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Abstract

:

Genetic diversity and relationships of 54 wild-grown terebinths (Pistacia terebinthus L.) were determined using 40 SSR (simple sequence repeat) markers (38 in silico polymorphic SSR markers and 2 SSR markers). In silico polymorphic SSR analysis, 430 alleles were identified. The number of alleles per locus ranged from 3 to 25 with a mean value of 11 alleles per locus. The values of polymorphism information content (PIC) ranged from 0.34 (CUPOhBa4344) to 0.91 (CUPSiBa4072) with a mean PIC value of 0.68. Genetic distances were estimated according to the UPGMA (Unweighted Pair Group Method with Arithmetic Average), the Structure, and Principal Coordinates (PCoA) based clustering. The structure analysis and UPGMA clustering of the genotypes depicted two major clusters. PCoA results supported cluster analysis results. The dendrogram revealed two major clusters. Forty-two samples were obtained from the Kazankaya canyon and 12 samples from the Karanlıkdere region. The two regions are 130 km apart from each other but in a dendrogram, we did not find geographical isolation. The results proved the efficiency of SSRs for genetic diversity analysis in the terebinth. Based on the results, SSRs can be applied as a trustworthy tool for the evaluation of genetic diversity in terebinth genotypes. Molecular analysis on the terebinth genotypes in this study will promote the germplasm collection and the selection of the populations in future studies on terebinths for genetic mapping, genetic diversity, germplasm characterization, and rootstock breeding.






Keywords:


Pistacia terebinthus L.; wild relatives; in silico polymorphic SSR; SSR; structure analysis; PCoA; UPGMA












1. Introduction


Cultivation of pistachio (Pistacia vera L.) has gained more importance recently because its fruits have been proven to have antioxidant and anti-inflammatory effects on humans. The fruits are rich in fibers, minerals, and unsaturated fat. It also has high economic value for farmers.



The cultivated pistachio has several wild relatives such as Pistacia khinjuk Stocks, Pistacia lentiscus L., and Pistacia terebinthus L. [1]. Having knowledge of genetic relationships among different species of pistachio is vital for the proper evaluation of cultivated and wild species. The genus Pistacia is distributed circumpolarly around the globe. Pistachio originated in south-central Asia and migrated throughout the Mediterranean region of Southern Europe and North Africa, Middle East [1] and eastwards up to China. Pistacia texana Swingle and P. mexicana Kunth remain completely remote from other members of the genus [2]. Anatolia, the Caucasus, Iran, and Turkmenistan for a large part of the Near East which is known as the first gene and diversity center, and Central Asia is the second gene center of the pistachio [3]. Nowadays, pistachio is cultivated in the temperature belt between latitudes 30° and 45°. These microclimate regions are located in the northern hemisphere [3]. Among wild Pistacia species distributed in Turkey, P. eurycarpa Yalt., P. khinjuk Stocks, P. atlantica Desf, P. lentiscus L., and P. terebinthus L. [1,4,5] are the most common wild species [6,7,8]. Turkey belongs to the regions richest in species of the genus Pistacia.



Pistacia terebinthus L., known as the terebinth, is a deciduous tree belonging to the Pistacia genus from the Anacardiaceae family. The Pistacia genus has at least 11 species [5,9] including Pistacia atlantica DC., P. chinensis Bunge subsp. chinensis, P. falcata Becc. ex Martelli, P. integerrima J.L. Stewart, P. eurycarpa Yalt., P. khinjuk Stocks, P. lentiscus L., P. mexicana Kunth, P. x saportae Burnat, P. terebinthus L., P. palaestina Boiss., P. vera L., P. aethiopica Kokwaro, and P. weinmannifolia J.Poiss. ex Franch. Due to high morphological similarity between P. terebinthus and P. palaestina, these two species were categorized under the P. terebinthus species as P. terebinthus subsp. terebinthus and P. terebinthus subsp. palaestina (Boiss.) Engler [10]. Although P. terebinthus is in the form of large trees in California [11], and some restricted territories of the Mediterranean region as in Gargano in Italy [12], it is known as a shrubby tree in Turkey and shows wide diversity in terms of shrub, fruit, and leaf characteristics.



Terebinth fruits are a good source of crude proteins, vitamins, minerals, organic acids, fiber, and antioxidants [13]. Terebinth has been widely used in many industries such as textiles, cosmetics, pharmaceuticals, food, paper, and plastics [14,15]. It has been used as a medicinal and aromatic plant and food item from past to present. Terebinth fruits are used as an appetizer and are still used in folk medicine for the treatment of diseases such as rheumatism, cough, foot sweating, and wounds [16]. In addition, its fruits are roasted and consumed by people as a snack or as coffee. The main wild Pistacia species used as rootstocks are P. integerrima, P. mutica Raul. ex Boiss., and P. terebinthus, or as a pollinator in cultivated pistachio orchards was P. terebinthus [17]. However, selection of the suitable rootstock is a very vital step for increasing the yield in pistachio cultivation e.g., the ones with resistance to abiotic and biotic stress factors. P. vera, P. khinjuk, P. terebinthus, and P. atlantica are the most popular rootstocks in pistachio cultivars in Turkey, Italy, USA, and other countries [8].



Until recently, morphological and biochemical traits were used for distinguishing among populations and for their taxonomical classification. In addition, more recently, molecular markers have been used for the classification of different plant species [18]. However morphological and biochemical characters are strongly influenced by environments and plants must grow to full maturity for evaluation of these traits [19,20]. Molecular markers have high reliability in determining the diversity in plant populations. Thus, today, molecular markers have been efficiently used in classification studies of different plant species. To date, many molecular marker technologies have been developed and have been used in studies such as identification, characterization, genetic mapping, marker-based selection, etc. [21,22]. Among molecular markers, simple sequence repeats or microsatellites (SSR) are widely preferred because these markers are advantageous of being codominant, redundancy in the genome, highly polymorphic, repeatability, and high information content. SSRs refer to nucleotides with one to six consecutive repeats [23,24].



Microsatellites can be found throughout the genome, including protein-coding and non-coding regions. The length of SSRs in promoter regions may affect transcription. SSRs are less common in the exon region than non-protein-coding regions. In addition, the total amount of SSR in the genome is proportional to the size of the genome [25]. In the SSR technique, regions with repeated base sequences in the genome are multiplied. The more advantageous aspect of SSR markers is their transferability between closely related species [22,26]. SSR markers have been applied for molecular characterization of different species such as crataegus [21], pistachio [26], apricot [27], apple [28], pear [29], walnut [30], cydonia [31], etc. On the other hand, in silico polymorphic SSR markers developed by comparing sequences of different genotypes for repeat lengths, provide a high percentage of polymorphic SSRs. In silico microsatellite variability may provide a useful proxy for PCR product polymorphism [32]. The identification of new SSRs in silico is a relatively cost and time-efficient approach compared to SSRs being developed from genomic libraries [33].



The evaluation and proper determination of genetic diversity among terebinth genotypes is lacking in the literature. The use of in silico polymorphic SSR markers for the determination of genetic diversity among terebinth genotypes can be a reliable tool. Thus, in the present study, we focused on genetic diversity among a large number of terebinth (Pistacia terebinthus L.) genotypes with different origins using in silico polymorphic SSR markers. The results may improve the knowledgebase on the level of diversity of the collection of proper terebinth trees and will be useful for the conservation and management of these genetic resources.




2. Materials and Methods


2.1. Plant Material


A set of 54 terebinth genotypes were used as experimental materials (Table 1).



In our field expedition to determine wild species in fruiting stage in the Yozgat province, we saw that only Kazankaya Canyon and Karanlıkdere region, which were microclimatic areas within Yozgat, had terebinth populations. The two regions are 130 km apart from each other. The ages of trees in both regions are estimated to be 25–30 years old. Moreover, Kazankaya Canyon was more populated by terebinth trees thus we selected 42 genotypes from the Kazankaya Canyon for evaluation. Three vegetation types are seen in the Kazankaya Canyon study area. Rock vegetation is clearly separated from the forest and hygrophilic vegetation in the area. The Karanlıkdere region has steppe vegetation. The Kazankaya canyon is 10 km long and terebinth trees are more populated within the first 3 km of the canyon. The leaf samples of 42 genotypes were collected at 10 m intervals. In the Karanlıkdere region, terebinth trees were found together with grapevine. The terebinth trees grow wildly in the Yozgat province Karanlıkdere region (latitude: 39°34′25.92″, longitude: 34°36′04.22″) and the Kazankaya Canyon (latitude: 40°13′43.46″, longitude: 35°19′36.02″) in middle Turkey (Figure 1A,B, Table 1). The geographic coordinates were determined by reference to the World Geodetic System 1984 (WGS84).




2.2. DNA Extraction


Total genomic DNA was isolated from fresh leaves by the CTAB method described by Doyle and Doyle [34] with some modifications [21]. The Qubit Fluorometer (ThermoFisher Scientific, Waltham, MA, USA) was used to quantify isolated DNA. Followed by diluting the extracted DNA to 10 ng/µL for SSR-PCR reactions, the samples stored at −20 °C.




2.3. In Silico Polymorphic SSR-PCR Reactions


Forty-five in silico novel SSR markers developed by Khodaeiaminjan et al. [35] were used to construct in silico polymorphic SSR-based genetic linkage maps in pistachio and five SSR markers developed by Motalebipour et al. [36] in pistachio were used for testing the amplification and polymorphism in eight terebinth genotypes. The 38 of 45 in silico polymorphic novel SSR markers have been used for the first time in the characterization study of Pistacia wild species. Finally, 40 SSR primer pairs were selected for the characterization of 54 terebinth genotypes (Table 2).



All SSR-PCR reactions were done based on a three-primer strategy according to Scheulke [37] with minor modifications. A total volume of 12.5 µL containing 10 ng DNA, 20 mM (NH4)2SO4, 75 mM Tris–HCl (pH 8.8), 0.01% Tween 20, 2.0 mM MgCl2, 200 µM of each dNTP, 10 nM M13 tailed forward primer at the 5′ end, 200 nM reverse primer, 200 nM universal M13 tail primer (5′-TGTAAAACGACGGCCAGT-3′) labeled with FAM, VIC, NED or PET dye, and 0.6 U of Taq DNA polymerase were used for each reaction. PCR amplifications were done in two consecutive steps. The first step included initial denaturation at 94 °C for 3 min, followed by 28 cycles of 94 °C for 30 s, 58 °C for 45 s, and 72 °C for 60 s. The second step involved 10 cycles of 94 °C for 30 s, 52 °C for 45 s and 72 °C for 60 s, and a final extension at 72 °C for 5 min. When the PCRs were completed, the reactions were subjected to denaturation for capillary electrophoresis in an ABI 3130xl genetic analyzer (Applied Biosystems Inc., Foster City, CA, USA (ABI)) using a 36-cm capillary array with POP7 as the matrix (ABI). Then, samples were denatured by mixing 0.5 µL (in 6-FAM and VIC labeled primers) or 1.0 µL (in NED and PET labeled primers) of the amplified product, 0.3 µL of the size standard and 9.7 µL of Hi-Di formamide. The ABI data collection software 3.0 was used for resolving the fragments, and then SSR fragment analysis was done using the GeneMapper 4.0 (Applied Biosystems Inc., Bedford, MA, USA).




2.4. Molecular Data Analysis


2.4.1. Genetic Diversity


After capillary electrophoresis of the in silico polymorphic SSR loci PCR samples, an effective number of alleles (Ne), expected heterozygosity (He), the number of alleles per locus (Na), and observed heterozygosity (Ho) were calculated using the GenAlEx version 6.5 program [38]. PIC for the loci was calculated using PowerMarker software version 3.25 [39].




2.4.2. Genetic Relationship


The UPGMA (Unweighted Pair Group Method with Arithmetic Average) based dendrogram analysis was conducted in MEGA4 software [40]. The genetic similarity coefficients among terebinth genotypes were calculated according to Jaccard prior to the pedigree to be obtained. Principal Coordinates (PCoA) based clustering was also done using the GenAlEx version 6.5 program. Population structure and identification of admixed individuals were performed using the model-based software program, STRUCTURE 2.3.4 [41]. In this model, a number of populations (K) are considered to be available, with each of them characterized by a set of allele frequencies at each locus. Individuals in the sample are given to populations (clusters), or jointly to more populations if their genotypes indicate that they are admixed. Ln P (D) values (logarithm probability for each K) were applied to determine the Delta K indicating the probable population number. The term of Delta K is calculated by the change ratio of logarithm probability (ΔK = 2 to ΔK = 10). In the diagram, the highest K of Delta K confers the information about the probable population number.






3. Results


Fifty SSR primer pairs were used to discover polymorphisms for terebinth genotypes and 40 out of them generated scorable and polymorphic bands and were consequently applied for fingerprinting of 54 genotypes. Allele sizes of all SSR primers in genotypes were determined by capillary electrophoresis.



3.1. Polymorphism Levels of SSR Loci


Of 50 screened SSR primer pairs, 10 failed in the amplification, and the 40 remaining SSR markers generated polymorphic alleles in eight genotypes, and they were consequently used for characterization of all terebinth genotypes (Table 3).



In total, 430 alleles were detected for all studied genotypes, and the number of alleles varied between 3 to 25 alleles per locus (Table 3) with a mean value of 11. The highest number of alleles was obtained from the CUPSiPa732 locus (Na = 25). The number of effective alleles (Ne) ranged from 1.56 (CUPOhBa4344) to 12.38 (CUPSiBa4072) with a mean of 4.95. The observed heterozygosity (Ho) ranged from 0.28 to 1.00 with a mean of 0.68. Observed heterozygosity (He) was the highest in the CUPVSiirt625 and CUPVSiirt1326 loci. The average value of expected heterozygosity (He) was 0.71 and the highest value (0.92) was seen in the CUPSiBa4072 locus. Polymorphism information content (PIC) of the loci ranged from 0.34 (CUPOhBa4344) to 0.91 (CUPSiBa4072) with an average of 0.68 (Table 3).




3.2. Genetic Relationships among Terebinth Genotypes


The generated dendrogram from the UPGMA analysis was shown in Figure 2A. Genetic similarity coefficients ranged from 0.08 to 0.78. All genotypes were grouped into two significant clusters by the UPGMA clustering analysis (Figure 2A). The highest genetic similarity coefficient (0.08) was achieved between the K28 and K22 genotypes while the lowest genetic similarity coefficient (0.78) was obtained between the M7 and K55 genotypes.



Principal Coordinate Analysis (PCoA) was done to envision the relationship among the terebinth genotypes in more detail. The variations expressed on axes 1, 2, and 3 were 67.34, 21.46, and 5.08%, respectively. The first principal component accounts for 93.88% of the total variance. The results of the PCoA showed that all genotypes are evidently separated from each other (Figure 2B).



Structural genetic analysis was performed in 54 terebinth genotypes using 40 amplified loci by STRUCTURE and STRUCTURE HARVESTER programs (Figure 2C). The highest value of Delta K (ΔK) was obtained at ΔK = 2 (Figure 2D). ΔK = 2 corresponded to the greatest possible number of populations in the study. Thus, all genotypes were categorized into two major clusters similar to the UPGMA analysis results (Figure 2A).



The dendrogram of the relationships of genotypes was very similar to the structural genetic analysis (Figure 2C,D). Overall patterns of genetic differentiation examined using the UPGMA and the structure analysis, and PCoA were in accordance with each other (Figure 2).





4. Discussion


Molecular characteristics were used to elucidate the genetic diversity of 54 terebinth genotypes.



4.1. In Silico Polymorphic SSR


Comprehensive studies of genetic diversity in particular in underutilized species are pivotal not only for breeding but also for genetic conservation and management strategies. The studies on genetic diversity and relationships of terebinth genotypes using SSRs are limited in the literature [26,42,43,44,45] and to date, no single report on the application of SSRs to determine genetic diversity and relationships of terebinth genotypes is available in Turkey. Therefore, this highlighted the importance of the current study to develop a unique identity card for Turkish terebinth and for their conservation. In terms of the advantages of the SSR technique, we present a few polymorphic SSR loci in the present study (Table 2 and Table 3). Vendramin et al. [42] examined 10 SSR primers for 82 genotypes among Pistacia species including P. terebinthus, P. vera, P. atlantica subsp. mutica, P. mutica × P. khinjuk, and P. integerrima and found that the most recently evolved species in Anacardiaceae family is P. terebinthus. They obtained 73 total fragments with 68 polymorphic ones where the average number of polymorphic fragments per primer was 6.8. The genetic diversity studies on wild Pistacia attempt to increase the genetic base and breed stress-tolerant crops to mitigate the impacts of climatic resilience. In a study, the transferability of 47 SSRs was evaluated in 8 wild Pistacia species including P. terebinthus, and these SSRs had the lower number of transferable loci (72.9%). A total of 168 alleles were generated with an average of 3.6 alleles per locus [26]. In another study, the transferability of 110 SSR primer pairs was tested in eight wild Pistacia species including P. terebinthus, which had the lower number of transferable loci (66.7%) [43]. In a study, a total of 206 SSRs were applied for the characterization of twenty-four P. vera cultivars and twenty wild Pistacia genotypes belonging to P. terebinthus, P. atlantica, P. integerrima, P. chinenesis, and P. lentiscus genotypes. In P. terebinthus, a total of 416 alleles were generated by 142 SSR loci, ranging from one to seven with an average of 3.4 alleles per locus [44] indicating lower alleles per loci than our findings and identify unique diversity locked within the wild terebinth genotypes growing in middle Anatolia. In another study, a total of 55 genic SSRs were evaluated for characterization of 11 P. vera cultivars and 78 wild Pistacia genotypes which belong to nine Pistacia species (P. terebinthus (11 genotypes), P. khinjuk, P. eurycarpa, P. atlantica, P. mutica, P. integerrima, P. chinensis, P. lentiscus, and P. palaestina). In P. terebinthus, 46 SSR primers were tested for 11 P. terebinthus and 180 alleles were detected with a mean value of 3.27 [45]. In the present study, 430 alleles were produced by 40 in silico polymorphic SSR loci, ranging from 3 to 25 with an average of 11 alleles per locus for genetic characterization of 54 terebinth genotypes. The obtained values on alleles per locus were higher compared to values in previous studies. Evidence suggests genetic diversity in all crop species has declined during polyploid formation and domestication followed by intensive selection. Our results showed that the level of detected diversity was higher than previous studies in the literature, based on the average PIC, He, and Ho per locus [26,42,43,44,45] indicating that terebinth populations in Turkey are still untouched with high genetic diversity and it is well known that decreasing genetic diversity is indicative of the strong selection pressure and role of domestication, whereby homozygosity for a few quality traits alone has added to genomic bottlenecks.



The frequency of alleles and the number of expressed alleles per locus which correspond to genetic diversity were determined by PIC. In this study, the PIC values were obtained between 0.34 and 0.91 with an average of 0.68, while Pistacia Karci et al. [45] calculated it as 0.33, Motalebipour et al. [44] reported it as 0.50, and Topcu et al. [43] calculated it as 0.51. In our study, He and Ho were 0.71 and 0.68, respectively, while Karci et al. [45] reported 0.38 and 0.34, Motalebipour et al. [44] calculated as 0.56 and 0.47, Topcu et al. [43] reported 0.56 and 0.52, Zaloglu et al. [26] found as 0.64 and 0.57, Vendramin et al. [42] reported as 0.38 and 0.43, respectively. As a result, in this study, the average number of PIC, He, and Ho values were found to be higher compared to other research in the literature. This could be the effect of in silico polymorphic SSR loci and also the use of more terebinth genotypes in the current studies. In addition, high levels of genetic variation between individuals within a population can be attributed to genetic drift, mutations, and environmental conditions. Since, the terebinth plants in this study consist of genotypes from different geographical locations and different climatic conditions, it is expected that there will be large differences within the population.




4.2. Genetic Relationships among Terebinth Genotypes


Although the morphological classification of Pistacia species started by Zohary [9], the first study at the molecular level was carried out by Parfitt and Badanes [46]. The researchers divided the Pistacia genus based on leaf phenology into two groups as deciduous (P. atlantica, P. khinjuk, P. chinensis, P. palaestina, P. terebinthus, and P. vera) and evergreen (P. lentiscus, P. weinmannifolia, P. texana, and P. mexicana). Although many morphological studies have been done on Pistacia species, molecular studies are very limited. However, it is still discussed whether P. palaestina and P. terebinthus are different or the same species. In the first classification, Engler [47] reported that P. palaestina is a variety of P. terebinthus. Later, Zohary [9] reported that P. palaestina and P. terebinthus were different species. However, in a latter classification by Yaltirik [10], P. palaestina was described as a subspecies of P. terebinthus. Golan-Goldhirsh et al. [48] evaluated the polymorphism among and within Pistacia species of the Mediterranean region by AFLP and RAPD analyses. The researchers reported that P. terebinthus and P. palaestina were extremely similar. Classification studies of Yaltirik and Engler’s were then supported by Kafkas [5] and Kafkas et al. [49]. Avanzato [50] reported the monoecious forms of P. terebinthus, located in the Rodopi mountains (Bulgaria) using molecular markers (RAPD) and phenological observations and initiated a monoic P. vera breeding program.



The results of in silico polymorphic SSR-based structural genetic analysis and UPGMA clustering were similar to the genetic relationships of terebinth genotypes reported by Karci et al. [45], Motalebipour et al. [44], and Vendramin et al. [42] which were clustered in the same groups.



The result of this study demonstrated that SSR markers used in this study were enough to discriminate against the genotypes. This study obtained a robust dendrogram that agrees with relationships established among terebinth genotypes in previous studies [26,42,43,44,45]. The overall PCoA based on genetic similarity matrices was applied to envision the genetic relationships among terebinth genotypes (Figure 2B). The first principal component accounts for 93.88% of the total variance. Our results proved that there is a high level of genetic diversity in the terebinth genotypes studied in this paper. Previous studies confirmed high genotypic diversity among wild horticulture crops for most of the traits [51,52,53,54,55,56].





5. Conclusions


In this study, terebinth genotypes from Turkey were analyzed by using 40 in silico polymorphic SSRs and SSRs. The results revealed that all 54 used genotypes were grouped at clusters with the same geographic origin. The SSRs were also the most powerful and efficient tools to differentiate the genotypes. Moreover, the information of the microsatellite number of repeats besides polymorphisms in silico may facilitate the reduction of the number of candidate polymorphic microsatellites in laboratory testing and decrease the cost, time, and labor. Consequently, in silico polymorphic novel SSR markers which were used in this study represent the first characterization study of Pistacia terebinthus L. The results can be used in the selection of proper terebinth trees as rootstocks and also can be used for future studies on genetic mapping, genetic diversity, germplasm characterization, and rootstock breeding. It is also appropriate to verify the gene pool (GP) for this crop wild relative, in order to evaluate the crossing with the cultivated species (Pistacia vera), and therefore, verify the selection of hybrids with different and perhaps better fruit characteristics, and possibly more resistance to pathogens [57,58,59,60,61,62].
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Figure 1. The habitat of terebinthus (A) Karanlıkdere region, (B) Kazankaya Canyon. 
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Figure 2. UPGMA, PCoA, and STRUCTURE (ΔK) analysis of 54 terebinth genotypes. (A) Phylogenetic tree constructed using 40 SSR markers. (B) PCoA of the 54 samples. (C) Population structure of 54 samples estimated from 40 markers using the STRUCTURE program. (D) Value of ΔK estimated for the structure analysis of 54 samples (ΔK = 2). 






Figure 2. UPGMA, PCoA, and STRUCTURE (ΔK) analysis of 54 terebinth genotypes. (A) Phylogenetic tree constructed using 40 SSR markers. (B) PCoA of the 54 samples. (C) Population structure of 54 samples estimated from 40 markers using the STRUCTURE program. (D) Value of ΔK estimated for the structure analysis of 54 samples (ΔK = 2).



[image: Agronomy 11 00671 g002]







[image: Table] 





Table 1. The studied genotypes of Pistacia terebinthus.
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	No.
	Genotypes
	Sex
	No.
	Genotypes
	Sex





	1
	*M4
	M
	28
	K34
	F



	2
	*M-5
	F
	29
	K35
	F



	3
	*M-6
	M
	30
	K36
	M



	4
	*M7
	M
	31
	K37
	M



	5
	*M8
	M
	32
	K38
	F



	6
	*M9
	M
	33
	K39
	M



	7
	*M10
	F
	34
	K40
	F



	8
	*M11
	F
	35
	K41
	M



	9
	*M12
	F
	36
	K42
	F



	10
	*M13
	F
	37
	K43
	M



	11
	*M14
	F
	38
	K44
	F



	12
	*M15
	F
	39
	K45
	M



	13
	K19
	M
	40
	K46
	F



	14
	K20
	F
	41
	K47
	M



	15
	K21
	F
	42
	K48
	M



	16
	K22
	F
	43
	K49
	M



	17
	K23
	M
	44
	K50
	M



	18
	K24
	M
	45
	K51
	F



	19
	K25
	M
	46
	K52
	M



	20
	K26
	M
	47
	K53
	M



	21
	K27
	M
	48
	K54
	M



	22
	K28
	F
	49
	K55
	F



	23
	K29
	M
	50
	K56
	F



	24
	K30
	M
	51
	K57
	F



	25
	K31
	F
	52
	K58
	F



	26
	K32
	M
	53
	K59
	F



	27
	K33
	F
	54
	K60
	F







* Genotypes (1–12) sampled from the Karanlıkdere region, and the others (13–54) from the Kazankaya Canyon. M: Male; F: Famale.
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Table 2. Summary of all SSR primer pairs developed from pistachio in Pistacia terebinthus genotypes.
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	No
	Origin and Reference
	Acronyms
	Marker Types
	No. of Tested Loci
	No. of Non-Amplified Loci
	Polymorphic
	Polymorphic Rate (%)





	1
	Khodaeiaminjan et al. [20]
	CUPSiOh, CUPSiPa, CUPOhBa, CUPSiBa
	In silico polymorphic SSRs
	45
	7
	38
	84.44



	2
	Motalebipour et al. [21]
	CUPVSiirt
	SSRs
	5
	3
	2
	40.00



	
	Total
	
	
	50
	10
	40
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Table 3. Sequence, allele range, number of alleles (Na), number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), and polymorphism information content (PIC) values based on 40 in silico polymorphic SSR and SSR loci.
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	No.
	SSR Loci
	Allele Range
	Sequence (5′–3′)
	Sequence (5′–3′)
	Na
	Ne
	Ho
	He
	PIC





	1
	CUPSiOh2688
	122–160
	GACTACTGTGCCCACATGACA
	GGATCGTCAGAGAAGACGTTG
	13
	4.00
	0.72
	0.75
	0.72



	2
	CUPSiPa1067
	125–141
	GTAAGAATCCCGAGGAAGCAC
	GGCAAGCATTGTAAGTTGCTC
	7
	1.98
	0.50
	0.50
	0.47



	3
	CUPOhBa2293
	154–181
	TGAAGCCTTGGAAACATAGGA
	TTTGGTGGAAGAAATTGTGGT
	9
	1.98
	0.45
	0.49
	0.48



	4
	CUPOhPa2145
	101–113
	GGAACTGGGTTTGGCACTACT
	GGCAGTTGTTTGTTGATTGATT
	5
	2.42
	0.50
	0.59
	0.52



	5
	CUPOhPa4477
	147–157
	TGGATTCTTTGGATCCATTTT
	ATAGCTGTGCACGTCTTTGGT
	4
	2.31
	0.58
	0.57
	0.48



	6
	CUPSiPa185
	149–169
	CATTGTCAATTTATGATCACTAGAGC
	CTCCCCCTTCTCATTTTTGAT
	5
	3.04
	0.70
	0.67
	0.61



	7
	CUPSiPa2316
	151–192
	TGATGGAACTCCCTGTCAAAC
	TGGTGATTGTTATTCCCATCC
	17
	7.41
	0.87
	0.87
	0.85



	8
	CUPSiPa2184
	125–131
	CATGTTAAGCAATGAAATGTGGA
	GCATGTAACATCCATACAGAACTTG
	4
	1.75
	0.28
	0.43
	0.39



	9
	CUPOhBa4756
	139–182
	GGTTGGGATAAGTAACGGTGA
	GGCGAGCAATCAATCAGTAAG
	19
	8.81
	0.98
	0.89
	0.88



	10
	CUPOhPa3954
	105–143
	TTGAATGTTGGCTAATGC
	TGAAGACTTTAAAAAGGGCGATT
	17
	9.44
	0.81
	0.89
	0.89



	11
	CUPSiOh2751
	142–160
	TGAGAGCAATAAATGCAATCAAC
	TGGGTGTAGGAGACTTGTGGA
	10
	3.96
	0.68
	0.75
	0.72



	12
	CUPOhPa1967
	146–178
	TGAATCATTCTCCCCAAACTC
	CGACAATGAAAGTCTTCTGACG
	9
	3.96
	0.42
	0.75
	0.71



	13
	CUPOhPa4736
	140–177
	TTGGGAGAAGTAACGGTGACA
	GGCGAGCAATCAATCAGTAAG
	19
	7.85
	0.92
	0.87
	0.86



	14
	CUPSiOh2517
	118–132
	CCAGAATTTGTTGGAAGTTGC
	TTATCTCACATGAGGCAAAAT
	7
	4.03
	0.80
	0.75
	0.71



	15
	CUPSiOh4567
	225–261
	GTAAGAATCCCGAGGAAGCAC
	GGCAAGCATTGTAAGTTGCTC
	12
	7.49
	0.85
	0.87
	0.85



	16
	CUPSiBa4072
	107–145
	GCAAACTCAATGAGGTAAAGCCTG
	AATTAAGTCCTTGGACAGTGTGGG
	21
	12.38
	0.88
	0.92
	0.91



	17
	CUPSiPa732
	160–211
	GCACAAAAGTGGTTCTAACAAT
	TTCCATGTTCTGTATGGTCAAGA
	25
	10.35
	0.45
	0.90
	0.90



	18
	CUPSiBa3091
	217–252
	CATTGATATCAGCACGACCTGTTC
	TTTCAACAACCATATCCAAACTTAAACA
	9
	2.93
	0.66
	0.66
	0.63



	19
	CUPSiPa3238
	160–186
	GGGACCATATGGGTTGATAAAA
	GACCCCTGTTATACTTAATTAAAGGTC
	15
	8.34
	0.85
	0.88
	0.87



	20
	CUPOhPa4338
	113–119
	AACAAAAGCATAAAACACCTCGT
	GAAAATATCAAAGGTTTCTTGAGCA
	4
	2.93
	0.52
	0.66
	0.59



	21
	CUPSiPa813
	101–125
	GGGAGCTGTGAGGTTATTCCT
	TCTGTGCAACACCAAAACAAA
	8
	2.22
	0.53
	0.55
	0.52



	22
	CUPOhBa1030
	120–148
	TGCGAGGGGTAAACATAATGA
	CCCTCGCAATATAAATAGAAAGTC
	10
	5.23
	0.93
	0.81
	0.79



	23
	CUPOhBa4344
	157–189
	TTCGCCTTTGAAATTCATACC
	CTCGTTTGACACGTGCATTTA
	6
	1.56
	0.42
	0.36
	0.34



	24
	*CUPVSiirt625
	150–186
	AATTACCAGCTTAGGCCCATC
	TGCAAGGTACGAGACTTTTGG
	14
	8.39
	1.00
	0.88
	0.87



	25
	*CUPVSiirt1326
	184–214
	AGAGAGGGAGAAAACGCTTCA
	GTCGCATGGAGATTGACTTTG
	11
	5.39
	1.00
	0.81
	0.79



	26
	CUPSiOh4281
	112–141
	TTCCCAATTTCTGTGACTAAAGC
	AAAAGAATTCCCGTGTGATTTT
	17
	9.00
	0.94
	0.89
	0.88



	27
	CUPOhBa281
	114–148
	ATTTCTGAAGAAGCAGCAGCA
	TCTCTGGATTTTCTGGTGTCG
	21
	8.69
	0.61
	0.88
	0.88



	28
	CUPOhPa2243
	152–186
	TTTGCTAGTGCAAGCTCCTTT
	TTTTGGTCACTAGATCAAACAAGG
	8
	4.27
	0.78
	0.77
	0.73



	29
	CUPOhPa2632
	149–162
	GGCAAATCCGTAGCCATAAAT
	GGGAGGAAGATCCATAAGAAGA
	3
	2.04
	0.46
	0.51
	0.46



	30
	CUPOhPa4270
	137–141
	CAAGTATGTGAATGTTCATGG
	AGTGGACCATTGAGCAAACC
	3
	2.12
	0.58
	0.53
	0.42



	31
	CUPSiPa4413
	130–150
	CATGTTGAGTTTGCTGATGGA
	CGAAACGCTAAGACCTTCTCA
	10
	2.78
	0.56
	0.64
	0.59



	32
	CUPSiPa4275
	145–184
	GGACCTCTCATTTCAAACAGAA
	CACCGGCCACATGTACTTTTA
	19
	8.78
	0.94
	0.89
	0.88



	33
	CUPSiPa124
	152–176
	TTCTCAAACGTCTTCATGCCTA
	GTGCAGCTTGCTCTTTGTTTC
	5
	2.52
	0.48
	0.60
	0.52



	34
	CUPOhPa4043
	158–173
	GGAGAAGCGGATAGGAGAAAG
	TCCACAGGCATCAACAGAAAT
	7
	3.97
	0.80
	0.75
	0.71



	35
	CUPSiPa518
	158–177
	GACATAATTGAATGATTTGG
	CCAAGCCACATAAACTAGCAA
	6
	2.41
	0.69
	0.59
	0.55



	36
	CUPSiOh2976
	145–179
	CCTGGTCTGATTCTCTCGTTC
	CACAGGAGCAGATGTTCCTACA
	15
	4.51
	0.61
	0.78
	0.76



	37
	CUPSiPa1654
	149–179
	GATAAGGCAACCACTGAGCAT
	ATGCATTTCCAAGAAAGCAGA
	14
	6.53
	0.91
	0.85
	0.83



	38
	CUPSiOh1518
	100–127
	TGGTATTAACCGTTCCACATGA
	AGCACTCCTGAAGTGGGAGTA
	7
	2.71
	0.52
	0.63
	0.57



	39
	CUPOhBa4362
	100–126
	ACAAGCAGGACATCAAAGGTG
	CCATGCTCAACAATCATGAAG
	11
	5.86
	0.57
	0.83
	0.81



	40
	CUPOhBa546
	107–115
	ATTGGAATTGGAGAGACATGGA
	AACACTCTGTTTCGCTATTTTCAC
	4
	1.61
	0.42
	0.38
	0.35



	
	Total
	
	-
	-
	430
	-
	-
	-
	



	
	Min
	
	-
	-
	3
	1.56
	0.28
	0.36
	0.34



	
	Mean
	
	-
	-
	11
	4.95
	0.68
	0.71
	0.68



	
	Max
	
	-
	-
	25
	12.38
	1.00
	0.92
	0.91







Except two *SSR markers, the other thirty-eight are in silico polymorphic SSRs.
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