constderatton of these 
factors 1s important m field tests only to the extent that they may direct harvest- 
mg and further evaluation efforts to the best lures at the end of the season. In 
our experience with potatoes, we have always rated the yields of all lmes at 
least vrsually at harvest, and we weigh the yields only of the best lines m first 
year tests. Lines with poor vigor have always produced poor yields, but lmes 
with good vigor have not always produced high ytelds or tubers with approprt- 
ate size and conformation Although growth aberration IS usually assocrated 
with poor vigor, tt does sometimes occur m vrgorous lines, but such lines have 
usually produced low yield and off-type tubers 

3.2 4. Agronomic Properties of Selected Lines by Multiyear 
and Multlloca tion Tests 

Agronomic performance IS markedly affected by a multrtude of envnon- 
mental and management practices Potatoes, for example, are affected by water 
and fertthty, soil texture and mrcroflora, daylength and temperature, and the 
requirements for one cultrvar may differ from those of another. Thus, testing m 
different regions where the crop IS produced 1s necessary to ensure that lures 
selected m one regron retam both then reststance and agronomrc performance 
when grown m other regrons where eprdemrologrcal and environmental condr- 
trons may differ Testing can proceed m different regions srmultaneously to 
save time, but it may be more cost-effective to select lines, first m one regron, 
and then test whether the resistance and agronomrc characterrsttcs are 
expressed m the variety of regions where the crop will be produced. 

The agronomrc charactertsttcs of transgemc lures may differ somewhat from 
the parental line, and the charactertsttcs of lines intended for commerctahza- 
non should be defined m detail. The new lines should be described followmg 
the guidelines provided by the International Union for the Protectron of New 
Varretres of Plants (UPOV) (6). UPOV provrdes for protectton of breeders’ 
rights, based on cruet-la that include dlstmctness, homogeneity, and stabrhty of 
a variety, and has published gurdelrnes for the conduct of tests to determine 
these crtterta. These gurdelmes are adapted for the specral requirements of each 
genus and species and provide informatton on the detailed mformation needed 
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on varietal charactertstlcs. By followmg these guidelmes, member states are 
provided a common basis for testing varieties and estabhshmg variety descrtp- 
tions in a standardized form that facihtates mternatronal cooperatron m examt- 
nation between then authormes. 

3.2.5. Yield Assessment Tests 

Quantrtatlve charactertsttcs, particularly yield, requn-e large-scale field test- 
ing over several years and m many locations. Only lines considered for com- 
merctallzatlon should be included. The design of yield tests must account for 
the many subtle cultural factors that affect yield, such as relative foliage vigor 
of plants m the next row, planting date, physiological condition and size of 
plant parts used as seed m vegetatively propagated crops, response to fertrhty, 
water management, and conditions, and time from planting to maturity. 
Experimental design and data collection and processing require careful statts- 
ttcal treatment (7). A convenient formula (8) to determine the number of repli- 
cations needed to determine differences m yield at the 95% confidentlahty level 
is as follows. 

where LSD = least stgruficant difference, CV = varratton coefficient (usually 
about 1 O%), and N = number of rephcattons. 

3.2.6. Agronomic Performance Under Virus Pressure 

Ultimately, the transgemc lme must perform well under the vu-us inocula- 
tron pressure of the productron area for which tt is intended. The level of rests- 
tance and of agronomic performance required to replace the parental cultivar 
will be determined by many factors, including the degree to which the disease 
can be controlled in the parental cultrvar, the cost of that control, and envrron- 
mental and food safety risks associated with applying the control. 

3.2.7. Gene Identity, Localization, Integrity, and Stability 

Prior to commercialization of virus resistant transgenic plants, it is neces- 
sary to know as much as possible about the gene that has been mcorporated 
mto the plant Some of this mformation IS required by regulatory agencies, and 
specrtic regulatory requrrements vary from country to country. Addrtlonal 
information will serve to expand our mformatron about the properties of 
newly generated transgemc plants. This mformatton 1s of special interest to 
breeders and researchers assessing the risks associated with mtroducmg 
transgemc plants into agrtculture. Complete knowledge of the molecular com- 
position of transgemc plants generated will also facilitate their identification 
for property rights. 
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The complete sequence of the resistance gene used, as well as sequences of 
all other genetic elements used, should be known prior to mtegration mto the 
plasmid. On occasion, there are abnormalities associated with Agrobactenum- 
mediated transformation, and abnormalities may be much more common m 
plants produced via particle-gun transformation. 

Initially, new transformants are assayed by Southern blotting to detect 
inserted DNA and to determine if the coding sequence is Intact (correct size of 
the DNA) (Chapters 42 and 43). Northern assays confirm the presence of RNA, 
and, therefore, transcription (Chapter 44). Finally, the presence of, and correct 
stze of, the translated protein is determined by Western blot analysis (Chapter 
45) (Note 4). 

In plants grown from seed, it 1s usually suttable to continue only with plants 
contammg a smgle insert of the gene of interest. Proper segregation (3’ 1) of R, 
progeny mdicates the presence of one insert. This and the number of copies in 
the insert can be confirmed molecularly by Southern blotting. DNA analysts 
(Southern blotting and PCR) allows detectron of fragmented gene mserts or 
backbone sequences from the plasmid (particle gun transformation) or leakmg 
plasmid left border sequences (Agrobacterlum-medtated transformation) 
(Chapters 41-43). For breeding purposes, it may be important to determine m 
which chromosome and where the gene is Inserted by various mapping tech- 
niques. 

Gene stability through successive plant generations is a major concern, 
Stable expression and performance of the gene need to be confirmed in at least 
six generations to accept the lme for practical use and breeding. 

3.2.8. Nutritional Compositlon, Chemical Analysis, 
and Quality Assessment of the Final Product 

Food safety of genetically modified foods is a critical issue m development 
of transgemc plants. Governments around the world regulate the commercial- 
ization of genetically modified crops and require a wide range of analyses to 
ensure their food and environmental safety. The World Health Orgamzation 
(WHO) is playing a leading role m developing mternationally accepted prm- 
ciples and procedures for the evaluation of safety of foods produced by bio- 
technology. Important prmciples concluded by the WHO m a recent 
international workshop (9) mclude the following* A new food or food compo- 
nent found to be substantially equivalent to an existing food or food compo- 
nent should be treated in the same manner as the existing food with respect to 
safety; where substantial equivalence could be established for a new food m all 
aspects except for the inserted gene or its product, the safety assessment should 
focus on the latter, and a determmation that a new food was not substantially 
equivalent to an existing food does not mean that the new food is unsafe, but 
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rather that It should be evaluated on the basis of its own unique composltlon. 
The WHO report (9) provides guidelines for determining substantial equlva- 
lence and provides case studies that may serve as examples of the kinds of 
analyses needed to establish the safety of food products from transgemc plants. 

Safety assessment to gain regulatory approval for commercialization of 
potatoes with transgemc resistance to the Colorado potato beetle (IO) concen- 
trated on demonstrating that newly introduced proteins not found m the paren- 
tal cultlvar were safe and that transgemc tubers were substantially equivalent 
to the parental cultlvar with regard to 23 other key components, including total 
solids, sugars (dextrose and sucrose), proximate composltlon (total protein, 
fat, carbohydrate, total dietary fiber, calories, and ash), vitamins (vitamin C, 
thiamm [vitamin Bl], pyrldoxine [vitamin B6], fohc acid, macm [vitamin B3], 
riboflavin [vitamin B2]), minerals (calcium, copper, iodine, iron, magnesium, 
phosphorus, sodium, potassium, and zmc), and natural glycoalkaloid toxicants 
(solanins and chaconines). 

Nutritional analyses are needed to satisfy requirements for nutritional mforma- 
tion that must be presented m the !abeling (the label IS called “Nutrition Facts” 
m the United States) on foods marketed in some nations of the world. These 
analyses are a part of the quality assessment aspect of agronomic performance, 
which may be reserved until final line selections are made for commercialrzatron. 

Other qualities assessed in the final stages of selection will depend on the 
crop and the importance of the quality. Additional qualities we assess m the 
final stages of transgenic potato development include incidence of hollow heart, 
brown center, internal brown spot, potato leaf roll vn-us-induced net necrosis, 
and other internal tuber defects, susceptlbihty to blackspot bruise, French fry 
color for tubers stored at 4.5 and at 7.3”C, incidence of sugar end, and severity 
of sugar end. 

4. Notes 
1. A strong root system IS achieved m potatoes transplanted to flats from in vitro 

cultures by watering the plantlets with a 1.250 dilution of a soluble 15-30-15 
nutrient solution 

2 For potatoes, we find that hand planting hundreds of small plots IS faster and 
neater, and less subject to error than using a transplanter. Potato hills are estab- 
hshed and side-dressed with fertkzer, using a standard potato planter. Holes for 
transplanting are punched by hand with a 40-mm diameter, thin-walled plastic 
pipe, and 250 mL of 1: 125 dilution of the fertilizer described above IS applied to 
the roots of each plantlet soon after it is transplanted. 

3 In practice, the strmgency imposed on type and yield conformity will be deter- 
mined arbitrarily and will depend on many economic factors Certainly, a loss 
equivalent to the cost of current disease control measures, plus the cost of current 
disease losses, should be tolerated. 



518 Thomas and Kaniewski 

4 In most cases, it is possible and convenient to analyze gene expression products 
by ELISA (21). It is usually used for determmmg expression in segregating R, 
progeny Saving the htghest R, expressors for seeds greatly increases the chances 
for selecting plants with two gene copies, which will produce homozygous lines 
Confirmation of homozygostty is also done via ELISA, usually by analyzing 
expression of about 30 R2 progeny plants. In case of difficulties m reliably 
detecting virus-resistance genes, it is convenient to locate transformed plants by 
assaymg for the presence of selectable marker protems (1.e , NPTII) or storable 
proteins (1 e , GUS) by ELISA 
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Mechanisms of Resistance 

Expression of Coat Protein 

Ulrich Reimann-Philipp 

1. Introduction 
The expression of viral coat protein (CP) genes m transgemc plants can lead 

to different phenotypes of resistance (I). Occasionally, transgenic plants escape 
mfectlon completely and do not accumulate vnuus or develop symptoms In 
other cases, local and systemic vtrus accumulation and development of sys- 
temic infection proceed at a rate slower than m nontransgenic plants. In 
transgemc plant lines, the proportion of plants that develop symptoms after 
inoculation 1s frequently lower than m control lines. It has also been shown 
that transgenrc plants can become locally infected and accumulate virus m the 
inoculated leaf, but do not support systemic infection. The different pheno- 
types of resistance suggest that there is not one common mechanism by which 
virus infection is affected m transgenic plants, but different steps of virus 
infection are inhibited m different host-virus combinations. 

When coat protein-mediated resistance (CPMR) or coat protein-mediated 
protection (CPMP) of tobacco to tobacco mosaic virus (TMV) was first dem- 
onstrated, the degree of resistance correlated with the level of CP accumulation 
in the transgemc plants (2). Those plant lines that accumulated higher levels of 
CP were more resistant to TMV than those with low CP accumulatron. Since 
then, it has been attempted to apply the approach to a variety of other host- 
virus combinations, in many cases successfully. In some examples, the degree 
of resistance was also correlated with CP accumulation, in others, that was not 
the case. Plant lines with low CP levels, or even with no detectable CP accumu- 
lation, were shown to be highly resistant. This indicated that CP gene products 
can lead to virus resistance in different ways, and that in some cases the tran- 
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scripts of the transgene, rather than the protein itself, were effective. Because 
high protem levels are usually assoctated with high transcript levels, correla- 
tion of CP levels with the degree of resistance suggests, but does not prove, 
that CP, rather than RNA, 1s effective. In some cases, the CP levels declme 
after subjecting the transgenic plants to elevated culture temperatures, the tran- 
script levels change only little or not at all. If CPMR breaks down at high 
temperatures and 1s restored after shifting back to normal temperature, a pro- 
tem effect 1s likely. The only sure way to exclude a protein effect 1s to trans- 
form plants with a gene construct that encodes a nontranslatable CP gene, 
usually a frame-shift mutation, and test the resulting plants for resistance The 
characteristics of CPMR have not been studied m detail m all the host-vn-us 
combinatrons to which the approach has been successfully applied. In this chap- 
ter, some examples will be used to describe possible ways of interference of CP 
that accumulates m transgenic plants with virus infection. Mechanisms of 
resistance in cases m which protection is probably caused by RNA will be 
described m the following chapter. 

2. The Viral Infection Cycle 
Although there is a great variety m genome structure, replication strategies, 

and manners of transmission between plant viruses, most plant virus mfecttons 
proceed m similar phases. Figure 1 shows a model of the infection process and 
the steps that might be affected m transgenic CP-accumulatmg plants The ml- 
tial event is the mtroduction of one or more virus particles mto single cells, 
either mechanically through woundmg or by a vector organism. Inside these 
cells, the virions disassemble to release the viral genome, which, in most cases, 
IS composed of one or more smgle-stranded RNA molecules. The viral genes 
are then transcribed either directly from the genomic RNA or from subgenomic 
RNAs that are synthesized using complementary rephcatlon intermediates as 
templates. Viral gene products are involved m genome replication, virion for- 
mation, and passage of infectious units to adjacent cells, where a new round of 
rephcatton occurs. Plants that carry hypersensitivity genes respond to local 
infection with the formatton of necrotic lesions, resulting m the arrest of virus 
spread, and induction of systemic defense mechanisms that prevent or delay 
subsequent mfections. In plants that are susceptible, the mfection spreads 
through the plasmodesmata from cell to cell, until tt reaches the vascular tissue 
and mfectious units can enter the phloem. Rapid systemic spread seems to occur 
mainly through the sieve elements with the assimilate flow. Little is known so 
far about the mechanisms of entry into, and exit from, the sieve elements. 

Plant vrruses are transmitted between plants m different ways, most com- 
monly by mechanical means or through msect vectors. Insects usually acquire 
vrrus from systemically infected tissue through chewing or directly from the 
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- cell-to-ceil spread 
- entry mm phloem (7) 

/ ‘wal events 
transmlsslon - llntnl ,ntn cell 

Fig 1 Model of a plant vu-us mfectlon The model shows different events m vnus 
Infection Dashed lines mdrcate vtrus spread. Ltsted are events that could posstbly 
be affected by accumulatton of functional or nonfuncttonal CP m transgemc plants 
*, evidence for interference has been found. 7, interference 1s likely, but has not yet 
been clearly shown 

phloem through sucking. Mechanical transmission can occur through direct 
contact of infected and nonmfected plants or through tools or handling. 

CPs of some plant viruses function not only in determination of the vu-ion 
structure and protectton of the viral genome. For example, alfalfa mosaic vu-us 
(AlMV) replication can only occur in the presence of CP (3). The CP mol- 
ecules have a high affimty for viral RNA and bmd to the genomic RNAs. It is 
also thought to be involved in regulating the balance between the synthesis of 
positive and negative RNA strands during replication (4). In vu-uses that move 
from cell-to-cell in the form of virions, CP is involved m local spread. Other 
viruses, such as TMV, can spread locally without CP, but require it for long 
distance transport through the phloem. In some cases, CP has been shown to 
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determine the speclficlty of virus transmission through insect or fungus 
vectors (5-9). 

Functional or nonfunctional CP that accumulates m transgemc plants can 
interfere directly with one or more steps in virus infection, depending on the 
function(s) of CP in the particular plant-vu-us interaction. It 1s also possible 
that the presence of CP elicits plant defense responses that result m enhanced 
resistance to pathogen infection. So far, there is only little evidence for this 
role in CPMR. 

3. Tobacco Mosaic Virus 
The extensive knowledge of virion structure, genome orgamzatlon, repllca- 

tion, and spread of TMV has facilitated studies about the mechanism of CPMR 
m tobacco. Transgemc tobacco plants that accumulate TMV CP either escape 
mfectlon or develop symptoms slower than nontransgenic controls (2) In cul- 
tlvars that carry the N hypersensitivity gene from Nlcotiana glutznosa, few or 
no necrotic local lesions are formed after inoculation (IO). There 1s a clear 
correlation of CP accumulation with resistance: The plant lines that accumu- 
late the highest levels of CP are most resistant. At elevated temperature, CP, 
but not the transcript levels, decline m transgemc plants, and resistance breaks 
down (12). Furthermore, transgemc plants expressing a nontranslatable CP 
gene are not resistant (12). These findings suggest that the CP itself interferes 
with TMV infection. 

Accumulation of the pathogenesls-related protein PR 1 a was determined m 
transgemc plants that did or did not bear the N-gene, m order to investigate 
whether plant defense responses are involved in the resistance phenotype (13). 
Only transgemc plants carrying the N gene accumulated elevated levels of the 
pathogenesis-related protein PR la m the absence of infection; CP accumula- 
tion led to TMV resistance m all transgemc plants, mdlcatmg that CP probably 
interfered directly with vnus infection, and that plant defense responses do not 
significantly contribute to resistance. 

CPMR of transgemc plants accumulating TMV CP is restrlcted to TMV and 
related tobamoviruses. The degree of resistance correlates with the degree of 
homology between the CP ammo acid sequences. There 1s little or no resls- 
tance to vnuses from other groups (24). Specificity of CPMR to the virus from 
which the CP gene is derived, and to closely related viruses, has been generally 
observed in different plant-virus combmations. In contrast, systemic resistance 
that develops after hypersensitive response is broad and effective against patho- 
gens that are not related to the inducing one. 

There are several indications that early events m TMV infection are inhlb- 
ited in transgenic tobacco plants. CPMR is largely overcome when TMV 
genomic RNA or partially uncoated TMV 1s used as moculum, instead of TMV 
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virions. There is only a slight delay in the development of systemic symptoms, 
compared to nontransgenic control plants. Protoplasts prepared from transgemc 
plant tissue do not support TMV replication after electroporation with TMV 
vii-ions, but do so when electroporated with TMV RNA or partially uncoated 
TMV (15). Transgemc plants have been generated that express the TMV CP 
gene from different tissue-specific promoters. These plants accumulated CP 
either mainly m the upper leaf epidermis, the mesophyll, or the phloem. Only 
plants that accumulated CP m the upper epidermis, the site of initial mfection 
under laboratory conditions, showed resistance (16). 

Apparently a step prior to vu-ion disassembly is blocked in transgemc 
tobacco cells. This could be the inmal dissociation of some CP molecules from 
the 5’ end of the viral RNA, a process called swelling. Virion disassembly IS 
then completed by bmdmg of ribosomes to the exposed RNA and translation of 
the TMV rephcase proteins from the genomic RNA. It is not yet known whether 
swelling is caused by the chemical environment m the cytoplasm alone, or 
whether it occurs at specific sites inside the cell that function as receptors that 
recogmze the 5’ end of TMV rods. The latter was suggested by studies m which 
protoplasts were coelectroporated with isolated CP and TMV (17). TMV CP 
can aggregate to different states, depending on the salt and pH conditions. Large 
aggregates that resembled virions were more efficient m mhibttmg TMV reph- 
cation than small aggregates or monomers, suggestmg that the larger CP 
aggregates blocked an intracellular swelling site. However, it was not pos- 
sible to monitor the aggregation state of the CP in the protoplasts after 
electroporation, and the different efficiency of inhibition might have been 
caused by dtfferences m uptake or stability of the CP Furthermore, in vitro- 
generated TMV mutants with altered vnion surface structure were unable to 
overcome resistance of plants accumulatmg wild-type TMV CP (18). It is pos- 
sible that an equilibrium exists between release of CP molecules from the 5’ 
end of the TMV RNA and bmdmg of CP that accumulated in the transgemc 
cells, resulting in stabilization of the vrrion. 

Inoculation with TMV RNA does not completely overcome CPMR. Local 
and systemic spread of TMV after maculation with TMV RNA is delayed m 
transgemc plants (19). It was also observed that movement of TMV through 
transgemc stem sections that were grafted into nontransgemc tobacco plants 
was delayed, but only if the transgenic section contained a leaf that might have 
functioned as a smk for mfectious units. TMV accumulation m protoplasts pre- 
pared from transgemc plants occurs slower than m protoplasts prepared from 
control plants after electroporation with TMV RNA, except when very high 
levels of TMV RNA were used. These results suggest that TMV rephcation m 
transgenic cells is not only affected at the step of vn-ion disassembly, but also at 
a later stage. There is no convmcing evidence yet for Interference with cell-to- 
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cell transport through the plasmodesmata or with systemic transport through 
the sieve elements. 

4. Alfalfa Mosaic Virus and Tobacco Streak Virus 
The requirement for CP accumulation for CPMR m tobacco to AlMV was 

demonstrated using transgemc plants that expressed the AlMV CP gene into 
which a frameshift mutation was introduced (20). The resulting transgemc 
plants accumulated transcripts, but not CP, and were not resistant to AlMV. 
Expression of the wild-type CP gene led to protein accumulation and resis- 
tance. Transgemc tobacco plants that carried the N gene did not form local 
lesions after maculation with the necrottzmg YSMV strain of AlMV When 
progeny of transgenic tobacco plants that did not carry the N gene were infected 
with AlMV, only a low percentage of plants developed symptoms. Resistant 
plants accumulated no AlMV m inoculated or systemic leaves, indicating that 
CP accumulation interfered with an early stage of mfection. It IS not known 
whether vinon disassembly is affected, because both suscepttbihty and resis- 
tance to mfection by isolated AlMV RNAs has been reported (21-24) The 
different results might be a result of different CP levels m the transgemc plants 
or the different AlMV strains that were used. 

AlMV particles contam four different RNAs, of which RNA-4 encodes the 
CP. To be infectious, an RNA moculum must contam all four RNAs, or CP 
must be added. The CP binds to all four RNAs and is required for replication to 
occur (3,4). Mixtures of RNAs-1-3 have been shown to be mfectious on trans- 
genie plants, indicating that the accumulated CP is functional (24). Transgenic 
plants that accumulated the CP from tobacco streak virus (TSV), a member of 
the closely related ilarvirus family, could also be infected with AlMV RNAs l-3 
(20). The same plants were highly resistant to TSV, but not to AIMV It was 
also shown that transgemc tobacco plants expressing a mutant AlMV CP gene 
encoding a single amino acid change close to the N terminus were susceptible 
to AlMV infection (21,22). However, the mutant CP was still able to bmd AlMV 
RNA-4 m gel-shift assays. Apparently, different parts of the CP function m 
CPMR and m replication. 

Transgenic tomato plants expressing the AlMV CP gene have also been 
shown to be resistant to AlMV infection (22). After moculatron, no necrosis 
developed on inoculated leaves and very little AlMV accumulated. No AlMV 
could be detected m systemic leaves of resistant plants, indicating that an early 
step m virus infection was affected. 

5. Potato Virus X 
Potato virus X (PVX) is a member of the potexvn-us group and a major 

pathogen of potato. The CP gene of PVX has been expressed m transgemc 
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tobacco (25) and potato plants (26). In tobacco, the CP levels correlated with 
the level of protection against PVX infection. The majority of transgenic plants 
did not develop systemic symptoms after rnoculatron with up to 5 CLg/mL PVX, 
and accumulated very low levels of PVX m inoculated and systemic leaves. 
There were significantly fewer local infection sites on inoculated leaves of 
transgemc plants, compared to control plants. The results suggest that an early 
event in PVX infection was affected m the transgenic plants. However, in con- 
trast to the TMV-tobacco mteraction, protection was not overcome by mocu- 
lation with PVX RNA, indicating that virron disassembly was not the major 
step that was mhibrted. The reduction in the number of local infection sites and 
m vu-us accumulation m inoculated leaves was also observed m RNA mocu- 
lated plants. There was no evidence for interference with long-distance spread 
of PVX. It is possible that an RNA effect contributed to protection, because 
expression of an antisense CP gene transcript also led to protection, but was far 
less effective than the positive-sense gene. 

Transgenic potato plants that expressed the PVX CP gene alone or together 
with the CP gene from the potyvirus potato vu-us Y (PVY) accumulated CP and 
escaped infection by PVX after inoculation with up to 5 pg/mL PVX (26). 
There was no detectable accumulation of virus in inoculated transgemc plants 
and no tuber transmission. The absence of even a low level of virus accumula- 
tion indicated that an mmal event m PVX infection was inhibited Since the 
study did not include RNA inoculations, it cannot be concluded whether this 
step was virion disassembly. The protection was virus-specific: There was no 
protection against PVY. However, double transgenic plants that accumulated 
both PVX and PVY CPs were protected against both viruses when inoculated 
separately or simultaneously. Transgenic plants expressing the PVY CP gene 
accumulated transcript levels that were comparable to those of plants express- 
ing the PVX CP gene, but less CP. Studies on tobacco etch virus and other 
potyvtruses suggest that CPMR against potyvnuses 1s caused by an RNA effect 
rather than a protein effect (ref. 27; further discussed m Chapter 53). 

6. Cucumber Mosaic Virus 
Transgemc tobacco plants expressing the CP gene from the cucumovirus 

cucumber mosaic virus (CMV) do not develop systemic symptoms after mocu- 
lation wtth CMV virions or isolated RNA. However, vu-us accumulation m 
inoculated leaves could occasionally be observed (28). Protoplasts isolated from 
transgenic plants support CMV rephcatron after electroporation with RNA, but 
not with vnions. Apparently, both initial infection at the stage of virion disas- 
sembly and long-distance spread are inhibited in the transgemc plants 

A host-specific role m long-distance spread of CMV has recently been shown 
for the mfectton of cucumbers (29). Tomato aspermy cucumovnus (TAV) can 
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infect cucumber cells and spread locally in Inoculated leaves, but is unable to 
cause systemic infection. Addition of CMV RNA-3, but not the other CMV RNAs, 
to the inoculum complemented for the defect and led to systemic mfection by 
TAV. Complementation was also observed when the RNA-3 carried a mutation 
that left only the CP gene intact. Different properties of the plasmodesmata that 
connect mesophyll cells and mesophyll to phloem-parenchyma cells have been 
shown by dye-inJection studies using transgemc tobacco plants that express the 
TMV movement protein gene (30). It is possible that the CMV CP is mvolved m 
the transport of mfectious units from mesophyll cells mto phloem cells and that 
accumulation of CP in transgemc plants interferes with that process. 

7. Common Features of CPMR 
Accumulation of viral CP m transgemc plants can interfere with different 

steps of virus mfection, depending on the host-virus combmation. However, 
there are several features that are shared m cases m which CP accumulation 
leads to vn-us resistance. One common observation of CPMR is hmitation of 
resistance to the vnus from which the CP gene is derived and to closely related 
vn-uses. This specificity suggests that host defense responses, like those that 
are mvolved in the development of nonspecific systemic acquired resistance, 
do not play a major role m CPMR. 

In cases m which vmon disassembly IS affected tn transgemc plants, the 
range of protection might depend on the ability of the accumulated CP to 
aggregate with CP subunits of the infecting vn-us. Such aggregation would lead 
to stabilization of the vuion and prevent replication. The correlation of the 
degree of resistance of TMV CP-accumulatmg plants to other tobamovuuses 
with the degree of amino acid homology between then CPs might be an mdica- 
tion that this IS the case. 

Classical crossprotection seems sometimes to be caused by inhibition of vu-al 
uncoatmg. For example, mfection of tobacco, tomato, or squash plants with the 
mild strain S of cucumber mosaic vn-us leads to resistance to CMV-P (32). 
Crossprotection can be overcome by infection with CMV-P RNA. The same 
applies to CPMR to CMV m tobacco protoplasts (28), and to TMV-infected 
Nicotzana sylvestrzs plants that can be superinfected with RNA or partially 
uncoated vnions, but not vnions of a necrotizmg strain of TMV (32). The pres- 
ence of high concentrations of protecting vnus has been shown to be more 
efficient m crossprotection between TMV strains than lower concentrations 
(33). High concentrations of crossprotecting virus might result in higher con- 
centrations of free CP that can function in stabihzmg the vnions of the superm- 
fectmg virus. The correlation of CP levels m transgemc tobacco with resistance 
to TMV suggests that both CPMP and crossprotection might m this case work 
by the same mechanism. 
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Reduced rate of vnus accumulation in Inoculated leaves and slower systemic 
spread are frequently observed m transgenic CP-accumulatmg plants. This could 
be a result of slower replication rates or interference with local and systemic 
vn-us transport. In many reports of CPMR, the presented data 1s not sufficient to 
clearly indicate which step m vn-us infection 1s mhlblted. In cases m which 
CPMR can be overcome by maculation with viral RNA, It 1s likely that protec- 
tion is mainly because of mhlbitlon of vn-Ion disassembly. However, additional 
steps can be affected. Rephcatlon rates of TMV in protoplasts are reduced after 
electroporatlon with up to 40 pg/mL TMV RNA. Transgemc plants accumulat- 
mg the CMV CP can sometimes accumulate CMV in inoculated leaves, but no 
systemic spread occurs. In this case, there seems to be interference with either 
entry of the phloem or vascular long-distance transport. 

8. Summary 
Expression of viral CP genes m transgemc plants can lead to vn-us resistance 

by mterference of either the transcript or the protein with vu-us mfectlon 
Dependence of resistance on CP accumulation can be most convincmgly shown 
by comparison of plants that accumulate CP with plants that accumulate a 
nontranslatable CP transcript. Even m cases m which CP accumulation 1s 
required, the degree of resistance does not always correlate with CP levels m 
transgenic plants. 

In cases m which CPMR can be overcome by moculatlon with viral RNA 
instead of vlnons, interference with vmon disassembly 1s the likely cause of 
resistance. Classical crossprotection can also sometimes be overcome by RNA 
,noculatlon, and, in this case, appears to work by a similar mechanism. There IS 
no evidence yet that CPMR is caused by a nonspecific plant defense response 
that might be triggered by the accumulatmg CP 

Measurement of virus accumulation in protoplasts prepared from transgemc 
plants was used to show mterference with early events of vn-us infection. There 
1s no clear evidence yet for inhibition of local virus spread m transgenic plants. 
A reduced rate of vn-us accumulation in inoculated leaves can usually also be 
explamed with reduced rate of rephcation. However, m the case of CPMR to 
CMV, it appears that early events, as well as systemic spread, are affected. 
Reduced vector transmission of virus infection from inoculated transgemc plants 
to nontransgemc plants has been observed. It 1s not known whether this 1s Just a 
consequence of lower vn-us levels m the transgemc plants or whether direct 
interference with acquisition and transmission by the vector IS also involved. 

In addition to vn-ion formation, CP can function in different ways m plant 
virus infections. Replication, long-distance spread, and vector transmission can 
also depend on the presence of CP. Expression of genes encoding nonfunc- 
tional CPs m transgemc plants can be tried in order to interfere with normal CP 
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function. Knowledge of CP function(s) tn a particular plant-virus mteraction 
will be useful to design gene constructs. 

Since CP accumulation levels m transgemc plants do not always correlate 
with resistance, newly generated transgetuc plant lmes are now frequently 
tested for vu-us resistance before further characterization. However, if the 
objective of a transformation experiment is also to study the mechanism of 
CPMR, tt 1s necessary to determine transcript and protein levels in the trans- 
gemc plants Gene constructs encoding nontranslatable and antisense CP tran- 
scripts should be included m the experiment. If possible, transgemc plants 
should be maculated with virtons and viral nucleic acid, and replication m iso- 
lated protoplasts should be determined. 
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Mechanisms of RNA-Mediated Resistance 
to Plant Viruses 

Peter de Haan 

1, Introduction 
Viral diseases cause significant losses to almost all crops throughout the 

world. Infections with plant vu-uses can either cause direct yield losses or lead 
to unacceptable levels of postharvest damage to the crops. Besides measures to 
limit the virus incidence, the ultimate way to minimize losses caused by vu-al 
mfecttons is the production of resistant varieties. This can be obtained by mtro- 
gression of resistance genes from wild relatives, or by transformation of host 
plants with antiviral genes or viral sequences. Expression of viral coat protein 
(CP) m plants yields protection to the homologous virus. In addition to this 
CP-mediated protection (CPMR), a still growing number of reports deal with 
engineered virus resistance conferred by transgemc expression of viral tran- 
scripts, rather than proteins. 

This chapter will describe this so-called RNA-mediated virus resistance 
(RMR) in more detail and discuss possible working mechanisms of this power- 
ful technology. 

2. Plant Resistance to Viruses 
Most plants are resistant to or can hardly be infected by viruses. Neverthe- 

less, plant viruses gained a significant impact in agriculture. First, breeding has 
usually been focused on gaming higher yields and improved product quality, 
rather than resistance to pathogens. Second, crop cultivations have been scaled 
up enormously, leading to monocultures, which makes the crops highly attrac- 
tive for specific pathogens. Third, because of the intensified worldwide 
transport of plant material, viruses meet new host plants and vice versa. In 
contrast to infection with other pathogens, vn-us infections cannot be cured. 

From Methods in Molecular Bology, Vol 81 P/ant Wology Protocols 
From VIIUS /so/et~on to Transgenrc Resrstance 

Edlted by G D Foster and S C Taylor 0 Humana Press Inc , Totowa, NJ 

533 



534 de Haan 

Plant viruses can therefore only be controlled by takmg a number of phyto- 
sanitary measures, mcludmg using pesticides, crop rotation, applying 
crossprotection, or, ultimately, breeding for resistance (1,2). 

Infection of plants with a mild strain of a given vu-us, which prevents mfec- 
tion by aggressive strains of the virus, has been referred to as classical 
crossprotectton, or premumtion. Commercial application of this method, how- 
ever, has a number of disadvantages. Although the plant tolerates the mild pro- 
tecting vu-us, mfection still leads to reduced yields Moreover, the protecting 
virus can spread to neighbormg crops, m which it may cause significant yield 
losses. In addition, coinfection with another virus might increase symptom 
development m crop plants. Finally, since viral RNA molecules easily undergo 
mutations during replication, aggressive strains may arise from the mild pro- 
tecting strains It has long been debated whether accumulation of viral CP or 
replication of viral RNA is responsible for the observed interference with virus 
replication. The fact that virus mutants, which do not encode CP, are still 
capable of crossprotecting plants, supports the hypothesis that the replicating 
viral RNA is involved m crossprotection (see Subheading 5.) (3) 

Plants find themselves protected from viral mfections using passive or active 
defense mechanisms. Passive defense implies that the plant has factors that 
suppress, or lack factors that support, virus replication. These passive mecha- 
nisms may act on the level of transmission (often lmked to insect resistance), 
multiplication (the plant is nnmune), transport (a virus causes a subhmmal 
infection), and symptom development (the plant is tolerant). Passive virus 
resistance can be monogemc, but usually is multigemc and is then referred to 
as partial or horizontal resistance. Each separate gene contributes to the total 
level of protection. 

In addition to passive defense mechanisms, plants may protect themselves 
from viral mfections using active defense responses. Upon mfection, resistant 
plants produce factors that suppress vnus multiphcation. The most important 
example of such modes of resistance 1s the hypersensittve response (HR) The 
HR can be explained by the classical gene-for-gene model, as outlined by Flor 
(41, m which a product of an avirulence gene of the pathogen (a vu-us) is recog- 
nized by a receptor, e.g., the product of a plant resistance gene. Recognmon of 
the pathogen leads to programmed cell death (apoptosis) at the site of mfec- 
tion, giving rise to the formation of local lesions and to mduction of systemic 
acquired resistance (SAR) (4). Active resistance is usually monogemc and is 
often referred to as cultivar or vertical resistance. 

In breeding, introgression of horizontal sources of resistance is mconve- 
nient. Since these sources are multigenic, breeding becomes time-consuming 
and labor-intensive, Moreover, genes contributing to the resistance can be 
closely linked to undesired agronomic traits. For these reasons, the use of ver- 
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ttcal sources of resistance 1s preferred. The general problem, however, wtth the 
application of such sources of resistance is often then durability. Since the 
active resistance mechanisms are triggered upon recognition of the virus by 
the plant, the resistance can be overcome by new viral strains or pathotypes, 
which have single, or few, point mutations in then- genomes. For example, pep- 
per varieties containing the Ll, L2, L3, or L4 tobamovirus resistance genes, 
are frequently infected with novel pepper mild mottle tobamovnus pathotypes 
Resistance-breaking pathotypes already appeared m the breeding phase, dur- 
mg the mtrogression process of an L resistance gene (5). 

As mentioned, many crops lack resistance genes to viruses. This is well- 
illustrated m the Cucurbltaceae The culttvatton of cucurbtt crops m the open 
field is severely affected by a number of potyviruses, closteroviruses, and 
cucumber mosaic cucumovirus. Unfortunately, besides the culttvated cucurb- 
its, then wild relatives are often also susceptible to these viruses. Hence, sutt- 
able sources of resistance, to be mtrogressed mto cultivated cucurbits, are 
absent. This illustrates that m some crops, novel strategies to obtain virus resis- 
tance are urgently required. 

3. Engineered Resistance to Plant Viruses 
Over the past decade, our knowledge of plant transformation technology 

and molecular vtrology has Increased rapidly. Thrs has opened the way to 
genetically engineer virus resistance Protectton to viruses has been reported 
by expression of a number of antiviral agents m plants, including rtbozymes, 
2’-5’ oligoadenylate synthetase, double-stranded rtbonucleases (dsRNases), 
ribosomal inhibiting proteins (RIPS), CP-ribonuclease (CP-RNase) fusion pro- 
teins, (pl)antibodtes, and antibody-enzyme (abzyme) fuston proteins (67). At 
least some of these approaches look promising, but it is beyond the scope of 
thus chapter to describe these strategies in more detail 

Engineered plant-derived resistance may also be obtained by transgemc 
expression of durable vertical resistance genes in other crop plants In this 
respect, one can imagine that expression of the highly durable Tm-2* 
tobamovnus resistance gene (from tomato) in pepper could serve as an alterna- 
tive to the nondurable L resistance genes m this crop, provided that this gene 
operates similarly in pepper (2,5). 

Pathogen-derived resistance comprises expression of viral genes m plants. 
Transgemc expression of symptom-attenuating satellite RNA molecules m 
plants, or expression of defective-interfering (DI) RNA molecules, leads to a 
certain level of tolerance in host plants. The tolerance is conferred by 
corephcation of these symptom-attenuating RNA molecules with the corre- 
sponding helper virus. Smce only a few plant vu-uses support satellite RNAs 
and DI RNAs, these approaches are generally not applicable. 
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Table 1 
A Selected List of Reports on Pathogen-Derived Resistance to Viruses 

DNA construct 

VlIIlS Supergroup CP CP RNA RdRp MP Other Ref 

AlMV 
CMV 
CPMV 
CRSV 
PEBV 
PLRV 
PVS 
PVX 
PVY 
TEV 
TMV 
TRV 
TSV 
TSWV 

1 
1 
4 
2 
1 
5 
1 
1 
4 
4 
1 
1 
1 
3 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 

10,ll 
12,13 

+ 14 
15 
16 
17 
18 

19,20 
+ 21-23 

24 
2526 

10 
27 

+ 28,29 

The pluses refer to the viral genes used for transformation CP, coat protein, CP RNA, 
untranslatable CP RNA, RdRp, RNA-dependent RNA polymerase, MP, movement protem The 
viruses are abbreviated as follows AlMV, alfalfa mosaic alfamovlrus, CMV, cucumber mosaic 
cucumovlrus, CPMV, cowpea mosaic comovlrus, CRSV, cymbldmm rmgspot tombusvlrus, 
PEBV, pea early brownmg tobravlrus, PLRV, potato leaf roll luteovlrus; PVS, potato S 
carlavirus, PVX, potato X potexvlrus, PVY, potato Y potyvlrus, TEV, tobacco etch potyvlrus, 
TMV, tobacco mosaic tobamovlrus, TRV, tobacco rattle tobravlrus, TSV, tobacco streak 
lIarvIrus, TSWV, tomato spotted wilt tospovlrus The viral Supergroups are denoted, with per- 
mlsslon, after ref. 29 1, a-like, 2, Carmo-hke, 3, (-)-stranded, 4, Plcorna-like, 5, Sobemo-like 

Expression of mutated viral genes IS a promismg novel technology. Trans- 
formation of tobacco plants with a mutant movement protem (MP) of tobacco 
mosaic tobamovnus inhibited systemrc infection of the transgemc plants by a 
broad Scala of plant viruses. Apparently, this crippled protein carries out part of 
its function, but blocks another step in virus movement, and thereby interferes 
with cell-to-cell spread of vu-uses (8). 

Accumulation of viral CP confers resistance to the vuus from which the CP 
gene was derived (see Chapters 3 and 52). This CPMR IS estabhshed technol- 
ogy and it is expected that m the very near future the first transgemc vuus- 
resistant products based on CP technology will be released to the market (9). 

Table 1 IS a list of reports dealmg with pathogen-derrved reststance. The 
reports m which rt has unequivocally been demonstrated that accumulation of 
CP confers vu-us resistance have a plus under CPMR. Remarkably, all vu-uses 
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for which this 1s the case, belong to the a-like supergroup of RNA viruses. 
Viruses belonging to this supergroup express some of their genes via transla- 
tional readthrough and by translation from subgenomic mRNAs (30). The viral 
RNA molecules are probably transported from cell to cell as RNA-MP com- 
plexes, through plasmodesmata, with altered size-excluston limits (30) 
Another important supergroup of plant vnuses is the Picorna-like supergroup 
Members of this supergroup express their genes vta proteolyttc cleavage of 
precursor proteins (30). Cell-to-cell transport takes place as vnus particles, via 
tubules through the plasmodesmata. These so-called desmotubules are most 
likely built up by viral MP (31). 

It has been proposed that the transgemcally produced CP inhibits the 
cotranslational disassembly of invading virus particles. This implies that CPMR 
should also have been reported for other than a-like viruses This seems not to 
be the case. For this reason, it seems more likely that the transgemcally pro- 
duced CP mainly inhibits other and later steps m the viral infection process, 
such as RNA replication-transcription and/or viral cell-to-cell movement, as 
has been suggested by some authors (32). For the a-like vu-uses, CP IS not 
required for cell-to-cell movement, which might be an mdication that the 
presence of transgemcally produced CP in plant ceils interferes with repli- 
cation-transcription of viral RNAs. In analogy to (-)-stranded vu-uses, it can 
be assumed that the amounts of CP present m the cytoplasm of plant cells 
infected with a-like viruses determine whether the viral RdRp is m the rephca- 
tive or transcrtpttve mode. If this is indeed the case, then the presence of 
transgenically produced CP interferes wtth the replication-to-transcrtptron 
switch, leading to abortive replication and vu-us resistance (33). On the other 
hand, it seems obvrous that, for the Picorna-like viruses, which move from 
cell to cell as vu-us particles, the presence of relatively small amounts of 
transgenically produced CP does not have any effect on replication, viral 
cell-to-cell movement, and systemic spread. 

4. RNA-Mediated Resistance to Plant Viruses 

The first mdications suggesting that other than protein-encoding sequences 
of viral origin were capable of conferrmg resistance came from experiments in 
which rephcase or RNA-dependent RNA polymerase (RdRp) sequences of 
potato X potexvirus, tobacco mosaic tobamovuus, and pea early browning 
tobravirus were expressed m transgenic tobacco plants The manifestation of 
the obtained resistance differed completely from that conferred by CP (6,7). 
Some, but not all, transformants showed extreme resistance to the homologous 
virus, and the levels of resistance were not correlated with the amounts of 
transgenically produced proteins or transcripts (see Table 2) 
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Table 2 
Some Properties of CP- and RNA-Mediated Virus Resistance 

Virus resistance CP-mediated RNA-mediated 

&al gene involved. CP gene RdRp, MP, or 
other genes 

Initial interactions’ Protein-protein or RNA-RNA 
proteu-RNA 

Possible working Blocking of movement RNA degradation 
mechanisms* and/or translation 

Capacity Doses-dependent Doses-Independent 
Spectrum Broad (against members Narrow (against 

of a genus) homologous viruses) 
Specificity a-like supergroup All supergroups 

CP, coat protein, RdRp, RNA-dependent RNA polymerase, MP, movement protein 

Expression of a truncated RdRp gene of cucumber mosaic cucumovu-us con- 
ferred immunity to the homologous vn-us (23). Transgemc tobacco plants har- 
boring an untranslatable RdRp gene or an antisense RdRp gene also show 
resistance to CMV, On the contrary, DNA constructs based on CMV RNA-3 
are not capable of conferrmg resistance (unpubhshed observations). Concur- 
rently with these reports m which RdRp sequences are used, many more reports 
appeared dealing with this type of pathogen-derived resistance. Transgemc 
tobacco plants expressing untranslatable CP clstrons of tobacco etch potyvlrus 
and potato Y potyvnus show immunity to the respective potyvn-uses (21,24). 
Since untranslatable RNAs are capable of conferring virus resistance, this 
clearly indicates that the transgenlc viral transcripts are involved in the resis- 
tance. Therefore, this type of engineered resistance has been denoted RNA- 
mediated virus resistance (RMR) The number of (+)-strand viruses for which 
RMR has been obtained IS still expanding, and at this moment alfamo-, carmo-, 
coma-, cucumo-, potex-, poty-, tobamo-, tobra-, and tombusvlruses are 
included (see Table 1) 

Transformation of host plants with (untranslatable) nucleoprotem gene 
sequences of tomato spotted wilt tospovlrus, a (-)-stranded RNA virus belong- 
mg to the Bunyavirzdue, confers high levels of virus resistance (28). This IS a 
clear demonstration that RMR IS not hmlted to the (+)-stranded viruses. 

Transformation of tomato plants with RdRp sequences of tomato golden 
mosaic gemmlvn-us, a vnus with a circular DNA genome, yielded transgemc 
plants that show a significant reduction m symptom development followmg 
maculation with the homologous vnus (34). This at least suggests that RMR 
might also work for viruses with DNA genomes 
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Remarkably, constructs derived from (+)-stranded vu-uses, capable of con- 
ferring virus resistance, contam rephcase or RdRp sequences, or sequences 
corresponding to viral RNAs encoding (subunits of) the RdRp. This is the rea- 
son why, in the past, the resistance was often referred to as rephcase-mediated 
vu-us resistance (13,15,21,26). 

At least for some (+)-stranded viruses, it has been shown that cotranslational 
disassembly is the initial step m the viral infection process. In general, this 
leads to the production of RdRp, which is necessary for replication and/or sub- 
sequent transcriptton, and hence expression of the other viral genes. Obviously, 
resistance can be obtained by interference with the production of RdRp, block- 
mg the first and critical process m vnus replication. In addition, recently it has 
been reported that resistance to the Ptcorna-like viruses and the (-)-stranded 
vu-uses can also be obtained by expression of genes mvolved m cell-to-cell 
movement (14,29). As mentioned m Subheading 3., the Picorna-like viruses 
move from cell to cell via desmotubules consisting of viral MP. For tomato 
spotted wilt tospovirus, it has recently been demonstrated that viral nucleo- 
capsids also move from cell to cell via desmotubules (35). It can therefore be 
assumed that mhibttion of the expression of MP genes of these viruses pre- 
vents the formation of desmotubules, thereby inhibitmg cell to cell and sys- 
temic spread. 

For viruses that move from cell to cell via plasmodesmata with altered size- 
exclusion limits, resistance cannot be obtamed by interference with the expres- 
sion of MP genes. Obviously, the productton of very small amounts of MP is 
sufficient for virus transport, and hence for normal systemic mfection. 

Among the plant vu-uses, potyvn-uses, belonging to the Picorna-like super- 
group, are real outsiders m a number of molecular aspects. The same holds for 
engineered potyvnus resistance, since it has been shown that sequences derived 
from different parts of the potyviral genome are capable of conferring resis- 
tance (21,22,36) This might be related to the fact that potyviruses have an 
undivided RNA genome, encoding a single polyprotein. Hence, resistance can 
be obtained by interference with the production of this polyprotem, thereby 
preventing the synthesis of (-)-strand RNA molecules and other processes, 
mcluding viral cell-to-cell movement. 

Despite numerous attempts, only a single clear report appeared on RMR 
against a phloem-restricted virus, potato leaf roll luteovirus (I 7). So far, patho- 
gen-derived resistance has not been obtained to other important luteovnuses, 
such as beet western yellows and barley yellow dwarf luteovirus. Luteo- and 
closterovn-uses obligatortly replicate m phloem ttssue including sieve tubes, 
compamon cells, and so on. Since the sieve tubes lack nuclei, it might be that 
the mhibttmg transgemc RNAs (or CPs) are simply not present in cells where 
these viruses rephcate. This implies that other, more novel, strategies need to 
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be developed to obtain resistance against these economically important groups 
of plant vu-uses. 

In conclusion, accumulating evidence is available that RMR can be obtained 
to the vast majority of plant viruses, including the (+)- and (-)-stranded viruses, 
and possibly even DNA viruses. 

5. Working Mechanisms of RNA-Mediated Virus Resistance 
Despite mtensive research, our knowledge on the exact molecular mecha- 

nisms by which RMR works is still fragmented. Thts mformation is essential 
in order to predict the long-term stability of such engmeered sources of resis- 
tance and to further improve this relatively novel technology. 

One remarkable property of RMR is that it is only active against homolo- 
gous vu-uses. The resistance is overcome by more distantly related viruses. A 
general rule of thumb is that at least 90% nucleottde sequence homology 
between transgene and corresponding viral gene is required to obtain rests- 
tance (13,26,28). For this reason, it can be assumed that engineered virus resis- 
tance cannot simply be overcome by pathotypes with single or few point 
mutations m their genome. Assuming that the transgenes behave stably over 
generations, it can be anticipated that RMR will confer durable virus resistance 
to crops. 

Experiments performed by Lindbo and Dougherty (24) and Lindbo et al. 
(37), using transgemc tobacco plants resistant to tobacco etch or potato Y 
potyvirus, provided the first hints that RMR is conferred by sequence-specific 
RNA degradation m the cytoplasm. In vitro run-on labelmg experiments using 
potyvirus-resistant tobacco plants demonstrated that the rate of transcription m 
the nuclei of resistant plant cells is high, compared with that m nuclei of sus- 
ceptible transgenic plant cells. In contrast, m the resistant plant cells the steady- 
state levels of transgemc mRNA are low, sometimes even lower than those 
m susceptible transgemc plants. This suggests that the transgemc mRNAs 
(and most likely, also, the homologous RNAs of mvadmg viruses) are 
selectively and rapidly degraded m the cytoplasm of resistant plant cells. 
These findings have recently been confirmed for several other plant-virus com- 
binatlons (20,361. 

As mentioned m the previous subheading, resistance can be obtained by 
expression of RdRp, MP (or other viral sequences, m case of potyvnuses) m 
plants. However, so far, it has remained unknown which parts of the genes are 
capable of conferring resistance. Although speculative, it appears that the 5’ 
leader and 3’ trailer sequences, and the length of the transgemcally produced 
mRNAs, play important roles. 

For most viruses, antisense RNAs are also capable of conferring vu-us resis- 
tance, but this does not seem to hold for all plant viruses. Possibly, the 
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Fig. 1 Model to explain RMR The transgene is transcribed In the nucleus and the 
mRNAs are transported to the cytoplasm. Some mRNAs are recognized by an RNA- 
dependent RNA polymerase (RdRp)-RNase complex, which synthesizes short comple- 
mentary RNA molecules The transgenic mRNAs are rapidly degraded and the 
RdRp-RNase complex uses the short duplex RNA to tag homologous (+) or possibly 
complementary (-) RNA sequences, and subsequently degrades them 

transgenically produced antisense RNAs were too short in these experiments, 
or the target viral RNAs, e.g., the minus-sense RNAs, somehow are protected 
and are not capable of Interacting with the transgemc RNA (38). 

Taking all data on RMR together, it seems that, at least for most viruses, 
the polarity of the transgemc transcripts is not important for their capa- 
bility to confer resistance. This leads to the hypothesis that RMR and 
antrsense inhibition of gene expression might operate via stmrlar or even 
identical mechanisms. 

Figure 1 1s a schematic representation of a possible model to explain RMR. 
In the transgemc virus-resistant plant cells, the transgemc mRNAs are recog- 
nized by a cytoplasmic host factor This factor can be concerved as a RdRp- 
RNase complex, since it first synthesizes a short complementary RNA, and 
subsequently degrades the single-stranded parts of the mRNAs. With the 
help of the remaining short nucleic acid duplex, the complex is able to tag 
and degrade sequences homologous, or possibly complementary, to the trans- 
gemc mRNAs. 
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A number of observations support this model, with a cytoplasmtc RdRp- 
RNase complex as the major active component. First, many eukaryotrc RNA 
polymerases and RNases contam small nucleic acid fragments. Second, RdRp 
activity is occasionally present m plant cells. Third, a host-encoded RdRp could 
be purified from virus-infected plant tissue (39,40). 

Experiments on transgemc expression of pigmentation genes in Petunza (411, 
on softening enzymes in tomato (42), and on p- 1,3-glucanase m tobacco (43), 
revealed that cosuppression of gene expression results from an increase m RNA 
turnover m the cytoplasm. In addition, the carotenoid biosynthesis m tobacco 
plants can be modified by maculation with RNA viral vectors containing the 
tomato phytoene synthase gene, encoding the key enzyme m the carotenoid 
biosynthesis, under the transcriptional control of a tobamovn-us subgenomic 
promoter (44). These experiments clearly demonstrate that cosuppression and 
RMR reflect identical or similar posttranscriptional and cytoplasmic events. 
Both vu-us-resistant and cosuppressmg plant cells contam a genetically stable 
memory for specific RNAs, which are readily degraded upon recognmon (45). 

Bestdes cosuppression, the proposed RMR model can also be adapted to 
explain antisense mhibmon of gene expression. Moreover, classical plant vno- 
logical phenomena, such as vu-us crossprotection (Subheading 2.), or even 
mosaic symptoms with light-dark-green islands (36), might be explained by 
this model. 

An intriguing observation that still needs to be explained is the fact that, m a 
given transformation experiment, not all different transgemc plants show the 
vu-us-resistant or cosuppression phenotype. In tobacco, m our hands, on aver- 
age 1 out of 10-20 transformants shows the desired phenotype This fre- 
quency, however, differs from crop to crop, and, moreover, it has become 
clear that it is dependent on many other factors. First, the position of 
transgene copies on the host chromosomes is of importance. Host sequences 
flanking the T-DNA inserts have an influence on the levels and patterns of 
expression of the transgenes on the T-DNA. Second, the number of inserted 
T-DNA copies and the ortentation toward each other also appear to affect the 
frequency of cosuppression (41). 

From the run-on transcription experiments, it can be deduced that there is a 
tendency that only highly active copies acttvate this sequence-specific RNase 
activity (20,24,36,37). However, it has been demonstrated that promoterless 
DNA constructs are also capable of cosuppressing expression of host homologs 
(41). These observations suggest that, not the levels of transcription of the 
transgenes, but the properties of the transgene loci may be responsible for the 
observed phenotype. 

In summary, RMR or cosuppression is caused by overaccumulatton of trans- 
genie transcripts or by accumulation of transcripts with aberrant structures. 



RNA-Mediated Virus Resistance 543 

The imposed sequence-specific RNase activity might therefore be regarded as 
a natural host mechanism involved in mRNA turnover, or in removal of aber- 
rant mRNA molecules. Future research will be dedicated to characterizing this 
cytoplasmic RNase activity and to determining its precise role in RMR. This 
knowledge will undoubtedly lead to further improvement of the potentially 
powerful RMR technology. 

Acknowledgments 
I would like to thank Marcel Prins and Mart van Grinsven for our stimulat- 

ing discussions and for critically reading this manuscript. 

References 
1. Fraser, R. S. S. (1986) Genes for resistance to plant viruses. Crit. Rev. Plant Sci. 3, 

257-294. 
2. Fraser, R. S. S. (1992) The genetics of plant-virus interactions: implications for 

plant breeding. Euphytica 63, 175-185. 
3. Sarkar, S. and Smitamana, I? (1981) A proteinless mutant of tobacco mosaic virus: 

evidence against the role of a viral coat protein for interference. Mol. Gen. Genet. 
184,185-159. 

4. Atkinson, M. M. (1993) Molecular mechanisms of pathogen recognition by plants. 
Adv. Plant Pathol. 10, 3544. 

5. Tobias, I., Fraser, R. S. S., and Gerwitz, A. (1989) The gene-for-gene relationship 
between Capsicum annuum L. and tobacco mosaic virus: effects on virus multipli- 
cation, ethylene synthesis and accumulation of pathogenesis-related proteins. 
Physiol. Mol. Plant Pathol. 35, 271-286. 

6. Wilson, T. M. A. (1993) Strategies to protect crop plants against viruses: pathogen- 
derived resistance blossoms. Proc. Natl. Acad. Sci. USA 90, 3 134-3 14 1. 

7. Hull, R. (1994) Resistance to plant viruses: obtaining genes by non-conventional 
approaches. Euphytica 75, 195-205. 

8. Lapidot, M., Gafny, R., Ding, B., Wolf, S., Lucas, W. J., and Beachy, R. N. (1993) 
A dysfunctional movement protein of tobacco mosaic virus that partially modi- 
fies the plasmodesmata and limits virus spread in transgenic plants. Plant J. 4, 
959-970. 

9. Beachy, R. N. (1990) Coat protein-mediated resistance against virus infection. Ann. 
Rev. Phytopathol. 28,45 1474. 

10. Van Dun, C. M. P., Bol, J. F., and Van Vloten-Doting, L. (1987) Expression of 
alfalfa mosaic virus and tobacco rattle virus coat protein genes in transgenic tobacco 
plants. Mrology 159, 299-305. 

11. Brederode, F. T., Taschner, P. E. M., Posthumus, E., and Bol, J. F. (1995) Replicase- 
mediated resistance to alfalfa mosaic virus. l+ology 207,467474. 

12. Cuozzo, M., O’Connell, K. M., Kaniewski, W., Fang, R.-X., Chua, N.-H., and Turner, 
N. E. (1988) Viral protection in transgenic plants expressing the cucumber mosaic 
virus coat protein or its antisense RNA. Biotechnology 6, 549-557. 



544 de Haan 

13. Zaitlin, M., Anderson, J. M., Perry, K. L., Zhang, L., and Palukaitis, P. (1994) 
Specificity of replicase-mediated resistance to cucumber mosaic virus. &oZogy 
201,200-205. 

14. Sijen, T., Wellink, J., Hendriks, J., Verver, J., and Van Kammen, A. (1995) Replica- 
tion of cowpea mosaic virus RNA1 or RNA2 is specifically blocked in transgenic 
Nicotiana benthamiana plants expressing full-length replicase or movement pro- 
tein genes. Mol. Plant-Microbe Interact. 8,34&347. 

15. Rubino, L. and Lupo, R. (1993) Resistance to Cymbidium ringspot tombusvirus 
infection in transgenic Nicotiana benthamiana plants expressing a full-length viral 
replicase gene. Mol. Plant-Microbe Interact. 6,729-734. 

16. MacFarlane, S. A. and Davies, J. W. (1992) Plants transformed with a region of the 
201-kilodalton replicase gene from pea early browning virus RNA 1 are resistant to 
virus infection. Proc. Natl. Acad. Sci. USA 89, 5829-5833. 

17. Kawchuk, L. M., Martin, R. R., and McPherson, J. (1991) Sense and antisense 
RNA-mediated resistance to potato leafroll virus in Russet Burbank potato plants. 
Mol. Plant-Microbe Interact. 3,247-253. 

18. MacKenzie, D. J., Tremaine, J. H., and McPherson, J. (1991) Genetically engi- 
neered resistance to potato virus S in potato cultivar Russet Burbank. Mol. Plant- 
Microbe Interact. 5, 34-40. 

19. Hemenway, C., Fang, R.-X., Kaniewski, W. K., Chua, N.-H., and Turner, N. E. 
(1988) Analysis of the mechanism of protection in transgenic plants expressing the 
potato virus X coat protein or its antisense RNA. EMBO J. 7, 1273-1280. 

20. Mueller, E., Gilbert, J., Davenport, G., Brigneti, G., and Baulcombe, D. C. (1995) 
Homology-dependent resistance: transgenic virus resistance in plants related to 
homology-dependent gene silencing. Plant J. 7, 1001-1013. 

21. Audy, P., Palukaitis, P., Slack, S. A., and Zaitlin, M. (1994) Replicase-mediated 
resistance to potato virusY in transgenic tobacco plants. Mol. Plant-Microbe Inter- 
act. 7, 15-22. 

22. Maiti, I. B., Murphy, J. F., Shaw, J. G., and Hunt, A. G. (1993) Plants that express 
a potyvirus proteinase gene are resistant to virus infection. Proc. Natl. Acad. Sci. 
USA90,611&6114. 

23. Vardi, E., Sela, I., Edelbaum, O., Livneh, O., Kuznetsova, L., and Stram, Y. (1993). 
Plants transformed with a cistron of potato virus Y protease (NIa) are resistant to 
virus infection. Proc. Natl. Acad. Sci. USA 90,75 13-75 17. 

24. Lindbo, J. A. and Dougherty, W. G. (1992) Untranslatable transcripts of the tobacco 
etch virus coat protein gene sequence can interfere with tobacco etch virus replica- 
tion in transgenic plants and protoplasts. tirology 189,725-733. 

25. Powell-Abel, P., Nelson, R. S., De, B., Hoffmann, N., Rogers, S. G., Fraley, R. T., 
and Beachy, R. N. (1986) Delay of disease development in transgenic plants that 
express the tobacco mosaic virus coat protein gene. Science 232,738-743. 

26. Donson, J., Kearney, C. M., Turpen, T. H., Khan, I. A., Kurath, G., Turpen, A. M., 
Jones, G. E., Dawson, W. O., and Lewandowski, D. J. (1993) Broad resistance to 
tobamoviruses is mediated by a modified tobacco mosaic virus replicase transgene. 
Mol. Plant-Microbe Interact. 6,635442. 



RNA-Mediated Virus Resistance 545 

27. Van Dun, C. M. P., Overduin, B., Van vloten-Doting, L., and Bol, J. F. (1988) 
Transgenic tobacco expressing tobacco streak virus ormutated alfalfa mosaic virus 
coat protein gene does not cross-protect against alfalfa mosaic virus infection. 
Krology 164, 383-389. 

28. De Haan, P., Gielen, J. J. L., Prins, M., Wijkamp, M. G., Van Schepen, A., Peters, 
D., Van Grinsven, M. Q. J. M., and Goldbach, R. W. (1992) Characterisation of 
RNA-mediated resistance to tomato spotted wilt virus in transgenic tobacco plants. 
Biotechnology 10, 1133-l 137. 

29. Prins, M., Ismayadi, C., De Graauw, W., De Haan, P., and Goldbach R. (1997) 
RNA-mediated resistance to tomato spotted wilt virus in transgenic tobacco plants 
expressing NSm gene sequences. Plant Mol. Biol. 33,235-243. 

30. Goldbach, R. and De Haan, P. (1994) RNA viral Supergroups and the evolution of 
RNA viruses, in The Evolutionary Biology of Mruses (Morse, S. S., ed.), Raven, 
New York, pp. 105-l 19. 

31. Deom, C. M., Lapidot, M., and Beachy, R. N. (1992) Plant virus movement pro- 
teins. Cell 69,22 l-224. 

32. Osbourn, J. K., Watts, J. W., Beachy, R. N., and Wilson, T. M. A. (1989) Evidence 
that nucleocapsid disassembly and a later step in virus replication are inhibited 
in transgenic tobacco protoplasts expressing TMV coat protein. Virology 172, 
37G-373. 

33. Goldbach, R. and De Haan, P. (1993) Prospects of engineered forms of resistance 
against tomato spotted with virus. Sem. Virol. 4,38 l-387. 

34. Bejarano, E. R., Day, A. G., Paranjape, V., and Lichtenstein, C. P. (1992) Antisense 
genes as tools to engineer virus-resistance in plants. Biochem. Sot. Trans. 20,757-76 1. 

35. Kormelink, R., Storms, M., Van Lent, J., Peters, D., and Goldbach, R. (1994) 
Expression an subcellular localization of the NSm protein of tomato spotted wilt 
virus (TSWV), a putative viral movement protein. Virology 200, 5&65. 

36. Smith, H. A., Swaney, S. L., Parks, T. D., Wernsman, E. A., and Dougherty, W. G. 
(1994) Transgenic plant virus resistance mediated by untranslatable sense RNAs: 
expression, regulation and fate of nonessential RNAs. Plant Cell 6, 1441-1453. 

37. Lindbo, J. A., Silva-Rosales, L., Proebsting, W. M., and Dougherty, W. G. (1993) 
Induction of a highly specific antiviral state in transgenic plants: implications for 
regulation of gene expression and virus resistance. Plant Cell 5, 1749-1759. 

38. Bourque, J. E. (1995)Antisense strategies for genetic manipulations in plants. Plant 
Sci. 105, 125-149. 

39. Schiebel, W., Haas, B., Marikovic, S., Klanner, A., and Stinger, H. L. (1993) RNA- 
directed RNA polymerase from tomato leaves. II. catalytic in vitro properties. J. 
Biol. Chem. 268, 11,858-l 1,867. 

40. Dorssers, L. (1983) RNA-dependent RNA polymerases from cowpea mosaic virus- 
infected cowpea leaves. PhD Thesis, Wageningen Agricultural University, The 
Netherlands. 

4 1. Van Blokland, R., Van der Geest, N., Mol, J. N. M., and Kooter, J. M. (1994) Trans- 
gene-mediated suppression of chalcone synthase expression in Petunia hybrida 
results from an increase in RNA turnover. Plant J. 6, 86 I-877. 



546 de Haan 

42. Grierson, D., Fray, R. G., Hamilton, A. J., Smith, C. J. S., and Watson, C. F. (1991) 
Does co-suppression of sense genes in transgenic plants involve antisense RNA. 
Trends Biotechnol. 9, 122,123. 

43. De Carvalho Niebel, F., Frendo, P., Van Montagu, M., and Cornelissen, M. (1995) 
Post-transcriptional co-suppression of p- 1,3-glucanase genes does not affect accu- 
mulation of transgene nuclear mRNA. Plant Cell 7, 347-358. 

44. Kumagai, M. H., Donson, J., Della-Cioppa, G., Harvey, D., Hanley, K., and Grill, 
L. K. (1995) Cytoplasmic inhibition of carotenoid biosynthesis with virus-derived 
RNA. Proc. Natl. Acad. Sci. USA 92, 1679-1683. 

45. Matzke, M. A. and Matzke, A. J. M. (1995) How and why do plants inactivate 
homologous (trans)genes. Plant Physiol. 107,67%685. 



54 

Detection of Risks Associated with Coat Protein 
Transgenics 

Roger Hull 

1. Introduction 
Recent advances in the understanding of the molecular mechanisms of how 

viruses function and how they interact with plants have led to the development 
of various nonconventional approaches to protection of plants against vn-uses. 
Many of these approaches mvolve the mtroduction of viral or virus-based 
sequences mto the plant’s genome. Expression of these sequences then inter- 
feres with one or more of the viral functions, thus giving some protection 
against the virus. This topic has attracted considerable attention and has been 
reviewed several times previously (see refs. 1-26). The viral genes most fre- 
quently used to provide protection are those for the coat protein (CP), the viral 
replicase, and the cell-to-cell movement protein (see reviews mentioned above 
for details). In the case of CP, protectton 1s often given by the unmodified gene 
product. However, most other gene products are used in a form modified to 
affect normal functionmg. There is mcreasmg evidence that m some situations 
it is the expressed RNA, and not the gene product, that gives the protection 
(see Chapter 53). 

Many of these transgenic plant lines, and especially those expressing CP, 
have reached the stage of field testing for the efficacy of protection, and are 
even being more generally field-released. This raises the question of possible 
risks that could arise on general field release, a topic that has previously 
been discussed by Hull (5-71, Hull and Davies (12), de Zoeten (17), and 
Tepfer (18). Despite these discussions, the issue has not been fully resolved, 
and various other aspects are being raised. This chapter discusses some of the 
ways by which potential risks, especially the use of CP genes, could be recog- 
nized and circumvented. 
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1.1. Potential Risks on Field Release 

The two mam areas of concern for most transgemc plants are possible 
adverse effects of the expression of the transgene on ammals feeding on 
the plant and spread of the transgene mto wild plant species. There IS no evr- 
dence that the expression of plant viral sequences could be detrimental to man 
or other animals feedmg on transgemc plants; m fact, virus-infected plants have 
been eaten for millennia. Furthermore, the lack of recognized allergy problems 
caused by pollen from vn-us-Infected plants indicates that the expression of 
vu-al transgenes is unlikely to cause any problems m this area. 

The area of concern specific to viral transgenes is the potentral risks on any 
interactions between the viral or virus-related sequences being expressed from 
the transgene and another virus superinfectmg that plant. Three mam scenarios 
are usually consrdered. synergism, recombmatlon, and heteroencapstdatton. 

7.2. Synergism 
The possible synergistic effect of a viral transgene on a superinfectmg virus 

can have two mamfestatrons. It could enhance the symptoms of the superin- 
fectmg vu-us. Such synergtsm between viruses is well-known, for instance, 
between potato virus X (PVX) and various potyviruses m tobacco and tomato 
(tomato streak). A recent report (19), demonstratmg a synergistic effect of the 
expressron of the 5’ proxtmal sequence of tobacco vein mottling potyvrrus as a 
transgene on infection with PVX, highhghts that this problem has to be kept m 
mmd. An alternattve synergistic effect 1s that the expression of the transgene 
could mobilize a supermfectmg virus that normally would be localized to the 
site of infection (subhmmal infection). At present, there is no evidence of 
transgemcally expressed CP givmg any synergistrc effect. 

No detailed protocol is necessary for detecting synergtstic reactions. Trans- 
gemc and nontransgemc plant lines should be maculated with viruses that they 
are expected to encounter m the field, and the symptoms produced should be 
compared. More severe symptoms in the transgemc line(s) could be an mdica- 
non of synergistic effects. However, they may also be caused by somaclonal 
variation caused by the transformation process. 

7.3. Recombination 
Three sorts of recombination have been recognized (20): homologous with 

crossovers between related RNAs at precisely matched sites, aberrant homolo- 
gous with crossovers between related RNAs not at corresponding sites, and 
nonhomologous with crossovers between unrelated RNAs at noncorresponding 
sites. There is considerable evidence for extensive recombmation m RNA 
viruses (see refs. 20 and 21 for details), and probably all three mechanisms 
have been involved at one time or another. It is generally considered that 
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recombination plays an important role in the evolution of RNA viruses (see 
refs. 2&23). Evidence IS now forthcoming of recombmation between 
supermfecting viral RNA and RNA expressed from a transgene (24) through 
the aberrant homologous recombmation mechanism. The finding of recog- 
nizable host RNA sequences within viral RNAs (25,261 is suggestive of 
nonhomologous recombination. 

All the experimentation on recombmants between plant virus sequences has 
been done m controlled laboratory situations. It is difficult to devise detailed 
protocols for the detection of recombinants produced in the field. However, the 
basic principles are straightforward. One has to have a system to address the 
question as to whether the transgene sequence is covalently linked to the super- 
infecting viral sequence. This can be done by polymerase chain reaction (PCR) 
with primers to the transgene sequence (easy to devise) and to the supermfect- 
ing virus sequence (much more difficult to predict). If a recombinant is found, 
it has to be characterized to demonstrate that it is infective and viable. Only 
then can it be considered to be a potential risk. 

1.4. Heteroencapsidation 

This mvolves the supermfection of a plant expressmg the CP of a vn-us, say 
virus A, by an unrelated virus B. Heteroencapsidation is the encapsidation of 
the genome of virus B by the CP ofA, thereby conferring on virus B properties 
of vn-us A. There are several examples of heteroencapstdation in transgenic 
plants, both between viruses of the same group (27,28), and between unrelated 
viruses (29). The mam property of CP that is considered is that of vector trans- 
mission characteristics. However, there is increasing evidence that CPs are 
involved in long distance viral movement around infected plants, and hetero- 
encapsidation could enhance the movement of a supermfecting virus that did 
not normally move systemically (see Subheading 1.2.). 

The discussion of heteroencapstdation has focused on superinfectmg viruses. 
However, there is the possibility that heteroencapsidation of retrotransposons 
could present a problem. Retrotransposons are a major class of transposable 
elements whose structure resembles the integrated copies of retroviruses, and 
which are considered to be important in evolution (see ref. 30). The Tyl-copia 
group of retrotransposons is widespread in plant genomes (31-33), and it 
has been suggested that there might be horizontal transmission between species 
(31). Sequencing has shown that most copies of the Tyl-copza retrotransposons 
m plants are mutated, so they would not be active. However, several active 
ones capable of retrotransposition have been described (30,34-37) and pre- 
sumably replicate, as do all retrotransposable elements, via RNA. Among the 
factors that activate plant retrotransposons is tissue-culture, a process involved 
in transformation (37). This raises the possibility that introduction of the CP 
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transgene could activate retrotransposon RNA, which becomes heteroencap- 
sedated and transmitted horrzontally to other spectes. 

7.5. Risk Reduction and Control 

The main question to be addressed is whether the risk on field release of the 
transgemc plant is significantly more than the risk from the nontransgemc 
plant, To answer this, a wide range of controlled release experiments have 
been performed. 

It is likely that it will take some time for a full risk assessment on the viral 
transgenic plants to be performed and commerctal and other pressures will be 
very strong for field release. There are two approaches to risk reduction and 
control that can be put mto effect relatively soon. One is to use biological con- 
tainment (7). In this approach, the region(s) of the transgene giving the unde- 
sirable properties are deleted, while retaining those that give the desirable 
protection property. A good example of this approach is found m the potyvual 
CP, which has an ammo acid triplet (asp, ala, gly; DAG), which 1s involved m 
the mteracttons with the aphid vector (38-40). Mutations of this motif, or its 
removal (which does not affect the protection ability of the CP; ref. 41) would 
render heteroencapsidatron with the transgene unable to confer aphid transmis- 
sibility on the supermfectmg vnus. Much more difficult is to avoid recombma- 
non, but targeted research on this may reveal methods. 

The second approach 1s to design methods for momtormg the effects of field 
release. For small-scale releases, tt is relatively easy to design momtormg pro- 
cedures for analyzing pollen flow into related weeds and for detecting 
heteroencapsidants or recombmants. This will be much more difficult, if not 
impossible, for large-scale releases, m which the approach should be to educate 
farmers and extension service personnel to identify any unusual event that might 
be associated with the transgemc plants. This will be the challenge for the future. 

7.6. Protocol for Defecting Heteroencapsicfafion 

The basis of this protocol, modified from that of Candeher-Harvey and Hull 
(29), 1s to nnmunecapture the heteroencapstdant, using an antiserum to the 
transgemcally expressed CP, and to detect any encapsidated supermfectmg viral 
(or retrotransposon) RNA by PCR. 

2. Materials (All chemical Analar grade 
from BDH, Poole, UK, or Sigma-Aldrich, Poole, UK) 
2.1. Solutions 

1 Coating buffer: 1.59 g Na2C03, 2 93 g NaHC03, 1 L H20, pH 9 6 
2 Phosphate-buffered saline (PBS): 4 6 g Na2HP04, 3 45 g NaH2P04 H20, 8 5 g 

NaCl, 1 L H20, pH 7 2 
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3 PBS-T Add 0.5 mL Tween-20 to 1 L of PBS. 
4. PBS-TPO* 2 0 polyvmylpyrrohdone (mol wt g 40,000), 0 2 g bovine serum albu- 

min (BSA), make up to 100 mL with PBS-T. Make up fresh each day 
5 Chloroform lsoamyl alcohol (IAA)* (24.1) 
6 1.25 mMdNTPs 
7 1% Sodium dodecyl sulfate (SDS), 1 mA4 ethylenedlamme tetra-acetic acid 

(EDTA), 10 n-&Tns-HCI, pH 7.5 
8. 3MNaAc 

2.2. Chemicals 

1. Protein A 
2. Mineral 011 
3 Absolute ethanol 
4. RNase inhibltor (RNasm, Promega, Southampton, UK). 
5 Superscript reverse transcrlptase + buffer (Glbco-BRL, Paisley, UK) 
6 Tuq polymerase + buffer 
7 Forward and reverse primers (see Note 4) 

2.3. Equipment 

1 Microcentrifuge 
2 Water baths. 
3 Mlcroplpets 
4. -20°C Freezer. 
5 Microtiter plates (see Note 2) 
6 PCR machme 

3. Methods 

1 Coat mlcrotlter plates with 2 pg/mL protem A m coating buffer for 3 h at 37”C, 
using 200 $ per well. Wash plates three times for 30 s in PBS-T 

2. Add antibody (see Note 3) diluted m PBS-TPO, using 200 @ per well, and mcu- 
bate for 1 h at 37°C. Wash plates three times for 30 s m PBS-T. 

3 Grind 0.5 g leaf tissue of supermfected plant and of control plants m 300 pL 
PBS-TPO. 

4. Add virus or plant samples to well, diluted If necessary in PBS-TPO, usmg 
150 pL per well, and incubate overnight at 4’C. Wash plates three times for 
30 s m PBS-T 

5 After final wash, extract viral RNA from plate with 1% SDS, 1 mMEDTA m 10 
mMTns-HCl, pH 7.5. Use 200 & per well and incubate at 50°C for 5 mm 

6. Immediately transfer the samples to Eppendorf tubes contammg 100 pL each of 
phenol and chloroform*IAA. Vortex for 5 mm. 

7 Centrifuge at 12,000g m a mlcrocentrlfuge for 15 mm and recover the aque- 
ous phase 



552 Hllll 

8 Add 200 pL chloroform IAA to the aqueous phase from step 6, vortex for 5 mm, 
and recentrtfuge. 

9 Recover aqueous phase agam and prectpitate the RNA by addmg 20 p.L 3MNaAc 
and 500 pL 100% cold ethanol Leave at -20°C overnight 

3.2. Reverse Transcription 

1. Pellet the RNA from Subheading 3.1., step 9 by centrtfugmg at 14,000 rpm 
m a mtcrocentrtfuge for 15 mm at 4°C. Dry pellet briefly and resuspend m 
15 p.L HZ0 

2 Use a 5-pL ahquot of the resuspended RNA in the following mixture. 5 uL RNA, 
5 5 pL H20, 1 pL RNase mhtbttor, 1 pL reverse primer 

3 Incubate at 65°C for 15 mm and then on me for 5 mm 
4 To each tube, add the followmg. 4 p.L 5X superscript buffer, 1 pL 1 25 n-&f 

dNTPs; 2 pL 0 1M DTT; 0 5 pL superscript RT 
5 Incubate at 42’C for 1 h and then at 65°C for 10 min 

3.3. Pa? 

1 Use a 5-p.L altquot of first-strand syntheses (reactton from Subheading 3.2., 
step 5) m the followmg 5 pL first-strand syntheses, 10 pL 10X Tag buffer, 
16 pL 1 25 mA4 dNTPs, 5 pL forward prtmer; 5 pL reverse prtmer, 58 5 uL H20, 
0 5 p.L Tuq polymerase 

2 Overlay with 50-100 pL mmeral 011 
3 PCR cycle (see Note 4) 

4. Notes 

1 Controls It is most important to have the followmg negative controls to check 
for nonspectftc bindmg of the supermfectmg virus extract from transgenic 
plant not supermfected, extract from nontransgemc plant infected with the 
supermfectmg vu-us. If nonspectfic binding IS found, parameters such as 
mtcrottter plates and blockmg agents ~111 need to be examined (see ref. 29) 
Also, a positive control of supermfectmg viral RNA is required for the PCR m 
Subheading 3.3. 

2 Microtiter plates Nonspecific reactions vary accordmg to source of plate We 
found rigid Falcon plates to be the most satisfactory It is most Important to till 
the wells m the plate to the top m Subheading 3.1., steps 1 and 2, to prevent 
nonspecific bmdmg m later stages. 

3 This test is very senstttve and ~111 eastly detect any crossreacttons between the 
anttserum and the CP of the supermfectmg vnus Imttal tests should be performed 
to determine tf this will be a problem If so, the antiserum can be preadsorbed 
with the supermfectmg virus CP, preferably expressed m Escherlchza colt, so 
that the superinfectmg RNA does not contaminate the serum 

4 The PCR condtttons will depend on factors such as the compostnon of the prim- 
ers and stze of fragment being amplified. Details on primer selectton and condt- 
ttons for PCR can be found m textbooks on PCR (see also Chapter 48) 
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Potential Benefits of the Transgenic Control 
of Plant Viruses in the United Kingdom 

Ian Barker, Christine M. Henry, Miles R.Thomas, 
and Rebecca Stratford 

1. Introduction 
Much has been written on the possible risks arising from the use of virus- 

resistant transgenic crop plants but httle of the benefits that might result. Many 
of the potential benefits are self-evident and relate to improved disease control, 
but others are less so and arise from such indirect effects as reductions m insec- 
ttcrde usage for the control of insect transmitted viruses. This paper attempts to 
discuss and (where possible) quantify possible benefits from transgemc 
approaches m relation to UK crop protection, but is m nature speculative as, to 
date, no such crops are in commerctal production in the United Kingdom. 

2. Benefits 
2.1. Agronomic 

One of the limmng factors m breeding for vnus resistance 1s the avatlabihty 
of suitable resistant germplasm. Ideally, reststant germplasm consists of a 
single monogenetically inherited dominant resistance gene, which is present in 
a related variety or close relative. Polygemc or multtgenic resistances are diffi- 
cult to utilize, since several or many genes are required to confer resistance, 
and the probability of combining these genes in one lme, together with other 
desirable traits, is very low. If the resistance is present only m related species 
rather than m existing cultivars, expensive backcrossmg to the cultivated par- 
ent is required to remove the ahen germplasm. Linkage to undesirable traits 
can be difftcult to break, smce the recombinatron is less frequent between dis- 
tantly related sequences. 
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The ability to introduce virus resistance mto susceptible varieties or 
advanced breeding lmes without affectmg the mtrinstc properties of that culti- 
var is a key feature that distmguishes transgemc vu-us resistance from conven- 
tional breeding strategies. Breeding relies on hybridization of two parental 
genotypes, followed by selection of progeny with the desired set of characters 
with the consequence that many lines are not developed through to commercial 
cultivars owing to a lack of one or more traits. The ability to incorporate virus 
resistance mto finished varieties has the advantage of enablmg the breeder to 
place greater emphasis on the selection of other more complex traits during the 
breeding process 

In addition, transgenic resistance provides an alternative source of vu-us 
resistance, which is of particular utility when host resistance ts either unavail- 
able or only present m a form that ts difficult to access. The diversity of strate- 
gies for transgemc resistance and the wide range of host-virus combmations 
for which resistance has been reported suggests that most vu-us dtseases could 
potentially be controlled by this approach. The level of resistance conferred by 
transgenic strategies has been reported to be similar to that conferred by host 
resistance genes, and field trial reports indicate that the resistance is of agro- 
nomic value. Once resistance has been introduced mto a cultivar, that cultivar 
can be used m conventional breeding programs to distribute the vnus resis- 
tance more widely. 

2.2. En wironmen fal 

The principal benefit to the environment that would arise from the adoption 
of virus-resistant transgemc crops would be the reduction m the usage of pesti- 
cides, applied for the control of arthropod and nematode virus vectors. This m 
turn would reduce the amount of damage caused to nontarget organisms m the 
agricultural and nonagricultural environment. Higher levels of pests, such as 
aphids, could then also be tolerated on crops that would in turn Increase the 
base of the food chain for other organisms, such as farmland birds. There has 
been concern that the documented decline m the populations of many farmland 
birds, such as the gray partridge (I) and others (2), have been partly brought 
about by the widespread use of broad spectrum msecticides. Many of the non- 
target orgamsms, such as insect predators like carabid beetles, are also benefi- 
cial organisms; and any reduction m damage to these populations (by the 
reduction of the use of broad spectrum msecticides) could have a conse- 
quential effect of further reductions in pesticide use for the control of then 
prey species. 

Additional benefits might include the extension of the use of biological con- 
trol programs for pests of protected crops in which one problematic pest m a 
series of pests can only be controlled by chemical means, thereby hmitmg the 
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Table 1 
Usage of Insecticides for the Control of Aphid Vectors 
of Virus Diseases of Selected Arable Crops in 1992 (Principal Usage) 

Amount applred, 
Crop Disease Area treated, ha tons a I 

Sugar beet Virus yellows0 1 96,346b 27 1 
Wheat Barley yellow dwarf 1,604,9 1 9c 127.46 
Winter barley Barley yellow dwarf 539,544’ 11.68 
Otlseed rape Beet western yellows 15,045d 0 88 
Ware potatoes Potato virusese 192,113 24.01 
Seed potatoes Potato virusese 69,137 9 07 

Total All vu-uses 2,617,104 199 32 

%aused by beet mrld yellowmg vrrus (syn beet western yellows vrrus) and beet yellows 
vrrus 

hExcludes aldlcarb but includes tefluthrm 
‘Excludes all seed treatments 
%cludes only named msectrcrdes where aphid control specified 
‘Prmcipally potato leaf roll virus 

uptake of IPM (Integrated pest management) strategtes. A good example of the 
latter would be the possible increase m the use of biologrcal control, for aphid 
and other pests, m glasshouse crops if the thrtps vectors of tomato-spotted wilt 
vu-us (TSWV) were made less important. Controllmg the vu-us directly through 
transgemc, resistant crops rather than spraying to control the vector would be 
one such mechanism to achieve this end. It is also a stated aim of the mmistry 
to rationalize pesticrde usage where possible 

A list of pesticide use on arable crops m the United Kingdom for 1992 (3), 
which can be directly attributed to the control of insect vectors of important 
viral diseases, IS shown m Table 1. The total treated area of arable crops m the 
United Kingdom receiving msecticide amounted to some 3584,554 ha m 1992; 
arable crops account for 92% of all pesticide use in the UK. Hence the amount 
of insecticide specifically used to control plant viruses (Table 1) represents at 
least 67% of all msectrcides used m United Kingdom agriculture (crop protec- 
tion) and includes chemicals of great topical concern m relation to the environ- 
ment. A similar pattern of use was seen m corresponding figures for msecticide 
use m the Umted Kingdom m 1994 (4), although the percentage of use on 
arable crops, relating prmcrpally to the control of plant virus vectors, dropped 
to 42% (1,330,590 ha) of the total applied (3,114,885 ha). 

A number of other plant virus diseases, particularly of horticultural crops, 
are controlled with msecticides and nematicrdes; but either their use is on a 
very small scale (compared to the use on arable crops) or virus control is not 
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the principal purpose. Thus cauliflower mosaic virus and turmp mosaic vnus 
m vegetable brassicas are controlled to some extent by spraying for their aphid 
vectors using insecticides. However, the principal need for the chemical treat- 
ment would be to control the aphids themselves along with other pests, such as 
caterpillars. Thus the development of transgemc vu-us-resistant varieties might 
not result in a reduction m pesticide usage. 

The extent to which the deployment of transgemc virus-resistant varieties 
would reduce these pesticide figures m the United Kingdom would depend 
mainly on economic factors and whether breeding companies perceived that a 
suitable market existed. It can, however, be seen that there IS potential for very 
large-scale reductions m pesticide use, if suitable completely resistant trans- 
genie varieties were made available and were widely adopted. Regulatory 
authoritres should take note of this potential m the light of public and govern- 
mental concerns over pesticide usage; Table 1 can be used to estimate the likely 
environmental benefits of a given virus-resistant crop being widely grown. 

2.3. Public Health 

In theory, public health benefits could accrue from a reduction m msecticide 
usage of those chemicals used to protect the crops listed m Table 1 from the 
virus diseases mentioned, if transgemc resistant crops were widely grown. 

However, there is no evidence (MAFF monitormg studies) of any detectable 
residues of these insecticides being present in the foodstuffs originating from 
these crops. This is principally owing to these msecticides being used as fohar 
sprays or as seed treatments early in the life of the crop, and either no subse- 
quent movement of the products or residues to the edtble parts of the plant or 
simply the breakdown of the product long before harvest. Processed products, 
such as beet sugar or rape-seed oil, are even less likely to contam the residues 
of msecticides applied to control aphid vnus vectors. Residues of insecticides 
used to protect seed potatoes would also not be present in the tubers produced 
from progeny crops. 

The only possible public health benefits might arise from a reduction m 
operator exposure by farm and allied workers in the manufacture, distribution, 
and application of msecticides used to control vnus vectors. These benefits 
might be significant considering the very large amounts of msecticides mvolved 
and their known or suspected harmful effects (5,6) (both acute and long-term). 
Any actual benefits would be very difficult to quantify. 

It is thus unlikely that any major public health benefits would follow from 
the widespread adoption of transgemc virus-resistant crops. A large reduction 
m the use of insecticides might however help to reduce the risks to health as 
perceived by the pubhc, which is greater than can be supported by known facts (5). 
It would appear that the prmcipal benefits would be environmental and agronomic. 
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3. Case Studies 
3.1. Viruses Transmitted by Soil Fungi 

The most important of these are the viruses transmitted by the Plasmodio- 
phorales. These viruses are transmitted inside the zoospores and resting spores 
of fungi such as Polymyxa betae. The long-lived nature of the resting spores of 
these fungi makes any control by crop rotations impossible. There is no viable 
chemical method for then control and breeding for resistance by conventional 
means is unsatisfactory 

There are two vnus diseases of this type, which are of importance to UK 
agriculture, both discussed m detail below. These are the mosaic viruses of 
barley and rhizomama disease of sugar beet. 

3.2. Barley Yellow Mosaic Virus and Barley Mild Mosaic Virus 

Both barley yellow mosaic vnus (BaYMV) and barley mild mosaic virus 
(BaMMV) cause a mosaic disease of winter barley in the UK (7). Both vuuses 
are transmitted by the weakly parasitic root infecting fungus, Polymyxa 
graminu, whose resting spores can survive m soil for at least 10 yr. The spread 
of the disease is by sol1 movement, wind, water, or cultrvatron practices. It has 
been estimated that 13% of barley fields were infected by one or more of these 
vu-uses m 1988, and the disease is still spreading. Yield losses due to these two 
viruses are not precisely known, but losses of up to 30-50% have been reported 
from heavily infected areas. This could equate to a financial loss of about 214 
million p.a. if these areas were uniformly infected. Some reduction of the 
virus disease can be seen if crops are sown later, especially if the disease is 
due to BaMMV (8). However, the planting of resistant varieties is the principal 
control method. 

Conventional breeding for resistance to these viruses has resulted in the pro- 
duction of some resistant varieties of barley A recessive gene, ym4, identified 
from a common parent, the Yugoslavian spring barley land-race Ragusa, con- 
fers resistance to both BaY MV and BaMMV. Ym4 has been bred mto such feed 
varieties of barley as Target, Epic, and Willow; but it is beginning to be seen in 
malting varieties too. There is also another source of tolerance to BaYMV and 
BaMMV m varieties such as Augusta, Sonla, and Sprite; but the genetic basis 
of the tolerance is not understood 

In the late 198Os, a resistance-breaking strain of BaYMV (BaYMV race 2) 
was found in Germany, France, and the Umted Kmgdom that overcame the 
ym4 resistance (9-11). Twenty-five separate outbreaks of the resistance-break- 
ing isolate have been reported to date from a wide geographical area. Breeders 
are therefore now searching for other sources of resistance. There is genetic 
diversity for BaYMV and BaMMV resistance m barley landraces and varieties 
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from the Far East that could be used to widen the genetic base for European 
varieties; but some of this is difficult to utilize, since it is mhertted recessively 
and 1s ohgogemc (12). Breeding with these exotic germplasms is also comph- 
cated because they are agronomtcally unsuited to the United Kingdom Time- 
consummg backcross programs are needed to combme the resistance with an 
appropriate agronomic background. A transgemc approach to breeding would 
speed up these programs. It IS particularly important at present to breed resis- 
tance to BaMMV mto the maltmg variettes, and it may prove to be more fea- 
sible to do this by a transgemc than a conventional breedmg program. 

3.3. Rhizomania Disease of Sugar Beet 

Rhizomania disease of sugar beet is caused by beet necrotic yellow vem 
vu-us (BNYVV), which 1s transmitted by the soil fungus, Polymyxa be&e. The 
disease was first found m Italy m the 1950s but has smce spread to most of 
the sugar-beet-growing areas of the world. The disease was first reported m the 
United Kingdom in 1987, and since then there have been an additional 76 out- 
breaks m the United Kingdom. Investigations of the yield effect of rhizomama 
m the United Kingdom have suggested that yield losses would be of the order 
of 53-75% or 364.9 tons of sugar per hectare if the disease continued to 
spread unchecked (13) This is m a crop with an annual farm gate value of 
about 5300 mtlhon. The disease is currently restricted to certam areas m East 
Anglia; and the United Kingdom Mmistry of Agrtculture, Fisheries & Food 
(MAFF) pursue a statutory control pohcy to limit the spread of the disease. 
Control of the disease is possible by usmg methyl bromide soil sterihzation 
(14), but this is too expensive for routine use on a field scale and IS being 
phased out under the Montreal Protocol. This leaves the production of resistant 
culttvars the only practtcable solution to its long-term control 

There are a limited number of sources of partial resistance to BNYVV m 
sugar beet itself; these have been used to produce some of the new sugar beet 
cultivars with parttal resistance to the disease. Most of these cultivars have 
reduced sugar yield and root quality compared to susceptible culttvars. Also, 
they have undesirable agronomic attributes, such as increased boltmg. Recently 
developed cultivars, such as Ballerina, are near to the acceptable quality for 
sugar beet cultivars with a l-3% yield penalty and a reasonable level of resis- 
tance to the virus. These cultivars do however still become infected by 
BNYVV, and there are fears that they may build up moculum levels m soils 
while masking disease spread, leading to widespread mfection. The lack of 
immunity to the disease has recently posed a major problem for MAFF m that 
they are reluctant to deregulate the disease and allow partially resistant cultt- 
vars to be grown if there is any possibility that a breakdown of such resistance 
could take place m the near future. The development of a transgemc cultivar of 
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sugar beet with immunity to BNYVV would remove their concerns and allow 
infected land in East Angha to be brought back mto producttve use. Also, the 
ability to move resistance genes mto ideal agronomic backgrounds would speed 
up the breeding programme. 

4. Insect Transmitted Viruses 
4.1. Barley Yellow Dwarf Virus (BYDV) 

BYDV infects all the small-gram cereals, along with maize and the majority 
of important pasture grasses. It has a worldwide distrtbution and is one of the 
most important plant-disease agents in the world. Actual losses due to BYDV 
in the United Kingdom are not known; but yield losses of 3&40% have been 
measured in field trials (unsprayed plots) (IS), and up to 90% of crops can be 
affected in some years (16). Actual average losses m wheat and barley are prob- 
ably in the region of O&-5%, which would represent a loss of about & 1 O-l 00 
million p.a., with epidemic years occurring once or twice m a decade. Losses 
of up to 26% have been reported for various ryegrass species (17) 

BYDV belongs to the luteovirus group and is spread by aphid vectors m the 
persistent manner. There are 24 known species of aphid capable of transmlttmg 
BYDV; but only five species are thought to be significant vectors m the United 
Kingdom, with R padi and S avenae being the most important. At least three 
different strains of the vn-us occur m the Umted Kmgdom, which differ m their 
vector specificity (18,19), virulence, and geographical distribution. The prmci- 
pal control measure for the virus in cereal crops in the Umted Kingdom is 
through the application of broad spectrum insecticides, particularly on winter 
cereals, though control using resistant or tolerant varieties is practiced outside 
Northwest Europe. BYDV is not usually controlled m pasture grasses m the 
United Kingdom, but some effort to breed more resistant varieties has been 
expended in the past (17). The epidemiology and control of BYDV m Britam 
has been reviewed by Plumb (20). 

Progress m breeding for tolerance to BYDV m barley has been made using 
the Yd2 gene, first identified in Ethiopian barley lines (21). The Yd2 gene is 
now present m the new Umted Kingdom spring barley cultivar Amber Older 
varieties, such as Coracle and Vixen, are also resistant to BYDV but are not 
grown widely since they are inferior to current cultivars and are particularly 
susceptible to Rhynchosporzum secalzs. Selection of resistant varieties is diffi- 
cult owing to the lack of reproducible infection and vartation m symptom 
expression. In addition to major genes, there are also nonspecific minor genes 
that have been accumulated m barley cultivars through many years of selec- 
tion, which confer some tolerance to infection. 

The wheat crop is attacked by a number of viruses, of which BYDV is the 
most important in the Umted Kingdom. However, wheat is generally not as 
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sensitive as barley to the effects of BYDV infection. There are no examples of 
immunity or resistance to BYDV m wheat, although the North American bread- 
wheat cultivar Anza and several CIMMYT (International Maize and Wheat 
Improvement Centre, Mexico) bread-wheats show partial resistance to infec- 
tion with BYDV Most United Kingdom varieties are susceptible to mfection, 
although the degree of susceptibility varies considerably. 

New sources of resistance have been identified m a wide range of Trmceae 
accessions, m particular the genera Hordeum, Leymus, Elymus, and Elytrrgia 
(22,231; and attempts are also being made to introduce the major gene Yd2 
from barley mto a wheat background (24). 

A transgenic approach to the control of BYDV m UK cereals would have to 
compete with current chemtcal control, which is both cheap and effective, but 
would have clear environmental advantages. Wheat would appear to represent 
a better candidate for transformation for virus resistance than barley because of 
the lack of suitable major gene resistance m the former. 

4.2. Potato Viruses 

The most important viruses of potato are potato leaf roll virus (PLRV), potato 
virus Y (PVY), and potato virus X (PVX). There are several known sources of 
resistance to these viruses among the cultivated and wild potato species, and 
breeders have incorporated many of them mto new potato crops. 

PVX and PVY can be controlled by dominant genes conferrmg either hyper- 
sensitivity (Nx, Ny) or extreme resistance (Rx, Ry). The provenance of these 
genes is well-characterized (251, although genes from some sources are more 
effective than others. They are relatively easy to transfer to new varieties m 
breeding programs, since they are monogenic, and selection for resistance to 
PVX and PVY can be achieved via mechanical techniques. In contrast, breed- 
mg for PLRV resistance has met with only limited success due to complex 
genetic control and also by the difficulty m screenmg, since PLRV is transmit- 
ted by aphids. Sources of partial resistance include S. acaule, S dernissum, S 
chacoence, and S. tuberosum subsp andigena. Some selections of S brewduns 
are reported as having extreme resistance to PLRV, but the resistance is again 
most likely to be oligogenrcally controlled (26). 

Overall, approx 40% of potato varieties on the NIAB 1995 recommended 
list have good resistance to either PVX or PVY. However, combmmg resis- 
tance mto any one particular cultivar has proved difficult, and only one variety 
(Sante) on the current list has good resistance to all three major viruses. The 
potato mdustry displays very slow uptake of new varieties and so the varieties 
grown most widely are often susceptible to virus mfection. However, this is 
not necessarily problematic in countries with good virus-free seed-growing 
areas and certification schemes. Transgemc approaches for tmprovmg potato 
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virus control might then be most appropriate for PLRV but may also offer 
potential for combining resistances to separate potato viruses. 

5. Conclusions 
In summary, transgenic virus resistance broadens the range of resistant 

germplasm and can confer resistance to viruses that have previously been dif- 
ficult to control using host resistance. It also increases the diversity of control 
mechamsms: the combination of transgemc and host resistances may confer a 
greater level of resistance and possibly mcrease the durability of the resistance. 
Furthermore, the ability to transform crop species directly should lead to an 
increase in the rate at which vnus-resistant cultivars with good agronomic and 
quality traits are developed. 

The rate of uptake of the technology in the United Kingdom will depend 
largely on economic factors as well as public and industry acceptance. A better 
appreciation of the potential benefits that might arise from growmg vnus- 
resistant transgenic crops should help to promote the technology, m general, 
particularly in relation to public acceptance 
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