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Summary

The potential use of the Randomly Amplified Polymorphic DNA (RAPD) technique for characterization and
assessment of genetic relationships was investigated in nineteen walnut (Juglans regiaL.) genotypes used as
parents or released as cultivars from the breeding program of the University of California at Davis. Most of the
72 decamer primers used yielded scorable amplification patterns based on discernable bands. The results obtained
produced a unique fingerprint for each of the walnut genotypes studied. Cluster analysis separated the 19 walnut
genotypes into two main groups whose differences were related to their pedigree. Genotypes sharing common
parents tend to group together and with at least one of the parents. Thus, RAPD markers can detect enough
polymorphism to differentiate among walnut genotypes, even among closely related genotypes, and the genetic
similarity based on RAPDs appears to reflect the known pedigree information. RAPD technology can be useful
in current walnut breeding programs, allowing the identification of new cultivars as well as the assessment of the
genetic similarity among genotypes which will help in selecting the best parents to obtain new genetic combinations.

Introduction

The family Juglandaceae consists of seven genera com-
prising about 60 monoecious tree species. The genus
Juglanscontains about 20 species, all producing edi-
ble nuts. Among those, the English or Persian walnut
(Juglans regiaL.) is the most widely cultivated species
(McGranahan & Leslie, 1990). Persian walnuts have
been grown in California since the day of early Spanish
missions. In the last 50 years the genetic base of this
crop has been enriched with introductions from Asia
and Europe, primarily France (Forde & McGranahan,
1996). All the commercial cultivars currently grown
in California can be considered descendants, at least
partially, from those gene pools and have originated
either as chance seedlings, or from the breeding pro-
gram of the University of California (Serr, 1969). This
breeding program, based on crosses between late sea-
son and laterally fruiting genotypes, has released 15
walnut cultivars (Tulecke & McGranahan, 1994). The

characterization of these genotypes is important for
designing objective and repeatable criteria to protect
breeders’ right in newly developed cultivars.

Accurate and rapid cultivar identification is espe-
cially important in vegetatively propagated plant
species such as most fruit trees both for practical
breeding purposes and for proprietary rights protection.
Unfortunately, the traditional methods for characteri-
zation and assessment of genetic variability in perenni-
al fruit crop species, based on morphological, physio-
logical and biochemical studies, are both time consum-
ing and affected by the environment. The introduction
of molecular biology techniques, such as DNA-based
markers, provides an opportunity for genetic charac-
terization that allows direct comparison of different
genetic material independent of environmental influ-
ences (Weising et al., 1995).

Initial molecular studies in walnut were carried
out using isozymes to assess the inheritance of some
enzyme systems (Arulsekar et al., 1986; Aleta et
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Figure 1. Pedigree diagram of the cultivars tested.

al., 1993). Isozymes have also been used inJuglans
to identify genetic variability (Malvolti et al., 1993,
1994), to detect interspecific hybrids (Arulsekar et al.,
1985; McGranahan et al., 1986; Germain et al., 1993),
to identify species and cultivars (Louskas et al., 1984;
Wenheng, 1984; Arulsekar et al., 1985; Aleta et al.,
1989; Germain et al., 1993; Solar et al., 1993, 1994)
and to assess mating parameters (Rink et al., 1994).
RFLP markers have also been used in walnuts to deter-
mine parentage (Aly et al., 1992), to establish phylo-
genetic relationships in the genusJuglans(Fjellstrom
& Parfitt, 1995), to estimate genetic diversity, and to
identify cultivars (Fjellstrom et al., 1994; Fjellstrom
& Parfitt, 1994a, b). Recently, RAPD markers have
been used to evaluate the level of polymorphism at the
interspecific level between Persian walnut (J. regia)
and Northern California black walnut (J. hindsii(Jeps.)
Jeps.) (Woeste et al., 1996a) and to identify a marker
linked to hypersensitivity to the cherry leafroll virus
(Woeste et al., 1996b).

Randomly Amplified Polymorphic DNA (RAPD)
(Williams et al., 1990, 1993) can be of further use to
identify closely related walnut cultivars and could com-
plement the results previously obtained with RFLPs,
mainly because of the higher level of polymorphism
obtained with RAPDs. RAPD analysis has already
proven to be valuable in genotype characterization as
well as in population and pedigree analyses in many
crop species and studies in tree crops are starting to
produce interesting results (Hormaza et al., 1994; Fab-
bri et al., 1995). RAPD markers are not only important
for the characterization of the germplasm but can also
be used to evaluate the effects of selection over time

Table 1. Walnut genotypes included in this study

Code Genotype Original source1

1 56-224 Univ. of California

2 Chandler Univ. of California

3 Cisco Univ. of California

4 Conway Mayette France

5 Franquette France

6 Howard Univ. of California

7 Lompoc Univ. of California

8 Marchetti California

9 Meylan France

10 Payne California

11 Pedro Univ. of California

12 PI-159568 Afghanistan

13 Serr Univ. of California

14 Sharkey China

15 Sunland Univ. of California

16 Tehama Univ. of California

17 Tulare Univ. of California

18 Vina Univ. of California

19 Waterloo California

1 Based on Tulecke & McGranahan, 1994.

and to aid in the development of crossing schemes
in walnut improvement programs since this method
allows the study of the genetic diversity of the avail-
able germplasm.

The main objective of this study was to develop
RAPD markers to unequivocally characterize 19 close-
ly related walnut genotypes from the breeding program
of the University of California as well as to compare the
degree of genetic relatedness obtained through RAPD
analysis with that of the expected results obtained from
pedigree data.

Materials and methods

Plant material

The nineteen genotypes used in this study (Table 1 and
Figure 1) were obtained from the walnut collection
maintained at the University of California Wolfskill
Experimental Orchard in Winters, California, USA,
and are part of the walnut breeding program developed
at this institution. They were selected based on a pedi-
gree assessment and include recently released cultivars
as well as their parental genotypes.
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DNA isolation

Young leaves from nineteen accessions ofJ. regiawere
collected in spring and immediately stored at - 70�C
prior to DNA extraction. Total DNA was extracted
following the method of Doyle & Doyle (1987) with
minor modifications. Seven grams of leaf tissue were
ground to fine powder in liquid nitrogen and added to
20 ml of 65�C preheated CTAB buffer (2% CTAB, 1%
PVP, 1%�-mercaptoethanol, 0.1% sodium bisulfite,
1.4 M NaCl, 100 mM Tris-HCl pH 8.0, 20 mM sodium
EDTA) and incubated at 65�C for 60 min. The lysate
was extracted with 20 ml of chloroform/isoamyl alco-
hol (24 : 1) and centrifuged for 10 min at 1800 rpm in
a desktop centrifuge. In order to precipitate the nucleic
acids, the aqueous fraction was mixed with an equal
volume of cold isopropanol. The nucleic acid precipi-
tate was recovered with a glass hook, washed in 76%
ethanol with 10 mM ammonium acetate and air dried
overnight before being resuspended in 1 ml TE buffer
(10 mM Tris-HCl pH 8.0, 1 mM disodium EDTA).
The resuspended DNA was treated with RNAase and
the concentration of extracted DNA was determined
using a spectrophotometer at 260 nm. DNA was dilut-
ed to 10 ng/�l and used for PCR amplification.

DNA amplification and electrophoresis conditions

PCR amplification reactions were carried out as
described in Williams et al. (1990) with minor modi-
fications. Reaction mixtures (25�l total volume) con-
sisted of 50 ng of template DNA, 10 mM Tris-HCl,
pH 8.3, 50 mM KCl, 1.9 mM MgCl2, 0.001% gelatin,
100�M each of dATP, dGTP, dCTP and dTTP (Perkin-
Elmer-Cetus, Norwolk, Conn.), 0.4 M primer (Oper-
on Technologies, Alameda, Calif.) and 0.75 units of
Taq DNA polymerase (Perkin-Elmer-Cetus, Norwolk,
Conn.; Promega, Madison, Wisc.; Life Technologies,
Gaithersburg, Maryl.) overlaid with 25�l of miner-
al oil. DNA amplification was carried out in a DNA
Thermal Cycler 480 (Perkin-Elmer-Cetus, Norwolk,
Conn.) programmed for 1 cycle of 2 min at 94�C
followed by 40 cycles of 45 sec at 94�C, 1 min at
38 �C and 2 min at 72�C. After a final incubation for
5 min at 72�C the samples were stored at 4�C prior to
analysis. The PCR amplified products were resolved
by gel electrophoresis in 2.2% Sea Kem agarose (FMC,
Rockland, Maine), in TBE buffer (45 mM Tris, 45 mM
H3BO4, 1 mM EDTA). Gels were stained in ethidium
bromide (0.5�l/ml) and then visualized on a long-wave
UV light source.

Figure 2. Gel electrophoresis of OPK-19 primer. Lane 1 and 20:
123 bp DNA ladder. Lane 2–19: cultivars tested.

Data analysis

Amplified bands were visually scored as present or
absent. Each amplification fragment useful for discrim-
ination between genotypes was named by the source
of the primer (OP = Operon), the kit letter, the primer
number and its approximate size in base pairs. A sim-
ilarity matrix was generated using the Nei and Li sim-
ilarity index (Nei & Li, 1979; Lamboy, 1994) based
on the proportion of shared amplification fragments
between two genotypes according to the following
equation:

Similarity = 2Nab/(Na + Nb)

where Nab is the number of scored amplification frag-
ments with the same molecular weight shared between
genotypes ‘a’ and ‘b’; Na is the number of scored
amplification fragment in genotype ‘a’; and Nb is the
number of scored amplification fragments in genotype
‘b’.

A dendrogram was constructed based on the simi-
larity matrix data by applying unweighted pair group
method with arithmetic averages (UPGMA) cluster
analysis using the NTSYS-pc computer program ver-
sion 1.70 (Exeter Software, Setauket, New York).

Results and discussion

A total of 72 decamer primers were used to amplify
DNA extracted from the nineteen walnut genotypes
used in this study. Almost all the primers yielded
scorable amplification patterns (Figure 2). Some of
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Table 2. Distribution of 23 RAPD markers within the 19 walnut genotypes. Genotype numbers correspond to those in Table
1. ‘+’ indicates presence and ‘-’ indicates absence of the marker

Markers Genotypes

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

K01-445 - + - + - - + - - - + - - - - + + + +

K02-280 + + + - + - + + + + + + + - + - + + +

K02-513 - - + - + - + - + - - - - - + + + + +

K03-635 - - - - - - - - - - - + - - - - - - -

K19-435 + - + + + - - + + - + - - + - - - - +

K19-880 - - + + + - + - + + + - - - - + - + +

K20-1100 + + - + - + - - - - + - - + - - - - -

G10-560 - + - + + - - - - - + - - + - - - - -

G15-690 + + - - - - - - - + + + + + - + + + -

G16-620 - - - + - - - - - - - - - + - - - - -

G16-700 - - + + - - - - - - + - - - + - - - -

G18-630 + + - - - + - + - + - + + + - - + + -

G18-990 + + - - - + - - - - - + - + + - - - -

R06-345 + + + + - + - + + - + + + - + - + - -

R13-430 + + + + + - - + + - - + + - + - + - -

R14-1130 + + + + + + + + + + + - + - + + + + +

R15-490 + - - + - - - + + - - - + + - - + - +

R19-755 - - - - - - - - - - - + + + - - - - -

S01-1550 + + - + - + + + + + - + + + + + + - +

S10-700 + + + + + + + + - + + - - - - + + + +

T04- 630 + - - + + - + - - + - + + + + - - - +

T04-780 - + - + - - - - + - + - - - - - - - -

T06-850 + + - - - + - - - - - + - + + - - - -

the primers, however, produced either no amplification
or unreadable gel smears. Eighteen primers, produc-
ing 1–2 polymorphic fragments each, generated poly-
morphic banding patterns among the genotypes stud-
ied (Table 2). The total number of polymorphic bands
obtained was 23. The apparent low level of polymor-
phism detected (about 25% of the primers tested) can
be explained by the strict criterion adopted to score
the markers. Only the conspicuous intensely stained
bands between 250 bp and 1700 bp long were consid-
ered for analysis. Each RAPD analysis was repeated
in separate experiments at least twice, and only hihgly
reproducible markers were considered.

Some questions have been raised about the reli-
ability of RAPD data due to their variable nature
under different experimental conditions and by the
fact that comigrating bands from different individuals
do not necessarily represent homologous amplification
products (Newbury & Ford-Lloyd, 1993; Bachmann,
1994). However, fragment size can be considered a
reliable predictor of homology among closely related
individuals, as is the case in this study, although this is

not necessarily true at higher taxonomic levels (Riese-
berg, 1996). In order to maximize the reliability of
the process, the reproducibility of the results obtained
was tested in two different ways. First, the amplifica-
tion patterns obtained with three different Taq DNA
polymerases was verified using the same genotype and
primer (data not shown). Second, amplification reac-
tions with DNA obtained from different accessions of
four genotypes (‘Chandler’, ‘Cisco’, ‘Howard’ and
‘Franquette’) using two different primers were also
compared (data not shown). In both cases, the pattern
of amplification was fully reproducible.

The results obtained, using eighteen primers that
yield 23 polymorphic RAPD bands (Table 2), pro-
duced a unique fingerprint for each of the 19 walnut
genotypes included in this study (Table 1) allowing a
unequivocal identification of each genotype. Besides,
the fingerprint of each genotype is defined by multiple
RAPD bands presumably at multiple genetic loci. This
is important for cultivar characterization since each
cultivar is not defined by a single marker but by a set
of several markers. This high level of polymorphism
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Table 3. Table 3.Similarity matrix generated using the Nei and Li’s index. Cultivar numbers correspond to those in Table 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 1.00

2 0.79 1.00

3 0.52 0.43 1.00

4 0.62 0.62 0.58 1.00

5 0.52 0.43 0.78 0.58 1.00

6 0.73 0.73 0.35 0.43 0.23 1.00

7 0.45 0.45 0.59 0.52 0.71 0.37 1.00

8 0.78 0.61 0.67 0.58 0.56 0.59 0.47 1.00

9 0.58 0.50 0.74 0.64 0.63 0.33 0.56 0.74 1.00

10 0.64 0.54 0.47 0.43 0.59 0.50 0.75 0.59 0.44 1.00

11 0.54 0.69 0.67 0.74 0.57 0.40 0.50 0.48 0.54 0.50 1.00

12 0.72 0.64 0.30 0.31 0.30 0.53 0.32 0.50 0.38 0.53 0.26 1.00

13 0.75 0.58 0.42 0.48 0.42 0.44 0.44 0.74 0.60 0.67 0.36 0.76 1.00

14 0.69 0.54 0.09 0.52 0.29 0.50 0.20 0.38 0.27 0.40 0.33 0.61 0.54 1.00

15 0.67 0.58 0.63 0.48 0.53 0.56 0.56 0.53 0.60 0.44 0.36 0.67 0.60 0.36 1.00

16 0.38 0.48 0.50 0.45 0.50 0.40 0.80 0.37 0.47 0.67 0.53 0.22 0.35 0.21 0.35 1.00

17 0.72 0.72 0.60 0.54 0.50 0.53 0.63 0.80 0.67 0.63 0.52 0.76 0.35 0.57 0.67 1.00

18 0.45 0.54 0.59 0.35 0.59 0.37 0.75 0.47 0.44 0.75 0.60 0.32 0.44 0.20 0.33 0.80 0.74 1.00

19 0.58 0.42 0.63 0.64 0.74 0.33 0.89 0.63 0.70 0.67 0.54 0.29 0.50 0.36 0.50 0.71 0.67 0.67 1.00

probably reflects the outcrossing nature of walnut since
similar results have been obtained with RAPDs in other
outcrossing fruit and nut tree species such as pistachio
(Hormaza et al., 1994) or olive (Fabbri et al., 1995).

As expected, most of the fragments amplified from
DNA obtained from the progenies were also present
in the parents. Nevertheless, three markers (K01-445,
G16-700 and R15-490) were, in some cases, present in
the progeny and absent in both parents. Thus, K01-445
was present in ‘Vina’ and absent in ‘Payne’ and ‘Fran-
quette’; G16-700 was present in ‘Sunland’ and absent
in PI-159568 and ‘Lompoc’; R15-490 was present in
‘Serr’ and absent in ‘Lompoc’ and ‘PI-159568’. The
occurrence of non-parental bands has been reported
in previous studies with RAPDs (Hunt & Page, 1992;
Riedy et al., 1992; Aruna et al., 1993; Ayliffe et al.,
1994; Pooler & Scorza, 1995) and different explana-
tions have been suggested, such as formation of het-
eroduplex molecules between alternate RAPD alleles,
mutations or recombination events within the primer
binding sites or inside the amplified fragments, com-
petition for primer binding sites or somatic rearrange-
ments in perennial plants.

The similarity values based on 23 RAPDs (Table 3)
ranged from 0.09 for ‘Cisco’ and ‘Sharkey’ to 0.89 for
‘Lompoc’ and ‘Waterloo’. UPGMA cluster analysis
of the similarity matrix (Figure 3) separated the wal-

nut genotypes included in this study into two groups
whose differences were basically related to the orig-
inal sources of the genotypes used as parents in the
breeding program (Figure 1). The first group compris-
es ‘Sharkey’ and ‘PI-159568’, two genotypes origi-
nating from Asia, and some of their progeny: ‘56-
224’, ‘Chandler’, ‘Howard’, ‘Serr’ and ‘Sunland’. The
second group contains the Californian (‘Marchetti’,
‘Payne’, ‘Waterloo’) and French (‘Conway Mayet-
te’, ‘Franquette’ and ‘Meylan’) parental cultivars and
most of their progeny (‘Cisco’, ‘Lompoc’, ‘Pedro’,
‘Tehama’, ‘Tulare’ and ‘Vina’). This is not unexpect-
ed since the three French parental cultivars probably
originated in the same French region (Isere). In gener-
al, the cultivars sharing common parents tend to group
together and with at least one of the parents.

Among all the genotypes tested, ‘Sharkey’ appears
to be the most distantly related to all the others except
to its progeny (‘56-224’) and to ‘PI-159568’ with a
similarity value of 0.69 and 0.61 respectively. ‘PI-
159568’ itself shows a high similarity value only with
its progeny, and with ‘Sharkey’ and ‘Sharkey’s progeny
(‘56-224’). The markers G18-990, R19-755 and T06-
400 are only present in ‘PI-159568’ and ‘Sharkey’ and
some of their progeny and the marker R14-1130 is only
absent in ‘PI-159568’ and ‘Sharkey’. It is interesting
to note that those two genotypes are the only ones
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Figure 3. Dendrogram of the 19 walnut genotypes studied generated
by UPGMA cluster analysis of the similarity values shown in Table
3.

in this study originating from Asia: i.e., ‘PI-159568’
from Afghanistan and ‘Sharkey’ probably from China
(Tulecke & McGranahan, 1994).

The cultivar Payne, ancestor of most of the cultivars
tested, showed, as expected, a similarity value of 0.50
or more with all 10 cultivars related to it except ‘Cis-
co’ (similarity value of 0.47) and ‘Sunland’ (similarity
value of 0.44), two cultivars that are two generations
away from ‘Payne’ in the pedigree.

In our research, as detected with other crop species
(Aruna et al., 1993; Dunemann et al., 1994; Dweikat
et al., 1993; Hallden et al., 1994), we observe a fair-
ly close relationship between the known pedigree and
the genetic similarity obtained with RAPDs. This is
of great interest in breeding tree crop species since
very often the pedigree of the cultivars is unknown.
However, it was not possible to compare the genetic
similarity values estimated with the Nei & Li index
with the coefficients of coancestry (Falconer, 1989)
due to three main reasons. One, that the available
pedigree consists of a maximum of just two genera-
tions. Second, the French and Californian cultivars are
probably related since the genetic base of the Cali-
fornian cultivars has been enriched with introductions
from France. Third, although the markers we have used
allow us to unequivocally distinguish all the cultivars
studied, a higher number of markers will probably be

Figure 4. Dendrogram of the parental cultivars generated by UPG-
MA cluster analysis of the similarity values shown in Table 3.

needed to obtain a dendrogram that accurately reflects
the similarity matrix; in our case the correlation coef-
ficient between the cophenetic matrix developed from
the dendrogram and the similarity matrix was 0.65.
However, if only the eight initial parental genotypes
are analyzed, the dendrogram obtained (Figure 4) is a
very good representation of the similarity matrix since
the correlation coefficient between the two matrixes
is 0.86. Moreover, in this case, two clear clusters are
obtained: one with the genotypes of Asian origin, ‘PI-
159568’ and ‘Sharkey’, and the other with the French
and Californian cultivars. This is the expected result
based on the fact that the gene pool of the Californian
cultivars has been enriched with French germplasm.
Comparisons of genetic distances obtained with mole-
cular markers and theoretical data based on pedigree
information have been already made in different herba-
ceous species and generally molecular marker-based
measures of genetic distance agree with pedigree infor-
mation (Dudley, 1994). Since pedigree and passport
data are often unknown or incomplete for many fruit
and nut tree species (Warburton & Bliss, 1996) RAPDs
can be a useful tool to assess the degree of similarity of
accessions or cultivars in these woody species in order
to select the best parents to obtain new genetic combi-
nations; this is especially important if we consider the
long generation times of most fruit and nut tree species
and, consequently, the length of the breeding process.

The results obtained show first that the RAPD
technique can detect enough polymorphism to dif-
ferentiate among walnut genotypes, even among cul-
tivars closely related because of their common par-
ents (for example ‘Lompoc’-‘Tehama’and ‘Chandler’-
‘Howard’). Second, a general pattern of separation
between Californian-European and Asian genotypes
was obtained in this study confirming the results previ-
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ously reported with RFLPs by Fjellstrom et al. (1994).
Third, the RAPD method is a relatively simple tech-
nique to study genetic relationships in walnut thus
allowing the study of the influence of genetic drift
and selection which cannot be predicted using pedi-
gree information alone. From the data obtained in this
study we can conclude that RAPD technology can be
useful in current walnut breeding programs, allow-
ing the identification of new cultivars as well as the
assessment of the genetic similarity among different
genotypes.
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