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Abstract
Background: Pistachio (Pistacia vera L.) is a dioecious species that has a long juvenility period. Therefore, development
of marker-assisted selection (MAS) techniques would greatly facilitate pistachio cultivar-breeding programs. The
sex determination mechanism is presently unknown in pistachio. The generation of sex-linked markers is likely to
reduce time, labor, and costs associated with breeding programs, and will help to clarify the sex determination
system in pistachio.
Results: Restriction site-associated DNA (RAD) markers were used to identify sex-linked markers and to elucidate
the sex determination system in pistachio. Eight male and eight female F1 progenies from a Pistacia vera L. Siirt ×
Bağyolu cross, along with the parents, were subjected to RAD sequencing in two lanes of a Hi-Seq 2000 sequencing
platform. This generated 449 million reads, comprising approximately 37.7 Gb of sequences. There were 33,757
polymorphic single nucleotide polymorphism (SNP) loci between the parents. Thirty-eight of these, from 28 RAD
reads, were detected as putative sex-associated loci in pistachio. Validation was performed by SNaPshot analysis
in 42 mature F1 progenies and in 124 cultivars and genotypes in a germplasm collection. Eight loci could distinguish
sex with 100% accuracy in pistachio. To ascertain cost-effective application of markers in a breeding program,
high-resolution melting (HRM) analysis was performed; four markers were found to perfectly separate sexes in
pistachio. Because of the female heterogamety in all candidate SNP loci, we report for the first time that pistachio has a
ZZ/ZW sex determination system. As the reported female-to-male segregation ratio is 1:1 in all known segregating
populations and there is no previous report of super-female genotypes or female heteromorphic chromosomes in
pistachio, it appears that the WW genotype is not viable.
Conclusion: Sex-linked SNP markers were identified and validated in a large germplasm and proved their suitability for
MAS in pistachio. HRM analysis successfully validated the sex-linked markers for MAS. For the first time in dioecious
pistachio, a female heterogamety ZW/ZZ sex determination system is suggested.
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Background
The Pistacia genus is a member of the Anacardiaceae
family and consists of at least 11 species [1,2]. Pistacia
vera is the only commercially important species, and is
believed to be the most ancestral species, other species
are probably its derivatives [3]. In the wild, the species
grows as a forest tree; some wild species are used as
rootstock for P. vera [4]. With a few exceptions the sex
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habit is dioecious, with trees bearing wind-pollinated
apetalous flowers [5]. Iran, USA, Turkey, and Syria are
the main pistachio producers in the world, contributing
over 90% of production [6]. Pistachio has a chromosome
count of n = 15 [7] and according to flow cytometry analysis a haploid genome size of approximately 660 Mbp [8].
In recent decades, numerous DNA-based molecular
marker systems have been developed for marker-assisted
selection (MAS) in breeding programs. Next-generation
sequencing (NGS) technology provides an effective tool
for MAS through generating huge number of DNA
markers within a short period. Therefore, NGS-based
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marker systems allow highly efficient marker development for MAS in plant breeding. One such system is
restriction site-associated DNA sequencing (RADseq),
which detects polymorphic variants neighboring particular restriction enzyme recognition sites [9]. RADseq has
been used to detect single nucleotide polymorphism
(SNP) in a variety of plant species, with or without an
available reference genome [10,11]. RADseq was applied
in plants for marker development linked to anthracnose
and stem blight diseases in lupin (Lupinus angustifolius L.) [12,13], and for SNP discovery and genetic
mapping in Lolium perenne L. [14,15], eggplant (Solanum
melongena L.) [10], grape (Vitis vinifera L.) [16], globe artichoke (Cynara cardunculus L.) [17], rapeseed (Brassica
napus L.) [18], and sunflower (Helianthus annuus L.) [19].
RADseq has also been used in aquaculture to find
sex markers in Hippoglossus hippoglossus [20] and
Lepeophtheirus salmonis [21].
Approximately six percent of angiosperm species are
dioecious [22]. Dioecy may have evolved from hermaphrodite or monoecious ancestors by two independent mutations: a first mutation causes male sterility, whereas a
second mutation results in decreased female fertility,
leading to functional dioecy [23]. Sex determination
mechanisms in plants are diverse, and may involve sex
chromosomes, such as in Silene [24], Carica [25], and
Actinidia [26] or individual sex gene(s), e.g., Mercurialis
[27] and Cucumis [28]. In Pistacia, the genetic mechanism of sex determination remains unknown.
Sex chromosomes only evolve in dioecious species
when two sex-determining genes are closely linked on
the same chromosome with complementary dominance
[29]. An essential event in sex chromosome evolution is
the suppression of recombination between the two sex
determination genes. The first step in sex chromosome
evolution is the entity of male and female sterile mutations, leading to the development of unisexual reproductive structures [30]. Flower primordia in the buds of
female and male pistachios are similarly initiated in trees
of both sexes, with differences between the two sexes
becoming apparent early in development; in both cases,
the development of organs of opposite sex becomes
arrested at the primordial stage [31].
As Pistacia has a long juvenility period, sometimes
greater than 10 years, MAS may greatly facilitate pistachio cultivar-breeding programs. Early diagnosis of seedling sex would greatly assist cultivar-breeding programs,
nursery management, and germplasm collection.
A Randomly Amplified Polymorphic DNA (RAPD)
marker was reported to distinguish male and female
P. vera seedlings [32]. Bulk segregant analysis screening
identified a single sex marker (OPO08945). However, this
RAPD marker was ineffective for sex determination in
other Pistacia species [33]. Yakubov et al. [34] converted
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the RAPD marker into a Sequenced Characterized
Amplified Region (SCAR) marker; however, amplification of the SCAR marker was observed in both sexes.
The authors sequenced the bands amplified in the male
and female, revealing 909-bp and 905-bp length fragments, respectively. These presented high homology
(95%), and contained several point mutations. The authors
designed new SCAR primers based on the polymorphic
locus, these amplified a 297-bp DNA fragment in both
sexes. The SCAR primers were tested in six female and six
male P. vera individuals. The authors indicated that a
combination of touchdown PCR program and SCAR
primers enabled the development of a female-specific
marker in P. vera. Recently, Esfandiyari et al. [35] tested
the SCAR primer pair in four P. atlantica Desf. and four
P. khinjuk Stock individuals; they reported that the SCAR
marker designed by Yakubov et al. [34] could effectively
distinguish sex in wild species. However, testing of the
RAPD and SCAR primers in a P. vera (Siirt × Bağyolu) F1
segregating population, and in a large germplasm collection in our laboratory, revealed false negatives in some
female individuals and false positives in some male individuals, including the Bağyolu male parent. Our analysis
also demonstrated that the SCAR marker could not distinguish sex in wild Pistacia species. Therefore, a new strategy is necessary to find sex-linked markers and to
elucidate the sex determination mechanism in pistachio.
This study aimed to identify SNP loci linked to sex in
pistachio through NGS-based RADseq, using mature
female and male individuals in a Siirt × Bağyolu F1 segregating population. Sex-linked SNP markers were validated both in segregating populations and in a large
pistachio germplasm by SNaPshot analysis. Their application was then tested by high-resolution melting (HRM)
analysis for cost-effective marker-assisted selection in
cultivar-breeding programs. Inheritance of the markers
suggested a sex determination system for dioecious pistachio. There is currently a lack of adequate information on
the pistachio genome in the literature. This study is the
first to report use of NGS, SNaPshot and HRM for SNP
discovery and application in pistachio.

Results
SNP discovery in pistachio by RADseq

Restriction site-associated DNA sequencing (RADseq) of
9 male individuals and 9 female individuals in a Pistacia
vera L. Siirt × Bağyolu F1 population (including the two
parents) was performed in two lanes of a Hi-Seq 2000
sequencing platform. In all, 450,721,882 reads, comprising approximately 36,959,194,324 nucleotide sequences
were obtained following cleaning of multiplex identifier
(MID) sequences. 18.49 Gb of data was obtained from
female plants and 18.47 Gb from male plants. The average data comprised 2.05 Gb per plant, with variation
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between plants from 0.83 to 3.26 Gb (Table 1). Average
coverage depth per read tag among individuals varied
from 23.9× to 63.8× with an average of 47.3×. Considering that the genome size of pistachio is ~660 Mbp, sequencing coverage of the 18 individuals varied from 1.3×
to 4.9×, with an average of 3.1×. The total number of
RAD tags for each individual plant varied between
410,036 and 657,285 with an average of 519,937.
The number of single nucleotide polymorphisms
(SNPs) for each individual varied from 72,909 to 103,115
with an average of 94,987. The average rate of heterozygote SNPs was 26.3%. On average, there was one SNP
for each 449 bp in pistachio. SNPs were detected more
frequently in female individuals (one SNP per 418 bp)
than in male individuals (one SNP per 483 bp). Similarly,
SNPs were observed more frequently in the female

parent cv Siirt (one SNP per 381 bp) than in the male
parent cv Bağyolu (one SNP per 568 bp).
Identifying SNP markers linked to sex in pistachio

Following removal of monomorphic RAD reads between
the two parental plants of the Siirt and Bağyolu cultivars,
33,757 polymorphic SNP markers were detected across
18 individuals. These markers were subjected to sex
marker identification, and 38 putative sex-associated
SNP loci were determined in 28 RAD reads. Among
these, suitable primer designs were possible for 13 SNP
loci from 11 RAD reads (Table 2). The others did not
have enough sequence for primer design in one of two
ends of a 82 bp Illumina read. Two reads (SNP-PIS133396 and SNP-PIS-135862) had two adjacent SNP
loci; therefore 11 reads were used for the primer design.

Table 1 RADseq results in 18 plants using Hi-seq 2000 NGS platform
Parents and Read
F1 plants
number

Total RAD
Number of Total sequence of Coverage Sequence
GC rate Total
sequence (bp)* RAD tags
RAD taqs (bp)**
depth*** coverage**** (%)
SNP

Heterozygous
SNP rate (%)

Females
Siirt

15,873,498

1,301,626,836

422,422

34,638,604

37.6

2.0

37.65

90,999

17.3

P-F-1

24,754,856

2,029,898,192

442,751

36,305,582

55.9

3.1

37.12

98,348

26.9

P-F-2

22,527,994

1,847,295,508

513,815

42,132,830

43.8

2.8

37.60

97,562

28.0

P-F-3

28,035,806

2,298,936,092

513,654

42,119,628

54.6

3.5

37.07

99,776

25.3

P-F-4

33,578,112

2,753,405,184

560,479

45,959,278

59.9

4.2

36.86

101,339

30.5

P-F-5

23,563,272

1,932,188,304

539,390

44,229,980

43.7

2.9

37.47

98,767

31.9

P-F-6

23,374,790

1,916,732,780

523,591

42,934,462

44.6

2.9

37.38

98,876

29.9

P-F-7

28,326,906

2,322,806,292

539,702

44,255,564

52.5

3.5

36.88

100,355

27.4

P-F-8

25,474,290

2,088,891,780

431,895

35,415,390

59.0

3.2

37.64

96,551

17.5

Subtotal

225,509,524 18,491,780,968

4,487,699

367,991,318

451.6

28.0

-

882,573

-

Subaverage

25,056,614

2,054,642,330

498,633

40,887,924

50.2

3.1

37.30

98,064

26.1

Bağyolu

27,187,532

2,229,377,624

552,533

45,307,706

49.2

3.4

38.00

79,746

33.1

P-M-1

22,615,328

1,854,456,896

498,044

40,839,608

45.4

2.8

36.98

98,046

27.2

P-M-2

10,108,252

828,876,664

422,176

34,618,432

23.9

1.3

37.10

75,521

20.5

P-M-3

19,417,040

1,592,197,280

541,272

44,384,304

35.9

2.4

37.48

95,941

26.7

P-M-4

11,079,312

908,503,584

410,036

33,622,952

27.0

1.4

38.77

72,909

18.6

P-M-5

38,882,284

3,188,347,288

657,285

53,897,370

59.2

4.8

37.65

102,340

30.5

P-M-6

26,158,302

2,144,980,764

569,710

46,716,220

45.9

3.2

37.58

100,049

27.0

P-M-7

29,947,304

2,455,678,928

596,268

48,893,976

50.2

3.7

37.51

99,531

27.5

P-M-8

39,817,004

3,264,994,328

623,841

51,154,962

63.8

4.9

37.41

103,115

27.8

Subtotal

225,212,358 18,467,413,356

4,871,165

399,435,530

400.6

28.0

-

827,198

-

Subaverage

25,023,595

541,241

44,381,726

44.5

3.1

37.61

91,911

26.5

37.45

94,987

Males

2,051,934,817

Total

450,721,882 36,959,194,324

9,358,864

767,426,848

852.2

56.0

Average

25,040,105

519,937

42,634,825

47.3

3.1

2,053,288,574

1,709,771

*Total RAD sequence was calculated by multiplying read number by 82 bp read length of Illumina.
**Total sequence of RAD taqs was calculated by multiplying number of RAD tags by Illumina 82 bp read length.
***Coverage depth was calculated by dividing Illumina read number by number of RAD taqs.
****Sequence coverage was calculated by dividing total RAD sequence (bp) by the estimated genome size (660 Mbp) of pistachio.

26.3
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Table 2 Marker name, position and sequences of candidate SNP sex markers in pistachio
No

Marker name

SNPs

Positions

Sequence (5′-3′)

1

SNP-PIS-1319

Y-Y

28-77

AATTCGTATAGCCCGTGAGAATACATG(Y)GGATGAGGGCTATACATGAGAGAGAGTACACT
CACATGGCCAAGGGTT(Y)CGAAT

2

SNP-PIS-29689

Y-R

33-71

AATTCAACATCTTATAAAGCGAAATCACTTCA(Y)AATAATGCTTCTTCTTTGCAAGTGCACCA
AACAATAT(R)TTGAATGATGA

3

SNP-PIS-112277

Y-R

10-61

AATTCGTTA(Y)CTAGAGGGTGATTTTAAAACTCTTACAGACACAAAACCATGACAATAATT(R)
AAGGAAGAAAATTCAGCATGC

4

SNP-PIS-120693

M-W

19-57

AATTCAATGATCTAGATT(M)AAAGAAGGCATTGGATGTTGTGTATTGTCATTTGTAA(W)AAT
ATCTTGGTGTGTAAAATGTGTA

5

SNP-PIS-127343

S

27

AATTCACCAATATTTTACTGCAATAA(S)TAAGAATGTAATGACAGGGTGAGTGAAAATG
GTAGATTAAAATTTTAAGGAAATG

6

SNP-PIS-133396

S-Y

46-47

AATTCTCCTCTGTTTTTTGGGCAAACCGCAAAGAAGATTAAAGTA(S)(Y)TGATCCATGATCT
TCAAGTTTCAGTACTATTCATA

7

SNP-PIS-135862

Y-Y

40-41

AATTCTTTGGTTTTGTGTCTGAATGTGGATAATATATGG(Y)(Y)GCCTCATGTTGATTATGGG
AAATGTGCATGGAAATAGTATC

8

SNP-PIS-136404

K

23

AATTCTTTTAGGGGTTGTCAAA(K)TGACCGGATTCCTCACAAATTCAATTGCCAACTCT
AAAGCTGGCAAGAAATTCTTTAGC

9

SNP-PIS-167992

W

36

AATTCAAACGAAAAATAACTTCATAGCGTGAGCTC(W)TTGTTCCACCTSTAACCGCAACC
CTAAGCTGCAATTGATCACTTCC

10

SNP-PIS-174431

M

56

AATTCCATTACTTCAACAAGTCTCTAGCCGCGTACATATAAAAATTAACTACTCA(M)AGTGA
AAGTGGAYAAATTGTTAAGTT

11

SNP-PIS-176863

R

57

AATTCCACATTTGACMAGGGTTGGAACTTTTGAGGTGGATGTGAGCTTGGAAGGTA(R)
TATCATACTTTGCAGACAGGTCGAT

The SNaPshot is a minisequencing and primer extension–based method developed for the analysis of SNPs.
Therefore, it was used for validation of sex-associated
SNP markers in this study. SNaPshot analysis was initially performed in 42 F1 mature progenies with known
sex. In the next step, if a SNaPshot primer set could perfectly distinguish sex in pistachio, the primer set was
further tested in 17 male and 47 female cultivars or genotypes of diverse origin in the germplasm collection, as
well as in 60 open-pollinated mature progenies derived
from Siirt and Ohadi cultivars (15 males and 15 females
from each cultivar). If the SNP locus distinguished sex
correctly in all 166 individuals, then it was considered a valid sex-linked locus in pistachio. Next, forward and reverse SNP flanking primers were used for
high resolution melting (HRM) analysis by real-time
PCR. Since HRM analysis is a rapid and a costeffective assay for marker-assisted selection (MAS) in
the breeding programs. Sequences of the SNP flanking primers and single-base extension primers used
are given in Table 3.
According to the SNaPshot analysis of 13 loci, eight
SNP loci could successfully separate sex in pistachio.
There were two adjacent loci in two reads (SNP-PIS133396 and SNP-PIS-135862) within the 13 candidate
loci. Both SNP loci in SNP-PIS-133396 separated sexes,
whereas one of the SNP loci in SNP-PIS-135862 was
ineffective in sex determination (Table 4). Five of the
loci were unable to distinguish F1 individuals and were

discarded; further analysis continued using the remaining
eight SNP loci from seven reads. Therefore, seven pairs of
SNP flanking primers were used in the HRM analysis.
Since, HRM analysis is another SNP genotyping method
for rapid and cost-effective analysis of genetic variation
within PCR amplicons. The SNaPshot analysis results for
the eight tested sex-linked loci revealed that all female individuals were heterozygous and all male individuals were
homozygous (Table 4).
HRM analysis was performed in the same plants used
for SNaPshot analysis. Among the seven tested SNP loci,
four (SNP-PIS-133396, SNP-PIS-136404, SNP-PIS-167992,
SNP-PIS-174431) could distinguish sex in all 166 tested
plants (Table 4, Figure 1). The remaining three SNP loci
were unable to distinguish sex by HRM analysis. Therefore,
four loci were identified as being suitable for markerassisted selection (MAS) in breeding programs. Again, all
female individuals were heterozygous and all male individuals were homozygous in the HRM analysis results of the
four sex-linked loci.
Testing sex-linked SNP markers in wild Pistacia species

To test the eight SNP loci by SNaPshot analysis in four
wild Pistacia species, 10 female and 10 male individuals
were assessed from P. atlantica (Desf.), P. terebinthus L.,
P. eurycarpa Yalt., and P. integerrima Stewart, respectively. SNaPshot analysis revealed that none of the sexlinked markers in P. vera could separate sex in the tested
wild Pistacia species.
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Table 3 Primer sequences of candidate SNP sex markers used in for SNaPshot and HRM analysis in pistachio
No

Marker name

Primer

1

SNP-PIS-112277

Forward

Position

Reverse

SNP-PIS-127343

SNP-PIS-133396

61-R

GCATGCTGAATTTTCTTCCTT

Forward

TCACCAATATTTTACTGCAA
CCATTTTCACTCACCCTGTC
27-S

GCAAACCGCAAAGAAGATTA

46-S

CAAACCGCAAAGAAGATTAAAGTA

47-Y

GTACTGAAACTTGAAGATCATGGATCA

Forward

GGTTTTGTGTCTGAATGTGGA

Reverse

SNP-PIS-136404

40-Y

GTCTGAATGTGGATAATATATGG

41-Y

TTCCCATAATCAACATGAGGC

Forward

GAATTCTTTTAGGGGTTGTCA

Reverse

SNP-PIS-167992

SNP-PIS-174431

23-K

GAATTCTTTTAGGGGTTGTCAAA

Forward

CGAAAAATAACTTCATAGCGTGA

Reverse

TGATCAATTGCAGCTTAGGG

Single base extension
7

67

CCAGCTTTAGAGTTGGCAAT

Single base extension
6

64

CCATGCACATTTCCCATAAT

Single base extension

5

52

ACTGAAACTTGAAGATCATGGA

Single base extension

SNP-PIS-135862

56

CACCCTGTCATTACATTCTTA

Forward
Reverse

4

50

Reverse
Single base extension
3

Product size (bp)

TTACAGACACAAAACCATGACAA
GCATGCTGAATTTTCTTCCT

Single base extension
2

Sequence (5′-3′)

36-W

69

AGCTTAGGGTTGCGGTTA

Forward

AGTCTCTAGCCGCGTACATA

Reverse

64

AACTTAACAATTTYTCCACTTTCAC

Single base extension

56-M

Discussion
RADseq in pistachio

From 18 pistachio plants, 36.96 Gb of data was generated by restriction site-associated DNA sequencing
(RADseq) on the Hi-Seq 2000 next-generation sequencing (NGS) platform, and the average data per pistachio
plant was 2.05 Gb. Yang et al. [12,13] previously used
the same methodology and sequencing platform to identify markers linked to anthracnose and stem blight in

CCGCGTACATATAAAAATTAACTACTCA

lupin. The authors generated 17.33 Gb data from 20
plants, with an average of 0.87 Gb data per plant. Therefore, this study made use of more than double the quantity of data generated for marker discovery than was
used for lupin.
The number of RAD tags in this study was 9.36 million,
with an average of 519,937 per plant, whereas Yang et al.
[13] generated 7.6 million RAD tags at an average of
381,527 per plant. Average coverage of the RAD tags was

Table 4 Results of SNaPshot and HRM analysis in sex-linked SNP markers in pistachio
SNP loci

SNP position

SNaPshot

HRM

Genotype in female

Genotype in male

SNP-PIS-112277

61R

+

-

R (TC)

T

SNP-PIS-127343

27S

+

-

S (GC)

G

46S

+

+

47Y

+

SNP-PIS-133396

S (GC)

G

Y (GA)

G

SNP-PIS-135862

41Y

+

-

Y (GA)

A

SNP-PIS-136404

23 K

+

+

K (AC)

C

SNP-PIS-167992

36 W

+

+

W (TA)

A

SNP-PIS-174431

56 M

+

+

M (CA)

C
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A

B

C

D

Figure 1 Derivative melting curves of four SNP sex-linked loci in five female and in five male individuals. (A) SNP-PIS-133396,
(B) SNP-PIS-136404, (C) SNP-PIS-167992, and (D) SNP-PIS-174431. Y axis show negative derivative of normalized fluorescence with respect to
temperature (−dF/dT) and X axis shows temperature. Female and male DNAs were amplified in Light Cycler 96 Real-Time PCR system using
Syto 9 dye.

47.3×, demonstrating the reliability of the generated data
in this study. According to flow cytometry analysis, the
haploid genome size of pistachio is ~660 Mbp. [8]. Therefore, it is easy to calculate the sequence coverage of each
plant used in this study, with an average of 3.1× coverage
per plant obtained. The high-sequencing coverage depth of
plants demonstrates the high reliability of generated SNP
markers in this study; higher sequencing coverage is required for the discovery of reliable markers in heterozygous populations than in homozygous ones.
Identification of sex-linked SNP markers in pistachio

This study identified eight SNP sex-linked loci for pistachio from seven reads using RADseq at three stages:
(1) putative sex-linked SNP loci discovery, (2) validation
of sex-linked SNP markers in a large germplasm by
SNaPshot analysis, and (3) cost-effective application of
sex-linked SNP markers by high-resolution melting (HRM)
analysis.

In the first stage, 38 putative sex-linked SNP markers
were identified among the 33,757 polymorphic SNP
markers produced from 36.96 Gb of data by RADseq
on the Hi-Seq 2000 NGS platform. Using the same
platform and methodology, Yang et al. [12] obtained
8,207 polymorphic SNP markers in lupin for the development of markers linked to anthracnose, and the authors identified 38 candidate-linked markers. In the
second RADseq study by Yang et al. [13] to identify
markers linked to stem blight in lupin, 7,241 polymorphic markers were generated, and 33 candidatelinked markers found. The number of generated candidate
markers was similar in pistachio and lupin for different
traits. However, there were 4.5 times more polymorphic
SNP loci in pistachio than in lupin, this is probably
owing to the high heterozygosity level of plant materials
used for our study; we used an F1 population in a dioecious species whereas the lupin studies used a RIL
population.
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In the second stage, validation of putative sex-linked
markers was performed by SNaPshot analysis in three
different plant materials: (1) 42 segregating mature F1
progenies (26 were male, 16 were female) from a Siirt ×
Bağyolu population, (2) 17 male and 47 female pistachio
cultivars or genotypes in the germplasm collection, and
(3) 60 open-pollinated mature pistachio trees (30 were
male, 30 were female) derived from Siirt and Ohadi cultivars. Among 38 putative sex-linked SNP loci from 28
RAD reads, 13 allowed for primer design and eight distinguished pistachio sex with complete accuracy when
using SNaPshot analysis.
In the SNaPshot analysis, one of the eight sex-linked
SNP loci reads had adjacent SNP loci. Therefore, only
SNP flanking primers from seven reads were used for
the third stage, in which HRM analysis was performed
to demonstrate cost-effective use of sex-linked markers in
a pistachio breeding program. Among these seven, four
SNP flanking primer pairs were able to separate the sexes
in pistachio, and are considered potential sex-linked
markers for MAS in pistachio breeding applications.
In an earlier study, performed by Hormaza [33] in
P. vera, a single female-specific sex marker (OPO08945)
was found by screening 1,000 Ramdomly Amplified
Polymorphic DNA (RAPD) primers. Yakubov et al. [34]
converted the OPO08945 RAPD marker into a Sequence
Characterized Amplified Region (SCAR) marker in combination with touchdown PCR for reliable screening;
however, testing of the SCAR primer in our laboratory
in the segregating population, and in a large germplasm
collection, generated false negatives in some female individuals and false positives in some male individuals, including the Bağyolu male parent. The reason for the
discrepancy between this study and earlier ones may be
the testing of markers in a limited number of individuals. For example, Hormaza et al. [32] tested the marker
in seven male and seven female cultivars. It is therefore
necessary to test candidate markers in a large germplasm
collection for validation of reliable markers. Consequently, new, fully reliable, sex-linked markers were generated in this study for use in pistachio.
Heterogametic female sex-linked markers suggest ZW/ZZ
sex determination in pistachio

In some plant species, sex determination is based on the
presence of either homomorphic, (e.g., in Carica papaya),
or heteromorphic sex chromosomes (e.g., in Silene
latifolia). Recombination in sex determination regions
in these plants is suppressed [25,36]. The suppressed
recombination leads to accumulation of repetitive sequences, inversions, deletions, or translocations in different
plant species [25,37,38].
Identification of 38 putative sex-associated SNP markers
as heterozygous in female individuals and homozygous in
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male individuals using RADseq suggests a ZW/ZZ sex determination system in pistachio. Validation of the markers
by SNaPshot analysis, and the female-specific marker identified by Hormaza et al. [32] support this hypothesis. Cherif
et al. [39] found three genetically linked simple sequence
repeat (SSR) markers that are heterozygous only in male
individuals, and suggested an XY chromosomal system
with a non-recombining XY-like region in date palm
(Phoenix dactylifera). Carmichael et al. [21] used RADseq
technology to find sex-linked markers in the salmon louse
(L. salmonis). They identified one SNP marker that was
heterozygous in female individuals and homozygous in
male individuals, and suggested a ZW/ZZ female heterogametic sex determination system. Palaiokostas et al. [20]
used RADseq for mapping and sex determination in
H. hippoglossus, and revealed XX/XY sex determination. In
this study, we identified eight sex-linked loci that were all
female heterogametic, further suggesting a ZZ/ZW sex determination system in pistachio.
A new scenario has been widely accepted for describing the evolution of sex chromosomes (Figure 2). This
comprises six consecutive steps, and was developed following extensive genetic and genomic studies on the
male-specific region [30,40-42]. Actinidia chinensis is in
the second stage, and Carica papaya is in the third
stage. Pistachio may be in stage 2 or 3, depending on
whether the WW female genotype is viable. The reported female-to-male ratio in the segregated populations is 1:1, and there is no report of super-female
genotypes in pistachio, this suggests that the WW genotype is not viable. We therefore propose the evolution of
sex chromosomes at stage 3, where suppression of recombination extends to neighboring regions allowing a
large number of W-linked genes to degenerate and form
a female-specific region on the nascent W chromosome,
such as the one observed in C. papaya [30].
In papaya, 225 of the 342 markers on linkage group 1
co-segregate with the sex locus, indicating severe suppression of recombination at this region [43]. Similar results
were obtained in Asparagus [25], Humulus [44], Silene
[45], and Spinacia [46]. We also had similar results, having
eight sex-linked loci from 13 reads, indicating that suppression of recombination occurred in pistachio. RADseq
SNP markers are derived from a reduced genome and the
sex-linked SNP loci indicate the formation of a nonrecombining sex-determining region in pistachio. Suppression of recombination in specific chromosomal regions is a
widespread phenomenon in sexually reproducing organisms, and has been documented in plant species with both
primitive and advanced sex chromosomes [30,43,44,47].
Testing sex-linked SNP markers in wild Pistacia species

SNaPshot analysis of eight SNP loci in four wild Pistacia
species revealed that sex-linked markers in P. vera could
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Autosome
Proto Z (X)
Proto W (Y)

Stage1 Fragaria virginiana

Z (X)
W (Y)

Stage2 Asparagus officinalis

Z (X)
W (Y)

Stage3 Carica papaya
Pistacia vera

Z (X)
W (Y)

Stage4 Silene latifolia

Z (X)
W (Y)

Stage5 Cycas revoluta

Z (X)

Stage6 Rumex acetosa

Autosomal or pseudo-autosomal region
Male sterile and female sterile mutations
Dejenerated female specific region on W
FSW corresponding region on Z
Sentremore

Figure 2 The six stages of sex chromosome evolution obtained from Ming et al. (30) and adapted to ZW system. Stage 1: Unisexual
mutation with complementary dominance. Stage 2: Recombination is suppressed between the two sex determination loci and WW genotype is
viable. Stage 3: Suppression of recombination extends to neighboring regions and form a small female-specific region of the W chromosome (FSW).
Stage 4: The FSW region expands in size, and the Z and W chromosomes become heteromorphic. Stage 5: Severe dejeneration of the W chromosome
causes deletion of nonfunctional DNA sequences, and results in reduction of W-chromosome size. Stage 6: Suppression of recombination spreads to
the entire W chromosome, W chromosome is totally lost, and Z-to-autosome ratio sex determination system has evolved.

not distinguish sex in the four tested species. Hormaza
[33] also tested a female-specific RAPD marker in wild
Pistacia species and found the marker ineffective for sex
determination. However, Esfandiyari et al. [35] recently
tested the marker in four P. atlantica and four P. khinjuk
individuals and reported that the SCAR marker converted
by Yakubov et al. [34] effectively distinguishes sex in wild
species. It is noteworthy that testing of RAPD and SCAR
primers developed by Hormaza et al. [32] and Yakubov
et al. [34] in four wild Pistacia species in our study was unable to distinguish sex in wild Pistacia species. Therefore,
validation of markers in a large germplasm is one of the
most important aspects of marker development.
It is interesting that none of the sex-linked markers
identified in P. vera by Hormaza [33] or in this study are
unable to separate the sexes in wild species. It will be interesting to identify markers for the wild species and to
create a sex determination system for them. Mapping of
sex-linked SNP markers in an intra- and inter-specific F1
segregating population, which may show the positions of
markers in the maps of cultivated and wild Pistacia species, is underway.

pistachio. Thirty-eight putative sex-linked markers were
detected from 28 reads following RADseq. Thirteen single nucleotide polymorphism (SNP) loci were suitable
for primer design, and eight of these could distinguish
sex with complete accuracy in pistachio following validation in mature F1 progenies, and in a large germplasm
collection by SNaPshot analysis. Sex-linked SNP markers
were tested by high-resolution melting (HRM) analysis
with real-time PCR for cost-effective application in a
cultivar-breeding program, and four of them perfectly
distinguished sex. Female heterogamety of all sex-linked
SNP markers suggests a ZZ/ZW sex determination system in pistachio. The reported female-to-male segregation ratio of 1:1 in all reported segregated populations,
and no reports of super-female genotypes or heteromorphic sex chromosomes in pistachio suggests that
the WW genotype is not viable. We therefore propose
that the evolution of the sex chromosome is at stage 3,
where a pair of primitive sex chromosomes controls sex
determination, with a female-specific region on the W
chromosome.

Methods
Conclusions
Restriction site-associated DNA sequencing (RADseq)
technology was used to identify sex-linked markers in

Plant material and DNA extraction

An F1 population between female Siirt and male
Bağyolu cultivars was used for marker development.

Kafkas et al. BMC Genomics (2015) 16:98

The population consisted of 91 F1 progenies planted in
2004 in Gaziantep province, Turkey. Forty-two flowered
by the spring of 2014, and rest of the progenies remained
in the juvenile stage. DNA extractions were based on the
CTAB protocol [48], with minor modifications [4]. The
quantification of DNA samples was performed using a
Qubit fluorometer (Invitrogen, Carlsbad-CA).
Identifying markers linked to sex by RADseq in pistachio

Eighteen plants were used for restriction site-associated
DNA sequencing (RADseq) for sex-linked marker development in pistachio: eight F1 female individuals, eight F1
male individuals, and the two parents from a Siirt ×
Bağyolu F1 segregating population. The RADseq protocol was similar to that previously described in the literature [9,11,12]. EcoRI (recognition site 5′-G/AATTC-3′)
was used as a restriction enzyme in the protocol. Then,
90-bp pair-end (PE) sequencing libraries were constructed using eight-nucleotide multiplex identifiers
(MIDs). Each plant was treated separately, and was
assigned a unique MID barcode. Each sex group of individuals was sequenced in different lanes of a Hi-Seq
2000 sequencing platform (Illumina). Library construction and sequencing were performed at the Beijing
Genomic Institute, China. The length of the first reads,
including the MID barcodes, was 90 bp. Following RAD,
reads were assigned to individual plants, and the eightnucleotide MID barcode sequences removed. The length
of the first RAD reads (RAD loci) was 82 bp, this did
not include the first nucleotide G of the EcoR1 recognition site. The 82-bp first reads within each individual
plant were grouped into tag reads based on sequence
similarity by allowing a maximum of two mismatches
between any two RAD reads. Monomorphic DNA sequences were removed by comparison and filtering of
tag reads from the parents. Only first reads containing
polymorphic SNP between the two parents were kept.
The remaining sequences were compared among all the
plants to identify sex-specific SNP loci. If a SNP marker
showed a polymorphic locus correlating with the sex
of the individuals, it was regarded as a sex-associated
marker in pistachio.
Primer design

SNP flanking and single-base extension primers were designed using BatchPrimer 3 web based software [49] for
SNaPshot and high-resolution melting (HRM) analysis
(Table 3). Primer design was performed in the first RAD
reads if DNA sequences were suitable. Single-base extension primers were designed adjacent to the SNP loci
from one of the orientations (forward or reverse) if the
sequences were appropriate. Standard parameters of
BatchPrimer 3 web based software were used for primer
design.
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Validation of sex-associated SNP markers by SNaPshot
analysis

Testing of sex-associated SNP markers was initially performed in all 42 mature F1 plants in the Siirt × Bağyolu
population. Then, if they succeeded to distinguish the
sex of F1 progenies, they were tested using 17 male and
47 female cultivars in the germplasm collection previously characterized by Kafkas et al. [50] to validate
marker-assisted selection (MAS) markers for a pistachio
cultivar-breeding program. Additionally, markers were
tested in 30 male and 30 female open-pollinated mature
progenies of Siirt and Ohadi cultivars.
Before the SNaPshot analysis, PCR amplifications were
performed with SNP flanking primers in a reaction volume of 25 μL containing 75 mM Tris–HCl (pH 8.8),
20 mM (NH4)2SO4, 2 mM MgCl2, 0.1% Tween 20,
100 μM each of dATP, dTTP, dGTP, and dCTP, 0.2 μM
each of reverse and forward primers, 1.0 unit Hotstart
Taq DNA polymerase (Thermo Scientific, VilniusLithuania), and 20 ng of genomic DNA. Thermal cycler
(Veriti, Applied Biosystems Inc, Singapure) conditions
were: 2 min at 94°C for pre-denaturation; 35 cycles of
45 s at 94°C for denaturation, 45 s at 50°C for annealing,
and 1 min at 72°C for extension; followed by a final incubation of 5 min at 72°C. Next, 5 μL of PCR product was
treated with 1 unit of shrimp alkaline phosphatase and
10 units of exonuclease I (Thermo Scientific, VilniusLithuania) at 37°C for 30 min to remove excess dNTPs
and primers, respectively. The product was then incubated for 10 min at 85°C for inhibition and inactivation.
SNaPshot analysis was performed using an Applied
Biosystems SNaPshot Multiplex Kit [Applied Biosystems
(ABI) Inc., UK] according to manufacturer protocol with
minor modifications. Reactions were performed in a volume of 10 μL, containing 5 μL SNaPshot Ready Multiplex
Ready Reaction Mix, 0.5 μM single-base extension primer,
and 1 μL shrimp alkaline phosphatase/exonuclease-treated
PCR product. The thermal cycler conditions were 10 s at
96°C; 30 cycles of 10s at 96°C, 5 s at 50°C, and 30s at 60°C;
followed by 2 min at 60°C. Labeled extension products
were treated with 1 unit shrimp alkaline phosphatase. One
microliter of diluted extension product was mixed with
9.8 μL Hi-Di formamide and 0.2 μL GeneScan-120 LIZ Size
Standard [Applied Biosystems (ABI) Inc., Foster City, CA].
Products were denatured at 95°C for 5 min and electrophoresis performed using an ABI PRISM 3130xl Genetic
Analyzer [Applied Biosystems (ABI) Inc., Tokyo-Japan]
with a 36-cm-length capillary array and POP-7 polymer
[Applied Biosystems (ABI) Inc., Foster City, CA]. Data analysis was performed using GeneMapper 4.0 software (ABI).
HRM analysis

If markers passed the validation process described above
for use in MAS in breeding programs, then HRM
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analysis was performed using a Light Cycler 96 RealTime PCR instrument (Rosch, Mannheim-Germany) with
two replicates. The HRM amplification reactions were carried out in a total volume of 20 μL containing 15 ng DNA,
75 mM Tris–HCl (pH 8.3), 20 mM (NH4)2SO4, 2.5 mM
MgCl2, 0.1% Tween 20, 200 μM each of dATP, dTTP,
dGTP, and dCTP, 0.25 μM each of reverse and forward
primers, 1.0 unit Hotstart Taq DNA polymerase, and
1.5 μM Syto 9 dye (Life Technologies, Carlsbad-CA). The
cycling program was: pre-denaturalization for 600 s
at 95°C; 45 cycles of 95°C denaturalization for 10 s, 60°C
annealing for 15 s, and 72°C extension for 15 s. Amplification cycles were immediately followed by HRM steps of
95°C for 60 s, cooling to 40°C for 60 s, then raising the
temperature to 65°C and then 97°C for 15 s. The annealing
temperature was decreased in subsequent cycles by 0.5°C
per cycle after the first 60°C annealing step, down to 55°C.
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Testing sex-linked markers in wild Pistacia species

SNP markers that distinguished sex in P. vera with 100%
accuracy were screened in 20 individuals (10 males and
10 females) of the following wild Pistacia species: P. atlantica, P. eurycarpa, P. terebinthus, and P. integerrima using
SNaPshot analysis.
Abbreviations
RADseq: Restriction site-associated DNA sequencing; SNP: Single nucleotide
polymorphism; MAS: Marker-assisted selection; SCAR: Sequenced Characterized
Amplified Region; HRM: High-resolution melting.

14.

15.

16.

17.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
SK was responsible for RADseq and SNP data analysis. SK and EK coordinated
and organized all research activities. MK and MG performed DNA extractions,
and SNaPshot and HRM analysis. All authors contributed to writing and
editing the manuscript. All authors read and approved the final manuscript.
Acknowledgments
The authors thank the General Directorate of Agricultural Research and
Policies (Project No. TAGEM/13/ARGE/22) at the Republic of Turkey Ministry
of Food, Agriculture and Livestock, and the Cukurova University Scientific
Research Projects Unit (Project No. ZF2013KAP4) for financial support. The
authors also thank Nergiz Coban and Hatice Gozel for their cooperation
during plant material collection.

18.

19.

20.

21.

22.
23.
24.

Received: 1 October 2014 Accepted: 6 February 2015
25.
References
1. Zohary M. A monographical study of the genus Pistacia. Palestine J Bot
Jerusalem Ser. 1952;5:187–228.
2. Kafkas S. Phylogeny, evolution and biodiversity in the genus Pistacia
(Anacardiaceae). In: Sharma AK, Sharma A, editors. Plant genome:
biodiversity and evolution. Volume 1, part C, Phanerogams (Angiosperm
Dicotyledons). Enfield (NH), Jersey, Plymouth, USA: Science Publishers; 2006.
p. 525–57.
3. Kafkas S. Phylogenetic analysis of the genus Pistacia by AFLP markers. Plant
Syst Evol. 2006;262:113–24.
4. Kafkas S, Perl-Treves R. Morphological and molecular phylogeny of Pistacia
species in Turkey. Theor Appl Genet. 2001;102(6–7):908–15.

26.

27.

28.

Kafkas S, Kaşka N, Perl-Treves R. Unusual Pistacia atlantica Desf. (Anacardiaceae)
monoecious sex types in the Yunt Mountains of the Manisa province of Turkey.
Israel J Plant Sci. 2000;48(4):277–80.
Faostat, 2014: FAO web page (http://faostat.fao.org).
Ila HB, Kafkas S, Topaktas M. Chromosome numbers of four Pistacia
(Anacardiaceae) species. J Horticultural Sci Biotechnol. 2003;78(1):35–8.
Horjales M, Redondo N, Blanco A, Rodríguez MA. Cantidades de DNA
nuclear en árboresy arbustos. Nova Acta Cient Compostel Biol.
2003;13:23–33.
Baird NA, Etter PD, Atwood TS, Currey MC, Shiver AL, Lewis ZA, et al. Rapid
SNP discovery and genetic mapping using sequenced RAD markers. Plos
One. 2008;3(10):e3376.
Barchi L, Lanteri S, Portis E, Acquadro A, Vale G, Toppino L, et al.
Identification of SNP and SSR markers in eggplant using RAD tag
sequencing. BMC Genomics. 2011;12:304.
Chutimanitsakun Y, Nipper RW, Cuesta-Marcos A, Cistue L, Corey A, Filichkina T,
et al. Construction and application for QTL analysis of a Restriction Site
Associated DNA (RAD) linkage map in barley. BMC Genomics. 2011;12:4.
Yang H, Tao Y, Zheng Z, Li C, Sweetingham MW, Howieson JG. Application
of next-generation sequencing for rapid marker development in molecular
plant breeding: a case study on anthracnose disease resistance in Lupinus
angustifolius L. BMC Genomics. 2012;13:318.
Yang H, Tao Y, Zheng Z, Shao D, Li Z, Sweetingham MW, et al. Rapid
development of molecular markers by next-generation sequencing linked
to a gene conferring phomopsis stem blight disease resistance for markerassisted selection in lupin (Lupinus angustifolius L.) breeding. Theor Appl
Genet. 2013;126(2):511–22.
Pfender WF, Saha MC, Johnson EA, Slabaugh MB. Mapping with RAD
(restriction-site associated DNA) markers to rapidly identify QTL for stem
rust resistance in Lolium perenne. Theor Appl Genet. 2011;122(8):1467–80.
Hegarty M, Yadav R, Lee M, Armstead I, Sanderson R, Scollan N, et al.
Genotyping by RAD sequencing enables mapping of fatty acid composition
traits in perennial ryegrass (Lolium perenne (L.)). Plant Biotechnol J.
2013;11:572–81.
Wang N, Fang L, Xin H, Wang L, Li S. Construction of a high-density genetic
map for grape using next generation restriction-site associated DNA
sequencing. BMC Plant Biol. 2012;12(1):148.
Scaglione D, Acquadro A, Portis E, Tirone M, Knapp SJ, Lanteri S. RAD tag
sequencing as a source of SNP markers in Cynara cardunculus L. BMC
Genomics. 2012;13(1):3.
Bus A, Hecht J, Huettel B, Reinhardt R, Stich B. High-throughput polymorphism
detection and genotyping in Brassica napus using next-generation
RAD sequencing. BMC Genomics. 2012;13:281.
Pegadaraju V, Nipper R, Hulke B, Qi L, Schultz Q. De novo sequencing of
sunflower genome for SNP discovery using RAD (Restriction site Associated
DNA) approach. BMC Genomics. 2013;14:556.
Palaiokostas C, Bekaert M, Davie A, Cowan ME, Oral M, Taggart JB, et al.
Mapping the sex determination locus in the Atlantic halibut (Hippoglossus
hippoglossus) using RAD sequencing. BMC Genomics. 2013;14:566.
Carmichael SN, Bekaert M, Taggart JB, Christie HRL, Bassett DI, Bron JE, et al.
Identification of a sex-linked SNP marker in the Salmon Louse (Lepeophtheirus
salmonis) using RAD sequencing. Plos One. 2013;8(10):e77832.
Renner SS, Ricklefs RE. Dioecy and its correlates in the flowering plants. Am
J Bot. 1995;82(5):596–606.
Charlesworth B. The evolution of sex chromosomes. Science. 1991;251:1030–2.
Mrackova M, Nicolas M, Hobza R, Negrutiu I, Moneger F, Widmer A, et al.
Independent origin of sex chromosomes in two species of the genus Silene.
Genetics. 2008;179(2):1129–33.
Liu Z, Moore PH, Ma H, Ackerman CM, Ragiba M, Yu Q, et al. A primitive Y
chromosome in papaya marks incipient sex chromosome evolution. Nature.
2004;427:348–52.
Fraser LG, Tsang GK, Datson PM, De Silva HN, Harvey CF, Gill GP, et al. A
gene-rich linkage map in the dioecious species Actinidia chinensis (kiwifruit)
reveals putative X/Y sex-determining chromosomes. BMC Genomics.
2009;10:102.
Khadka DK, Nejidat A, Tal M, Golan-Goldhirsh A. DNA markers for sex
molecular evidence for gender dimorphism in dioecious Mercurialis
annua L. Mol Breed. 2002;9(4):251–7.
Kater MM, Franken J, Carney KJ, Colombo L, Angenent GC. Sex determination in
the monoecious species cucumber is confined to specific floral whorls. Plant
Cell. 2001;13:481–93.

Kafkas et al. BMC Genomics (2015) 16:98

29. Charlesworth B, Charlesworth D. A model for the evolution of dioecy and
gynodioecy. Am Nat. 1978;112:975–97.
30. Ming R, Bendahmane A, Renner SS. Sex choromosomes in land plants.
Annu Rev Plant Biol. 2011;62:485–514.
31. Hormaza JI, Polito VS. Pistillate and staminate flower development in
dioecious Pistacia vera (Anacardiaceae). Am J Bot. 1996;83(6):759–66.
32. Hormaza JI, Dollo L, Polito VS. Identification of a RAPD marker linked to sex
determination in Pistacia vera using bulked segregant analysis. Theor Appl
Genet. 1994;89(1):9–13.
33. Hormaza JI: An analysis of sex expression, geographic distribution and
genetic relatedness among clones and cultivars of pistachio (Pistacia vera
L.). PhD Thesis. University of California, Davis; 1994.
34. Yakubov B, Barazani O, Golan-Goldhirsh A. Combination of SCAR primers
and touchdown-PCR for sex identification in Pistacia vera L. Sci Hort.
2005;103:473–78.
35. Esfandiyari B, Davarynejad GH, Shahriari F, Kiani M, Mathe A. Data to the sex
determination in Pistacia species using molecular markers. Euphytica.
2012;2:227–31.
36. Mariotti B, Navajas-Pérez R, Lozano R, Parker JS, de la Herran R, Rejón CR,
et al. Cloning and characterization of dispersed repetitive DNA derived
from microdissected sex chromosomes of Rumex acetosa. Genome.
2006;49(2):114–21.
37. Lengerova M, Kejnovsky E, Hobza R, Macas J, Grant SR, Vyskot B. Multicolor
FISH mapping of the dioecious model plant, Silene latifolia. Theor Appl
Genet. 2004;108:1193–9.
38. Na JK, Wang J, Ming R. Accumulation of interspersed and sex-specific
repeats in the non-recombining region of papaya sex chromosomes. BMC
Genomics. 2014;15:335.
39. Cherif E, Zehdi S, Castillo K, Chabrillange N, Abdoulkader S, Pintaud J-C,
et al. Male-specific DNA markers provide genetic evidence of an XY
chromosome system, a recombination arrest and allow the tracing of
paternal lineages in date palm. New Phytol. 2013;197(2):409–15.
40. Charlesworth D, Charlesworth B, Marais G. Steps in the evolution of
heteromorphic sex chromosomes. Heredity. 2005;95:118–28.
41. Jamilena M, Mariotti B, Manzano S. Plant sex chromosomes: molecular
structure and function. Cytogenet Genome Res. 2008;120:255–64.
42. Ming R, Hou S, Feng Y, Yu Q, Dionne-Laporte A, Saw JH, et al. The draft
genome of the transgenic tropical fruit tree papaya (Carica papaya
Linnaeus). Nature. 2008;452(7190):991–96.
43. Ma H, Moore PH, Liu Z, Kim MS, Yu Q, Fitch MMM, et al. High-density
genetic mapping revealed suppression of recombination at the sex
determination locus in papaya. Genetics. 2004;166:419–36.
44. Seefelder S, Ehrmaier H, Schweizer G, Seigner E. Male and female genetic
linkage map of hops. Humulus Lupulus Plant Breed. 2000;119:249–55.
45. Cegan R, Marais GAB, Kubekova H, Blavet N, Widmer A, Vyskot B, et al.
Structure and evolution of Apetala3, a sex-linked gene in Silene latifolia.
BMC Plant Biol. 2010;10:180.
46. Khattak JZK, Torp AM, Andersen SB. A genetic linkage map of Spinacia
oleracea and localization of a sex determination locus. Euphytica.
2006;148:311–18.
47. Ming R, Wang J, Moore PH, Paterson AH. Sex chromosomes in flowering
plants. Am J Bot. 2007;94(2):141–50.
48. Doyle JJ, Doyle JL. A rapid isolation procedure for small quantities of fresh
leaf tissue. Phytochemical Bulletin. 1987;19:11–5.
49. You FM, Huo N, Gu YQ, Luo MC, Ma Y, Hane D, et al. BatchPrimer3: a high
throughput web application for PCR and sequencing primer design. BMC
Bioinformatics. 2008;9:253.
50. Kafkas S, Özkan H, Ak BE, Acar I, Atlı HS, Koyuncu S. Detecting DNA
polymorphism and genetic diversity in a wide pistachio germplasm:
comparison of AFLP, ISSR and RAPD markers. J Am Soc Hortic Sci.
2006;131(4):522–9.

Page 11 of 11

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

