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Abstract

:

Taxus baccata L. (common yew) is an endangered tree species in the Czech Republic. However, its natural occurrence has not been adequately protected in all areas of the country. The aim of this study is to determine whether the yew population in the newly established Mařeničky seed orchard (TS_L) enables mixing with other Czech yew populations. Using a set of nuclear microsatellites, the genetic diversity in the Lužické Mountains (TS_L) and in selected wild-provenance populations from the Czech Republic (Jílovské yews, TS_J; Březinské yews, TS_B, and yews from Moravský Karst, TS_M) was studied, as they could be donor sources for potential translocation activities. We observed that the level of genetic diversity within the four Czech yew units that were investigated was high. An analysis of the molecular variance (AMOVA) showed 7% variation among populations, and the genetic differentiation values were low to moderate (FST = 0.042–0.108). According to a STRUCTURE analysis, high genetic similarity was observed between the TS_L and TS_B units. Our results provide important genetic suggestions on how conservation management can be designed to maximize its success.
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1. Introduction


Forests cover 33.8% of the total area of the Czech Republic [1], with a major proportion comprising Norway spruce, Scots pine, and European beech. Shaped by past human activities, most Czech forests have lost their original biodiversity, even at the tree species level. One type of tree that previously had a higher abundance is undoubtedly Taxus baccata L. (common yew), a long-lived dioecious species that is well known for its Taxol content [2], which is significant for the treatment of cancer from a pharmaceutical point of view. In the Czech Republic, there are a number of isolated localities (almost obligatorily declared as specially protected areas) that contain a total of about 13,000 yews, but it is mostly in limited numbers. The largest populations in Bohemia are the Křivoklátsko Protected Landscape Area (PLA), which has approx. 3000 individuals, the Vltava River Region (approx. 2000), the foothills of the Šumava Mountains (hundreds), and the Lužické (Lusatian) Mountains PLA (dozens); in Moravia, the largest populations are in the Moravian Karst PLA (approx. 3000) and the Svitavy Region (several hundred). The species is also used for ornamental gardening in cities, gardens, and parks. Originally, it was much more abundant, as evidenced by a number of toponyms. Today’s small localities thus represent fragments of the original distribution [3]. Due to its slow growth rate and shorter height, T. baccata is often outcompeted by Abies, Fagus, and Picea [4] and rarely occurs in large numbers. It is a specially protected plant species according to valid national Czech legislation (Act no. 114/1992 Coll., Decree no. 395/1992 Coll.) and is classified as being a “highly endangered” species. However, in the Red List of Vascular Plants of the Czech Republic [5], the common yew is classified as vulnerable, and in the Red Book of Tree Species of the Czech Republic [3], it is classified as being a near-threatened species. Due to human pressure, natural yew populations have been reduced across all of Europe [6]. The decline and reduction in these populations was mainly caused by a combination of targeted logging, a variety of methods that have been used for forestry management (sudden changes in light conditions), and pastoralism (eradication due to horse poisoning). At present, almost all seedlings resulting from natural regeneration are decimated by high numbers of even-toed ungulate hunting populations; thus, it is only the longevity of this tree species that contributes to the population stability [3]. However, climate, dioecy, and excessive shade are also important causal factors resulting in the reduction of natural yew populations [4,7,8]. Since existing spatial structures together with ongoing fragmentation limit the gene flow, the effective population size is reduced, resulting in inbreeding [9]. The currently fragmented distribution of yews might cause a further reduction in species abundance. Thus, urgent conservation activity is required because ensuring genetic variability may be essential for the survival of endangered populations [2].



To preserve the rest of the declining T. baccata population in the Lužické Mountains PLA (northern Bohemia) from extinction in the long term, augmentation plantings are being implemented, but thus far, they have only come from a limited number of parent trees [10,11]. To eliminate this inappropriate solution, the seed orchard Mařeničky (SO, cultivated unit), which contains concentrated important natural yew gene sources from the Lužické Mountains occurrences, was established in 2016 [12,13]. Of the 18 (Figure 1) detected occurrences (mostly individual trees or their smaller groups), only 15 can be considered autochthonous. However, the vast majority of the residual yew population in the Lužické Mountains has only been preserved in one larger locality (No. 3 in Figure 1), which contains dozens of surviving individuals. Therefore, SO Mařeničky simultaneously plays a parallel function of selecting the most important local native yews and providing a clone archive. It currently contains 62 clones of selected individuals from all of the 15 autochthonous occurrences; thus, it represents the entire preserved population of the Lužické Mountains well. Since the SO still has unused areas, supplementing this area with clones from the geographically closest occurrences of yew (i.e., Březinské yews in approx. 40 km distance and Jílovské yews, approx. 50 km) in order to increase the genetic diversity of the produced offspring was considered. The two closest sites are located in other provenance regions called “Nature Forest Areas”, 41 of which exist in the Czech Republic. However, due to the possibility of conducting molecular genetic analyses in order to avoid the inappropriate mixing of sub-populations, it was necessary to answer the following questions: (1) Is the degree of genetic diversity of the Lužické yews population sufficient? (2) Is the admixture of the selected individuals from the geographically closest populations of the Březinské yews (TS_B) or Jílovské yews (TS_J) genetically suitable? DNA analysis was conducted to assess the level of genetic diversity, heterozygosity, and other genetic characteristics of yew samples and to prevent inbred depression, bottleneck effects, and genetic drift [10].



One of the most powerful and widely used tools for the analysis of genetic variation and forestry population structures is simple sequence repeats (SSRs, or microsatellites) [11,14,15,16]. Microsatellites are tandem repeats of short motifs that are 1 to 10 bp in length and that usually have a simple repeated sequence that consists of two, three or four nucleotides [17]. Molecular DNA markers can detect significant differences at the DNA level that arise from deletion, duplication, inversion, and/or insertion in the chromosomes. Microsatellites are only located near or are linked to the genes controlling traits; thus, they do not affect the phenotypes of the traits of interest. These markers are inherited both in dominant and codominant patterns and are not affected by environmental factors or the developmental stage of the plant [18]. Microsatellites generate highly informative content since they are polymorphic, multi-allelic, and reproducible [19].



Considering the limited knowledge about the genetic structure of yew, it was necessary to provide detailed investigations and research to obtain comprehensive genetic information and to develop conservation guidance based on this genetic perspective.



In the present study, we used SSRs to examine the genetic characteristics of four natural common yew populations in the Czech Republic. The specific aims of our study were to determine the level of genetic diversity and the genetic structure of yew populations and to provide a practical conservation strategy and effort.




2. Materials and Methods


2.1. Origin of Populations and Their Sampling


In this study, three natural T. baccata populations (Jílovské yews, TS_J; Březinské yews, TS_B, and yews from the Moravský Kras, TS_M) comprising a total of 125 individuals were used to compare their genetic diversity with the population in Lužické Mountains, which is concentrated in SO Mařeničky (TS_L). The yew population from the Protected Landscape Area Moravský Kras (Moravian Karst), TS_M, was included in the comparative analyses, as it is geographically quite distant, and according to the authors of [20], it should be genetically different from the three subpopulations from northern Bohemia. All of the populations are located in the Czech Republic (Table 1; Figure 2). In total, 165 individuals were subjected to microsatellite analysis. Where the number of yews at individual sites allowed it, a distance of at least 100 m was maintained between the donor individuals for the needle samples used for DNA analysis.




2.2. DNA Extraction and Microsatellite Genotyping


Genomic DNA was isolated from 20 mg of young, lyophilized T. baccata needles from each tree with the DNeasy® Plant Mini Kit (Qiagen, Germantown, MD, USA), according to the manufacturer’s instructions. The concentration and purity of the extracted DNA were estimated spectrophotometrically using a NanoPhotometer (Implen, München, Germany). DNA was stored at 4 °C.



The entire set of 165 T. baccata individuals was scored for a total of seven SSRs, which were previously described by [22,23]. The following dinucleotide motifs, whose PCR products provided clear and reproducible patterns, were used: TAX23, TAX26, TAX36, TAX86, TAX92, TS09, and TAX362. Details of the studied SSRs are in Table 2. Polymerase chain reactions (PCRs) were performed in two multiplexes from the point of view of the targeted allele sizes in a total volume of 15 µL, which was composed of 1 µL DNA template (10–50 ng), a 1.5 µL PCR buffer (Mg-free), a 0.2 mM dNTPs mixture (Takara Bio Inc., Otsu, Shiga, Japan), 2 mM MgCl2, 0.37 U of Platinum® Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA), a primer mix, and RNase-Free water for molecular biology (Sigma-Aldrich, St. Louis, MO, USA). The primer concentrations of the loci TAX26 and TAX92 were 0.1 µM, and those of the loci TAX23, TAX36, and TAX86 were 0.2 µM. The PCR conditions for both multiplexes were as follows: an initial denaturation step at 94 °C for 5 min followed by 35 cycles at 94 °C for 30 s, 40 s at 58 °C (primer annealing), and 40 s at 72 °C, and a final extension at 72 °C for 20 min. For the locus TAX362, the primer concentration was 0.2 µM, the primer annealing temperature was 61 °C, and the PCR conditions were the same as those for the primers above. The fluorescently labelled PCR products and an internal size standard (GeneScanTM 600 LIZ®, Applied Biosystems, Foster City, CA, USA) were mixed with formamide (Hi-DiTM Formamide, Foster City, CA, USA, Applied Biosystems). After denaturation at 94 °C for 3 min and immediate chilling on ice, the products were analysed using a genetic analyser 3500 (Applied Biosystems, Foster City, CA, USA). The alleles were identified based on their size using GeneMapper® 4.1 software, which was provided by Applied Biosystems. Allele binning was performed manually after plotting the fragment size distribution for each locus [24].




2.3. Genetic Diversity and Differentiation in Tested Populations


The program FreeNA was used to estimate pairwise FST values with and without the ENA (“excluding null alleles”) correction for null alleles [25].



The majority of the genetic diversity parameters—the number of alleles, Shannon’s information index, observed heterozygosity, expected heterozygosity, fixation index (F), Nei’s genetic distance, and AMOVA—were calculated using the statistical program GenAlEx v. 6.501 [26]. AMOVA was used to assess the molecular variance within and between populations at 999 permutations. Deviations from the Hardy–Weinberg equilibrium (HWE) for the studied loci were assessed using CERVUS 3.0.7 with Bonferroni correction to evaluate the deviation significance. Allelic richness based on the minimum sample size was computed in FSTAT.



The software STRUCTURE v. 2.3.4 [27,28,29] was used with the Bayesian clustering approach to determine the genotypic structure of the tested populations. For genetic population structure analysis, we used the LockPrior model, which considers that the prior distribution of cluster assignments can vary among populations. When the genetic data are not informative, the use of this approach is recommended to help detect the population structure [30]. Analysis was performed with the following parameters: the number of clusters (K) = 1–10 with 10 independent runs for each K; ancestry model = admixture model; and allele frequency model = correlated allele frequencies. We used a of burn-in period length of 10,000 and 100,000 Markov chain Monte Carlo (MCMC) repeats after the burn-in period. The best estimate of the K values was calculated using the web-based STRUCTURE HARVESTER program v. 0.6.94 [31]. Once the most likely K value was determined, the run with higher posterior probability and lower variance was chosen to interpret the results.





3. Results


3.1. Genetic Diversity


The genetic diversity parameters for all seven microsatellite loci are shown in Table 3. The average number of different alleles per locus ranged from 6.5 (TAX23) to 19.3 (TAX92). On average, allelic richness was 14.44, based on the minimum sample size of 38 diploid individuals. Shannon’s information index, which was calculated for allelic and genetic diversity, ranged from 1.42 (TAX23) to 2.42 (TAX92). The observed heterozygosity (Ho) was generally lower than the expected heterozygosity (He). All of the microsatellites presented high levels of genetic diversity (He; from 0.69 at locus TAX23 to 0.86 at loci TAX36 and TAX92). The fixation index values varied from 0.10 (TAX23) to 0.54 (TAX86). The average frequency of the null alleles at the seven markers over the populations ranged from 0.03 to 0.25, with a mean of 0.166 across all markers (Table 3).



From the 165 individuals assayed, a total of 339 alleles were identified. The number of alleles per locus ranged from 10 (TAX23) to 39 (TAX92). The average number of different alleles (Na) within the populations was from 10.1 (pops TS_J and TS_B) to 17.0 (pop TS_M), with a mean of 12.38 (Table 4). The mean number of effective alleles (Ne) within the populations ranged from 4.62 (TS_J) to 7.99 (TS_M). The mean population genetic diversity values according to Shannon’s information index (I) ranged from 1.74 (TS_J) to 2.30 (TS_M). All of the units had private alleles, with the highest number (four) of private alleles being found in population TS_M, where one allele always appeared at the loci TAX26, TAX36, TAX92, and TAX362. The mean observed heterozygosity was lower than the expected heterozygosity across the loci for each population. The mean observed heterozygosity (Ho) ranged from 0.42 (TS_B) to 0.57 (TS_M), and the mean expected heterozygosity ranged from 0.76 (TS_J) to 0.84 (TS_M).



The genetic distances between the populations were calculated based on Nei’s standard genetic distance [32]. The longest Nei’s genetic distance (0.595) appeared between the TS_J and TS_B units and between the TS_J and TS_L units (0.572).




3.2. Genetic Differentiation


The program FreeNa [25,33] was used to calculate the null allele frequencies and the global FST values across all of the loci. The FST values (Table 5) were similar regardless of whether the null alleles were taken into account or not (0.060 vs. 0.068 across loci considering all populations), suggesting that the effect of null alleles on the genetic structure of the populations is likely negligible.



The pairwise FST matrix (Table 5) showed low and moderate levels of genetic differentiation among the four tested populations (0.042–0.108). According to Wright [34], FST values higher than 0.15 show high genetic differentiation. The highest values of differentiation were between the TS_J and TS_B (0.108) units and between the TS_J and TS_L (0.097) units, whereas the smallest differentiation value was between TS_B and TS_M (0.042). The overall FST (FST = 0.067) demonstrated significant (p < 0.001) genetic variation among the four populations.



Analysis of molecular variance (AMOVA) was used to determine the genetic variation among and within the populations. The analysis indicated that there was only 7% genetic variation among the populations and 93% genetic variation within the populations (Table 6). The F-statistics on all three groups were found to be highly significant (p < 0.001). The result was consistent with that of FST, implying that the genetic differentiation of T. baccata mainly existed within populations.




3.3. Genetic Structure of the Populations


Analysis of the entire dataset using STRUCTURE and Structure Harvester suggested that K = 2 was the most relevant number of clusters (Figure 3). The K values were decreased from K = 2 to 10 in general but slightly increased at K = 4. According to the software documentation [30], K = 4 was also chosen because the four clusters exhibited strong assignments with the tested populations (Figure 4b). Different colours were used to indicate the proportion of cluster membership in each individual. At K = 2, the first cluster (red) had a significant proportion that was greater than the proportion determined in the TS_B and TS_L populations and smaller than the proportion determined the TS_M population. The second cluster (green) had a larger proportion in the TS_J and a smaller one in the TS_M (Figure 4a). At K = 4, all four subpopulations exhibited significant differences. The TS_B, TS_M, and TS_J populations remained as a fixed cluster, whereas the TS_L unit showed a smaller population genetic structure, with the number of individuals assigned to the cluster belonging to the TS_M population (Figure 4b).





4. Discussion


4.1. Genetic Diversity


Genetic diversity provides useful information about history and adaptive potential and is a basis for the phylogeny and classification of taxa [35]. It is deeply influenced by the life cycle, the breeding system, the seed and pollen dispersal mechanism, the reproduction patterns, the geographical range size, and gene flow [36]. In T. baccata, gene dispersal may be a limiting factor for the adaptability of the species [37].



Analyses of molecular markers, such as microsatellites, are widely used to reveal the genetic diversity of many different forest species (e.g., [11,12,38,39]). The aim of our study was to determine the genetic parameters of selected T. baccata units grown in the Czech Republic to design appropriate conservation management approaches. A total of seven polymorphic microsatellite markers were successfully amplified in all of the individuals from four different populations. According to the current literature, our chosen SSR markers are the most widely used markers for genotyping T. baccata. For each locus, we detected a lack of heterozygotes over all of the tested populations compared to the Hardy–Weinberg expectations (mean Ho = 0.487; He = 0.789). Similar to our results, the authors of [22] also showed a substantial deficiency of heterozygotes in T. baccata loci that were tested in Poland. The authors of [40] used five of the SSR markers that we used (TAX23, TAX26, TAX36, TAX86, and TAX92) and showed similar values in terms of the mean He (0.82) and mean null allele frequency (0.118) for those markers. Regarding allelic richness in our study, Ar was higher (mean Ar = 17.42) than the levels described by authors of [40] (mean Ar = 5.91), which might indicate higher allelic diversity. Similar to our study, the authors of [22] found the smallest number of alleles in the locus TAX23 (6 alleles) and the highest number of alleles in the locus TAX92 (28 alleles). Moreover, they described almost identical mean He (0.795) and Ho (0.403) values for six of the SSR markers that we used (TAX23, TAX26, TAX36, TAX86, TAX92, and TS09).



Based on the SSR analysis, a moderate to high level of genetic diversity was detected among the four tested T. baccata populations concerning the expected (mean He = 0.793) and observed (mean Ho = 0.485) heterozygosity. Our observed and expected heterozygosity values were quite consistent with those reported for T. baccata populations from Poland [22], Spain [40], and Britain [41]. In agreement with our results, [42] also found close heterozygosity values (He = 0.785; Ho = 0.446) in four populations of T. baccata grown in the Czech Republic. Similarly, the authors of [43] investigated the genetic diversity of T. baccata in four Polish populations that are located close to the border with the Czech Republic. As expected, these Polish populations showed He (0.791) and Ho (0.537) values that were close to the values that were obtained in our results. The deficiency of heterozygotes in T. baccata could be explained as a consequence of high amounts of inbreeding. At the population level, the TS_M population had the highest genetic diversity (He = 0.84) out of the four T. baccata populations, which corresponds to the source population size (Table 1). However, the level of genetic diversity in all of the tested populations of T. baccata are high compared with the reference values for widespread plants (He = 0.62; [44]).




4.2. Genetic Differentiation and Genetic Structure


Similar to the studies from Spain [40,45] and Poland [43], higher genetic variation was observed within the tested populations of T. baccata (Table 6). Moreover, despite dioecy, the F > 0.1 also suggests mating with relatives and structuring within populations.



In the present investigation, a low to moderate level of genetic differentiation was found among the tested T. baccata units (mean FST = 0.068). These results are consistent, for example, with the research on British populations of T. baccata [41]. According to the authors of [42], both the geography and climate impact of quaternary glaciations have played a role in shaping the genetic structure of T. baccata. They found that yew colonized Europe from eastern territories towards the west and that European yews diverged into two gene pools (Eastern, Western), with secondary contact taking place between the two clusters in the central European, Italian, and Mediterranean region [42]. Our results are compatible with this broad study, according to which secondary contact between the two clusters probably took place in the Czech territory. Thus, low genetic differentiation in our tested yew populations is reasonable, a finding that was also observed by the authors of [42] in the Czech Republic or those of [41] in Great Britain. In Poland, the four Polish T. baccata populations, which are located close to the Czech borders, had a lower level of differentiation (FST = 0.094) compared to the results of all of the tested Polish populations [43]. On the contrary, slightly higher genetic variability and higher pairwise differentiation than those shown in our results were reported in the Iberian Peninsula (FST = 0.129) [45], in the Western Mediterranean Basin (FST = 0.155) [40], and in Norway (FST = 0.166) [46], which is compatible with strong fragmentation and inbreeding, declining towards the periphery of this species distributional range.



According to the STRUCTURE analysis, most populations were assigned to a specific gene pool (Figure 4b, for K = 4), with a weak admixture in the TS_L unit. However, at lower hierarchy levels (K = 2, the optimum number of groups), relationships with other populations were also observed, especially between the TS_B and TS_L populations.




4.3. Implications for Conservation


To conserve endangered and threatened species, it is necessary to maintain their contributions to the overall genetic diversity. The populations of forest trees should be large and genetically diverse and should have no inbreeding depression, which inhibits population growth. Knowledge of the geographical patterns that are connected with genetic variation is also essential for designing efficient conservation management strategies. Our study detected sufficiently high genetic diversity in the tested populations and lower to moderate levels of genetic differentiation among them compared with other yew populations in Europe. However, the FST values were still higher than, for example, those of Picea abies or Fagus sylvatica in the Czech Republic [14,47].



Established seed orchards can be a useful safeguard against the loss of genetic diversity in the remaining scattered native population. This will allow the genetic diversity of the seedlings used to augment the local population. Since the TS_L unit shares high levels of genetic diversity with our tested T. baccata populations (TS_J, TS_M, and TS_B), we suggest not including any of these populations in the TS_L unit to prevent undesirable contamination (introgression). Multiplying the local subpopulation as much as possible (taking advantage of SO) is the preferred first step to increasing the genetic diversity of this species and only allowing interbreeding with neighbouring genetic resources that they encounter naturally.
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Figure 1. Localities of inventoried yew occurrences in the Lusatian Mountains (red border of the PLA); colour coding reflects the time when the sites were inventoried: until 2005: red, 2006–2010: orange, 2011–2015: green, 2016–2020: blue (QGIS 3.8.3 Zanzibar, background ZM10-P a DMR 5G). 
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Figure 2. Map of the geographical locations of the four Taxus baccata populations included in this study. The population codes are given in Table 1. 
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Figure 3. Delta K values for the tested genetic groups K = 1 to 10 in the program STRUCTURE based on seven SSR markers from four populations of T. baccata. 
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Figure 4. Analysis of the Taxus baccata populations using the STRUCTURE HARVESTER WEB version 0.6.94 (30). (a) Genetic structure assuming K = 2; (b) genetic structure assuming K = 4. Each individual is represented by a vertical bar broken into differently coloured genetic clusters with a length proportional to the probability of assignment to each cluster. Populations are separated by black bars and are identified at the bottom. 
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Table 1. The location, source population size, code, longitude/latitude, and number of the Taxus baccata individuals analysed (PLA, protected landscape area; NM, natural monument; NNR, national nature reserve).
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	Location
	Source Population Size

(Trees More Than 1 m) 1
	Code of Population
	Geographic Coordinates

(WGS84)
	Individuals Analysed





	Seed Orchard Mařeničky
	PLA Lužické (Lusatian) Mountains
	150
	TS_L
	50°49′4.49776″ N;

14°50′58.00724″ E
	40



	
	NM Jílovské yews
	385
	TS_J
	50°45′21.87152″ N; 14°5′52.63455″ E
	40



	Natural Populations
	NNR Březinské yews
	176
	TS_B
	50°45′13.11222″ N; 14°15′1.90919″ E
	40



	
	PLA Moravský Kras (Moravian Karst)
	app. 2500
	TS_M
	49°20′ 54.11839″ N; 16°43′0.07176″ E
	45







1 According to the authors of [12,21].
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Table 2. Locus, repeat structure, allele size, PCR conditions and fluorescent dyes.
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SSR

	
Repeat

Structure

	
Allele Size (bp)

	
PCR

Conditions

	
Fluorescent Dye






	
Multiplex 1

	
TAX23

	
(GT)21

	
153–183

	
58 °C/40 s

	
PET




	
TAX26

	
(GT)30

	
208–284

	
58 °C/40 s

	
NED




	
TAX36

	
(GT)25

	
126–262

	
58 °C/40 s

	
VIC




	
TAX86

	
(GT)34

	
152–304

	
58 °C/40 s

	
FAM




	
Multiplex 2

	
TAX92

	
(GT)24

	
160–280

	
58 °C/40 s

	
NED




	
TS09

	
(TC)12

	
217–247

	
58 °C/40 s

	
VIC




	

	
TAX362

	
(CA)19

	
85–119

	
61 °C/40 s

	
FAM
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Table 3. Characteristics of selected nuclear microsatellite loci across the four investigated Taxus baccata populations. Na, average number of different alleles; Ar, allelic richness after correcting for a sample size of 38 diploid individuals; I, Shannon’s information index; Ho, observed heterozygosity; He, expected heterozygosity; F, significant deviation of the fixation index from the Hardy–Weinberg equilibrium (HWE) (*** p < 0.001); Fnull, null allele frequencies using the FreeNA programme.
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	Locus
	Na
	Ar
	I
	Ho
	He
	F
	Fnull





	TAX23
	6.50
	8.19
	1.42
	0.63
	0.69
	0.10 ***
	0.03



	TAX26
	13.0
	17.26
	1.83
	0.49
	0.75
	0.34 ***
	0.13



	TAX36
	14.5
	19.43
	2.23
	0.63
	0.86
	0.27 ***
	0.13



	TAX86
	13.3
	16.53
	2.17
	0.39
	0.85
	0.54 ***
	0.25



	TAX92
	19.3
	25.75
	2.42
	0.42
	0.86
	0.51 ***
	0.23



	TS09
	9.00
	12.60
	1.76
	0.43
	0.78
	0.45 ***
	0.20



	TAX362
	9.25
	11.30
	1.66
	0.42
	0.73
	0.44 ***
	0.19
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Table 4. Parameters used to estimate the genetic structure of Taxus baccata populations. Na, number of different alleles; Ne, number of effective alleles; I, Shannon’s information index; Priv. alleles, number of private alleles; Ho, observed heterozygosity; He, expected heterozygosity. The population codes are given in Table 1.
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	Population
	Na
	Ne
	I
	Priv. Alleles
	Ho
	He





	TS_L
	12.3
	5.81
	1.96
	2.86
	0.44
	0.80



	TS_J
	10.1
	4.62
	1.74
	1.71
	0.51
	0.76



	TS_B
	10.1
	5.00
	1.78
	1.71
	0.42
	0.77



	TS_M
	17.0
	7.99
	2.30
	4.57
	0.57
	0.84
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Table 5. Genetic differentiation between populations of T. baccata based on FST with and without ENA correction for null alleles. The population codes are given in Table 1.
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FST Using ENA Correction.




	

	
TS_B

	
TS_M

	
TS_J






	
TS_M

	
0.034

	

	




	
TS_J

	
0.096

	
0.058

	




	
TS_L

	
0.045

	
0.038

	
0.087




	
FST without Using ENA Correction.




	

	
TS_B

	
TS_M

	
TS_J




	
TS_M

	
0.042

	

	




	
TS_J

	
0.108

	
0.062

	




	
TS_L

	
0.050

	
0.048

	
0.097
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Table 6. Analysis of molecular variance (AMOVA) based on seven SSR markers for Taxus baccata. df, degrees of freedom; SS, sum of squares.
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	Source of Variation
	df
	SS
	Variance Components
	% Variation





	Among populations
	3
	61.71
	0.22
	7 *



	Within populations
	326
	914.66
	2.81
	93 *







* p ˂ 0.001.
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