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Abstract

:

Scots pine is one of the dominant conifer species in forest ecosystems of the boreal zone in Eurasia. Knowledge of the genetic structure and the level of genetic variability of Scots pine populations is relevant for the development of measures aimed at conservation of species’ diversity. In this study, we used ten paternally inherited chloroplast microsatellite loci to investigate the genetic diversity of nineteen Scots pine populations from Middle Siberia and the Romanian Carpathians. The results of the study showed high genetic diversity (HCP = 0.91–1.00) in all of the investigated populations. The cpSSR analysis yielded a total of 158 haplotypes. The majority of the haplotypes (85%) were detected only once (unique haplotypes). Three common haplotypes were found between the Carpathian and the Siberian populations of Scots pine. Analysis of molecular variance (AMOVA) showed that only 3% of the variation occurred among populations from Middle Siberia and 6% of the variation existed among populations from the Carpathian Mountains. Overall, we found a weak geographic population structure in Scots pine from Middle Siberia and the Romanian Carpathians. The present study on genetic diversity in the Siberian and the Carpathian populations of Scots pine may contribute to the sustainable management and conservation of Scots pine genetic resources in Middle Siberia and the Romanian Carpathians.
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1. Introduction


Genetic diversity is the basis for biological stability; it allows species to evolve and to adapt to changing environmental conditions [1]. Knowledge of the genetic structure and the level of genetic variability of populations is relevant for the development of measures aimed at the conservation of species’ genetic diversity [2].



Scots pine (Pinus sylvestris L.) is one of the keystone species in forest ecosystems of the boreal regions in Eurasia. It is of great ecological and economic importance and is adapted to a variety of environmental conditions [3,4]. Scots pine is a monoecious, wind-pollinated and predominantly outcrossing conifer [5,6,7]. It usually forms extensive pure forests or mixed stands with birch and other conifers [8].



In Russia, Scots pine is one of the main forest-forming tree species and it covers 15.6% of Russian forests [9]. A significant part of its distribution is located in Siberia, where it reaches the northern border of woody vegetation distribution (bog massifs in the West Siberian plain), the zone of dry steppes in the south (isolated groves in Altay, Khakassia, Tuva, and Buryatia regions) and rocky mountain slopes (Kuznetsk Alatau Mts. and the Sayan Mts.) [10,11,12]. In Siberia, Scots pine forests form a complex spatial mosaic, which is determined by an adaptive compromise of Scots pine among the phytocenotic competition with the other forest-forming species and its edaphic preferences. In the Angara River basin, Scots pine forms a continuous distribution range, occupying a variety of soils [12]. Long-term intensive exploitation of pine forests in Russia has led to their fragmentation across the whole territory [13,14]. Over the last decade, the area of Scots pine forests in Russia has decreased by 2 million ha [15]. Consequently, the characterization of the genetic variability of natural Scots pine populations in Russia is an important prerequisite for better use of their genetic resources in breeding and biodiversity conservation programs. Unlike Russia, where Scots pine has a vast distribution area, in Romania it occurs sparsely across the Eastern and Southern Carpathian Mountains, where a few relict populations still exist. These populations grow in ecologically extreme habitats, where a strong selection pressure is assumed [7]. Knowledge about the level of genetic diversity present in relict populations is important for preparing and implementing protective measures for these small and endangered populations of Scots pine in the Romanian Carpathians [16].



In recent years, different types of molecular markers have been used for the assessment of the genetic diversity and genetic structure in tree species [7,17,18,19,20]. Among them, chloroplast simple sequence repeats (a.k.a SSRs or microsatellites) are useful markers in population genetic diversity evaluation, population structure analysis and phylogenetic studies [4,16,21,22,23,24,25,26,27]. Chloroplast microsatellites are characterized by high polymorphism, uniparental inheritance, and a lack of sexual recombination [28]. For many years, chloroplast simple sequence repeats (cpSSRs) have been one of the tools used to characterize tree genetic resources, including Scots pine [29,30,31,32].



A number of studies, based on chloroplast microsatellites, have shown that the genetic variation of Scots pine is generally high and accumulated mainly within populations, while genetic differences among populations are fairly small [4,5,21]. This homogeneity appears particularly as an effect of common ancestry in a recent evolutionary history, as well as an extensive gene flow, especially through pollen. Since the pollen of Scots pine has a great mobility potential, the homogeneity could be easily maintained over long distances [33].



In this study, we used chloroplast microsatellite markers to characterize the level of genetic diversity of Scots pine populations in two geographic regions of its Eurasian natural range with different ecological settings and evolutionary history. Specifically, we aimed to address the following questions: (1) What is the pattern of genetic structure and diversity in Scots pine populations from Middle Siberia and the Romanian Carpathians? (2) How large is the degree of genetic differentiation between the two Scots pine distribution regions at the chloroplast DNA level?




2. Materials and Methods


2.1. Plant Material


Nineteen native populations of Scots pine were chosen within the natural distribution range of the species in Middle Siberia and the Romanian Carpathians (Table 1, Figure 1).



Scots pine is a dominant species in all studied populations. Four of them (Pop-A:Pop-D,) are located in taiga forest zone, three (Pop-E:Pop-G) grow in forest-steppe zones and eight (Pop-H:Pop-O) are distributed in the Southern Siberian mountain zone [34]. Four relict populations of Scots pine (Pop-P:Pop-S) are located in the Southern and Eastern Carpathian Mountains. Ten adult trees were randomly chosen in each population. Consequently, the total number of analyzed individuals was 190. Needles collected from the trees were stored in silica gel until DNA extraction was carried out.




2.2. Molecular Analysis


Genomic DNA was extracted from dried needles with the CTAB method [35]. The quality and concentration of the extracted DNA were measured with a Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), then diluted to a concentration of 10–20 ng/µL. Ten chloroplast microsatellite markers were chosen for the genetic analysis: PCP45071, PCP36567, PCP48256, PCP41131, PCP30277, PCP26106, Pt1254, Pt15169, Pt71936, and Pt7268 [28,29]. The cpSSR loci were amplified in two PCR multiplex reactions in a total volume of 10–12 μL using Qiagen Multiplex PCR Kits (Qiagen, Hilden, Germany) under conditions recommended by the manufacturer. PCR amplification was performed in a Corbett thermal cycler (Corbett Research, Mortlake, NSW, Australia) with the following conditions: an initial denaturation of 15 min at 95 °C, then 30 cycles of 15 s at 94 °C, 1 min 30 s at 60 °C (for the set of 6 PCP loci) and 58 °C (for the set of 4 Pt loci), 1 min 30 s at 72 °C, and a final extension of 10 min at 72 °C. Amplified fragments were analyzed on a GenomeLab GeXP Genetic Analyzer (Beckman Coulter, Fullerton, CA, USA) with an internal size standard. Fragment sizing was performed using the GenomeLab GeXP software (Version 10.2, Beckman Coulter, Fullerton, CA, USA).




2.3. Statistical Analysis


POPGENE ver. 1.31 [36] and GenAlEx v. 6.5 [37] were used to estimate the following genetic diversity parameters: the observed number of alleles per locus (Na); the mean number of effective alleles (Ne); Shannon’s Information index (I); Nei’s gene diversity index (H); Gene flow (Nm); haploid genetic diversity (h).



Chloroplast DNA haplotypes were determined as a combination of the different microsatellite variants across the ten cpSSR loci. HAPLOTYPE ANALYSIS ver. 1.05 [38] was used to estimate the number of different haplotypes (A), number of private haplotypes (P), the effective number of haplotypes (NE), the haplotype diversity (HCP), and the mean genetic distance between haplotypes (D2sh).



The unweighted pair-group method with arithmetic mean (UPGMA) was used to perform a cluster analysis on the Nei’s genetic distances data [39] and STATISTICA software v.8 was used to build a tree diagram [40].



Analysis of the molecular variance (AMOVA) and the Mantel test were performed using GenAlEx v. 6.5 [37]. The statistical significance of the AMOVA and Mantel test were determined for all populations and loci, with the number of permutations set to 999.



Population structure was analyzed using STRUCTURE ver.2.3.4 with a Bayesian clustering approach [41]. Testing ten independent runs with K from 1 to 19, each run had a burn-in period of 50,000 iterations and 100,000 Monte Carlo Markov iterations, assuming no admixture model, correlated allele frequencies, and no prior information on the sampling location. The studied populations were separated into groups by the Structure Harvester program [42], based on ΔK values [43].





3. Results


3.1. Microsatellite Analysis


In total, 49 alleles were observed at ten cpSSR loci across all 190 individuals in the nineteen populations of Scots pine (Table 2). Two loci, PCP45071 and the Pt71936, showed the largest number of alleles, while the locus Pt15169 showed the highest values for Ne (3.97), I (1.53), and h (0.75). The mean I, H, and Nm values were 0.94 (0.46–1.53), 0.49 (0.20–0.75), and 3.40 (2.04–6.16), respectively (Table 2).



The mean number of alleles and effective number of alleles were slightly lower in the Siberian populations (Na = 2.64; Ne = 1.95) when compared with the Carpathian (Na = 2.73; Ne = 2.08) (Table 3). The I ranged from 0.38 (Pop-N) to 0.88 (Pop-J) in the Siberian populations and from 0.60 (Pop-R) to 0.81 (Pop-Q) in the Carpathian populations. The average genetic diversity (h) of the ten analyzed cpSSR loci in the Siberian and the Carpathian populations of Scots pine was 0.42. The results showed that the ten cpSSR loci used in this study had high polymorphism in the Scots pine populations from Middle Siberia and the Romanian Carpathians.




3.2. Chloroplast DNA Haplotype Variation


The cpSSR analysis of 190 individuals of Scots pine yielded a total of 158 haplotypes. The majority of the haplotypes (85%) were detected only once (unique haplotypes). The four Carpathian and three Siberian populations of Scots pine (Pop-C/Chunoyar, Pop-G/Zeledeevo and Pop-H/Uyar) were characterized by the highest number of private haplotypes (nine), while the lowest number (five) of private haplotypes was recorded in two Siberian populations (Pop-F/Sukhobuzimskoye_1 and Pop-N/Balgazyn_1 populations) (Table 4).



Haplotype H112 is common to six of the studied populations (Pop-A/Vanavara_2, Pop-E/Sukhobuzimskoye_2, Pop-F/Sukhobuzimskoye_1, Pop-H/Uyar, Pop-K/Sarala_2, Pop-N/Balgazyn_1) that were located in taiga, forest-steppe, and Southern Siberian mountain zones in Middle Siberia (Figure 2). The frequency of the H112 haplotype is the highest in the Pop-N/Balgazyn_1 population (30%) (Table S1). Two haplotypes, H64 and H122, are common to three Siberian populations and eleven haplotypes are common to two populations that were located in the same geographical region. Only three common haplotypes (H86, H107, H118) were found in two Siberian (Pop-J and Pop-O) and three Carpathian populations of Scots pine (Pop-P, Pop-Q and Pop-R). High values of haplotype diversity (HCP = 0.91–1) were revealed within all studied populations (Table 4). The effective number of haplotypes varied from 5.56 to 10 and the mean genetic distance between individuals ranged from 0.98 (Pop-N/Balgazyn_1) to 7.55 (Pop-P/Poiana Stampei).




3.3. Population Genetic Structure of Scots Pine


The values of Nei’s genetic distance among populations ranged from 0.0032 (Pop-J/Pop-K) to 0.2441 (Pop-B/Pop-P) (Table S2). UPGMA clustering showed that two groups were separated at the population level (Figure 3). The first group consisted of fifteen Middle Siberian populations and the second group was composed of four Carpathian populations.



The hierarchical analysis of molecular variance (AMOVA) showed that the variation among two geographic regions (Middle Siberia and Carpathian Mountains) accounted for 5% of the total variance. The variance among populations within regions was 3% (p < 0.01). The AMOVA performed within the Siberian populations of Scots pine showed a lower differentiation among populations (PhiPT = 3%, p < 0.05) when compared to the Carpathian populations (PhiPT = 6%; p < 0.01) (Table 5).



The population structure analysis of the Siberian and Carpathian populations of Scots pine showed that ΔK was the highest when K = 3 (Figure 4). All individual trees showed admixture from three genetic clusters. For K = 3, the Siberian populations had a larger membership in cluster 3 (blue color) than the Carpathian populations. The membership in cluster 1 (red color) was higher in the case of the Carpathian populations (Figure 1).



We further analyzed the correlation between genetic distance and geographic distance for the studied populations using the Mantel test. The results showed a low but significant correlation between genetic differentiation and geographical distance among Siberian populations (R2 = 0.1746, p < 0.01) and there was no significant correlation between genetic distance and geographic distance among Carpathian populations (R2 = 0.0059, p > 0.05).





4. Discussion


The genetic diversity and differentiation of Scots pine populations from different forest zones in Middle Siberia and the Romanian Carpathians were assessed based on the polymorphism of ten cpSSR markers. Our results suggest a high genetic diversity (HCP = 0.91–1.00) in all Scots pine populations and are in line with other regional studies on Scots pine in Europe and Asia [5,21,29]. Nonetheless, in the present study, the four relict pine populations from the Carpathian region were characterized by a relatively higher level of genetic diversity, i.e., the number of alleles and haplotypes, the number of private haplotypes, the effective number of haplotypes, and the mean genetic distance between individuals within the population. The higher level of genetic diversity in the Carpathian populations might be a consequence of the interglacial and postglacial evolutionary history of Scots pine in Southeastern Europe. The existence of glacial refugia in the Carpathian Mountains and an admixture of phylogenetic lineages may explain a higher level of genetic diversity in this region [7].



In Middle Siberia, the two northernmost populations showed a slightly higher haplotype diversity (HCP = 1.00) than the two southernmost populations (HCP = 0.91 and HCP = 0.98, respectively) (Table 4). A similar trend has also been reported for Scots pine populations from Fennoscandia, which showed a higher haplotype diversity (HCP = 0.807) than those from the south European populations (HCP = 0.750) [4]. Such patterns of genetic diversity may result from peculiarities of post-glacial history of the species, such as the mixing of different refugial lineages [4]. Among the Siberian pine populations, the highest number of private haplotypes was detected in the populations from the core distribution area (Pop-G/Zeledeevo, Pop-H/Uyar and Pop-C/Chunoyar). The process of colonization might trigger new genetic variants for neutral genetic diversity in these populations [4]. The lowest haplotype number (seven) was detected in the Pop-N/Balgazyn_1 population, which refers to the southernmost pine forest of Northern Asia. The Balgazyn pine forest belongs to the category of valuable forests in terms of its species composition, productivity, and genetic quality, as well as performing particularly important protective functions in sharply continental climate [44]. Moreover, it is considered as a Holocene relic and, currently, is of a high conservation priority [45]. Interestingly, another population Pop-O/Balgazyn_2, which refers to the same pine forest, showed a higher haplotype number (nine). Such discrepancy between adjacent populations located at a relatively small geographical distance (21 km) may result from large natural disturbances (forest fires), which occurred in Pop-N population between 1988 and 2014 [44,45]. Local fires may be the cause of the reduction in the haplotype number observed in Pop-N. Decrease of population size, due to fires, logging, pest and diseases, and environmental pollution may lead to a decline in genetic diversity [46,47]. Another explanation would be the relatively small sample size (10 individuals per population).



AMOVA showed a low level of genetic structure (PhiPT = 3%) among the fifteen Siberian populations, even though they are scattered over large distances of more than 1000 km. In contrast, the genetic variation among the four relict Carpathian populations accounted for 6% of the total variance, although the geographic distances among them are much smaller. More significant geographic barriers among the Carpathian populations than among the Siberian ones may have contributed to a higher level of genetic differentiation. However, the low overall genetic differentiation among the Scots pine populations obtained in this study is consistent with previous reports in P. sylvestris using chloroplast markers [5,29]. Low values of the PhiPT (0.41–1.7%) were also detected by Semerikov et al. [21] between 38 Scots pine populations from Asia and the European part of Russia. Based on STRUCTURE analysis, three clusters were defined in the Siberian and the Carpathian populations of Scots pine where each individual was comprised of three genetic groups, showing a weak genetic structure between the two geographic regions, which is consistent with the grouping revealed by the UPGMA dendrogram.



There was a weak positive correlation between the genetic and geographic distances for the analyzed populations of Scots pine in Middle Siberia. Pine species are efficient in pollen dispersal, resulting in a low overall population structure and differentiation [8,48]. Furthermore, considering the large geographical areas covered by the investigated populations in Middle Siberia, it seems that their genetic similarity results from a shared phylogeographic history. Additionally, this can also be confirmed by a widespread occurrence of the H112 haplotype across the Siberian populations. Moreover, three common haplotypes were detected in the Carpathian and the Siberian populations of Scots pine. The presence of common haplotypes in two geographical regions located far away from each other may also suggest a common origin of the Siberian and Carpathian pine populations. However, this is highly unlikely; extensive gene flow over large distances via pollen may be the most likely hypothesis.



Our findings, based on chloroplast DNA analysis, indicate that a high genetic diversity of individuals exists in Scots pine populations from Middle Siberia and the Romanian Carpathians and that, despite large geographic distances and barriers, there is limited genetic differentiation.




5. Conclusions


In the present study, ten cpSSR markers were employed to estimate the genetic diversity within and among nineteen natural populations of Scots pine in Middle Siberia and the Romanian Carpathians. All populations showed high levels of genetic diversity. However, one of the southernmost Siberian populations showed the lowest level of haplotype diversity. Accordingly, the performance of this population should be the focus of long-term study, aimed at the monitoring of population dynamics. Three common haplotypes were found among the Siberian and the Carpathian populations, which can be explained by very efficient long-distance gene flow or common ancestry. A weak genetic structure between the two geographic regions was revealed. Our study may contribute to the development of a strategy of sustainable management of Scots pine genetic resources in Middle Siberia and the Romanian Carpathians.
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Figure 1. Geographical location of the studied Scots pine populations in Middle Siberia and the Romanian Carpathians (for the abbreviations, see Table 1). Populations of Scots pine are indicated by red dots. The sector maps show the mean cluster membership proportions of the analyzed individuals in each of the 19 Scots pine populations based on the genetic structure at K = 3. 
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Figure 2. Geographic distribution of the 17 common chloroplast DNA haplotypes in 19 Scots pine populations (for the abbreviations, see Table 1) studied in Middle Siberia and the Romanian Carpathians (Table S1). 
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Figure 3. UPGMA dendrogram based on Nei’s genetic distances among populations of Scots pine. 
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Figure 4. Population genetic structure of 19 Scots pine populations in Middle Siberia (Pop 1–15) and the Romanian Carpathians (Pop 16–19). (A) Estimation of the best subpopulation numbers based on appropriate K value: the mean ΔK values among the 10 runs reached a maximum at K = 3. (B) Structure clustering results obtained for three genetic clusters (Populations are numbered 1–19 as in Table 1). 
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Table 1. Geographical location of 19 Scots pine populations in Middle Siberia and the Romanian Carpathians.
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	No.
	Population/Name/Federal Region
	N
	Forest Zone
	Latitude/Longitude
	Altitude

(m)





	
	Middle Siberia
	
	
	
	



	1
	Pop-A/Vanavara_2/Krasnoyarsk krai
	10
	T
	60.36/102.37
	260–270



	2
	Pop-B/Vanavara_1/Krasnoyarsk krai
	10
	T
	60.24/102.43
	350–360



	3
	Pop-C/Chunoyar/Krasnoyarsk krai
	10
	T
	57.44/97.37
	165–170



	4
	Pop-D/Borzovo/Krasnoyarsk krai
	10
	T
	57.17/97.27
	275–280



	5
	Pop-E/Sukhobuzimskoye_2/Krasnoyarsk krai
	10
	Fs
	56.50/93.22
	155–160



	6
	Pop-F/Sukhobuzimskoye_1/Krasnoyarsk krai
	10
	Fs
	56.30/92.97
	280–290



	7
	Pop-G/Zeledeevo/Krasnoyarsk krai
	10
	Fs
	56.22/92.24
	325–330



	8
	Pop-H/Uyar/Krasnoyarsk krai
	10
	SSm
	55.89/93.82
	360–370



	9
	Pop-I/Shalo/Krasnoyarsk krai
	10
	SSm
	55.76/93.76
	340–350



	10
	Pop-J/Narva/Krasnoyarsk krai
	10
	SSm
	55.45/93.73
	360–380



	11
	Pop-K/Sarala_2/Republic of Khakassia
	10
	SSm
	55.00/89.40
	550–560



	12
	Pop-L/Sarala_1/Republic of Khakassia
	10
	SSm
	54.87/89.22
	500–520



	13
	Pop-M/Yrban/Republic of Tuva
	10
	SSm
	52.72/95.74
	860–980



	14
	Pop-N/Balgazyn_1/Republic of Tuva
	10
	SSm
	51.08/95.09
	970–1060



	15
	Pop-O/Balgazyn_2/Republic of Tuva
	10
	SSm
	51.02/95.28
	880–890



	
	Romanian Carpathians
	
	
	
	



	16
	Pop-P/Poiana Stampei
	10
	ECm
	47.30/25.12
	920



	17
	Pop-Q/Cheile Bicazului
	10
	ECm
	46.83/25.80
	1060–1110



	18
	Pop-R/Retezat
	10
	SCm
	45.44/22.78
	680–750



	19
	Pop-S/Lotrişor
	10
	SCm
	45.30/24.28
	340–510







Note: Sample size (N); Taiga forest zone (T); Forest-steppe zone (Fs); Southern-Siberian mountain zone (SSm); Southern Carpathian Mountains (SCm); Eastern Carpathian Mountains (ECm).
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Table 2. Diversity indices for each SSR marker across 190 Scots pine individuals.
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	ID
	Na
	Ne
	I
	H
	Nm





	PCP36567
	3
	1.83
	0.78
	0.45
	3.64



	PCP48256
	3
	1.82
	0.69
	0.45
	2.04



	PCP41131
	5
	1.25
	0.46
	0.20
	3.92



	PCP30277
	6
	2.73
	1.27
	0.63
	2.60



	PCP26106
	3
	1.66
	0.71
	0.40
	3.60



	PCP45071
	7
	2.31
	1.08
	0.57
	3.78



	Pt1254
	5
	1.63
	0.79
	0.39
	2.61



	Pt15169
	6
	3.97
	1.53
	0.75
	2.95



	Pt71936
	7
	3.08
	1.39
	0.67
	2.74



	Pt87268
	4
	1.58
	0.71
	0.37
	6.16



	Mean
	4.9
	2.19
	0.94
	0.49
	3.40



	SD
	1.60
	0.84
	0.35
	0.17
	0.38







Note: Observed number of alleles per locus (Na); Mean number of effective alleles (Ne); Shannon’s Information index (I); Nei’s gene diversity index (H); Gene flow (Nm); SD-standard deviation.
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Table 3. Genetic diversity of Scots pine populations in Middle Siberia and the Romanian Carpathians based on chloroplast microsatellite loci.
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	Population
	N
	Na
	Ne
	I
	h





	Middle Siberia
	
	
	
	
	



	Pop-A
	10
	2.30 (±0.40)
	2.02 (±0.35)
	0.63 (±0.16)
	0.39 (±0.08)



	Pop-B
	10
	2.80 (±0.33)
	2.14 (±0.33)
	0.78 (±0.12)
	0.46 (±0.06)



	Pop-C
	10
	2.70 (±0.26)
	1.92 (±0.27)
	0.70 (±0.12)
	0.40 (±0.06)



	Pop-D
	10
	2.50 (±0.22)
	1.85 (±0.16)
	0.70 (±0.08)
	0.43 (±0.05)



	Pop-E
	10
	2.50 (±0.37)
	1.96 (±0.27)
	0.66 (±0.15)
	0.39 (±0.09)



	Pop-F
	10
	2.80 (±0.33)
	1.99 (±0.18)
	0.77 (±0.11)
	0.45 (±0.06)



	Pop-G
	10
	2.90 (±0.38)
	2.06 (±0.29)
	0.77 (±0.12)
	0.44 (±0.06)



	Pop-H
	10
	2.60 (±0.34)
	1.80 (±0.15)
	0.65 (±0.13)
	0.37 (±0.07)



	Pop-I
	10
	2.70 (±0.21)
	2.08 (±0.20)
	0.78 (±0.10)
	0.47 (±0.06)



	Pop-J
	10
	3.00 (±0.37)
	2.35 (±0.30)
	0.88 (±0.12)
	0.51 (±0.06)



	Pop-K
	10
	2.90 (±0.35)
	2.11 (±0.27)
	0.81 (±0.11)
	0.47 (±0.05)



	Pop-L
	10
	2.30 (±0.21)
	1.54 (±0.14)
	0.53 (±0.10)
	0.31 (±0.06)



	Pop-M
	10
	2.70 (±0.15)
	2.06 (±0.15)
	0.80 (±0.07)
	0.49 (±0.04)



	Pop-N
	10
	1.80 (±0.20)
	1.41 (±0.12)
	0.38 (±0.10)
	0.24 (±0.06)



	Pop-O
	10
	3.10 (±0.28)
	2.03 (±0.17)
	0.83 (±0.09)
	0.47 (±0.05)



	Overall Mean
	
	2.64 (±0.29)
	1.95 (±0.22)
	0.71 (±0.11)
	0.42 (±0.06)



	Romanian Carpathians
	
	
	
	
	



	Pop-P
	10
	2.80 (±0.36)
	2.17 (±0.27)
	0.78 (±0.15)
	0.45 (±0.08)



	Pop-Q
	10
	3.30 (±0.50)
	2.16 (±0.35)
	0.81 (±0.17)
	0.43 (±0.08)



	Pop-R
	10
	2.30 (±0.42)
	1.97 (±0.37)
	0.60 (±0.17)
	0.35 (±0.09)



	Pop-S
	10
	2.50 (±0.31)
	2.00 (±0.19)
	0.73 (±0.10)
	0.46 (±0.05)



	Overall Mean
	
	2.73 (±0.40)
	2.08 (±0.30)
	0.73 (±0.15)
	0.42 (±0.08)







Note: Sample size (N); Mean number of alleles per locus (Na); Number of effective alleles (Ne); Shannon’s Information Index (I); Haploid genetic diversity (h); ±standard errors in parentheses.
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Table 4. Statistical characteristics of cpSSR haplotypes for 19 Scots pine populations.
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Population

	
A

	
P

	
NE

	
HCP

	
D2sh






	
Middle Siberia




	
Pop-A

	
10

	
7

	
10.00

	
1.00

	
4.17




	
Pop-B

	
10

	
7

	
10.00

	
1.00

	
5.32




	
Pop-C

	
10

	
9

	
10.00

	
1.00

	
4.38




	
Pop-D

	
8

	
6

	
7.14

	
0.96

	
4.47




	
Pop-E

	
10

	
6

	
10.00

	
1.00

	
5.02




	
Pop-F

	
9

	
5

	
8.33

	
0.98

	
5.43




	
Pop-G

	
10

	
9

	
10.00

	
1.00

	
4.32




	
Pop-H

	
10

	
9

	
10.00

	
1.00

	
3.72




	
Pop-I

	
10

	
8

	
10.00

	
1.00

	
4.41




	
Pop-J

	
10

	
6

	
10.00

	
1.00

	
7.52




	
Pop-K

	
10

	
8

	
10.00

	
1.00

	
5.18




	
Pop-L

	
9

	
6

	
8.33

	
0.98

	
1.90




	
Pop-M

	
10

	
7

	
10.00

	
1.00

	
4.41




	
Pop-N

	
7

	
5

	
5.56

	
0.91

	
0.98




	
Pop-O

	
9

	
7

	
8.33

	
0.98

	
5.96




	
Mean

	
9.47

	
7.00

	
9.18

	
0.99

	
4.48




	
Romanian Carpathians




	
Pop-P

	
10

	
9

	
10.00

	
1.00

	
7.55




	
Pop-Q

	
10

	
9

	
10.00

	
1.00

	
6.59




	
Pop-R

	
10

	
9

	
10.00

	
1.00

	
3.97




	
Pop-S

	
9

	
9

	
8.33

	
0.97

	
5.11




	
Mean

	
9.75

	
9.00

	
9.58

	
0.99

	
5.81








Note: Number of haplotypes (A); Number of private haplotypes (P); Effective number of haplotypes (NE); Haplotype diversity (HCP); Mean genetic distance between individuals (D2sh).
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Table 5. Hierarchical analysis of molecular variance (AMOVA).
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Source of Variation

	
d.f.

	
Sum of Squares

	
Variance Components

	
Percentage of Variation

	
p






	
Among regions

	
1

	
10.829

	
0.121

	
5

	
<0.01




	
Among populations

	
17

	
54.113

	
0.085

	
3




	
Within populations

	
171

	
398.900

	
2.333

	
92




	
Total

	
189

	
463.842

	
2.539

	
100




	
Siberian populations




	
Among populations

	
14

	
88.880

	
0.147

	
3

	
<0.05




	
Among individuals

Within populations

	
135

	
659.000

	
4.881

	
97




	
Total

	
149

	
747.880

	
5.028

	
100




	
Carpathian populations




	
Among populations

	
3

	
11.600

	
0.153

	
6

	
<0.01




	
Among individuals

Within populations

	
36

	
84.200

	
2.339

	
94




	
Total

	
39

	
95.800

	
2.492

	
100








Note: Degrees of freedom (d.f.); Probability (p).
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