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ABSTRACT  

There are not adequate number of published Simple Sequence Repeat (SSR) markers, 

and there is no a SSR-based genetic linkage map for walnut in the literature. Therefore, the first 

objective of this study was to develop new SSR markers in walnut for further genetic studies. The 

second objective of this study was to construct a SSR-based genetic linkage map using Chandler 

x Kaplan-86 F1 population in walnut.   

 A total of 558 bacterial artificial chromosome end sequences (BES-SSR) primer pairs from J. regia 

were designed and 507 primers (91%) had successfully amplification patterns. A total of 1097 

alleles were generated from 307 polymorphic SSR primers, ranging from 2 to 11, with an average 

of 3.6 per locus. Polymorphism information contents (PIC) varied from 0.11 to 0.88 with an average 

of 0.46.  

 Walnut consensus map was successfully constructed, and 285 SSR loci were mapped along with 

16 linkage groups. The total map length was 1.320,2 cM, with a mean marker density of 4.63 cM. 

The LG length varied from 40.8 cM (LG16) to 143.6 cM (LG8). The average marker distance varied 

from 2.63 (LG10) to 8.38 (LG15). The number of markers changed between 6 (LG16) to 27 (LG3). 

In conclusion, the first SSR genetic linkage map of walnut was constructed with the new SSR 

markers developed in this study. Key Words: walnut, J. regia. SSR, BES, genetic map  

  

ÖZET  

Literatürde cevizde bugüne kadar yayımlanan SSR (Basit Dizi Tekrarları) markör sayısı 

yeterli değildir ve SSR tabanlı bir genetik haritada da bulunmamaktadır.  Bu nedenle, bu çalışmanın 

birinci amacı cevizde gelecekte yapılacak genetik çalışmalarda kullanılmak üzere yeni SSR markör 

geliştirmektir. Bu çalışmanın ikinci amacı ise Chandler x Kaplan-86 F1 populasyonunu kullanarak 

cevizde ilk SSR tabanlı genetik haritayı oluşturmaktır.  

Bu çalışmada, J. regia’da 558 BES-SSR primer çifti dizayn edildi ve bunlardan 507 primer  

(%91) çifti başarılı olarak amplifikasyon göstermiştir. Polimorfik 307 SSR primer çifti 2 ile 11 

arasında, toplamda 1097 allel ve lokus başına ortalama 3.6 adet allel üretmiştir. Polimorfizim bilgi 

içeriği (PBİ) değeri 0.11 ile 0.88 arasında değişmiş ve ortalama 0.46 olarak belirlenmiştir.  

Bu çalışmada, cevizde bugüne kadar geliştirilen tüm SSR markörleri kullanılarak genetik 

harita oluşturulmuş ve 285 SSR markörü 16 bağlantı grubu üzerinde haritalanmıştır.  Toplam harita 

uzunluğu 1.320,2 cM ve markörler arasındaki ortalama uzaklık 4.63 cM olarak belirlenmiş olup 

bağlantı gruplarının uzunluğu 40.8 cM (LG16) ile 143.6 cM (LG8) arasında yer almıştır. Markörler 

arası ortalama mesafe 2.63 cM (LG10) ile 8.38 cM (LG15) arasında değişmiştir. Bağlantı 

gruplarındaki markör sayısı 6 (LG16) ile 27 adet (LG3) arasında değişmiştir. Sonuç olarak, bu 

çalışmada yeni geliştirilen SSR markörleri ile birlikte cevizde SSR tabanlı ile genetik harita 

oluşturulmuştur.   

                                                      
1 Aynı başlıklı Yüksek Lisans tezinden üretilmiştir.  
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Anahtar Kelimeler: Ceviz, J. regia, SSR, BES, genetik haritalama.  

  

  

Introduction  

The genus Juglans consists of twenty species, and walnut (Juglans regia L) is one of them. 

Walnut trees have catkins and also pistillate flowers. During productive period some male maturing 

earlier than female (protandry) and some female maturing earlier than male (protogyny) (Robert, 

1930; Forde and Griggs, 1972; McGranahan and Leslie, 1990). Based on genetic studies, walnut 

is diploid with a karyotype of 2n=32 or it has 16 linkage groups (Woodworth, 1930). The length of 

16 chromosomes varied from 1.55 to 3.53 µm (Vahdati et al., 2014). The origin of J. regia seems 

to be a large area of the central Asia Mountains. Walnuts grow in a wide area from southeastern 

Europe and the Caucasus area as a wild or semi cultivated tree.  

Walnuts contain essential nutrition for human such as fat, protein, vitamins and minerals. 

Walnuts contain protein and lipids approximately 16.7% and 66.9% on a dry weight basis. Some 

major proteins that contain are albumin, globulin prolamin and glutelin (Sze-tao and Sathe, 1995). 

Walnuts also contain alpha tocopherol, gamma tocopherol, delta tocopherol, total carotenoid and 

selenium (Özrenk et al., 2011).  

 Based on FAO data in 2012, Turkey (produced 194.298 ton) was the fourth country in 

walnut production in the world. Walnuts have become one of the most economically crops in Turkey. 

The breeding program was started in 1970. The major breeding objectives in Turkey are higher 

yield, quality and range of harvest dates and also decreasing the amount of chemical input required 

controlling pests and diseases (Akça, 2005).   

Kaplan-86 is one of walnut varieties that can grow in the Aegean and Mediterranean region 

of Turkey. Due to low yield, it did not commercialize. Fruit weight is 24 g, kernel weight is 9.6 g, fat 

content is 68%, and protein content is 16% and also easy to separate fruit from the  

shell. Harvesting period begins from the second week of August (Şen et al., 2006). Chandler 

introduced by the University of California in 1979. Today, it is the most important variety grown in 

California.   

Several molecular markers were used in walnut for germplasm characterization and genetic 

diversity such as RFLP, RAPD, ISSR, SSR, AFLP and SAMPL (Fjellstrom et al., 1994; Nicese et 

al., 1998; Woeste et al., 2002; Potter et al., 2002; Dangl et al., 2005; Kafkas et al.,  

2005; Doğan et al., 2014). SSR analysis is a very convinient DNA fingerprinting method compare 

to other molecular markers due to its codominant inheritance, large number of alleles per locus, 

suitable for automation, abundance in genomes and small amount of DNA needed for analysis. 

SSRs have a wide range of applications like evaluatioan of genetic diversity, cultivar identification 

and construction of genetic maps in most of plants (Powell et al., 1996).  

The first SSR marker development study in walnut was reported by Woese et al. (2002), 

Dangl et al. (2005), Foroni et al. (2005, 2007), Victory et al. (2006), Robichaud et al. (2006), Ross-

Davis et al. (2008), Hoban et al. (2008), Zhang et al. (2010), Qi et al. (2009), Yi et al.(2011), Chen 

et al. (2013), Zhang et al. (2013), Najafi et al.(2014), Chen et al. (2014) and Topcu et al. (2015).  

  

Material and Method Plant Material  

  

In this study, different plant materials were used for SSR marker development, and for 

genetic linkage map construction studies. Eight J. regia cultivars from different origins were used 

for SSR marker development. Three cultivars were from Turkey (Kaplan-86, Maras-12 and Kaman-

1), two were from France (Franquette and Fernette), and three were from California (Chandler, Serr 

and Midland). A total of 92 F1 progenies from ‘Chandler’ x ‘Kaplan-86’ cross were used for genetic 
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linkage map construction. All the plant materials were sampled from Nut Research Center of 

Sütçüimam University located in Kahramanmaras province of Turkey.   

  

  
DNA Extraction and Quantification  

DNA was extracted from young leaf tissues by CTAB method (Doyle and Doyle, 1987) with 

some modifications (Kafkas et al., 2005). DNA concentrations were determined by using 0.8% 

agarose gel.   

  

SSR Development  

In total, 48.218 bacterial artificial chromosome (BAC) end sequences (BESs) constructed 

from J. regia cv. Chandler were retrieved from the National Center for Biotechnology Information 

(NCBI) database loaded by Wu et al. (2012). SSR primer pairs were designed using BatchPrimer3 

v1.0 web-based software (You et al., 2008). The loci were given acronyms comprising ‘JR’ for J. 

regia from which the SSRs were isolated, and ‘HR’ and consequent number for name of clone in 

NCBI from which these sequences were obtained.  

Five-hundred fifty-eight SSR primer pairs originally from BESs of J. regia were tested in 8 

walnut cultivars for polymorphism. A total of 1.217 SSR primer pairs including 558 newly designed 

and 659 in the literature were used in the genetic linkage mapping study. The segregation patterns 

of all SSRs were determined by testing them in six F1 plants and in the parents.  

  

SSR Analysis  

Gradient PCR was firstly used to determine annealing temperatures of the newly designed 

SSRs. PCR products were loaded in 2% agarose gel and were run in electrophoresis chamber for 

60 minutes. Then, agarose gel was exposed to a UV-transilluminator. In PCR reactions, three 

primers strategy was used for inexpensive PCR amplification. Eighteen bases of M13 universal 

primer (5ˈ-TGTAAAACGACGGCCAGT–3ˈ) was added to each of forward primers (Schuelke, 

2000). The universal M13 primer was fluorescently labeled with FAM, VIC, NED or PET dyes. PCR 

amplifications were performed in Applied Biosystems® Veriti® 96-Well Thermal Cycler using the 

following program: 1 min of denaturation at 940C for 5 minutes followed by 32 cycles at 940C for 30 

sec, annealing temperature for 45 sec and 720C for 45 sec, followed by 8 cycles at 940C for 30 sec, 

520C for 45 sec, 720C for 45 sec and final extension step at 720C for 10 min.  

Capillary electrophoresis of PCR products were performed in ABI 3130xl (Applied 

Biosystems) genetic analyzer instrument. A total of 9.7 µl of Hi-Di formamide and 0.3 µl LIZ 500 

size standard with 1 µl PCR product were loaded to each well. Aliquots were denaturated for 5 min 

at 940C and run on ABI 3130xl automated sequencer using a 36 cm capillary and POP7 polymer. 

GeneMapper V.4.0 was used for allele size determination.  

  

Data Analysis  

In SSR marker development study, number of alleles (Na), effective number of alleles (Ne), 

expected heterozygosity (He), and observed heterozygosity (Ho) were calculated using GenAlex 

v6.5 (Peakal and Smouse, 2012). The polymorphic information content (PIC) for each SSR locus 

was calculated using PowerMarker v3.25 (Liu and Muse, 2005).  

In the genetic linkage map construction, five different segregation patterns were scored 

(abxcd and efxeg with 1:1:1:1 segregation, hkxhk with 1:2:1 segregation lmxll and nnxnp with 1:1 

segregation). All data analysis was performed using the JoinMap v 4.1 software (Ooijen, 2011). The 

markers were tested for segregation distortion using the chi-square test, before they were used for 

linkage mapping. Finally an LOD threshold of 5 was chosen to construct the linkage groups of 

walnut by SSR markers. Map distances were calculated in centimorgans (cM) using Kosambi´s 
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function (Kosambi, 1944). The final version of the genetic maps was drawn using the Map Chart 

2.2 Software (Voorrips 2002).   

  

Results and Discussion Development of novel SSR markers in walnut  

  

A total of 558 BES-SSR primer pairs from J. regia were designed in this study. The 

repetitive architecture of all SSR loci was perfect. Base on motif types; 51.1% were dinucleotides, 

9.5% were tri-nucleotides, 8.8% were tetra-nucleotides, 17.4% were pentanucleotides and 13.2% 

were hexa-nucleotides  

Eight J. regia cultivars from different origins were used to test polymorphism level of new 

SSR loci. When 558 primer pairs were tested for the ability of PCR amplification, 507 primers (91%) 

had successfully amplification patterns, and 51 (9%) primer pairs had no amplification in gradient 

PCR. The PCR products were analyzed by capillary electrophoresis, and then alleles were 

determined. The polymorphism rate was 61% (307 pair primers). Comparing with previous studies 

on SSR marker development in walnut in the literature, this study provided the highest number of 

polymorphic SSR loci in walnut. Woeste et al. (2002) published the first SSR loci from J. nigra. 

Thirty primer pairs were generated using the enrichment method. The enrichment protocol was also 

used by Hoban et al. (2008) and 13 SSR primers from J. cinerea were developed. Chen et al. (2013) 

constructed an enriched SSR library from J. mandshurica, 20 primers were generated. Najafi et al. 

(2014) and Topcu et al. (2015) constructed enriched genomic libraries in J. regia, 13 loci and 185 

loci were developed, respectively. Qi et al. (2009), Zhang et al. (2010), Yi et al. (2011) and Zhang 

et al. (2013) used EST database to develop SSR loci in walnut. About 180 EST-SSRs were 

successfully developed from the database by the authors. Chen et al. (2014), finally, developed 12 

SSR loci originally from BAC-end sequences (BES-SSR).  

Based on motif type length, dinucleotides showed the highest percentage of polymorphism 

(82.26%), and tetranucleotide (51.06%), hexanucleotide (45.71%), trinucleotide (42.86%) and 

pentanucleotide (24.72%) followed it. Several studies in walnut also had similar results that di-

nucleotides are the most abundant motifs both in EST (Zhang et al., 2010; Zhang et al., 2013) and 

in BESs (Wu et al., 2012). Similar results were also reported in some studies from different plant 

species such as hazelnut (Bassil et al., 2005), mango (Ravishankar et al., 2011), pigeonpea (Dutta 

et al., 2011), switchgrass (Liu et al., 2012) and sesame (Wei et al., 2013)   

 A total of 1097 alleles were generated, ranging from 2 to 11, with an average of 3.6 per locus. The 

JRHR223139 locus generated the highest number of allele The average of Na in this study was 

higher than the study from Zhang et al. (2010) which had an average of 2.4. The mean effective 

number of alleles was 2.5, ranging from 1.1 to 9.1.   

The average expected heterozygosity was 0.51 and varied from 0.12 to 0.89, and the average 

observed heterozygosity was 0.42, varied from 0.13 to 0.75. The value of He was clearly higher 

than Ho, which was 0.51. The meaning of that is the chance of being heterozygote was 51%. Zhang 

et al. (2013) also had a similar result with an average of He =0.52. The average of He in this study 

was higher than result from Chen et al. (2013) who had an average of He = 0.36.  

 Polymorphism information contents (PIC) varied from 0.11 to 0.88 with an average of 0.46. The 

highest PIC value in this study was 0.88, and it was higher than the studies performed by Zhang et 

al. (2013), Chen et al. (2014) and Topcu et al. (2015) where the highest PICs were 0.82, 0.87 and 

0.80, respectively. Similar with Na and He values, the JRHR223139 locus had the highest PIC.   

  

Genetic linkage map construction of walnut by SSR markers  

 A total of 1.217 SSR primer pairs were firstly screened for amplification, and 159 were unsuccessful 

in the amplification. Then, the remaining of 1058 primer pairs was tested in the parents (Chandler 
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and Kaplan-86) and six F1 progenies for possible segregation. Finally, a total of 372 primer pairs 

had segregation patterns, and then they were genotyped in 92 F1 progenies.  

Among them, 16 segregated primer pairs produced complex and non-scorable banding patterns, 

and they were not used in the linkage mapping. The West1552 primer pair generated two loci, and 

357 SSR loci were produced in total for genetic linkage map construction. The highest number of 

SSR markers was from J. regia, and followed by J. nigra, J. mandshuria and J. cinerea, respectively.   

According to the pseudo-testcross strategy, a consensus genetic linkage map was 

constructed. A pseudo-testcross strategy is widely used in outcrossing species (Grattapaglia and 

Sederoff, 1994). Some literatures also reported the successfully of pseudo-testcross strategies, 

such as in eucalyptus (Verhaegen and Plomion, 1996), oak (Barreneche et al., 1998), cashew 

(Cavalcanti and Wilkinson, 2007) and apple (Motalebipour et al., 2015). A consensus genetic map 

was constructed with all segregated and scorable SSR markers. A total of 357 markers were used 

to construct consensus map using JoinMap software. Regression method was used for 

investigating potential linkage relationships, because the result from it has the smallest standard 

error (Staub et al., 1996; Semagn et al., 2006). The markers were assigned to linkage groups at a 

(LOD) threshold of 5.0. LOD value is indicative for likelihood of linkage (Stam, 1993). Kosambi’s 

mapping function (Kosambi, 1994) was used to convert recombination frequencies into map linkage 

distance in centimorgan (cM). A total of 285 markers were successfully mapped (Figure 4.4) along 

16 linkage groups. Of 285 SSR markers, 12.6% had abxcd segregation, 16.5% had efxeg, and 

4.9% had hkxhk, 30.2% had lmxll and 35.8% had nnxnp segregation. The total map length was 

1.320,2 cM, with a mean marker density of 4.63 cM. The LG length varied from 40.8 cM (LG16) to 

143.6 cM (LG8) among 16 linkage groups of walnut. The average distance varied from 2.63 (LG10) 

to 8.38 (LG15). The number of markers changed between six (LG16) to twenty seven (LG3). Among 

285 mapped SSR markers, 48.4% were from bacterial artificial chromosome-end sequence SSRs 

(BES-SSRs), 40.3% were from enriched genomic libraries, and 11.2% were from expressed 

sequence tag SSRs In this study, we constructed 16 linkage groups of walnut using Chandler x 

Kaplan-86 F1 population with a total map length of 1320.2 cM. Walnut (J. regia) with 2n=32 have 

total genome ~606Mb per 1C (Horjales et al., 2003).   

In this study, from 285 markers which mapped, 33 showed distorted markers (12 %). 

Segregation distortion has been reported in some studies and the reasons for distortion of 

segregation ratios may be due to the factors such as chromosome loss, genetic isolation 

mechanisms, and the presence of viability genes. Non-biological factors such as scoring errors and 

also sampling errors can also lead to distortion in segregation ratios (Hong et al., 2010).  

There are several genetic mapping studies in the literature for walnut, however they are all 

immature with inadequate of markers and linkage groups. The first genetic map in walnut was 

constructed by Fjellstrom and Parfitt (1994) with RFLP markers using interspecific backcross of (J. 

hindsi x J. regia) x J. regia. The authors successfully constructed 12 linkage groups with 42 RFLP 

loci. The second linkage map was constructed by Malvotti et al. (2001) using 82 progenies from 

intraspesific cross of walnut ‘Lara 480 x Chandler 1036’ using RAPD markers. A total of 68 markers, 

47 markers gathered in 11 linkage groups, of a female parent map. In a male parent map 29 markers 

gathered in 10 linkage groups. The recent map was constructed by Dvorak et al. (2011) using 1600 

SNPs and 352 progeny from Chandler x Idaho cross. Unfortunately, 35 linkage groups were 

constructed. Therefore, this study is the first attempt to construct SSR-based genetic linkage map 

of walnut.   
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Figure 1. Linkage groups of walnut by SSR markers  
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