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Abstract The Random Amplified Polymorphic DNA
(RAPD) technique was used to amplify DNA segments,
with the objective of finding markers linked to sex deter-
mination in the dioecious species, Pistacia vera. Progenies
from two female parents pollinated by a common male par-
ent were studied. Two bulks of DNA were made in each
cross, one from males and one from females, by pooling
an equal weight of fresh leaves from each individual con-
tributing to the bulk prior to DNA extraction. DNA was
extracted from each bulked sample and from each of the
contributing individuals. DNA was also extracted from 14
cultivars of P. vera and from 94 open-pollinated, few-
weeks-old P. vera seedlings of unknown sex. Seven hun-
dred different decamer oligonucleotide primers were used
to perform DNA amplification, with 1 of these (OPOO08)
producing a 945 bp amplification band that was present
only in the bulked female samples and absent in the bulked
male samples of the two crosses. The relationship between
band presence and female sex expression was conserved
in every individual obtained from the two crosses and in
the 14 cultivars unrelated to the crosses. We propose that
this band is tightly linked to the gene(s) that control sex
determination in pistachio. The OPO08y,5 RAPD marker
could be used in a breeding program to screen the gender
of pistachio plants long before they reach reproductive ma-
turity, resulting in considerable savings of time and eco-
nomic resources. In order to verify that assumption we
screened 94 additional seedlings with the OPOO08 primer
and obtained results consistent with a 1:1 male:female ra-
tio.
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Introduction

The genus Pistacia, in the family Anacardiaceae, contains
at least 12 tree and shrub species. P. vera L. (pistachio) is
cultivated widely in the Mediterranean regions of Europe,
the Middle East and California. The species is dioecious
and in some areas where pistachio nuts are produced, a sin-
gle female cultivar dominates local production. Two ex-
amples include ‘Kerman’ in California and ‘Bronte’ in Sic-
ily. In California, pistachio growers depend almost entirely
on one male cultivar, ‘Peters’, as a pollinizer.

Pistachio breeding programs have recently been in-
itiated to develop new cultivars. Dioecy represents an in-
convenience to pistachio breeding since the reproduc-
tive maturity of pistachio seedlings takes between 5 and 8
years. Currently there is no method for distinguishing
between male and female pistachio seedlings prior to flow-
ering. A method to determine the gender of plants before
flowering would facilitate breeding and selection by ena-
bling screening for gender at the seedling stage, thereby
simplifying the breeding of male and female plants for dif-
ferent objectives, with a saving of time and economic re-
sources.

Dioecy is the rule in most animals. In the plant king-
dom, however, dioecy is found in only approximately 4%
of the angiosperms ( Yampolsky and Yampolsky 1922), al-
though that frequency may be an underestimate because of
incomplete information on many tropical species where the
occurrence of dioecy appears to be higher than in temper-
ate zones (Bawa 1980). Dioecism has arisen independently
in different families and genera (Westergaard 1958), and
several distinct genetic mechanisms regulating dioecy
have been found in different plant species (Irish and Nel-
son 1989; Durand and Durand 1990). In contrast to the sit-
uation found in most animals, where highly differentiated
sex chromosomes typically control dioecy, chromosomal
heteromorphism is the exception rather than the rule in dio-
ecious plant species. Silene, which has a well character-
ized male (XY) and female (XX) chromosome system, is
one of the few genera where the system appears to be sim-
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ilar to that of most animals. The presence of sex chromo-
somes has been claimed for other dioecious angiosperms,
but in only a few cases has that claim been documented
(Westergaard 1958; Lewis and John 1968; Parker and Clark
1991). Examples include the genera Humulus, Rumex and,
perhaps, Cannabis, although the presence of heterochro-
mosomes in the later is controversial (Westergaard 1958;
Durand and Durand 1990). More often, the sex ratio in dio-
ecious plant species is controlled by the expression of al-
leles at one to several loci (Irish and Nelson 1989). Well
documented examples include species of the genera Aspar-
agus, Vitis, Spinacia and Mercurialis. In most of the spe-
cies examined in detail, the study of sex determination is
complicated by the presence of additional alleles or fac-
tors that can modify the effect of the major sex determin-
ing genes (Durand and Durand 1990). P. vera shows per-
fect dioecy; mature female flowers have no trace of sta-
mens and mature male flowers lack any evidence of female
structures (Wannan and Quinn 1991). This clear differen-
tiation of sexual phenotype, combined with its perennial
nature, an increasing economic importance of the crop and
recent interest in breeding improved cultivars, makes the
species attractive for the study of different aspects of sex
determination.

Genetic marker systems based on direct analysis of the
genomic DNA have been used widely for genetic mapping,
disease diagnostics and evolutionary studies, and they
could prove very useful in the study of sexual determina-
tion in dioecious plants such as pistachio. Michelmore et
al. (1991) described an application of the random ampli-
fied polymorphic DNA (RAPD) technique termed bulked
segregant analysis (BSA) to identify molecular markers
linked to a trait of interest. They used RAPD analysis to
compare two groups of pooled DNA from individuals of a
segregating population originating from a single cross
from parents that differed by only a single discrete char-
acter. BSA analysis uses a large number of segregating in-
dividuals in each pool, with the objective of minimizing or
eliminating variation not associated with the specific trait
of interest. Michelmore et al. (1991) used BSA to identify
markers linked to a gene for resistance to downy mildew
in lettuce making two bulks of 17 F, individuals each.
Haley et al. (1993) used BSA methodology to identify two
RAPD markers linked to a gene block for rust resistance
in bean, and Barua et al. (1993) identified seven RAPD
markers linked to a locus for resistance to leaf blotch in
barley. Mulcahy et al. (1992), using the same approach,
found several markers for sex determination in Silene lat-
ifolia, a dioecious species that possesses heteromorphic sex
chromosomes. We followed a similar approach in pista-
chio with the goal of finding molecular markers present in
one sex and absent in the other. In this paper we report the
finding of a RAPD marker associated with females that is
not present in males of pistachio. The importance of this
finding in the early assessment of gender in pistachio as
well as the possible implications in understanding the mo-
lecular basis of sex determination in dioecious species will
be discussed.

Materials and methods
Plant material and genomic DNA isolation

The plant material used in this study were two populations of 17 year
old seedlings obtained from the female P. vera cvs ‘Kerman’ and
‘Lassen’. The seeds were collected from open-pollinated trees grow-
ing in a commercial orchard in which ‘Peters’ was the only male cul-
tivar present (J. Allen, personal communication). Fourteen males and
10 females from the ‘Lassen’x‘Peters’ cross and 9 males and 12 fe-
males from the ‘Kerman’x ‘Peters’ cross were available for this study.

For each cross two bulked samples of DNA were made; one for
males and one for females. Bulked samples were obtained by pool-
ing the same weight of fresh leaves from each individual. DNA was
extracted according to the CTAB (hexadecyltrimethylammonium
bromide) method of Doyle and Doyle (1987) with minor modifica-
tions. Young leaf tissue (5.0 g) was ground to fine powder in liquid
nitrogen and mixed with 20 ml of CTAB extraction buffer (100 mM
TRIS-HCI, 1.4 M NaCl, 20 mM EDTA, 2% CTAB, 1% PVP, 0.2%
f-mercaptoethanol, 0.1% NaHSO,). The sample was incubated at
65°C for 1 h, mixed with an equal volume of chloroform-isoamyl
alcohol (24:1) and centrifuged at 2,000 g for 15 minin a desktop cen-
trifuge. The aqueous phase was recovered and mixed with 2/3 vol-
ume of isopropanol to precipitate the DNA. The nucleic acid precip-
itate was recovered with a glass hook, washed with 10 ml 10 mM
ammonium acetate in 76% ethanol, dried overnight and resuspend-
ed in 1 ml modified TE buffer (10 mM TRIS-HCI, 0.1 mM EDTA).

DNA was extracted separately from each individual of the prog-
eny used to make the bulks, from 7 male and 7 female P. vera culti-
vars unrelated to the plants comprising the pools (Table 1), and from
94 3-to-5-week-old seedlings originating from open pollinated seeds
from a single ‘Kerman’ tree but unknown male parentage from a Pis-
tacia collection that includes several male individuals. In all cases
extracted DNA was diluted to 10 ng/ pl and subjected to polymer-
ase chain reaction (PCR) amplification.

Polymerase chain reaction conditions

PCR amplification reactions were carried out as described in Wil-
liams et al. (1990) with minor modifications. The 25-ml reaction mix-
tures contained 50 ng genomic DNA, 10 mM TRIS-HCI, pH 8.3,
50 mM KCl, 1.9 mM MgCl,, 0.001% gelatin, 100 pM each of dATP,
dGTP dCTP, and dTTP (Promega, Madison, Wis.), 0.4 mM primer
(obtained from Operon Technologies, Alameda, Calif. and the Uni-
versity of British Columbia, Vancouver, B.C.) and 0.75 Units of Am-
pliTaq DNA polymerase (Perkin-Elmer-Cetus, Norwalk, Conn.). The
samples were overlaid with 25 ml of mineral oil to prevent evapora-
tion and briefly centrifuged prior to amplification. DNA amplifica-
tion reactions were performed in a MJ-Research Inc MiniCycler (Wa-
tertown, Mass.) using the following cycling parameters: 1 cycle of
2 min at 94 °C followed by 45 cycles of 45 s at 94 °C, 1 min at 36 °C,

Table 1 Pistacia vera cultivars examined for specificity of the
RAPD marker OPOOS for sex identification

Number Cultivar Sex

1 Peters Male

2 Kastel Female

3 Ask Male

4 Red Aleppo Female

5 Nazareth Male

6 Bronte Female

7 Gazvin Male

8 Rashti Female

9 02-18 Male
10 Kerman Female
11 02-16 Male
12 Damghan Female
13 Eil Male
14 Trabonella Female




and 2 min at 72 °C. After the final cycle, the samples were incubat-
ed for 5 min. at 72°C and then held at 4 °C prior to analysis. Am-
plification products were analyzed by gel electrophoresis in 2% Sea-
Kem agarose (FMC, Rockland, Me.) in 1x TBE buffer. Gels were
stained with ethidium bromide and visualized on a UV transillumi-
nator. A total of 700 RAPD primers were screened, and each amplifi-
cation reaction was performed using a single primer and repeated at
least once in order to verify the reproducibility of the results ob-
tained.

Results and discussion

All but 1 of the 700 decamer primers used to amplify the
pooled DNA obtained from the two crosses produced am-
plification patterns showing no differences between the
male and female pooled samples. All markers were scored
for the presence or absence of the amplification products.
The primers used produced an average of approximately 7
scorable bands per primer. One primer (OPO0S, with the
sequence CCTCCAGTGT) produced an amplification pat-
tern that was different in the pooled male and pooled fe-
male samples of the two crosses: a 945-bp amplification
band was obtained from the pooled female DNA and not
from the pooled male DNA (Figs. 1, 2). When amplifica-
tion reactions were carried out with DNA from the single
individuals comprising the pools, the pattern was consis-
tent; i.e. the 945 bp band appeared in every amplification
reaction made with DNA from females and was absent in
amplifications with DNA from males (Figs. 1, 2). Conse-
quently, we conclude that such a band is linked to the
gene(s) that control sex determination in pistachio and can
be considered to be a reliable genetic marker (OPO08,,5)
for sex determination in this species.

In order to determine if the marker can be broadly ap-
plied as an indicator of sex in P. vera, the OPO0S8 primer
was used to screen individuals from 14 cultivars (7 males
and 7 females). The pattern obtained was consistent with
that of the pooled samples: OPO08,,5 was present in all of
the females and absent in all of the males (Fig 3). When a
binomial model for distribution of the OPO08,,5 marker
among these 7 males and 7 females is used, the probabil-
ity of the null hypothesis that the marker is not linked to
sex is less than 107*. Thus, the marker is present in all fe-
males obtained from two different crosses as well as in each
of the unrelated females we examined, and it is absent in
all of the males studied. These observations indicate that
the marker is closely linked to the gene(s) of interest and
that recombination events do not occur very often between
the marker and the gene(s) controlling sex determination.
This is a finding of potentially great importance in pista-
chio breeding since the marker can be used to analyze a
broad range of genetic material.

In a further step to demonstrate the usefulness of the
marker as a determinant of sex in pistachio, 94 seedlings
of unknown sex were screened with OPO08. The segrega-
tion obtained (54 negative and 40 positive) does not differ
significantly from a 1:1 male:female sex ratio ()%, P<0.05,
1 df). This 1:1 ratio is expected at the zygote level in dio-
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Fig.1 RAPD banding patterns from pooled DNA from male and
female ‘Kerman’ progeny (*M, *F, respectively) and DNA extract-
ed from 7 each of the male (M) and female (F) individuals compris-
ing the pools using primer OPO08. OPO08,; is indicated with an
arrow
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Fig. 2 RAPD banding patterns from pooled DNA from male and
female ‘Lassen’ progeny (*M, *F, respectively) and DNA extracted
from 7 each of the male (M) and female (F) individuals comprising
the pools using primer OPO08. OPO08y,s is indicated with an
arrow
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Fig. 3 RAPD banding patterns from DNA from 7 male and 7 fe-
male P. vera cultivars using primer OPO08. OPO08,,5 is indicated
with an arrow. Cultivars are numbered as in Table 1

ecious species if we assume a Mendelian inheritance of a
monogenic sex determining factor (Fisher 1930, Charnov
1982).

We conclude, therefore, that we have identified a marker
closely linked to a sex-determining chromosome segment
in P. vera and that this marker can be used to screen satis-
factorily the sex of pistachio seedlings well before they at-
tain reproductive maturity.

A band of 1,050 bp is occasionally present that is asso-
ciated with the OPO08,,5 marker in some females of pis-
tachio, as seen in Figs. 2 and 3. The band is not conspicu-
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ously present in the ‘Kerman’ progeny shown in Fig. 1, al-
though sometimes it has been observed in those individu-
als as well, which suggest the possibility that it may be an
amplification artifact. Consequently, at this point we can-
not consider the 1,050 bp band to be a reliable marker for
sex in pistachio.

Different attempts to find molecular differences
between male and female plants, such as immunochemis-
try, differences in proteins and enzymes, comparison of
mRNA and tRNA populations or RNA hybridization ki-
netics, have been made in several dioecious species (see
Durand and Durand 1990 for a review). Those studies deal
with gene expression and could just show a differential ex-
pression of shared genes between males and females. A
better approach to understand how sexual determination
operates in dioecious species is to study differences at the
DNA level. The discovery of markers linked to sex deter-
mining genes could eventually allow us to clone the gene(s)
involved in this process. Although promising results have
been obtained with Asparagus using RFLPs (Bracale et al.
1991), the RAPD technique appears to offer better pros-
pects for rapid progress. Its advantages relative to RFLPs
include technical simplicity, lower cost per data unit, small
amount of DNA required and the higher level of polymor-
phism obtained with RAPDs (Waugh and Powell 1992;
Williams et al. 1993).

Paran and Michelmore (1993) described the develop-
ment of sequence characterized amplified regions (SCAR)
markers that could be advantageous over standard RAPD
markers because the amplification is less sensitive to re-
action conditions. Currently, we are investigating this ap-
proach. We are also continuing to screen our pooled sam-
ples with additional primers with the aim of finding more
markers linked to sex in this species and of developing
more specific screening strategies using a multiple primer
approach. The fact that a large number of 10-base primers
have been tried (700 primers, giving approximately 4,900
loci) and that so far only 1 has produced a marker linked
to sex determination leads us to conclude that the DNA
segment(s) involved in sex determination is not very large
and probably involves a single or a very few genes. It has
been proposed (Truong et al. 1991) that the basic scheme
of sex determination in animals involves a key gene that
activates a cascade of regulatory genes. In plants, the
system could be similar (Frankel and Galun 1977). If that
were the case, of several to many genes could be involved
in the differentiation of male and female flowers in dio-
ecious plants, but sex determination could be controlled by
a single locus acting as a trigger. In such a scenario, genes
having the genetic information for carpels or stamens de-
velopment would be present in both male and female plants
with one major gene being the only difference between the
two sexes. In their review of the subject, Durand and Du-
rand (1990) observed that a single major gene controls sex
determination in some plant genera (eg. Asparagus and
Vitis), although there are exceptions like Mercurialis where
the system is more complex with three genes involved in
sex determination. Pistachio may have a similar system
with a single major gene controlling sex determination.

Another possibility is that the gene(s) controlling sex de-
termination are present in a genomic region not subject to
frequent recombination events, perhaps as an early step in
the differentiation of sexual chromosomes (Lewis and John
1968).

Further research is underway studying other species
within the genus Pistacia as well as other dioecious gen-
era in the Anacardiaceae. Although much additional work
is needed, the approach we have taken opens new avenues
of research in the molecular characterization of sexual de-
termination in dioecious species as well as in the practical
breeding of pistachio.
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