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DEVELOPMENT OF PCR-BASED MARKERS FOR IDENTIFYING
 
GRAPE ROOTSTOCKS
 

CHAPTER 1. INTRODUCTION 

1.1 Grape Rootstocks 

The introduction of American grapevines into France during the second half of the 

nineteenth century by amateur and professional collectors accidentally brought highly 

destructive vine pests and diseases (e.g. the root louse phylloxera) into Europe (Galet, 

1979). Virtually all the vineyards of France were destroyed between 1870 and 1900 and 

most of the vineyards of Spain were ruined before 1910. Phylloxera also caused 

widespread damage to vineyards in Austria, Germany, Italy, Romania, and other places 

in the world, including California (Amerine and Singleton, 1976). However, in 1872 it 

was observed that the roots of native American Vitis species were not affected by 

phylloxera. It was proposed that since phylloxera had co-existed with native American 

vine species, they must have some resistance to this pest (Pongracz, 1983). A solution to 

the problem devised by French viticulturists was to graft traditional susceptible European 

varieties onto resistant American vines or "rootstocks" (Galet, 1979). In fact, most 

rootstocks are interspecific hybrids that exhibit a number of desirable traits. From then 

on, pest- and disease-resistant rootstocks became the foundation of European and 

American viticulture, except for a few districts of Australia and California where 

phylloxera had been excluded (Mullins et al., 1992). 

For about a hundred years, rootstocks have been used by grape growers as a 

defense against soil-borne pests and diseases, e.g. phylloxera, fanleaf degeneration, 

nematodes. Besides their pest and disease resistance, rootstocks have other important 

characteristics. Some are adapted to different climatic conditions, e.g. short growing 

season, cold winters, excessive rain, drought, while others are suitable for different soil 
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conditions, e.g. high pH, salt, excessive fertility or infertility, high active lime 

(Martonand Jackson, 1988). Rootstocks also have variable impact on the vigor, length 

of growing season, time of bud, break in the spring, fruit quality, and yield of their 

scions. Another important consideration that must be taken into account is that not all 

rootstocks are compatible with all scion material. 

There is an increasing need for rootstocks as old, low-producing vineyards or 

phylloxera-infected vineyards are replanted. For example, the phylloxera-resistant 

rootstock AXR#1 used to be the only rootstock used against phylloxera for over twenty-

five years in California vineyards. In 1985, a new biotype of phylloxera Type B 

was identified as the agent causing disastrous declines in AXR#1 vineyards (Granett et 

al., 1987). As a consequence, the UC Phylloxera Task Force strongly recommended that 

its use be discontinued immediately, and that alternative rootstocks be used for vineyards 

in California (Strik and Freeman, 1992). This Type B biotype of phylloxera was recently 

found in a commercial Oregon vineyard prompting the recommendation that all new 

plantings in Oregon use Type B phylloxera-esistant rootstocks. 

1.2 Need to Identify Grapevine Varieties 

Grapevine (Vitis) cultivars have a long history of domestication which originated 

around 4,000 B.C. (Olmo, 1976). An important feature of all species in the Vitis genus 

is that they hybridize easily resulting in high heterogeneity (Unwin, 1991). Within each 

variety, large numbers of different clones have been selected and propagated, usually 

based on their performance rather than on morphological characters (Thomas et al., 

1993). This has led to a great diversity of grapevine varieties and large lists of cultivar 

names. Recent estimates place the number between 5,000 and 15,000 (Alleweldt, 1988). 

Because the morphological differences between cultivars are often minor, over time many 

cultivars have been misidentified and/or misnamed (McCarthy, 1988). 
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Although most rootstocks are complex interspecific hybrids and are 

morphological distinct, at least for experts, some have very similar morphologies and 

thus, are difficult to distinguish by visual inspection. For example, Walker and 

Boursiquot (1992) found that the rootstock purported to be Teleki 5C in the Vitis 

collection at the University of California, Davis was misidentified as SO4. More 

recently, in an unpublished letter, the rootstock AXR#1 and probably Kober 5BB were 

mistakenly sold as Paulsen 1103 by the Foundation Plant Material Service (FPMS) also 

at the University of California, Davis (Andre Lauchli, personal communication, 1993). 

Once misidentifications occur, they can lead to costly consequences such as the replanting 

of entire vineyards. Wine and table grape varieties may be destroyed if they are grafted 

onto disease non-resistant rootstocks. What makes it worse is that the consequences may 

not be immediately apparent. Therefore, a critical need exists for developing objective 

and practical methods of identification. 

2.3 Methods 

1.3.1 Ampelography 

Traditionally, grapevine cultivars have been identified by ampelography which is 

the science specifically concerned with the description of vine species and cultivated 

varieties (Galet, 1979). It is a visual method based largely on the appearance of the 

growing tip, the young and the adult leaf, the shoot and the cane, the inflorescence and 

flowers, the cluster and berries, and seeds (Galet, 1979; Bowers et al., 1993). 

Morphological data are still in current use. For example, seven selections of the 

grape rootstock SO4 in Vitis collections at the University of California, Davis were found 

to be misnamed and have been correctly identified as Teleki 5C by careful comparison of 
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morphological traits. The results of the ampelographic characterization were confirmed 

by the isozyme profiles of the two rootstocks (Walker and Boursiquot, 1992). 

Although morphological descriptions can uniquely identify some species and 

cultivars, the development of skill in ampelography is dependent on the development of a 

high degree of observational and diagnostic expertise which requires specialized and 

long-term training (Scott and Thomas, 1992). Because it relies on subjective 

observations, it is not uncommon for expert ampelographers to disagree on the identity of 

a vine (Bowers et al., 1993). Furthermore, morphologies reflect not only the genetic 

constitution of the species and cultivars, but also the interaction of the genotype with the 

environment (G x E) within which it is expressed (Smith and Smith, 1992). This 

morphological variability, together with the variability of subjective evaluations made by 

humans greatly limits ampelographic identification. This has led to the development of 

more objective methods based on the analysis of protein and DNA from grapevine tissue. 

1.3.2 Isozyme Profiles 

Isozymes are different forms of a given enzyme that share the ability to process 

the same substrate. These different forms are electrophoretically distinct and can be 

visualized with enzyme-specific stains (Wolfe, 1976). Different species or cultivars 

often have very different isozyme patterns and so are distinguishable. Enzymes suitable 

for this kind of analysis must be present and active in the tissue to be sampled, stable in 

different environments, and polymorphic among the species or cultivars to be evaluated 

(Bowers et al., 1993). 

Isozymes have been widely used in plant biology, including plant breeding, plant 

population genetics, systematics, and evolutionary genetics because they offer reliable 

single gene markers and are codominant in inheritance (Arulsekar and Parfitt, 1986). The 

main advantage of isozyme analysis over ampelography is that the former offers a direct 
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determination of the genetic composition of an organism, thus freeing the observer from 

judgments based on phenotypic characteristics which are heavily influenced by the 

environment (Wolfe, 1976). A comparison of ampelography and isozyme assays is 

illustrated in Table 1. 

The technique of isozyme electrophoresis has been shown to have potential for 

discriminating among species, cultivars and rootstocks of grapes. Wolfe (1976) studied 

seven isozyme systems in sixty grape cultivars and found that four were particularly 

informative: leucine aminopeptidase; indolphenol oxidase; acid phosphatase; and catechol 

oxidase. Subden et al. (1987) reported isozyme characterization of twenty-seven 

cultivars and feral accessions from four Vitis species. From twelve isozyme systems 

examined, glucose-6-phosphate isomerase, peptidase, and acid phosphatase exhibited 

unique isozyme banding patterns. Walker et al. (1993) demonstrated the use of eight 

isozyme systems including glucose phosphate isomerase, acid phosphatase, leucine 

aminopeptidase, aspartate aminotransferase, 6-phosphoglucomutase, malate 

dehydrogenase, phophoglucomutase, and alcohol dehydrogenase to identify sixty 

rootstocks available in UC Davis collections at FPMS and USDA. 

However, certain problems limit the wide utilization of isozyme analysis for 

identification purposes. First, the presence of tissue tannins and other phenolic 

compounds can inactivate enzymes and interfere with activity assays (Arulsekar and 

Parfitt, 1986). Second, when different tissues from the same plant or the same tissue at 

different development stages or ages are used, the isozyme banding pattern may change 

(Subden et al., 1987). The resolution of isozymes is also affected by freezing or length of 

freezing of the samples and the type of buffer employed during electrophoresis (Walters 

and Posluszny, 1989). Third, there are not enough isozyme systems available for 
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Table 1. Comparison of ampelography and isozyme assays 

Ampelography	 Isozyme Assays 

Nature of assay	 Subjective Objective 

Observations	 Phenotype of Electrophoretic analysis 
growing tip, 
leaf, 
shoot, 
cane, 
inflorescence, 
flowers, 
cluster, 
berries, 
seeds 

Genetics	 Complex phenotypes Single or limited number of 
controlled by many genes genes 

Environmental Strong Limited 
influence 
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cultivar identification. From a large number of enzyme systems tested so far, only a 

small subset of the enzymes gave scorable and consistent but limited polymorphisms 

across grape cultivars (Walters and Posluszny, 1989; Scott and Thomas, 1992; Bower et 

al., 1993). Although individual isozymes system can be used to narrow the field of 

possibilities, it is extremely rare that a single isozyme system can uniquely identify a 

given variety. In most cases, at least two or more enzyme systems are required (Wolfe, 

1976). However, positive identification of an unknown cultivar is often not possible 

unless other heritable variations such as DNA restriction fragments are considered 

because related cultivars may share identical isozyme banding patterns (Subden et al., 

1987; Parfitt and Arulskar, 1989). Finally, as much as 75% of the nucleotide 

substitutions in genes encoding proteins may have no affect on electrophoretic mobility 

(Smith and Smith, 1992). Thus, sequence variation among different cultivars can not 

always be detected by this method. Therefore, DNA will likely serve as a better 

descriptor for varietal identification. 

1.3.3 Restriction Fragment Length Polymorphisms 

Both ampelography and isozyme analysis depend on observing or scoring 

characters resulting from the expression of grapevine genes phenotype, which in turn 

depends on the interaction of a range of factors including subjective judgement, 

environmental conditions, the stage of development of the plant, and disease status (Scott 

and Thomas, 1992). These limitations have encouraged efforts to find alternative and 

more objective methods which are independent of phenotypic characters. 

Restriction fragment length polymorphism (RFLP) analysis has received much 

attention as an objective method for grapevine identification because RFLPs are inherited 

differences in sites for restriction enzymes that result in differences in the lengths of the 

fragments produced by cleavage with the relevant restriction enzymes. These differences 
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are detected at the DNA level and reflect differences in DNA nucleotide sequences which 

are not influenced by human judgment, environmental factors, or developmental stages 

(Bowers et al., 1993). 

In RFLP analysis, genomic DNA is digested by restriction enzymes which cleave 

DNA at specific nucleotide recognition sequences and generate discrete fragments. These 

fragments are fractionated by size and transferred onto a membrane which is then probed 

with labelled probes. Polymorphisms are revealed by taking advantage of the sequence 

affinity in complementary base pairing between probe DNA and the restricted genomic 

DNA because of the presence or absence of restriction sites (Smith and Smith, 1992; 

Scott and Thomas, 1992). 

The introduction of RFLP methodology to plants has significantly increased the 

number of genetic markers, since they are not limited to coding regions as are isozymes, 

for example (Mauro et al., 1992). DNA data as revealed by RFLPs are very precise and 

reliable. Thus, RFLP analysis has been widely used for cultivar identification in many 

plant species including grape. Striem et al. (1990) reported using two multi-loci 

heterologous probes (M13 DNA and the human 33.6 minisatellite DNA) that have been 

widely used in DNA fingerprinting and Hinf I or Hae III genomic digestion to produce 

cultivar-pecific banding patterns in seven V. vinifera table grape cultivars. Another study 

described use of a phenylalanine ammonia-lyase (PAL) cDNA of Daucus carota as a 

probe and Xba I genomic digestion to distinguish eight different V. vinifera cultivars and 

two non vinifera cultivars (Yamamoto et al., 1991). Bourquin et al. (1991) used nine Pst 

I fragments obtained from V. vinifera cv. Chardonnay as probes and Alu I or Hinf I 

digestions to identify nine interspecific hybrid rootstocks. RFLP analysis showed highly 

polymorphic banding patterns and one of nine probes alone could distinguish all nine 

rootstocks. In the following year, the same group did an extended RFLP analysis on 
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sixteen rootstocks using five DNA probes obtained from V. vinifera cv. Chardonnay and 

Hinf I digestion. They found that all could be identified when combining results from 

different probes (Bourquin et al. 1992). 

In contrast to these studies in which only small number of cultivars or rootstocks 

were sampled, a relatively large number of wine grape cultivars were analyzed using 

RFLP analysis by Bowers et al. (1993). In their study, DNA extracted from 43 

accessions was digested with Hind III or Eco RV and probed with five low-copy number 

DNA clones selected from a grape genomic DNA library. RFLP analysis revealed unique 

patterns for all accessions presumed to be distinct cultivars. Identical banding patterns 

were produced by Zinfandel and Primitivo grapes, supporting the hypothesis that these 

are synonyms for a single cultivar. Similarly, the pattern of the accession now 

designated as Pinor noir 19 (previously known as Gamay Beaujolais in California) was 

identical to that of Pinot noir 1, supporting ampelographic opinion that the former is not a 

distinct cultivar. 

RFLP analysis is an objective, precise, reliable, and reproducible tool for 

providing taxonomic, genetic, and phylogenetic information. Nevertheless, it also has 

some drawbacks. This kind of analysis requires high quality and quantity of DNA. 

Another prerequisite is to prepare and select probes. Usually, a genomic or a cDNA 

library has to be established for providing probes. Then plasmid DNA is isolated from 

recombinant clones and inserts are isolated, purified, and labelled to be used as probes. 

All candidate probes must be screened with total genomic DNA to eliminate highly 

repetitive sequences which produce banding patterns that are too complicated to score. 

Probes obtained from initial screening often need to be tested against DNA digested by 

different restriction enzymes because not all probe/restriction digestion combinations are 

equally informative. Only those which give clear, easily identified polymorphisms are 
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selected. In general, a number of different probes may be required to distinguish the 

cultivars of interest. In such a case, selected probes are used in repeated cycles of 

probing and washing membranes, exposing X-ray film, and stripping membranes. All 

these steps, from initial extraction to final exposure of films are expensive, time 

consuming, laborious, and tedious (Smith and Smith, 1992). 

1.3.4 Polymerase Chain Reaction 

Since the development of the polymerise chain reaction (PCR) as a method of 

DNA synthesis in 1985, an enormous number of publications involving the use of PCR 

have appeared in the scientific literature. Numerous modifications, improvements, and 

novel applications of PCR have been devised (Innis et al., 1990). However, the basic 

principal remains the same and is based on the use of a pair of primers, each of which 

binds at one end of a precise location in the template DNA, followed by repeated 

synthesis of the DNA between the two primers. Products are visualized and analyzed by 

electrophoresis (Saiki et al., 1988). In the last a few years, there has been great interest 

in using PCR to provide new types of DNA markers because they are easier and faster to 

produce and analyze than standard blotting and hybridization. The PCR marker types fall 

into two groups based on primer design: those known as sequence-tagged sites (STSs) 

with PCR primers designed from a known sequence (Olson et al., 1989), and those 

based on arbitrary primers (Welsh and McClelland, 1990; Williams et al., 1990). 

1.3.4.1 Simple Sequence Length Polymorphism /Sequence- Tagged Microsatellite Site 

The most informative or polymorphic STS marker appears to be one that 

amplifies a DNA region containing simple sequence repeats which is also called the 

microsatellite repeat sequence (Litt and Luty, 1989; Tautz, 1989; Weber and May, 1989). 

Microsatellite DNAs are short regions of tandem repetitions of mono-, di-, tri-, or 
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tetranucleotide motifs which are usually less than 100 by long and are normally 

embedded within unique DNA stretches (Litt and Luty, 1989). They occur as 

interspersed repetitive elements in all eukaryotic DNA and one can expect to encounter at 

least one microsatellite sequence every 10kb of eukaryotic DNA sequence (Tautz, 1989). 

One important feature of microsatellite sequences is that the number of repeats 

within a block of tandem repeats varies from individual to individual. This feature 

enables microsatellite sequences to exhibit a high degree of length polymorphisms, 

referred to as simple sequence length polymorphism (SSLP) (Tautz, 1989) or sequence-

tagged microsatellite sites (STMS) (Beckmann and So ller, 1990). The length 

polymorphisms are revealed by using PCR with primers complementary to the unique 

DNA sequences that normally flank microsatellite repeat sequences. The amplified 

fragments are resolved on a standard polyacrylamide sequencing gel which can 

reproducibly detect even single nucleotide length differences (Tautz, 1989). 

This method has several potential advantages. Application of PCR in this method 

consumes less DNA and is faster and more sensitive than standard blotting and 

hybridization. Several independent loci can be amplified simultaneously and when 

primers are labeled differentially, amplified fragments from several loci can be loaded into 

single gel lane. Many of such markers can be generated on a single polyacrylamide 

sequencing gel (Weber and May, 1989). The resolving power of the gel is such that 

single nucleotide differences may be detected and the length of the fragments can be 

unequivocally recorded using appropriate size markers. A clear advantage of this is that 

the allelic status of individuals can be objectively digitized and reproduced independently. 

There is no need to include standard samples with the test samples because each band has 

a certain numeric value (Scott and Thomas, 1992; Rassmann et al., 1991). 

SSLPs/STMSs also show a co-dominant mode of inheritance which simplifies the 
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interpretation of the patterns (Thomas and Scott, 1993). Furthermore, the method 

employs equipment used for standard DNA sequencing to view and record the data, and 

therefore benefits from all developments that aim to automate of these techniques 

(Rassmann et al., 1991) 

The rapidity of PCR analysis, co-dominant inheritance of microsatellite markers, 

ease of scoring a natural abundance of alleles, and the capacity to automate the system 

make this a powerful marker for population genetics, physical and genetic mapping, 

parentage determination, and genome typing. In the last few years, Thomas and Scott in 

Australia have done an extensive study surveying use of microsatellite markers for 

grapevine identification (Scott and Thomas, 1992; Thomas and Scott, 1993; Thomas et 

al., 1994). They defined a number of pairs of primers, each of which amplified a distinct 

microsatellite repeat sequence and generated a suite of several microsatellite markers 

which enabled them to distinguish the grapevine varieties tested though the number was 

not stated (Scott and Thomas, 1992). This was the first report of using microsatellite 

markers in grape. In the following year, they investigated microsatellite repeat sequences 

as STS markers to determine their potential for genetic analysis of the grape genome. 

Screening of five loci in 26 V. vinifera cultivars revealed 13, 12, 8, 5, and 4 different 

alleles (length variant) respectively. Based on the combined genotype data from the five 

loci, they were able to distinguish all grape cultivars tested (Thomas and Scott, 1993). 

In 1994, the same group began to use automated DNA typing procedures for detecting 

SSLPs/STMSs by combining PCR with an automated gel analysis system available 

through Applied Biosystems, Incorporated (ABI) (Foster City, CA). This system 

permits a computer to collect the data from the gel during a run and automatically analyzes 

the results after collection is complete. With this improved procedure, a database was 

established consisting of more than 80 cultivars including some rootstocks, each of 
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which had been typed at 7 micosatellite loci. By comparing the genotypes across these 

loci, it was possible to distinguish each cultivar (Thomas et al., 1994). 

The major obstacle of SSLP/STMS analysis is that the sequence of the segment of 

DNA to be analyzed must be known in advance in order to gain the necessary information 

for PCR primer synthesis. So far, most microsatellite sequence loci were taken from 

published sequences. This, obviously, can only be done for species that already have a 

wealth of published sequence information, e.g., for humans. To a limited extent, such 

loci may also be useful for closely related species, though this has to be tested in each 

case. However, for most species it will be necessary to define such loci first, which 

requires a series of expensive and laborious steps including establishment of genomic 

DNA libraries, preparation of probes, screening of libraries, and sequencing of positive 

clones ( Rassmann, 1991). Another potential problem is the occurrence of PCR artifacts 

which may require further selection of primers and/or modification of reaction conditions 

and procedures (Tautz, 1989). Finally, SSLP/STMS analysis has a high equipment 

demand including basic tools of molecular biology, PCR machine, sequencing gel setup, 

and automated gel analysis system which by itself costs about one hundred thousand 

dollars (Thomas et al., 1994). 

1.3.4.2 Random Amplified Polymorphic DNA 

Although PCR is simple and powerful, detection of DNA polymorphisms such as 

SSLPs/STMSs requires prior knowledge of target DNA sequence information. The time 

and cost of obtaining this sequence information is prohibitive for many large-scale genetic 

analyses (Williams et al., 1990). The surprising finding that amplification of genomic 

DNA can be directed by only one oligonucleotide primer of arbitrary sequence to produce 

a characteristic banding pattern may circumvent this problem. This approach was 
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developed independently by Williams et al. (1990) and by Welsh and McClelland 

(1990). 

The principle of this method differs from standard PCR protocol in three aspects: 

(1) a single, short (i.e. 10 base-length) primer of arbitrary sequence is used instead of a 

pair of sequence-specific primers; (2) the priming target sites are unknown while in 

standard PCR, they are known; and (3) relaxed rather than stringent amplification 

conditions are used (i.e. an annealing temperature of 36 °C instead of > 50 °C) 

(Lashkari and Saul, 1992). A comparison of conventional and RAPD PCR is shown in 

Table 2. 

The amplification reaction usually gives rise to a characteristic spectrum of short 

DNA products of varying complexity in which polymorphisms are frequently detected 

(Caetano-Anolles et al., 1991). The banding pattern is visualized either by agarose gel 

electrophoresis and staining with ethidium bromide (Williams et al, 1990) or by 

polyacrylamide gel electrophoresis and autoradiography (Welsh and McClelland, 1990). 

The ethidium bromide detection method is less sensitive, but is faster and easier. For 

these reasons, the Williams protocol (Williams et al., 1990) has become the most 

commonly used. Because the process uses primers of arbitrary nucleotide sequence to 

reveal polymorphisms, Williams proposed to call these markers "random amplified 

polymorphic DNA" (RAPD) markers (Williams et al., 1990). 

The mechanism of the RAPD reaction is complicated and still not fully 

understood. However, the reaction is believed to be competitive in nature because the 

low annealing temperature and short primer presumably permit some mismatches 

between primer and template (Heun and Helentjaris, 1993). Theoretically, an 

amplification product is generated only from genomic regions that are flanked by a pair of 

priming sites on opposite strands, in the proper orientation, and within an amplifiable 
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Table 2. Comparison of conventional and RAPD PCR 

Conventional Assay RAPD Assay 

Primers Two sequence-specific primers A single primer of 
arbitrary sequence 

Many primers not 
informative 

Large number of 
primers are 
screened 

Primer length 16-35 bases usually 10 bases 

Annealing 
temperature 

Over 50 °C, dependent on primers 35-40 °C 

Function Amplification of specific sequence Detection of 
potential poly
morphi sms at 
several loci 
simultaneously 
among different 
genomes 
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distance of each other (e.g., within a few thousand nucleotides). But, because of the 

competitive nature of the reaction, if perfect or near-perfect templates are not present in 

proper orientation or proximity to permit amplification, less perfect templates may 

substitute. This flexibility in priming sequence would account for the observation that 

bacterial genomes give rise to more RAPD products than would be predicted on the basis 

of genome size (Williams et al., 1990). Therefore, events favoring one or another 

product in early cycles of RAPD reaction may have greater effect on the nature and 

quantity of the final products than under standard PCR conditions where only a perfect or 

near-perfect match will be productive. 

The value of this method comes from the fact that the banding pattern is often 

different when it is applied to DNA from two different individuals. A particular DNA 

fragment generated from one individual but not the other may represent a DNA 

polymorphism and may function as a genetic marker (Lashkari and Saul, 1992). Sources 

of polymorphisms may include single-base mutations preventing primer binding, 

deletions of priming sites, insertions which make priming sites too distant to support 

amplification, or insertions that change the size of a DNA segment without preventing its 

amplification (Williams et al., 1990). 

Since the method was first published, it has been widely used in genetic mapping, 

plant and animal breeding programs, phylogenetic and taxonomical studies, and 

fingerprinting. The attraction of the RAPD assay is based largely on the following 

advantages: (1) no prior target DNA sequence information is needed; (2) a universal set 

of commercially available primers can be used for genetic studies in a variety of species; 

(3) only nanogram quantities of DNA are required; (4) no radioactivity is involved; (5) 

each primer detects polymorphisms in multiple loci and large numbers of samples can be 
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rapidly surveyed; and (6) the procedure is fast, easy, and has the potential for automation. 

In the last few years, several groups reported using the RAPD assay for 

identifying grape cultivars. Collins and Symons (1993) showed that polymorphisms 

among ten different grape cultivars tested were readily obtained with both single and 

mixed RAPD primers. Jean-Jaques et al. (1993) screened fifty RAPD primers and found 

that the identification of eight V. vinifera cultivars could be achieved by combining 

patterns obtained from two primers. In another study, Tschammer and Zyprian (1994) 

analyzed ten cultivars representing Riesling-type vines. They found that the cultivars of 

the Riesling-type grapevines could be clearly distinguished by their RAPD patterns. 

Convenient and powerful as the RAPD assay appears to be, it also has 

drawbacks. RAPD markers are dominant and provide less information than co-dominant 

markers such as isozymes, RFLPs, and microsatellite markers. Because of the 

competitive nature of the RAPD reaction, the assay is very sensitive to slight changes in 

reaction parameters such as DNA quality and quantity (Williams et al., 1993), choice of 

DNA polymerase ( Schierwater and Ender, 1993), magnesium concentration (Williams et 

al., 1993; Park and Kohel, 1994), choice of thermal cycler (Penner et al., 1993), primer 

concentration (Williams et al., 1993), use of ethidium bromide versus silver for detection 

of products (Caetano-Anolles et al., 1992), and presence of RNA (Yoon and Glawe, 

1993). As a result, the reproducibility of the assay, and the difficulty of sharing data 

between laboratories remain controversial issues. Properties of the different systems 

described above for generating genetic markers are summarized in Table 3. 
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Table 3. Properties of systems for generating genetic markers' 

Principle 

Cause of 
poly
morphism 

Level of 
poly
morphism 

Dominance 

Amount of 
DNA need 

Sequence
information 
needed? 

Radio
activity? 

Ease of 
sharing data 
bewteen 
laboratories 

Repro
ducibility 

Cost 

RFLP 

Restriction digestion 
Southern blotting 
Hybridization 

Loss/gain of 
restriction sites 
Insertions 
Deletions 

Medium 

Codominant 

2-10 lag 

No 

Yes/No 

Dependent on 
willingness to 
share probes 

Good 

High 

Microsatellites 

PCR of simple sequence 
repeats 

Changes in length of 
repeats 

High 

Codominant 

50-100 ng 

Yes 

Yes/No 

Only primer 
sequences needed 

Good 

High 

RAPD 

DNA amplification 
with random primers 

Single base changes 
Insertions 
Deletions 

Medium 

Dominant 

5-25 ng 

No 

No 

Only primer 
sequences needed 

Potentially 
problematic 

Low 

1 Adapted from Rafaiski and Tingey (1993). 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Plant Material 

The rootstocks used in this study have been described by Galet (1979): MG 420A 

(Vitis berlandiere x V. riparia), Richter 99 (V. berlandieri x V. rupestris), SO4 (V. 

berlandieri x V. riparia), Riparia Gloire (V. riparia selection), MG 101-14 (V. riparia x 

V. rupestris), Kober 5BB (V. berlandieri selection), Couderc 3309 (V. riparia tomentose 

x V. rupestris), Couderc 1616 (V. solonis [riparia-rupestris-candicans] x V. riparia), and 

5C (V. Berlandieri x V. riparia). Field-grown or greenhouse plants were sampled late in 

the growing season, from late August through late October of 1992, 1993, and 1994 

from vineyards at Oregon State University (Woodhall III and the Lewis Brown Farm 

Mother Block), from Mahonia Nursery in Salem, OR, and from greenhouses in 

Woodburn, OR (Agritope, Inc.). 

2.2 Grape DNA Isolation 

Young leaves were held on ice immediately after picking and generally were 

processed the same day. In no case were leaves held for more than two days prior to 

DNA extraction. Leaves (approximately 10 g) with the main vein removed were rinsed in 

distilled water and ground to a fine powder in the presence of liquid nitrogen in a pre-

chilled mortar and pestle. The powder was suspended in 80 ml of ice cold extraction 

buffer (0.35 M sorbitol, 0.1 M Tris, pH 8.0, 5.0 M MgCI, 50 mM KC1, 10 mM EDTA, 

10 mM sodium sulfite, 10 mM 2-mercaptoethanol, 1% polyvinylpyrrolidone-40 [PVP

40, Sigma Chemical Co., St. Louis, MO]) and blended at high speed in a ice cold 

Osterizer blender for 2-5 seconds. The blended leaf extract was passed through 4 layers 

of cheesecloth and centrifuged in 250 ml polypropylene bottles at 10,000 x g for 15 min 

at 4 °C. The supernatant was discarded and the pellet was gently suspended in 8 ml of 50 
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mM Tris, 10 mM EDTA, pH 8.0, followed by addition of 10 g of CsCI, 800 p.1 of 10% 

SDS, and 200 p.1 of Triton X-100. The solution was covered with parafilm, mixed, and 

incubated at 55 °C for 15 min. 

After incubation, the solution was centrifuged as before. The liquid fraction was 

transferred to a clean 15 ml tube with minimal disturbance of the starch grain precipitate at 

the bottom, or the plug of cell debris at the top of the tube. Ethidium bromide (11 drops 

of a 5mg/m1 solution) was added, mixed, and the solution was held at room temperature 

in the dark until being subjected to standard equilibrium centrifugation (Maniatis et al., 

1982), usually within a week. 

Ethidium bromide was extracted from DNA with water-saturated 1-butanol (n

butanol) 4 times using about the same volume of butanol as the volume of DNA solution 

per extraction. The DNA solution was dialyzed overnight in 4 liters of 25 mM Tris, 10 

mM EDTA, pH 8.0, at 4 °C, and precipitated by addition of NaCl to a final concentration 

of 100 mM and two volumes of 95% ethanol and held at -20 °C for 2 hours. Precipitated 

DNA was washed gently in 70% ethanol and dried briefly under vacuum and redissolved 

in 500 pl TE. DNA stocks were kept at -20 °C. DNA stocks were diluted with distilled 

water as needed and the diluted DNA solutions were kept at 4 °C. DNA concentrations 

were estimated by comparing the fluorescence of electrophoretically mobile high 

molecular weight DNA to known amounts of lambda phage DNA in a minigel stained 

with ethidium bromide. 

2.3 PCR Primers 

RAPD primers were purchased from Operon Technologies, Alameda CA 94501, 

USA, (OP), and from the University of British Columbia (UBC), Nucleic Acid-Protein 

Service Unit. The sequences of primers found to generate RAPD markers are (5' to 3'): 

OPG02, GGCACTGAGG; OPG05, CTGAGACGGA; OPG06, GTGCCTAACA; 
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UBC204, TTCGGGCCGT; UBC231, AGGGAGTTCC; UBC234 TCCACGGACG 

UBC251, CTTGACGGGG. 

Sequence-specific primers (Table 4) were synthesized at the Central Services 

Laboratory of the Oregon State University Center for Gene Research and Biotechnology. 

Primers were designed in two ways: 1) addition of 10 to 14 bases to the 3'- end of the 

original RAPD 10-mers (Paran and Michelmore, 1993), except in the case of primer 

OPG02L860 where the first 4 bases at the 5'-end were deleted to avoid a potential hairpin 

loop; or 2) use of sequences internal to the terminal 10 bases of the RAPD marker to 

minimize stable inter- and intra-primer duplexes (Oligo version 4.0, National 

Biosciences, Inc., Plymouth, MN). 

2.4 PCR Reactions 

Reaction mixtures contained 50 mM Tris-HC1 (pH 9.0), 20 mM (NH4)2SO4, 1.5 

mM MgC12, 100 pM of each deoxyribonucleoside triphosphate (dNTP), 0.2 1.1,M primer, 

10.5 unit or unit of Tfl DNA polymerase (Epicentre Technologies, Madison, 

Wisconsin), and approximately 2.5 or 5 ng genomic DNA in a final volume of 12.5 or 25 

pl, respectively. Reaction mixtures were overlaid with mineral oil (E.R. Squibb & Sons, 

Inc., Princeton, NJ). RAPD reactions were carried out in an Ericomp Easy Cycler 

thermocycler (Ericomp, Inc., San Diego, CA). The PCR program consisted of an initial 

denaturation of 5 min at 94°C, 40 cycles of 30 sec at 94°C, 1 min at 35°C, and 2 min at 

72°C; followed by a final extension of 5 min at 72°C. 

All reaction mixtures were prepared in a laminar flow hood and control reactions 

containing all components except genomic DNA were performed with each set of 

amplifications. After amplification, approximately one half of each reaction was 

eletrophoresed in a 1.5% agarose gel in TAE (0.04 M Tris-acetate, 0.001 M EDTA, pH 
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Table 4. Sequence-specific primer pairs derived from cloned RAPD bands
 

Primer pairs Polymerase used/Annealing °C 

OPG02U860 5'-GGC ACT GAG GCA ACA CAT AA-3' Tfl 47 
OPG02L860 5'-CTG AGG ATA ATC TTG TGC AA-3' 

OPG05U5so 5'-CTG AGA CGG AGA GCT AAA AAA TAA-3' Tfl 47 
OPG05Lsso 5'-CTG AGA CGG ACA CTA TTT CAC ACA-3' Tag 60 

UBC2041-4140 5'-TTC GGG CCG TGT CAC ATG AAT TCC-3' Tfl 55 

UBC204L1140 5'-TTC GGG CCG TTG ACT TTG AGG CAA-3' Tag 66 

UBC231U1184o 5' -AGG GAG TTC CGG TCA CI 1 GTT TCT-3' Tfl 49 
UBC231L11840 5'-AGG GAG TTC CAA CAA GAT TTA AGT-3' 

UBC231U2184o 5'-ACC GGT ATG GTA CAG ATG CT-3' Tfl 49 
UBC231L2184o 5'-GGG AGT TCC AAC AAG ATT TA-3' Tag 62 

UBC234111660 5'-TCC ACG GAC GGG TTG GGA TAG ATT-3' Tfl 55 

UBC234L166o 5'-TCC ACG GAC GAA TTC CAG GGG GTC-3' Tag 66 

UBC251U144o 5'-CTT GAC GGG GTA TGC TGG GCT GAG-3' Tfl 53 
UBC251L1440 5'-C1T GAC GGG GGA GGG TTT GAA-3' Tag 66 

OPG02U2s6o 5'- GAA TCG TCA GAG CCA TAA CC -3' Tag 66 
OPG02L286o 5'- ATT GCC TAA CAC TGT CCA AG -3' 

OPG02U1320 5'- GAT TAG GAG TTG TGG GAT GA -3' Tag 64 
OPG021-1320 5'- AGG TGT AGC CTC AAT GAG AA -3' 

OPG05U142o 5'- AAA TCA CGG CCA ATC TTG TC -3' Tag 70 
OPG05L1420 5'- GGG CCT AAA GCT GGT CAT TC -3' 

OPG06U1440 5'- GAT TGA GGT AAC TTG ACT GA -3' Tag 62.5 
OPG061_,1440 5'- GTT AGG TGG AAA GAT GAA AG -3' 

1 Underlined sequences are derived from the original RAPD primers. The number and 
letters preceeding the `.11' (upper) and `1_,' (lower) and subscript (size of the original 
RAPD marker in bp) refer to the primer used to generate the marker. OP, Operon; UBC, 
University of British Columbia. 
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8.0) buffer at 4 to 5.3 V/cm with a 123 by DNA ladder as molecular weight markers 

(Gibco, BRL, Gaithersburg, MD). The gels were stained with ethidium bromide and the 

banding patterns were visualized and photographed on a UV transilluminator. If a 

potentially polymorphic product was generated in the control reaction, the reaction was 

repeated. In general, the control reactions gave no products. 

Amplifications using sequence-specific primers were performed using either Tfl 

DNA polymerase or Taq DNA polymerase (Promega Corporation, Madison, WI). 

Reactions with Tfl DNA polymerase were carried out in either the Ericomp Easycycler 

thermocycler or a Coy model 50 Temp Cycler (Coy Laboratory Products, Inc., Ann 

Arbor, MI) while reactions with Taq DNA polymerase were performed in the Ericomp 

Easycycler thermocycler. The reaction program was the same as indicated for the RAPD 

reactions above except 1) 35 instead of 40 cycles were used; 2) when using Tfl DNA 

polymerase, annealing temperatures were chosen based on an optimization analysis of the 

primer sequences using Oligo version 4.0 (National Biosciences, Inc., Plymouth, MN) 

(Table 4); and 3) when using Taq DNA polymerase, annealing temperatures were chosen 

empirically (Table 4). 

2.5 Cloning and Sequencing 

Tfl DNA polymerase-generated RAPD bands were excised from agarose gels and 

purified using a Geneclean kit (Bio 101 Inc., La Jolla, CA). The gel-purified DNA was 

cloned into pCRII and transformed into competent E. coli INVaF' according to the 

supplier's instructions (TATm Cloning kit, Invitrogen Corp., San Diego, CA). 

Recombinants were identified as white or pale blue colonies on LB (Luria-Bertani) plates 

containing ampicillin and X-gal (5- bromo -4- chloro- 3- indolyl -13 -D- galactosidase). 
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Plasmid DNA was isolated from several independent transformants using the 

alkaline lysis procedure described by Zhou et al. (1990) or Magic Minipreps kit (Promega 

Corp., Madison, WI). Putative positive transformants were initially chosen based on the 

size of insert DNA following restriction digestion of recombinant plasmids. They were 

confirmed by labeling the cloned inserts and using them to probe Southern blots of the 

original RAPD gels. Restriction enzymes were used according to the manufacturer's 

instructions, U.S. Biochemical Corp. (Cleveland, OH) or Boehringer Mannheim 

(Indianapolis, IN). 

Confirmed RAPD clones were subjected to dideoxy sequencing on an ABI Model 

373A sequencer using dye primer and dye terminator methods at the Central Services 

Laboratory of the Oregon State University Center for Gene Research and Biotechnology. 

2.6 Southern Hybridization 

Southern transfers were performed using the alkaline transfer procedure and Zeta 

-Probe membranes (Bio-Rad Laboratories, Richmond, CA) according to the 

manufacturer's instuctions. Cloned RAPD bands were labeled using random primed 

DNA labeling with the GeniusTM System as described (Boehringer Mannheim, 

Indianapolis, IN). Hybridizations were done at 65°C and digoxigenin-labeled DNA was 

detected by chemiluminescence ( Boehringer Mannheim, Indianapolis, IN). 
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CHAPTER 3. RESULTS 

The present study concerns the derivation of sequence-specific PCR markers 

from cloned RAPD markers. TheRAPD work discussed here is a continuation of 

previous efforts in this laboratory. Prior to the present study, eight RAPD markers had 

been generated, cloned, sequenced, and seven of them had been confirmed by Southern 

analysis. A ninth RAPD marker OPG061440 was generated, cloned, and sequenced in 

this study. This marker together with marker UBC2311660 generated previously were 

confirmed by Southern analysis also in the present study. 

Because of the potentially questionable reproducibility of RAPD reactions and the 

difficulty in sharing RAPD data between laboratories, sequence-specific PCR primers 

were designed based on the sequences of the RAPDs to circumvent these problems 

(Paran and Michelmore, 1993). The rationale for designing sequence-specific primers 

was that they could be used under stringent annealing conditions so that reactions would 

be less sensitive to the changes that are known to affect the RAPD reaction. Further, 

sequence-specific primers would allow products to be generated without depending on a 

particular heat-stable DNA polymerase because RAPD markers are known to be 

polymerase-dependent. The ultimate goal was a more reproducible type of marker. 

Markers generated using sequence-specific primers derived from cloned RAPDs are 

called "sequence characterized amplified regions" or SCARs (Paran and Michelmore, 

1993). 

Initially, a number of sequence-specific primer pairs were designed by adding 

10-14 bases (sequence information obtained from the cloned RAPD markers) internal to 

the original RAPD primer sequences (Paran and Michelmore, 1993). Thus, several 

RAPD markers were converted to SCAR markers. The initial studies with these primer 
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pairs were performed using Tfl DNA polymerase at annealing temperatures chosen by 

computer analysis (Oligo 4.0). 

During the latter phase of the SCAR work, apparent changes in the quality and/or 

performance of some batches of Tfl DNA polymerase necessitated the use of Taq DNA 

polymerase. Consequently, all the SCARs previously generated using Tfl were re

evaluated using Taq. In addition, new SCARs were generated using Taq only. In 

contrast to the previous part of the SCAR work, sequence-specific primer pairs designed 

in this part of study were based on computer analyses of sequences of cloned RAPD 

markers, instead of arbitrarily adding 10 to 14 bases internal to the RAPD primers. 

Optimal primer pairs were chosen without regard to whether original RAPD primer 

sequences were included or not. Annealing temperatures used in assays employing Taq 

were chose empirically rather than based on computer analyses. 

Efforts were also made in attempting to determine the exact genomic template 

sequences to which RAPD primers bind. The reason for doing this survey was that 

mismatches between RAPD primer and template are known to occur during the RAPD 

reaction. The results of these efforts are discussed in appendix 1. 

3.1 DNA Isolation 

Grape DNA yields were low, ranging from 10-20 j_tg/g fresh tissue. In the few 

instances where genomic DNA was digested with the restriction enzyme Eco RI, 

inhibition was not apparent, except in one case, indicating that DNA quality was 

generally good (Figure 1). All the DNA samples were amplifiable under RAPD 

conditions. The rationale for using a relatively lengthy Cs Cl-based procedure for DNA 

extraction was to obtain DNA of the highest quality. Because nanogram amounts are 

sufficient for PCR amplifications, obtaining high yields was not an important 

consideration. 



Figure 1. Comparison of undigested and Eco RI digested genomic 
DNA. From left to right, rootstocks MG 101-14, MG 420A, Richter 
99, Riparia Gloire, SO4, and Couderc 1616. Rootstock DNAs have 
been loaded in pairs of adjacent lanes. The leftmost lane in each pair 
contains undigested and the rightmost contains digested DNA. 
Inhibition of digestions was not apparent except for Couderc 1616. 
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3.2 Generation of RAPD Markers 

Eight RAPD markers were generated before this part of the research was begun. 

A ninth RAPD marker was generated in this study, OPG061440 (Table 5). Gel 

electrophoretic bands were scored conservatively, and thus a large number of potentially 

polymorphic products were eliminated from consideration. These included relatively 

faint bands, and bands that were prominent in some rootstocks but barely visible rather 

than absent in others. The RAPD markers were considered reproducible if they were 

observed in at least two separate amplifications using DNA isolated from rootstocks over 

multiple years without regard to the total number of amplifications attempted, nor to the 

reproducibility of other bands on the same gels. 

Day to day variations among amplifications were observed (Figure 2). Failed 

amplifications occurred from time to time and were of three sorts: 1) no products, 2) 

smears instead of discrete bands, and 3) faint discrete bands. Generally, for every 

successful amplification, one to three attempts were made. Use of fresh DNA dilutions, 

new mineral oil, and new buffer did not cause noticeable improvement in these 

amplifications. However, a systematic effort to determine the basis for the failed 

reactions was not undertaken. More often than not, the expected amplification was 

restored upon repetition of the assay without deliberate alteration in protocol. 

3.3 Southern Hybridization Analysis of Cloned RAPD Markers 

Confirmation that the correct bands had been cloned was based on probing blotted 

RAPD gels with the cloned markers and comparing the hybridization patterns with the 

banding patterns based on ethidium bromide staining. Southern analyses of markers 

UBC2 3 1 1660 and OPG06 1440 were undertaken in the present study. Hybridizing bands 



Table 5. Rootstock-RAPD marker matrixl 

RAPD markers2 

UBC234166o UBC2511440 0PO061440OPG02860 OPG02132o OPG05550 0PG051420 UBC204114o UBC2311840 

Rootstock 

+ + +MG 420A + +	 + 

+ + + +Richter 99 + + 

+ + +SO4 #43 + 

Riparia Gloire ? 

+ +? +Couderc 3309 

MG 101-14 +	 ? 

? +Kober 5BB ? ?
 

+
 +Couderc 1616
 

+ +
5C4 + 

1 The matrix is based on the eight RAPD markers previously generated (Xu et al., 1995)
 
2 "+" indicates the presence of the indicated marker when rootstock DNA was used in an appropriate DNA amplification
 
reaction. "?" indicates an ambiguous result. The number and letters preceeding the subscript (size of RAPD marker in bp) refer
 
to the primer used to generate the marker. OP, Operon; UBC, University of British Columbia.
 
3 The pattern for SO4#4 was the same obtained for another SO4 isolate (SO4#12).
 
4 The pattern for 5C was the same obtained for two other putative "SO4" isolates (SO4 #3 and SO4 #14).
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Figure 2. Variation in the RAPD reaction. Reactions A, B, and C were performed under apparently 
identical conditions but on different days using primer OPG06. The arrow indicates marker OPG06 1440. 

The lane next to the rightmost 123-mer DNA ladder in all panels is a "no template DNA" control reaction. 
In panel A and B, an unidentified sample was loadedin the lane to the right of 5C. 
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in addition to the expected RAPD bands were observed (Figure 3) as previously noted 

(Xu et al., 1995). 

For marker UBC2311660, where the presence of the original RAPD bands could 

not be scored with certainty in rootstock Kober 5BB (Table 5), a hybridizing band of the 

correct size was observed (Figure 4). This indicates that the band was present but at a 

concentration too low to be detected by ethidium bromide staining. For marker 

OPG061440, neither Couderc 3309 nor SO4 #12 produced a hybridization signal (Figure 

3), although both were scored positive for marker OPG061440 (Table 5). These results 

demonstrate that bands of the same size generated in different samples using the same 

primer may not necessarily represent the same sequence. Similar hybridization results 

were obtained in the case of other cloned RAPD markers (Xu et al., 1995). 

3.4 Amplifications Using Sequence-Specific Primers and Tfl DNA Polymerase 

Initially, seven sequence-specific primers were designed from six of nine cloned 

RAPD markers (Table 4) . Among these seven pairs of primers, six were designed by 

adding 10 to 14 internal bases to the 3' of the original RAPD primer sequences (Paran 

and Michelmore, 1993). For marker UBC2311840, an additional pair of primers was 

designed by computer analyzsis of the sequence information obtained from the cloned 

marker instead of arbitrarily adding 10 to 14 internal bases to 3' of the original RAPD 

primer sequence. The initial study with these seven pairs of primers was performed 

using Tfl DNA polymerase and annealing temperatures were chosen based on computer 

analyses (Oligo 4.0). 

The most useful primer pairs, OPG02U860/0PG02L860 (Figure 5), 

OPG05U550/0PG05550, and UBC231U166clUBC2311-1660 generated additional bands 

that may represent length variants. Southern blots of gels of amplifications with the first 
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Figure 3. Hybridization of cloned RAPD marker OPG061440 to a Southern blot of the 
RAPD gel. Rootstocks marked with asterisks had been scored positive for the marker. 
The upper band is the correct size of the original RAPD marker. SO4 #3 and #14 are 
likely 5C and not true SO4. Because the intact recombinant vector was labeled and used 
as a probe, the hybridization signal in the first and last lanes, containing the 123 by 
molecular weight ladder, reflects homology between vector sequence and the 123-mer. 
The lane between 5C and the rightmost 123-mer contains an unknown sample. 
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Figure 4. Hybridization of cloned RAPD marker UBC231166o to a Southern blot of 
the RAPD gel. Rootstocks marked with asterisks had been scored positive for the 
marker. "?" indicates that RAPD marker could not be scored with certainty in these 
rootstocks. SO4 #3 and #14 are likely 5C and not true SO4. Because the intact 
recombinant vector was labeled and used as a probe, the hybridization signal in the first 
and last lanes, containing the 123 by molecular weight ladder, reflects homology between 
vector sequence and the 123-mer. 



34 

MI a 8 41 8 8 IQ e g 111 

(5 co m

QU 5 Ord 0 I ! 

a)-0 N 4)
't 1E .4 40 "4t %:
0 000 ou 1)cl 076000 E
2Eu) cn to eL 

*Ng. r 11. ow 0 

Figure 5. Amplification using sequence-specific primer pair 
OPG02U860/0PG02L860. A larger, apparent length variant was 
generated in rootstocks SO4#3, SO4#4, MG101-14, Couderc 1616, 
SO4#12, SO4#14, and 5C. The outer lanes consist of a 123 by 
molecular weight ladder. 
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two primer pairs with cloned markers OPG02860 and OPG0555o, respectively, revealed 

that the additional bands were homologous to the original markers (data not shown). 

Southern analysis was not performed on the amplifications with primer pair 

UBC231U1660/UBC231L1660. Although Southern analysis showed homology among 

the variants in the two cases tested, it is not possible to establish allelism in the absence of 

a pedigree. 

Amplifications involving sequence-specific primer pairs UBC204U114o/ 

UBC204L1140, and UBC251U144o/UBC251L1440 resulted in a loss of polymorphism 

because all rootstocks gave rise to the formerly polymorphic RAPD bands (Figure 6). 

Although rootstocks 5C and SO4 #4 were polymorphic for RAPD marker UBC2041140 

(Table 5), post-amplification digestions of the product generated by primer pair 

UBC2041-1 izto and UBC204L1140 from these rootstocks with BamHI, EcoRI, HindIII, 

PstI, XbaI, HacIII, and Sau 3A I failed to reveal restriction site differences (data not 

shown). 

Primer pair UBC251U 1440/UBC251L1440 amplified other products in addition to 

the monomorphic band (Figure 7). Use of higher and lower than optimal annealing 

temperatures with this primer pair, or higher than optimal temperatures with 

UBC204U1140/UBC204L1140 did not restore polymorphism. 

For unknown reasons, neither of the two pairs of sequence-specific primers 

designed from cloned marker UBC231 840 amplified the expected product consistently. 

Certain primers have been observed to amplify poorly, or not at all from sequences that 

lack obvious potential secondary structure (Innis 1990). Use of higher and lower than 

optimal annealing temperatures with primer pair UBC231U1 1840/UBC231L 1 1840 did not 

restore polymorphism. 
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Figure 6. Amplification using sequence-specific primer pair 
UBC204U114o/UBC2041-1140. A loss of polymorphism was 
observed because only rootstocks MG 420A, Richter 99, Riparia 
Gloire, Couderc 3309, and Couderc 1616 gave rise to the original 
RAPD marker. The outer lanes consist of a 123 by molecular 
weight ladder. The lane between 5C and the rightmost 123-mer 
DNA ladder is the "no template DNA" control amplification. 
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Figure 7. Amplification using sequence-specific primer pair 
UBC251U144o/UBC251L1440. A loss of polymorphism was 
observed because only rootstocks MG420A and Couderc 3309 gave
rise to the original RAPD marker (brightest band). Note the 
unexpected additional bands amplified in most samples. The outer 
lanes consist of a 123 by molecular weight ladder. The lane 
between 5C and the rightmost 123-mer DNA ladder is the "no 
template DNA" control amplification. 
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3.5 Amplification Using Sequence-Specific Primers and Taq DNA Polymerase 

Towards the completion of this study, Taq DNA polymerase had to be used to 

replace Tfl DNA polymerase due to apparent changes in the quality and performance of 

some batches of Tfl . In addition to converting the remaining three RAPD markers to 

SCARs, all the SCARs previously generated using Tfl were re-evaluated using Taq. For 

the remaining three RAPD markers, optimal primer pairs were chosen based on computer 

analyses of sequences of these three cloned RAPD markers without regard to whether the 

original RAPD primer sequences were included or not (Table 4). This way of designing 

primers was also applied to previous SCARs when they were re-evaluated using Taq in 

the case where the originally designed primers (adding 10 to 14 internal bases to the 3' of 

the original RAPD primers) were not informative (e.g. OPG02U860/0PG021,860) (Table 

4). Annealing temperatures in assays employing Taq were chosen empirically rather than 

based on computer analyses, and usually were higher than the optimal annealing 

temperatures given by computer analyses (Table 4). 

Primer pairs OPG05U1420/0PG05L1420, UBC231U184o/UBC231L1840, and 

UBC251U1440/UBC251L1440 were most useful because each of them generated a 

product only from the rootstocks from which the original RAPD markers had been cloned 

(Figures 8, 9, and 10). Therefore, rootstocks MG101-14, Richter 99, and Couderc 3309 

could be unambiguously distinguished from all others tested. 

Primer pairs OPG021_11320/0PG021-1320, UBC23 Ui66o/UBC23 1 L1660, and 

OPG06U1440/0PG06L1440 gave rise to products from rootstocks in addition to the ones 

from which the original RAPD markers had been cloned (Figures 11, 12, and 13). 

Nevertheless, the results were polymorphic and thus were informative. 

Amplification involving primer pairs OPG02U2860/0PG02L2860 and 

OPG05U550/0PG05L550 also gave rise to amplification products from rootstocks in 
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Figure 8. Amplification using sequence-specific primer pair 
OPG05U1420/0PG05L142o. The original RAPD marker OPG051420 
was cloned from MG101-14. The outer lanes consist of a 123 by 
molecular weight ladder. 
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Figure 9. Amplification using sequence-specific primer pair 
UB C23 1 U2 1840MB C231 L2 1840. The original RAPD marker 
UBC23 1 1840 was cloned from Richter 99. The outer lanes consist 
of a 123 by molecular weight ladder. 
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Figure 10. Amplification using sequence-specific primer pair 
UB C25 1U 1440/UB C25 1 L 1440. The original RAPD marker 
UBC25 1 1440 was cloned from Couderc 3309. The outer lanes 
consist of a 123 by molecular weight ladder. 
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Figure 11. Amplification using sequence-specific primer pair 
OPG02U1320/0PG02L1320. The original RAPD marker OPG021320 
was cloned from Richter 99. The outer lanes consist of a 123 by 
molecular weight ladder. 
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Figure 12. Amplification using sequence-specific primer pair 
UBC2 3 1U1660/UBC2 31L1660. The original RAPD marker 
UBC231 U1660 was cloned from 5C. The outer lanes consist of a 
123 by molecular weight ladder. 
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Figure 13. Amplification using sequence-specific primer pair 
OPG061.11440/0PG06L1440. The original RAPD marker OPG06144o 
was cloned from 5C. The outer lanes consist of a 123 by molecular 
weight ladder. 
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addition to the ones from which the original RAPD markers had been cloned. 

Furthermore, they generated apparent length variants which provided additional 

polymorphisms (Figures 14 and 15). 

Amplification using primer pair UBC204U1140/UBC2041-4140 resulted in a loss 

of polymorphism because all rootstocks gave rise to the formerly polymorphic RAPD 

band (Figure 16). However, this marker may still have utility because it may be 

polymorphic among different rootstocks not tested in this study. 

A monomorphic RAPD marker UBC234922 was cloned and sequence-specific 

primers were designed to test the possibility that the new primer pair would reveal 

polymorphisms. However, amplification at a number of annealing temperatures (58, 60 

64 °C) failed to generate polymorphism, while at 68 °C or higher, no product was 

amplified (data not shown). The results obtained using Taq are summarized in Table 6. 
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Figure 14. Amplification using sequence-specific primer pair 
OPG02U2860/0PG02L2860. The original RAPD marker OPG02860 
was cloned from 5C. Two larger length variants were generated in 
rootstock MG 420A. Note the expected product is approximately 
400 by smaller than the original RAPD marker due to use of 
sequence-specific primers internal to the RAPD primer. The outer 
lane consists of a 123 by molecular weight ladder. 
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Figure 15. Amplification using sequence-specific primer pair 
OPG05U550/0PG05L550. The original RAPD marker OPG0286o 
was cloned from Kober 5BB. A larger length variant was generated 
in rootstocks MG 420A and Kober 5BB. The outer lanes consist of 
a 123 by molecular weight ladder. 
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Figure 16. Amplification using sequence-specific primer pair 
UBC204U114o/UBC204L1140. The original RAPD marker 
UBC2 041140 was cloned from Couderc 1616. A loss of 
polymorphism was observed because only rootstocks MG 420A, 
Richter 99, Riparia Gloire, Couderc 3309, and Couderc 1616 gave 
rise to the original RAPD marker. The outer lanes consist of a 123 
by molecular weight ladder. 



Table 6. Rootstock-SCAR marker matrix' 

SCAR primer pairs2 

1 2 3 4 5 6 7 8 9 10 

Rootstock 

MG 420A +/+/+3 +/-1- + + 

Richter 99 + + + + + + + + 

+ + + + +SO4 #4 + 

Riparia Gloire + + + 

Couderc 3309 + + + + + 

MG 101-14 + + + + + + 

Kober 5BB +/+ + + + + 

Couderc 1616 + + + 

5C +4 + + + + + 

1 The matrix is based on the results obtained with Taq DNA polymerase.
 
2 Primer pairs: 1, OPG02U2860/0PG02L2860; 2, OPG02U1320/0PG02L1320; 3, OPG05U550/0PG05L550; 4,
 
OPG05U1420/0PG05L1420;5, UBC204U1140/UBC204L1140; 6, UBC23 1U21840/UBC2 3 1L2 1840; 7,
 
UBC2 3 4111660/UBC234L1660; 8, UBC2 5 1U1440/UBC2 5 1L144(); 9, OPG06U1440/OPG0 61-144o; 10,
 
UBC234U922/UBC234L922. The number and letters proceeding the 'Li (upper) and 'I.,' (lower) and the subscript (size of the
 
original RAPD marker in bp) refer to the primer used to generate the marker. OP, Operon; UBC, University of British
 
Columbia.
 
3 "+" indicates the presence of the marker when rootstock DNA was used in an appropriate DNA amplification reaction. "+/+"
 
or "+/+/+" indicate that one or two length variants were amplified.
 
4 "+" indicates that the original RAPD marker was cloned from the specified rootstock.
 

VD 
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CHAPTER 4. CONCLUSION 

RAPD markers were generated and tested for suitability in identifying grape 

(Vitis) rootstocks. A total of nine markers were generated and in combination were 

sufficient to distinguish the rootstocks examined. However, in the course of the RAPD 

work difficulties were encountered in performing the amplifications. Reactions were 

observed that generated no products, smears, or very faint products. Replacing each of 

the reaction components with new reagents did not give noticeable improvement. One of 

the most puzzling aspects of the RAPD reactions was that failed reactions could often be 

restored upon repetition of the assay without any deliberate alteration in protocol. 

RAPD reactions performed to provide gels for Southern blotting to confirm the 

cloning of previously identified RAPD markers were particularly problematic. For 

example, one reaction was repeated more than ten times to provide one useful 

amplification for blotting marker OPG06 1440. A useful amplification is defined here as 

one that yielded the marker in the same pattern as originally generated and defined for 

each rootstock. Use of fresh reaction components did not cause noticeable improvement 

in the reproducibility of the reamplifications. 

These observations are consistent with other observations of unreliability of the 

RAPD assay. Slight changes in reaction conditions have been reported to alter RAPD 

banding pattern qualitatively and/or quantitatively. Different RAPD profiles were 

produced using the same template DNA isolated by different methods in which different 

degrees of purity were obtained. This indicated that purity of template DNA can affect 

RAPD pattern qualitatively (Gogorcena and Parfitt, 1994). RNA was found to interfere 

with DNA amplification involving random primers. Pretreatment of template DNA with 

RNase was reported to improve the amplifications quantitatively (Yoon and Glawe, 
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1993). Choice of primers is important because not all primers perform equally well. 

Devos and Gale (1992) found that some primers, presumably due to the lack of suitable 

priming sites in certain genomes, amplified poorly, while others generated complex 

patterns that were difficult to reproduce. Fluorescent dye labeled primers were observed 

to change the amount and/or number of fragments visible with ethidium bromide staining 

(Tommerup et al., 1995). Schierwater and Ender (1993) reported that different 

thermostable DNA polymerases amplified different RAPD products using the same 

template and primer. Even different brands of Taq DNA polymerase were found to 

reveal drastic variations among RAPD patterns (Meunier and Grimont, 1993). Small 

changes of concentration in components of PCR such as template, primer, polymerase, 

dNTPs, and MgCl2 were all shown to alter RAPD patterns (Muralidharan and Wake land, 

1993; Park and Kohel, 1994; Devos and Gale, 1992). Caetano-Anolles (1994) also 

demonstrated that PCR buffer components and pH could influence the reproducibility of 

RAPDs. Different denaturation and annealing temperatures were observed to alter RAPD 

patterns dramatically (Devos and Gale, 1992). When more than 35 cycles of 

amplification were used, increased unexplained and nonreproducible fragments were 

observed (Pammi et al., 1994). Variations in RAPD patterns associated with different 

types of thermal cycler used have also been commonly observed among researches 

(Meunier et al., 1993; Xu et al., 1995). 

The RAPD newsgroup on the "Bionet.molbio.rapd" internet network is a source 

of much anecdotal evidence suggesting that the RAPD assay is prone to difficulties. A 

number of communications reflected problems similar to those encountered in the present 

study. Researchers with a variable degree of experience with the RAPD assay reported 

that: 1) amplifications lacked reproducibility from day to day under apparently identical 

reaction conditions; 2) sometimes smears instead of the original discrete bands were 
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observed; 3) failed reactions in which no products were generated occurred from time to 

time and could last for days, weeks, or even months; 4) transferability of RAPD data 

from lab to lab was found to be low; 5) most of the time, the unreliability of the RAPD 

assay could not be overcome by replacing reaction compents but could be restored 

unpredictably by repetition of the assay. Some suggestions were also proposed in the 

RAPD newsgroup. These included: 1) samples and the method of isolating DNA should 

be carefully chosen to ensure the purity of DNA; 2) the reaction volume should be 

increased to avoid pipetting errors; 3) reagents should be stored in small aliquots to avoid 

contamination of entire batches; 4) at the preliminary stage of a project, several 

concentrations of each reagent should be tested to optimize reaction conditions; 5) the 

quality of DNA polymerase needs to be kept in mind because DNA-contaminated 

commercial polymerases are not uncommon; and 6) when the RAPD assay is performed 

in different PCR machines, the PCR programs may need to be modified to generate 

compatible results. 

A widely held view among RAPD researchers is that reaction conditions need to 

be rigorously optimized and reagents need to be handled very cautiously in order to 

obtain reproducible results. Further, RAPD markers identified in different laboratories 

may not necessarily be interchangeable, nor compatible for establishing a shared RAPD 

marker data base, unless standardization of reaction conditions is achieved. However, 

the feasibility of optimizing reaction conditions when large numbers of samples need to 

be surveyed, and of standardizing reaction conditions among different laboratories 

remain questionable. Furthermore, one can not guarantee the quality or availability of a 

given performance of a DNA polymerase or PCR apparatus over time. 

In order for any marker to have value in fingerprinting, it must be reliable, 

practical, and validated in independent laboratories ( Smith and Smith, 1992). Although 
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RAPD markers were generated for the purpose of identifying grape rootstocks in this 

study, the difficulties encountered in reproducing the amplifications made the procedure 

impractical. 

Implicit recognition that RAPD markers may not be reliable is apparent in the 

substantial efforts undertaken to derive sequence-specific primers from cloned RAPDs 

found to be linked to disease resistance genes in lettuce (Paran and Michelmore, 1993). 

Markers obtained in this way have been called "sequence characterized amplified regions" 

or SCARs. Several groups have since reported using this method to convert potentially 

unreliable RAPD markers to SCARs linked to disease resistance genes or a fertility 

restorer gene in other plants including tomato, radish, common bean, pea, and barley 

(Williamson et al., 1994; Delourme et al., 1994; Adam-Blondon et al., 1994; Timmerman 

et al., 1994; McDermott et al., 1994) 

This approach was also employed to overcome the unreliability of RAPD markers 

generated in the present study for identifying grape rootstocks. Sequence-specific 

primers were designed for nine cloned RAPD markers. The initial sequence-specific 

(SCAR) reactions were carried out using Tfl polymerase. In three cases, useful apparent 

length variants of the original amplification products were generated. In two cases, the 

original polymorphisms were lost. In the latter phase of the study, Taq replaced Tfl in all 

the SCAR reactions because of inconsistencies in enzyme performance in certain batches 

of Tfl. Eventually all the amplifications were performed with Taq, at annealing 

temperatures chosen empirically. From nine sequence-specific primer pairs, three 

generated a product only from the rootstocks from which the original RAPD markers had 

been cloned; another three gave rise to products from additional rootstocks while still 

maintaining polymorphism; two others generated apparent length variants from some 

accessions which provided additional polymorphism information; and one primer pair 
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resulted in a loss of polymorphism. In summary, based on the eight polymorphic 

markers, rootstocks MG 420A, MG101-14, Richter 99, Couderc 3309, and Kober 5BB 

could be unambiguously identified; Riparia Gloire and Couderc 1616 could not be 

distinguished from each other, but produced a pattern different from that produced by the 

other rootstocks; SO4#4 and 5C also could not be distinguished from each other but 

produced a pattern different from that produced by the other rootstocks. Several RAPD 

markers were cloned from the same rootstock (Table 6). Additional unique patterns 

might have been obtained if those markers had been cloned from different rootstocks 

because sequence information obtained from a particular rootstock might be unique, and 

thus SCAR primers derived from that sequence information might generate a product 

only from that particular rootstock. 

Without knowing the source of the polymorphisms that produced the RAPD 

markers, one can not predict whether longer sequence-specific primers derived from them 

will retain the polymorphisms. One interpretation of why some primer pairs amplified 

the same product in all rootstocks is that the original polymorphisms are in the sequences 

to which the RAPD primers anneal. The rootstocks that failed to amplify the original 

RAPD bands may have had poor matches at one or both termini preventing 

amplifications. Addition of 10 to 14 bases at the 3' of the RAPD primers in a non-

polymorphic region may have provided enough homology to overcome the original 

mismatch and to permit annealing and amplification (Figure 17). 

Length variants generated in SCAR reactions have been observed by others. 

Paran and Michelmore (1993), Williamson et al. (1994), and Adam-Blondon et al. 

(1994) reported on the co-dominant nature of SCAR markers through segregation 

analyses. One explanation for generating length variants may due to an insertion or 

deletion between the two primer binding sites (Figure 18). 
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Figure 17. Loss of polymorphism using SCAR primers. In the upper two panels, a 
RAPD primer gives rise to a product in genome 1 but fails to do so in genome 2 because 
of a mismatch (XX) at the 3' end. In the lower two panels, a sequence-specific primer 
made by extending the RAPD 10-mer produces the same product in both genomes. The 
mismatch in genome 2 no longer prevents amplification because it is not at the 3' end. 
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Figure 18. Apparent length variant generated using SCAR primers. In the upper two 
panels, a RAPD primer gives rise to a product in genome 1 but fails to do so in genome 2 
because of a mismatch (XX) at the 3' end. In the lower two panels, a sequence-specific 
primer made by extending the RAPD 10-mer produces a longer product in genome 2 due 
to an insertion. The mismatch in genome 2 no longer prevents amplification because it is 
not at the 3' end. 
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The greatest advantage of SCAR markers revealed in this study is that they are 

more reproducible, and thus more reliable than RAPD markers. Other advantages of 

SCARs have been discussed by Paran and Michelmore (1993). 

One conclusion drawn from the present study is that RAPD markers may be best 

used as a preliminary tool for detecting potential polymorphisms. Once detected the 

markers should be cloned and converted into a sequence-specific form to avoid the 

difficulties of the RAPD assay and to facilitate sharing of data between laboratories. 
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APPENDIX 1. UNSUCCESSFUL ATTEMPT TO IDENTIFY GENOMIC 
SEQUENCES TO WHICH RAPD PRIMERS BIND 

The RAPD reaction is competitive and done under conditions that permit 

annealing of primer-template mismatches (low annealing temperature--35 °C--and a 

single, short 10-base primer). If perfect or near-perfect templates are not present in 

proper orientation or distance to permit amplification, less perfect templates may 

substitute. This flexibility in priming sequences would account for the observation that 

bacterial genomes give rise to more RAPD products than would be predicted on the basis 

of genome size (Williams et al., 1990). Events favoring one or another product in early 

cycles of PCR due to small changes in reaction parameters such as DNA quantity or 

quality, may have a far greater effect on the nature and quantity of the final products than 

under standard, stringent conditions when only a perfect or near-perfect match will be 

productive. The resultant variability undermines the usefulness of RAPD markers as a 

fingerprinting tool and prompted the present efforts to modify them. 

The approach was to view the RAPD markers as a preliminary screen for potential 

polymorphisms that could be best exploited by cloning and sequencing them and deriving 

new pairs of sequence-specific primers from them. It was believed important to 

determine the exact genomic sequences to which the RAPD 10-mer primers annealed for 

two reasons: 1) to permit direct assessment of the importance of primer-template 

mismatches; and 2) to permit the design of sequence-specific primers that incorporated 

such mismatches. These sequences could not be obtained directly from the cloned RAPD 

markers because the terminal sequences of the RAPDs were the same as the 10-base 

primers used in the original PCR. As described above, RAPD PCR conditions are not 

stringent and are presumed to permit mismatches between primer and template, and thus, 

it was assumed that the genomic sequences would not necessarily be the perfect 
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complements. It follows that different rootstocks that gave rise to the same RAPD 

marker may not necessarily share sequence identity at the primer annealing sites. A 

further prediction is that rootstocks that failed to give rise to a RAPD marker failed 

because they shared insufficient homology to the 10-mer primer at one or both termini, at 

least in some cases. In other cases, failure of the primer to produce the RAPD marker 

may have been due to an insertion or deletion between identical primer annealing sites. 

As noted in the discussion section, the results of amplifications performed with the 10

mers and derived SCAR primers provided support for a model involving primer-template 

mismatches. It was hoped that the effort described here would provide evidence. 

How to determine the genomic sequences? A major limitation of standard PCR 

is that DNA sequences situated immediately outside the primers are inaccessible because a 

single oligonucleotide that primes synthesis into a flanking region produces only a linear 

increase in the number of copies. "Flanking region" in the present case refers to the 

genomic sequences that annealed to the original RAPD 10-mers. These terminal 10-mer 

sequences now constituted the termini of the cloned RAPD markers. 

One approach which was not taken was to use "inverse PCR" (Ochman et al., 

1990). This method is depicted in Figure 1 and involves 1) cloning the RAPD marker of 

interest, 2) sequencing the terminal 150 bases at both termini, 3) designing a pair of 

outward-facing primers that do not anneal to the terminal 10 bases, 4) digesting genomic 

DNA from the rootstock from which the RAPD was cloned with an enzyme that does not 

cut within the cloned DNA but that produces an amplifiable fragment containing the intact 

region, 5) ligating the digested DNA under conditions that favor monomer formation; and 

6) performing standard PCR with the primers designed in step 3. These primers now 

face one another because the linear template has been circularized. The PCR product 

generated is cloned and sequenced, and the sequences of the regions corresponding to the 
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Digest genomic DNA 

Circularize 

O 
PCR 

Major product 

Figure 1. Schematic illustration of inverse PCR not drawn to 
scale. The jagged line depicts the central region of a RAPD marker 
in rootstock genomic DNA. Filled and open boxes represent the 
upstream and downstream RAPD 10-mer binding sites (flanking 
regions), respectively. Restriction enzyme recognition sites are 
denoted by triangles. Oligonucleotide primers constructed to anneal 
to the core region and the direction of DNA synthesis are shown by 
arrows. 
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RAPD primer binding sites are compared with the original 10-mers. Regions of non-

complementarity reflect mismatches and can be incorporated into longer, rootstock-

specific primers for use in standard PCR. This approach was not taken because it was 

believed to be too time-consuming considering the number of rootstock-RAPD marker 

combinations to be analyzed. 

The approach chosen, "Restriction-Site PCR" was simpler in practice and 

involved no digestions or ligations, but unfortunately, failed to yield the information 

sought (Sarkar et al. 1993). Briefly, two rounds of PCR were performed using nested, 

outward-facing sequence-specific primers derived from internal sequences of the cloned 

RAPD marker, and degenerate primers that annealed distal to the "flanking" regions and 

primed DNA synthesis towards these sequences (Figure 2b). 

A set of degenerate primers ("restriction site oligonucleotides" or RSOs) was 

designed to maximize the probability of annealing in the proper orientation and within 

sufficient proximity to the sequence-specific primers to promote synthesis of the desired 

product during PCR (Figure 2a, Table 1). Because the genomic region to which the 

RSOs were expected to anneal is unknown, a series of parallel reactions was performed 

with four different RSOs and the same sequence-specific primers, in expectation that at 

least one of the four would be successful. Each RSO differed by having at its 3' end a 

different restriction site known to be present at a detectable frequency in the grape 

genome, thus providing a degree of specificity (Bourquin et al., 1991; Thomas et al., 

1993). The RSOs were named according to the chosen sites. In fact, any short sequence 

known to be present at a reasonable frequency could have been used. The T7 RNA 

polymerase promoter sequence was incorporated at the 5' end of each RSO to allow 

further amplification of the nested PCR products by in vitro transcription followed by 

reverse transcriptase sequencing. Although the T7 was incorporated, the transcription 
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pT7 anchor restriction site 

a) 5' 3' 

b) specific primers 

unknown sequence 1 2 3 

-.4-- -.40--- -.0-

--Pm- 01.- --01-
AB C D known sequence 

RSO primers 

First PCR with primer 3 + RSO primers A, B, C, 
and D in 4 parallel reactions 

Second (nested) PCR with primer 2 + same RSO primers 

on amplified product from PCR 1 in 4 parallel reactions 

Sequence product from PCR 2 using primer 1 

Figure 2. Schematic representation of RS-PCR. (a) Stucture of an RSO 
primer. (b) Schematic illustration of the method. The shaded ellipse depicts the 
genomic sequences to which the RA[D 10-mer anneals. 
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Table 1. Restriction site oligonucleotides (RSOs)1 

RSOAIu (Alu I)
 

5' TAA TAC GAC TCA CTA TAG GG (N*)10 AGC T 3'
 

RSORsa (Rsa I)
 

5' TAA TAC GAC TCA CTA TAG GG (N*)10 GTA C 3'
 

RSODra (Dra I)
 

5' TAA TAC GAC TCA CTA TAG GG (N*)ioTTT AAA 3'
 

RSOPst (Pst I)
 

5' TAA TAC GAC TCA CTA TAG GG (N*)io CTG CAG 3'
 
1 Each RSO consists of 3 elements (5' to 3'): 1) the 20-base T7 RNA polymerase 
promoter sequence; 2) a degenerate 10-base sequence synthesized in the presence of all 4 
dNTPs designated (N *) lo; and 3) a restriction site known to be present at a detectable 
frequency in the grape genome. The RSOs were named according to the chosen sites. 
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and reverse transcription sequencing steps were not performed. nor were considered 

essential to the procedure (Sarkar, personal communication, 1994). An internal 

degenerate 10-base sequence within the RSOs was synthesized in the presence of all four 

dNTPs based on the assumption that some fraction of the mixture of RSO molecules 

would share sufficient homology to genomic sequences to permit annealing during PCR. 

To test the method, three sequence-specific primers from cloned RAPD marker 

UBC2041140 and four RSOs were designed to retrieve the genomic sequences to which 

the RAPD 10-mer, UBC204, originally annealed. Each PCR mixture (total volume of 20 

ill) contained 60 mM Tris-HC1 (pH 8.5), 15 mM (NH4)2SO4, 1.5 mM MgCl2, 250 .tM 

each dNTP, 0.5 units of Tf 1, 2 picomoles of one sequence-specific primer, 20 picomoles 

of one RSO primer, and 100 ng of genomic DNA. Initially, both the first and second 

(nested) PCR were subjected to standard PCR cycling conditions as described in the 

original protocol: 5 min at 94 °C for the initial denaturation, 30 cycles of 30 sec at 94 °C, 

1 min at 54 °C, and 2 min at 72 °C, followed by a final extension of 5 min at 72 °C. In 

the second or nested PCR, 1µl of the product of the first PCR instead of genomic DNA 

served as template, and a second sequence-specific primer internal to the first was used. 

Discrete bands were obtained in the second PCR as described by the original investigator 

in reactions involving one of the four RSO primers from two different rootstock DNAs 

(Sarkar et al., 1993). However, the results were inconsistent, and consequently, the 

PCR program was modified to allow the RSO to anneal at a permissive temperature (25 

°C) in the first 5 cycles of only the initial PCR, in the absence of the sequence-specific 

primer. The modified PCR consisted of an initial denaturation of 5 min at 94 °C, 5 

cycles (with RSO primer only) of 30 sec at 94 °C, 1 min at 25 °C, 2 min at 72 °C, 

followed by 25 cycles (specific primer added) of 30 sec at 94 °C, 1 min at 55 °C, and 2 

min at 72 °C. The final extension was 5 min at 72 °C. The nested PCR was performed 
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on 1111 of the product of the first modified PCR as template, the same RSO primers, and 

a second sequence-specific primer internal to the first. The program for the nested PCR 

was 5 min at 94 °C for initial denaturation, 30 cycles of 30 sec at 94 °C, 1 min at 55 °C, 

and 2 min at 72 °C, followed by a final extension of 5 min at 72 °C. 

Among the four RSOs used, only RSOPst generated a discrete band in the nested 

PCR reaction of the modified procedure (Figure 3). In the original protocol, the product 

generated in the nested PCR was to be transcribed with T7 RNA polymerase followed by 

sequencing of the transcript using a third, internal sequence-specific primer and reverse 

transcriptase. An alternative approach was used in the present study. The major product 

generated in the nested PCR was cloned in the same way as the RAPD markers had been 

cloned. Confirmed clones were then subjected to dideoxy sequencing using M13 and 

SP6 sequencing primers from the vector as well as the third sequence-specific primer 

internal to the second (nested) primer. 

Sequencing of clones was expected to reveal an RSO sequence at one terminus, 

that of the second (nested) sequence-specific primer at the other, and the genomic region 

of interest containing the RAPD 10-mer binding site in between. Unfortunately, 

sequence information obtained indicated that the major product generated in the nested 

PCR reaction did not contain the regions of interest (Figure 4). This was concluded from 

two pieces of evidence: 1) both ends of the products generated in the nested PCR 

reactions contained RSO primer sequence; and 2) the sequencing reactions did not yield 

any results when sequence-specific primer 3 was used as sequencing primer. One 

explanation is that during the first 5 cycles of the modified PCR conducted at a low 

annealing temperature with only the RSO primer present, non-specific binding occurred 

allowing the generation of products flanked by regions complimentary to the RSO. The 

presence of the sequence-specific primer during the subsequent 25 cycles at the higher 
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1 2 3 4 5 6 7 8 9 10 

Figure 3. Amplifications using RSOPst and sequence-specific
 
primers 3 (1616 SPU3) and 2 (1616 SPU2) (Figure 19). Lanes 1,
 
3, 5, 7, and 9 are amplifications using RSOPst and specific primer 1
 
with rootstock Couderc 1616 DNA as template at 200 ng, 150 ng,
 
100 ng, 50 ng, and 20 ng, respectively. Lanes 2, 4, 6, 8, and 10
 

aliquots of the first PCR from lanes 1, 3, 5, 7, and 9, respectively.
 
The outer lanes consist of a 123 by molecular weight ladder.
 

are nested amplifications using RSOPst, specific primer 2, and 1111
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a) 1 GACACTATAGAATACTCAAGCTATGCATCAA ACCGAGCTCGGA 50 RS-PCR 
I 1 1III 1 II II 11 11111 : 

1 GACTCACI'ATCAGGGCGAATTGGGCC=AGATGCATGCTCGANCGGCC 50 Cloned RAPD 

51 TCCACTAGTAACGGCCGCCAGTGTGICIGGAATTCGGCMAATACGACTC 100
 

III II II
I I I
I 1 1 I I
 

51 GCCAGTGTGATGGATATCTGCAGAATTCGGCT1GAAGCGGTATCCTTTGT 100
 

101 ACTATAGGGAACATCAACACTGCAGTTCTATATATAG11'AAGATGGTCAA 150
 
II


I I I I 1 1 1 1 1 I 1
I I
 

101 CCAATGCGACAACTTGAAAGTGTATGGCCTCAACTACAGGAATGCCCAGC 150
 

151 AATCTCCCTGTTAGAATATTTGTG
 --(211AGCAAGTCGGATTA 200
 

II I
II II II
 
I I I I I
I
 

I
 

151 AAATGCATGTTAGCTTTGAAGGAATCTATGAGTGTTCAAGCTTCAGAGGA 200
 

201 TGCTGATCATCTTCACAGTTGGGAGAAAACATGGGATTCACCTTTGCAGC 250
 
I
I I 1 I
it III II 1111 II


I
 

201 GAGGTGACTTCATCAGAGGAGAGCCCTAACACTGATGGAATTCATGTGAC 250
 

251 ATCAATGGCAT 261
 

I I
 

251 ACGGCCCGAAA 261
 

50 RS-PCRb) 1 TAATACGACTCACTATCAGGC-CGAATTGGGCCCTCTAGATGCATGCICGA 

111111111111111H111111111111111111111111111111111 
50 Cloned RAPD 

1 TAATACGACTCACTATCAGGGCGAATIGGGCCCTGTAGATGCArIGCTCGA
 

100

51 NCGGCCGCCAGTGTGATGGATATCTGCAGAATTCGGCrrlAATACGACTC
 

II II

1111111111111111111111111111111111H111 

I
 

100

51 NCGGCCGCCAGTGTGATGGATATCTGCAGANITGGGCTTGAAGCGGTATC
 

150
101 ACTATAGGGAAGAGACGTCTGCAGCCAAATGGGAATCGACAGAATGAGT7
 
I I
 

I I
 

II II
 
1 1
 

I
III II
 

150

101 CITTGTCCAATGCGACAACTTGAAACTGTATGGCCTCAACTACAGGAATG
 

200

151 GAAAACTTGAGCTACGATCACAGGGCAGAATATITCCATCTIGAAAATAT
 

1111
 1
 11 11
 
1
I
II 1

I
 

I I
 

200

151 CCCAGCAAATGCATGTTAGCTTTGAAGGAATCTATGAGTGTTCAAGCTTC
 

250
 
201 CAGACL1111ATATATCGAGATCAGGTAATGGCTAATAGGTATGAGCTAG
 

II
 
I
I
 

I
II 
I I
 

I
 

250
 
201 AGAGGAGAGGTGACTTCATCAGAGGAGAGCCCTA-ACACTGATGGAATICA
 

251 TGCTTCACTAA'111fAC 267
 

II III
 

251 TGTGACACGGCCCGAAA 267
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Figure 4. Alignment of the sequence retrieved using RS-PCR with that of the cloned 
RAPD band. In each pair of alignments, the top line is the sequence retrieved using RS
PCR. The bottom line is the sequence obtained from the cloned RAPD band. Sequences 
1-89 are from the vector. (a) One terminus of the of the cloned RS-PCR product 
sequenced using M13 as a sequencing primer. Underlined sequences 90-124 are the 
RSOPst primer sequences. Underlined sequences 258-267 are complementary to the 
RAPD 10-mer. The actual genomic sequences corresponding to bases 257-267 were 
subjected to RS-PCR retrieval. (b) The other terminus of the cloned RS-PCR product 
sequenced using SP6 as a sequencing primer. Underlined sequences 90-125 are the 
RSOPst primer sequences. Underlined sequences 252-261 are complementary to the 
RAPD 10-mer. The actual genomic sequences corresponding to bases 252-261 were 
subjected to RS-PCR retrieval. 
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annealing temperature may have been irrelevant. This may be an unavoidable artifact of 

performing PCR with degenerate primer at a low annealing temperature. It would appear 

that a re-examination of inverse PCR as a mean of retrieving the desired sequences may 

be in order. 
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1 

APPENDIX 2. SEQUENCES OF CLONED RAPD MARKERS 

OPG02860 sequences 

Upstream 5' to 3' 

GGCACTGAGGCAACACATAAAAACCTCC 1 1 1 GAGTGAAATTCCTTGAAAAG 

CGACATCACCTCCCACCCACGATAGGGCAAGAAAATTTCCAAAAGGTTAAT 

GAGAAGCCATCTAGCCCAAATGTGGACAGCACCTCC1 1 CTCCAAGAAGGT 

CCCAAATGTGGACCAAAA 1'1'1'1'CATGCAAG1TCACCCACATGACTATTCCAA 

ACTGTCCATAAGWTAAGAATCGTCAGAGCCATAACCCA AACATTGTGGTTG 

GCTCATCATAGCAGGACCTTGTTGGCTGCAAAATCCATGTAAGTAATC, 1 T 

CCGATMTAGGITTAGATTATA 1 1 1 1 CCC 1 1 ACTGATITAATAGATCAGGAT 

ATTACAGGACTGGATAACAC 

Downstream 5' to 3' 

GGCACTGAGGATAATC 1 1 GTGCAAGAAATTGTGC, 1 1 CAAATTCATAAATTC 

AGAATAGAGATTCC1'1ACCAGATATAAATTAAGC11 CA'1'11-1 GATTAGCACT 

TG1 1 1 1G1 1 fCTGTTCACATGACAAATATAGCACTCCCCTTAACACC, 1 1GAA 

TGCCCTATGTTICTAGGITTCA 1 1 Tl'CATCC1-1GGTCCTCATITAACAAATTG 

CCTAACACTGTCCAAGGTC 11 CACAGTATATAACCA 1 1 1 1GTGTATTCTATG 

TTGTGTTA 1 1 1 1 ATCATCAATTAATGAATTCTAGTGCCAACTAA1 1 1 1 1 GAGC 

TCTATGTA AACAGAAAGTA'1'111 CCACTGGTTCTGGGTTGGTGGATCCAATT 

TTTAGAATGTGCTTACAAAT 
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2. OPG021320 sequences 

Upstream 5' to 3' 

GGCACTGAGGCATAGTCAATTTGCTTC 1 1 CACTTGGGTTATGATGGATTAG 

GAGTTGTGGGATGACCTTACACTAGGTCA 

Downstream 5' to 3' 

GGCACTGAGGTGTGTGCTGCAGGGGCAGGCGGTGTAGCCTCAATGAGAA 

TCTCAACTTGCTGGGCCTGGGGTGGCTGTTCATCTT 

3. OPG05550 sequences 

Upstream 5' to 3' 

CTGAGACGGAGAGCTAAAAAATAATCATAATAATAATAATTAGAAAATAAA 

ATCITGCAATITGTGTGTTGTAAKITAGAAAATAGTCTGGAATGCCTACAAT 

GTGGACCCAGAGAAGCCAGTGAATFGCAAC 1 1 GGCATGCAAGTCTTTTAG 

GCCCCCAC1-1 CC 1-11-1-1-1-1-1-1-1 GGTCTATATCACTGA 11 1 1 CGTACATGGAGT 

TTCACAGITGACTCCCTAAAGCTATGAGTGGTACTTEGAAGTACTGCTACA 

GCTTGATC1 1 1' 

Downstream 5' to 3' 

CTGAGACGGACACTATITCACACATTGG 1-1 l'GGGCAACACITGGAGITATT 

GATTAGACTAACCCAC 1 1 1 1CCTAGGGGACACCCTCTCCTATGC1-1 ATATCC 

TTCTATAC11 ATAGATAACTGGGTCC 11 CCCATTC1 1C1 1CTATTATTG1 1 1 1 1 

CTACACTATITATCCTCAATTICTGGG 
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4. OPG051420 sequences 

Upstream 5' to 3' 

CTGAGACGGATCCTACACTCTATATGCCGATAATACAAGCGCTATTCAAAT
 

CACGGCCAATC1 1GTCTATCATGANCGCACAAAGTATATTGAAGT
 

Downstream 5' to 3' 

CTGAGACGGAGGATCAATTAATTGCTCGTTATATTGGGGGCCTAAAGCTG
 

GTCATTCAAGATCAACTAGCTCITCAAGGGGAAAGG
 

5. UBC2041140 sequences 

Upstream 5' to 3' 

TTCGGGCCGTGTCACATGAATTCCATCAGIGTTAGGGCTCTCCTCTGATGA 

AGTCACCATGATATTAGAAGCTTGAACACTCATAGATTCCTCAAAGCTAAC 

ATGCATITGCTGGGCATTCCTGTACGTTGAGGCCATACACTITCAAGTTGT 

CGCATTGGACAAAGGATACCGC1 1GTAACCAAAGGTGTTCGATAAAATCTG 

TGTATCGCCAT 

Downstream 5' to 3' 

TTCGGGCCGTTGAC1 1'1 1 GAGGCAAGTITCGCGAACCTGAAGATGGAGTA 

CGAAGCTGAAATCGTCGATTCCACAAGGTATGATCAGCTGGGTACTCCTG 

CAACTTCACTGGGAGAGGTAAATGTCGATGA 111 1 GGAGCTAAAGGTGAT 

GGAGTAACAGATGATACTGAGGTACCATCAACAGTGGATACAGTAATTGA 

TGTAGT1 1 r1CAACTGTTGATTGA 
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6. UBC23 11840 sequences 

Upstream 5' to 3' 

AGGGAGTTCCGGTCAC I I GITTCTICTCCTCGCATTAGAGAATTAACATATA 

GTCAATCCTCTAACCGGTATGGTA CAGATGCI CCI T1 AATGGGTTCAAATA 

ATAAATCTCTCTCACTGATGCACCTTGCAATGACTCGTGCCTCTCACCTAGC 

ATTTGCCATTCAAGGTGATCTTAACC I I GGATTACCCTTCATAAGITCGCAA 

GAGATAACTAATGGATGTCTCATTAA 

Downstream 5' to 3' 

AGGGAGTTCCA ACAAGATTTAAGTCATCAACAGACACTGCAATAATTGCAA 

ATCTGGTTCTGATTTC I AATGAAGATGCATGGGTATATAGGGTTATTCACA 

TACCCTTC 1 I 1 I AGCAAATATCCGCTAAGGCGATTATCCCACATGCGTCCAA 

A 

7. UBC251144o sequences 

Upstream 5' to 3' 

CTTGACGGGGTATGCTGGGCTGAGTGGTGCAATCATCACACAGCTCTACC
 

ACGCCTTCTATGGCAATGACACCAAGGCTCTTA 1111 GCTCATAGGCTGGC
 

TGCCTGCTGCAATATC 1111 GCATTTCIT I GGACCATTCGAATCATGAAGGT
 

GATTCGACAGGAGAACGAGCTAAAAA IT IT I CTACAAATTTC1 1 ACATCTC
 

TCTIGGCCTCGCGGC1 1 I CI I ATGATTATAATATAGTTGAGAA
 

Downstream 5' to 3' 

CTTGACGGGGGAGGGTTTGAAACATTACAATCCAAGGTGCCTGTNCTGTA 

TCT'C I ICII II I GCCTTATCTTCCTCTACTGTCATTCTA 111111 CCGAGTCTT 

TTTAACTTAACCATTATTGTTGCMCCGACGGCTCTAACC ri I CCAGCGA 

TGGGGGAGCCCCACTCCCGGCCTGGGCCATC'TCAGICTCGGCTGCTTTGG 

CTTGTTCCCGG AACTTCTTGTA A ATGTCACCCITGTAG A 
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8. UBC231 1660 sequences 

Upstream 5' to 3' 

TCC ACGG ACG GGTTGGGATAGATTAGAGG AGGCCTTTG AAAAGAA AACCA 

CAGGAAATAAAAATCTGTGACCTAAACTGAAGAGAAAAGCTACCAAAGCA 

CC 1 1 1C1 IGCTAAITCACGTGATCTGAATGAGAGTCCCGCCCTCGAGI 1 1-1 1 

CTTTCCCATAGTAAGCGTAGAG ATTCITGACACCAGGCCCACCACAGTAAC 

AGAGGATGGAAAAAATTATTCAAAGAGATAAAGGATTTGATAGCATAGAAA 

C1T1-1CTACATAGAAT 

Downstream 5' to 3' 

TCCACGGACGAATFCCAGGGGGTCAAGCTTTGGTGGGCTTCCAATAAAAG 

TCCCCCTGAAAGGCAGACCATTTC 1'1 1-1 1 ATCCTGCTGCTGATGAGAAGAG 

GTACTATAGGCTCACTTNCCATA AACAGTACCGAGATTT'GATCGTGGGGTC 

TTATCTAAATCATGTGATAAAGGAGGGGAAGGCAATTGCAGTCAGAAATC 

GGCAGCGGAAGCTCTACACTAACAGTCCAAGTCAGAAATGGTATGGGCAC 

A 
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9. OPG061440 sequences 

Upstream 5' to 3' 

GTGCCTAACCC 1-1ATTGAGATAGGTGAATTTCTTTCTCTAGTCGAAGTATAA 

CTATTAAGACTA 1111111 AATGTGGCTAAAAAGGTGAAG 1111 AGGTATAA 

GTAACCCTCATAAAAAAAAATCAAAAATTATAATCTAATGTCAATTAACTAG 

TTAATATAAAAATTCAATITAAAAATACTATTCCTATTGAAAGGITGAGTGA 

GGTAATAGACTAGCTTAACTAGATTGAGGTAAC I I GACTGAACTTACATGA 

GC 1 I 1 GTTAAGCCCAATAAAAACCCAACATAAAAGGCCAGTTAAGCCTAGA 

GGGTAA 1111A 

Downstream 5' to 3' 

GTGCCTAACCTAACCCTTCAATGTC 1 I I 1 1 1 1 1 CTTGAATATAAAACCTT 

ATAACTCTTAAAAGTGTAATGCTACAACTTGAAATTGCAATC I I ACACAA 

AATGACAATTAAAGACTAAGTCAACATCTTCCTTGGAAATCGGGTTAGTT 

AGGTGGAAAGATGAAAGGAAAA I I ITI-1 AATAGAACATTGTCAAAGAAA A 

A AGAAAATAATTACCAATGGACCGCATTATGCAATATATFTATGAAGGAT 

TTTGAGTGTAAGACGTGCCTCCAAATATGGATAATGACCTAA I 1-1-1 GACA 

TAAAGTG 1 1-1 1 AATAGTCCTCTATTGCTCAGATTAGCACCCTCCATAATT 

GTTGTAAATACCA 1-1-1-1-1CACATAAAAGGATTATTAGGAACCICTTGGTT 
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APPENDIX 3. ABBREVIATIONS 

ABI Applied Biosystems, Incorporated 

FPMS Foundation Plant Material Service 

PCR Polymerase chain reaction 

RAPD Random amplified polymorphic DNA 

RFLP Restriction fragment length polymorphism 

RS-PCR Restriction-site polymerase chain reaction 

RSO Restriction site oligonucleotide 

SCAR Sequence characterized amplified region 

SSLP Simple sequence length polymorphism 

STMS Sequence-tagged microsatellite site 

USDA U. S. Department of Agriculture 




