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Abstract


The population size of black poplar (Populus nigra L.), once an important part of floodplain forests in the Czech Republic, has greatly declined due to human activity. In this study, we applied microsatellite (SSR) markers to identify species and assess genetic diversity, with the aim of supporting conservation of this endangered species. A total of 378 poplar trees were analyzed following field surveys. Five diagnostic SSR markers with species-specific alleles for P. deltoides Bartr. ex Marsh. enabled the identification of 39 interspecific hybrids, which were distinguished from native P. nigra. Thirteen SSR loci were used to evaluate genetic diversity among confirmed P. nigra individuals. The results revealed high genetic variation, with 66% of pairwise genotype comparisons differing at all loci. After excluding 45 genetically similar individuals, 292 genetically verified and polymorphic P. nigra trees were selected as potential sources of reproductive material. Genetic differentiation (Fst) was highest between P. nigra and P. deltoides (0.27), and lowest between reference Populus ×euroamericana clones and detected hybrid poplars (0.05) from natural localities. Distinct genetic structures were identified among P. nigra, P. deltoides, and hybrid individuals. These findings provide essential data for the protection, reproduction, and planting of black poplar.
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1. Introduction


The impacts of climate change on forestry in the Czech Republic have caused the mass dieback of forest stands in recent years, including in floodplain forests, where there has been a significant decline in alder and ash stands due to fungal pathogens [1]. The regeneration of forest stands can be achieved more quickly through the use of deciduous pioneer tree species, whose ameliorative function improves the nutrition and stability of the stands and their adaptability to ongoing environmental changes. Black poplar, native to Europe, Southwest and Central Asia, and Northwest Africa [2], is a pioneer deciduous tree with ameliorative function and a suitable substitute tree for the lower altitudes of riparian ecosystems. In the past, this species was naturally abundant in the Czech Republic along large rivers and their tributaries in floodplain forests. It is a fast-growing, dioecious tree species that requires ample light and does not tolerate shading, even in its youth. Its root system consists of two types: one reaching deep to groundwater and another spreading near the soil surface, both contributing to its high vitality. Black poplar has a high sprouting capacity from the trunk and stump and can be easily propagated by cuttings. Its timber has been used in carpentry, cooperage, carving, and for fuel [2,3]. This species has been neglected, and black poplar stands have been strongly reduced over the past few decades by human influences in the Czech Republic, similar to in other European riparian forests [4,5,6]. To save its genetic resources, the Populus nigra Network was established in 1995 as part of the European Forest Genetic Resources Programme (EUFORGEN). For its use in the restoration of floodplain forest ecosystems, it is essential to ensure a sufficient number of high-quality sources of reproductive material. Monitoring genetic diversity using DNA analyses for the conservation of black poplar has been carried out in European countries for more than two decades [4,5,6,7]. Based on morphological characteristics, an inventory of the remaining presumed black poplar trees was carried out, and the genetic variability of phenotypically high-quality trees was verified by DNA analysis using microsatellite markers. Knowledge of the level of genetic diversity is important for assessing the ability of trees to adapt to changing environmental conditions and for the long-term survival of the populations [5,7]. To ensure the variability of reproductive material sources established from the remaining black poplars, it is necessary to exclude genetically closely related trees and also identical trees that may occur due to the ease of vegetative propagation or artificial planting of clones. Bred interspecific hybrids of black poplar (Populus nigra L.) and cottonwood (Populus deltoides Bartr. ex Marsh.) are planted in large numbers. Since spontaneous crossing of black poplar with these hybrids can occur [8,9,10], we also focused on the detection of possible spontaneous hybrids. In this study, we employed a set of microsatellite (SSR) markers to identify black poplar trees, assess their genetic diversity, and detect spontaneous hybrids. Eleven microsatellite markers with a high level of polymorphism and balanced allele frequency were selected to determine genetic relatedness and clonal identity. To detect possible introgression of cultivated hybrids into native black poplar trees, WPMS09 and WPMS18 microsatellites were added as diagnostic markers containing species-specific alleles in a homozygous state for reference samples of P. deltoides, as reported in several publications [5,11,12]. Three additional diagnostic markers—PMGC14, PMGC2163, and PMGC456—were used to more precisely verify the classification of our samples into black poplars and hybrid poplars. These microsatellites have also been used by other authors in their studies [5,10,11,13,14,15].



The main objective of this study was to genetically identify native black poplar trees and evaluate their genetic variability using SSR markers. The resulting data contribute to the conservation of the native gene pool and the development of genetically diverse reproductive material sources.




2. Materials and Methods


A total of 378 presumed adult black poplars were surveyed at various localities across the Czech Republic, specifically in the river basins of the Dyje, Morava, Olše, Jihlava, Odra, Labe, and Ohře, including their tributaries. For the inventory of black poplar, areas of its natural occurrence [2] were selected where a frequent co-occurrence of P. nigra and P. ×euroamericana was expected, with the aim of identifying potential influences on the gene pool of black poplar. The focus was placed on phenotypically high-quality adult trees. The geographical coordinates of the sampled localities were re-corded (Table S3), and their distribution is illustrated on the map (Figure 1). In addition, 14 genetically distinct samples of Populus deltoides and 10 bred hybrid clones of Populus ×euroamericana (ori-ginating from controlled crosses between the North American species Populus deltoides and the European species Populus nigra), cultivated in the gene bank of the Forestry and Game Management Research Institute in the Czech Republic, were used as reference samples to detect possible introgression in the monitored black poplar individuals. Microsatellite markers were employed for the genetic analyses.



Analyses of Microsatellite Markers


Sampling for DNA analysis was carried out between 2018 and 2023 from individual trees in the remaining stands of black poplar. DNA was isolated either from leaves flushed on short twigs collected in early spring and treated in the laboratory, or from leaves collected later in the field and preserved in silica gel. Total genomic DNA was extracted from either 100 mg of fresh young leaves or 20 mg of lyophilized leaves using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The quality of DNA eluates was verified spectrophotometrically using a micro-volume spectrophotometer (MaestroGen, Las Vegas, NV, USAn). Eleven nuclear microsatellite markers (WPMS01, WPMS04, WPMS07, WPMS10, WPMS11, WPMS13, WPMS14, WPMS16, WPMS19, WPMS21, WPMS22) described by [16,17] were selected to study the genetic diversity of black poplar individuals. The selection prioritized markers with sufficient polymorphism and a balanced distribution of allele frequencies to ensure reliable diversity assessment. Additionally, microsatellites WPMS09 [16] and WPMS18 [17], which contain P. deltoides-specific alleles, were used as diagnostic markers to detect possible hybrid individuals. Allele 214 bp at WPMS18 and 232 bp at WPMS09, both in a homozygous state, were consistently found in our 14 reference samples of P. deltoides. The 214 bp allele at WPMS18 (in homozygous or heterozygous state) was present in all reference samples of cultivated Populus ×euroamericana hybrids, while the 232 bp allele at WPMS09 occurred in heterozygous state in seven reference hybrid clones. These diagnostic allele sizes were used to identify potential hybrids among candidate P. nigra individuals. Microsatellite loci were amplified by polymerase chain reaction (PCR) using specific fluorescent dye-labeled primers (FAM, VIC, PET, and NED). The 13 nuclear microsatellites were organized into three multiplexes based on target allele sizes and amplification conditions. Each 15 µL PCR mixture contained 1 µL of template DNA (≈10–50 ng/µL), 1.5 µL of 10× Mg-free PCR buffer, 2 mM MgCl2, 0.37 U Platinum® Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA), 0.13 mM dNTP mixture (Takara Bio Inc., Otsu, Shiga, Japan), and a specific combination of forward and reverse primers. For first multiplex, the primer concentration for each locus was 0.1 µM for WPMS07, WPMS10, WPMS16, WPMS18, and WPMS22. For second multiplex, it was 0.1 µM for loci WPMS01 and WPMS04, 0.15 µM for locus WPMS11, and 0.05 µM for loci WPMS13 and WPMS19. For third multiplex, it was 0.1 µM for loci WPMS09 and WPMS21 and 0.05 µM for locus WPMS14. Thermocycling was performed according to a modified version of the protocol from [16,17], where the second multiplex had longer times for denaturation (94 °C for 30 s) and for annealing temperature (53 °C for 30 s). The annealing temperatures were 55 °C for first multiplex and 60 °C for third multiplex. Three additional diagnostic markers (PMGC14, PMGC2163 [10], and PMGC456 [18]) with P. deltoides-specific allele sizes were used to verify the division of our samples into black poplar, cottonwood and hybrid poplars. The PCR amplification was conducted together as a fourth multiplex using the Multiplex PCR Kit (Qiagen, Hilden, Germany), as described by [15]. The primer concentration for each locus was 0.025 µM. The PCR cycling conditions included initial denaturation at 95 °C for 15 min, followed by 30 cycles of 94 °C for 30 s, 52 °C for 90 s (annealing), and 72 °C for 60 s (extension), with a final extension at 60 °C for 30 min. PCR amplifications were carried out using a Veriti thermal cycler (Applied Biosystems, Foster City, CA, USA). Sizing of amplified loci was performed using fragmentation analysis on a genetic analyzer (Applied Biosystem 3500, Foster City, CA, USA). GeneScanTM 600LIZ® (Applied Biosystems, Foster City, CA, USA) was used as size standard. Markers from each multiplex were evaluated in one run. Allele sizing was performed using GeneMapper® 4.1 software (Applied Biosystems). The processed data were subjected to statistical analysis using the GenAlEx 6.503 program [19,20]. Genetic characteristics of microsatellite markers and species assignments of the analyzed poplar individuals were assessed. Genetic relatedness among confirmed P. nigra samples was determined based on multilocus genotype matching. The polymorphic information content (PIC) of each marker was calculated using the program CERVUS [21]. Evaluation of genetic differentiation among the studied poplar species (Populus nigra, hybrid poplars and reference samples of P. deltoides and Populus ×euroamericana) was performed on the basis of the pairwise FST values which were visualized using principal coordinate analysis (PCoA). Genetic differences among species and hybrids were further investigated through comparison of population structures. The Bayesian clustering method implemented in the STRUCTURE 2.3.4 software [22,23,24,25] was used to derive structures based on multilocus data of monitored microsatellite markers. The admixture model was used with correlated allele frequencies and Lockprior specification. The burn-in period was set to 50,000, followed by 500,000 Markov Chain Monte Carlo (MCMC) repetitions. Simulations were run for values of K from 1 to 10, each repeated ten times. The most likely number of clusters was assessed on the basis of ΔK method [26] using the web-based StructureSelector tool [27]. StructureSelector generates graphical representations of the results by integrating the CLUMPAK program [28].





3. Results


3.1. Evaluation of Genetic Diversity of Poplar Trees and Detection of Possible Hybrids


The genetic investigation of 378 black poplar trees across the territory of the Czech Republic was conducted using analyses of nuclear microsatellite markers—WPMS01, WPMS04, WPMS07, WPMS09, WPMS10, WPMS11, WPMS13, WPMS14, WPMS16, WPMS18, WPMS19, WPMS21, and WPMS22—as described by [16,17]. Hybrid detection in the sampled poplars was performed by comparing allele sizes at five diagnostic markers (WPMS09, WPMS18, PMGC14, PMGC2163, and PMGC456), using 14 reference samples of Populus deltoides (Table 1) and 10 reference samples of Populus ×euroamericana (Table 2) as standard samples. We consistently detected allele values of 214 bp in a homozygous state at the WPMS18 locus, 232 bp in a homozygous state at WPMS09, 190 bp or 193 bp in a homozygous state at PMGC14, 185 bp in a homozygous state at PMGC2163, and 82 bp in a homozygous state at PMGC456 in all 14 reference samples of Populus deltoides. Additionally, no amplification products were obtained at the WPMS04 locus for this species. Amplification at the WPMS04 locus was observed in all other analyzed poplar samples (both hybrids and black poplars). Alleles of 214 bp at WPMS18, in either homozygous or heterozygous states, were present in all reference samples of Populus ×euroamericana. The 232 bp allele at WPMS09 was found only in the heterozygous state in seven hybrid clones. Specific alleles 190 bp or 193 bp at PMGC14, 185 bp at PMGC2163, and 82 bp at PMGC456 were detected in the heterozygous state in all Populus ×euroamericana reference samples (Table 2).



The assessment of genetic diversity among the poplars was carried out through pairwise comparisons of multilocus genotypes based on the results from the statistical program GenAlex 6.503 [19,20]. Poplars with identical multilocus genotypes (i.e., the same allele sizes at all analyzed markers) were mainly found in the Labe and Ohře river basins. Among the 378 poplars, one group of 17 genetically identical individuals was identified (labeled as TPC_21, TPC_22, TPC_23, TPC_32, TPC_33, TPC_34, TPC_35, TPC_36, TPC_54, TPC_55, TPC_59, TPC_68, TPC_73, TPC_76, TPC_77, TPC_78, TPC_87) (Table S2), as well as a second group of seven genetically identical trees (TPC_7, TPC_8, TPC_27, TPC_60, TPC_67, TPC_70, TPC_71). Both clonal groups shared the following heterozygous allele combinations: 214 bp at the WPMS18 locus, 190 bp at the PMGC14 locus, 185 bp at the PMGC2163 locus, and 82 bp at the PMGC456 locus (Table S2). Two poplars from Libický luh (Labe basin), labeled TPC_29 and TPC_31, were genetically identical to the reference sample of Populus ×euroamericana ‘Robusta’ (Table S2). The 214 bp allele at the WPMS18 locus was also present in seven genetically distinct poplars: six individuals (TPC_6, TPC_28, TPC_30, TPC_95, P_764, P_767) from the Labe basin, and one (TPC_50) from the Ohře basin. The hybrid origin of these individuals was confirmed by the presence of P. deltoides-specific alleles in heterozygous state at the PMGC14, PMGC2163, and PMGC456 loci, except for sample TPC_95 (Table S2). In the Olše river basin, two genetically distinct hybrid trees (OL_1, OL_11) were identified, both with only the 214 bp allele at the WPMS18 locus in homozygous state. Only four samples lacked the 214 bp allele at the WPMS18 locus: sample 126_DRN from the Dyje basin and three poplars (TPC_93, TPC_94, TPC_96) from the Labe basin. Their hybrid character was indicated by the presence of diagnostic alleles in heterozygous state at the PMGC14 marker (126 DRN—allele 193 bp), at the PMGC2163 marker (allele 185 bp at samples 126 DRN, TPC_94) and at the PMGC456 marker (allele 82 bp at samples 126 DRN, TPC_93, TPC_96) (Table S2).



The markers WPMS09, WPMS18, PMGC14, PMGC2163, and PMGC456 proved effective for species identification among the examined black poplar samples and for detecting hybrid individuals. The allele 232 bp at marker WPMS09 was found exclusively in two samples from Libický luh (TPC_29, TPC_31). An overview of allele size ranges for all analyzed markers across the studied poplars is provided in Table 3.



We identified a total of 35 poplar trees with a 214 bp allele at the WPMS18 locus, seven of which were homozygous for this marker. Only four poplars lacked the 214 bp allele at the WPMS18 locus, and their hybrid origin was confirmed based on other diagnostic markers. These 39 detected hybrid trees were excluded from the statistical analysis of the genetic diversity of the investigated black poplars. In addition, two trees (labeled PO_44 in the Odra basin and 135 DRN in the Dyje basin) were excluded from the evaluation due to identical multilocus genotypes with other trees in the same localities (PO_44 with PO_45 and 135 DRN with 136 DRN), indicating clonal vegetative reproduction. The multilocus genotypes of the remaining 337 genetically distinct black poplar trees (Table S1) were subjected to statistical evaluation.




3.2. Evaluation of Genetic Diversity Among Selected 337 Black Poplar Genotypes


Genotyping using diagnostic markers in the 337 genetically distinct black poplars revealed allele sizes ranging from 240 bp to 294 bp at locus WPMS09, from 217 bp to 241 bp at locus WPMS18, from 196 bp to 226 bp at locus PMGC14, and from 215 bp to 253 bp at locus PMGC2163. All these allele sizes were larger than those found in the reference samples of P. deltoides. Smaller allele sizes than those in P. deltoides reference samples were detected at marker PMGC456, where two alleles of 76 bp and 78 bp were observed in the homozygous state in black poplar trees. An overview of allele size ranges for all 16 microsatellite markers analyzed in the poplar trees is presented in Table 3. A significant level of genetic diversity among most of the black poplar pairs was observed based on the results of pairwise multilocus analysis of the 337 genotypes using thirteen nuclear microsatellite markers: WPMS01, WPMS04, WPMS07, WPMS09, WPMS10, WPMS11, WPMS13, WPMS14, WPMS16, WPMS18, WPMS19, WPMS21, and WPMS22. In all thirteen loci, 66% of pairwise combinations of black poplar genotypes differed in allele sizes; in twelve loci, it was 26%; in eleven loci, 5.7%; in 10 loci, 1.6%, and only 0.7% pairwise combinations differed in allele sizes from 1 to 9 loci. To ensure a diverse source of reproductive material, only those black poplars that differed in allele size at a minimum of five microsatellite loci were selected. Based on this criterion, 45 of the 337 black poplar trees are not recommended for use as sources of reproductive material.




3.3. Genetic Characteristics of Microsatellite Markers


The genetic characteristics of the microsatellite markers (WPMS01, WPMS04, WPMS07, WPMS09, WPMS10, WPMS11, WPMS13, WPMS14, WPMS16, WPMS18, WPMS19, WPMS21, WPMS22) used in the diversity study were obtained from the analysis of 337 black poplar trees (Table 4) and indicate a high level of variability. The number of alleles (Na) ranged from 9 (WPMS16) to 41 (WPMS04) and the mean number of effective alleles (Ne) ranged from 4.1 (WPMS18) to 14.3 (WPMS22). Shannon’s information index, which reflects allelic and genetic diversity, ranged from 1.60 at locus WPMS18 to 3.05 at WPMS04. Observed heterozygosity values ranged from 0.42 (WPMS18) to 0.94 (WPMS14), and expected heterozygosity ranged from 0.76 (WPMS18) to 0.93 (WPMS01 and WPMS22). Based on the selection of microsatellite markers with a more even distribution of allele frequencies, the highest allele frequencies among the 13 analyzed markers ranged from 12% to 34% (Table 4). The highest value, 34%, was found at the WPMS18 locus for the 223 bp allele. This marker was selected as an important diagnostic marker for species identification. The use of polymorphic markers with a more balanced allele frequency distribution enabled more accurate genotype identification and a more reliable assessment of genetic diversity among the examined poplar trees. The high level of diversity observed was further supported by the values of the polymorphic information content (PIC), which ranged from 0.72 (WPMS18) to 0.93 (WPMS22), with a mean value of 0.87 (Table 4).




3.4. Genetic Differences Among Poplar Species and Hybrids


The evaluation of genetic differentiation among identified P. nigra, hybrid poplars, and reference samples of P. deltoides and Populus ×euroamericana was carried out based on result of pairwise comparisons of Fst values obtained from the analysis of 13 selected microsatellites (Table 5). The highest value of genetic differentiation was observed between P. deltoides and P. nigra (0.223). Differentiation between P. nigra and Populus ×euroamericana was lower (0.075) than that between P. deltoides and Populus ×euroamericana (0.183). The lowest Fst value was found between samples of P. ×euroamericana and the hybrid poplars (0.057). These genetic differences are graphically represented by Principal coordinate analysis (PCoA) in Figure 2.



The genetic structures of observed poplar trees P. deltoides, P. nigra, Populus ×euroamericana and hybrid poplars were obtained by the Bayesian clustering. The proportions of individual genetic clusters were quantified as percentages to compare the genetic structures of the different poplar taxa. The optimal number of clusters Delta K = 2 was determined using the StructureSelector program. A secondary peak at K = 4 provided a more detailed resolution of the genetic profiles, allowing for clearer differentiation among the studied poplar species (Figure 3). For K = 2, the average cluster proportions were as follows: blue cluster 99.92% in P. nigra, 0.15% in P. deltoides, 11.93% in Populus ×euroamericana, and 14.19% in hybrid poplars; orange cluster 0.08% in P. nigra, 99.85% in P. deltoides, 88.07% in P. ×euroamericana, and 85.81% in hybrid poplars (Figure 4). For K = 4, the mean proportions were as follows: blue cluster 73.66% in P. nigra, 0.3% in P. deltoides, 10.94% in to Populus ×euroamericana, and 9.42% in hybrid poplars; orange cluster 0.02% in P. nigra, 99.48% in P. deltoides, 57.77% in P. ×euroamericana, and 34.46% in hybrid poplars; green cluster 10.13% in P. nigra, 0.1% in P. deltoides, 31.11% in P. ×euroamericana, and 53.88% in hybrid poplars; and purple cluster 16.32% in P. nigra, 0.12% in P. deltoides, 0.18% in P. ×euroamericana, and 2.24% in hybrid poplars (Figure 5). No hybrid poplar exhibited a genetic structure identical to that of P. nigra.



For the purpose of preserving genetic resources and using them for the reproduction of black poplar, a collection of 292 genetically verified polymorphic trees was assembled. Five diagnostic markers were used to identify Populus nigra, and 13 selected microsatellite markers were applied to assess genetic diversity. Thanks to the high level of genetic diversity and the exclusion of clonal duplicates identified using the developed methodological procedures of molecular analyses, it will be possible to preserve a substantial part of the genetic variability of P. nigra in the studied areas. The first steps have been taken in line with the European conservation strategy for black poplar. A total of 127 genetically polymorphic and morphologically high-quality trees are currently maintained in the field gene bank of the Forestry and Game Management Research Institute in the Czech Republic. This collection is being further expanded, with priority given to old, endangered trees. Short-term ex situ conservation aimed at preserving a broad range of genotypes is carried out in cooperation with forest owners. Selected genotypes have been propagated, and their growth is currently being evaluated in research plots established in the Morava River basin as an example of native poplar plantations replacing non-native hybrids. Technical guidelines for the use of black poplar in forestry have been published as an open-access resource for landowners and other stakeholders in the Czech Republic [29].





4. Discussion


Our study focused on identifying suitable black poplar trees to serve as sources of reproductive material for use in the restoration of floodplain forests in the Czech Republic, where native Populus nigra populations have been significantly reduced in the past. The remaining individuals were inventoried at sites along river basins and their tributaries according to conservation strategy for European black poplar led by Technical Guidelines EUFORGEN [30]. This Guidelines confirmed that most of the genetic diversity in black poplar is found within river systems. Morphologically high-quality trees were selected for genetic analysis. Species-specific markers for P. deltoides were used to detect hybrid individuals among the studied poplars, and the level of genetic diversity in the confirmed black poplars was assessed using thirteen microsatellite markers. Out of 378 analyzed poplar trees, 35 individuals carried the P. deltoides-specific allele of 214 bp at the WPMS18 microsatellite locus. In 32 of these 35 individuals, hybrid origin was also confirmed by the presence of diagnostic alleles at markers PMGC14, PMGC2163, and PMGC456. In the remaining four hybrid samples, the presence of P. deltoides-specific alleles was confirmed at only a subset of the PMGC14, PMGC2163, and PMGC456 markers (Table S2). Groups of 17 and 7 genetically identical hybrid trees were found at various locations in the Labe and Ohře river basins. This finding strongly suggests that these trees originated from the planting of vegetatively propagated hybrid clones. Several authors have investigated genetic differences between black poplars and their hybrids using P. deltoides-specific microsatellite alleles. In their identification of commercial clones of Populus ×euroamericana, P. deltoides, and P. nigra, ref. [31] obtained very similar allele size results for the same markers—WPMS09, WPMS18, and PMGC14—as those found in our study. For Populus deltoides, they reported an allele of 232 bp in the homozygous state at the WPMS09 locus, consistent with our findings, and an allele of 215 bp in the homozygous state at the WPMS18 locus, while our study found a value of 214 bp. For this shift of one bp, we assume a different subtraction of the allele value of the identical amplified locus. Furthermore, the authors found that in Populus ×euroamericana hybrid clones, the 215 bp allele at the WPMS18 locus occurred in both homozygous and heterozygous states, and the 232 bp allele at the WPMS09 locus appeared only in the heterozygous state—results that are also consistent with our findings. The allele sizes of 190 bp and 193 bp at the PMGC14 marker for P. deltoides reported by these authors also match the values observed in our study. This consistency in DNA analysis results is likely due to the use of similar electrophoresis equipment from the same manufacturer—their ABI PRISM 310 genetic analyzer and our Applied Biosystems 3500. It has been reported that allele size estimates can vary depending on the laboratory procedures used for DNA analysis, particularly the type of electrophoretic separation applied to amplified DNA fragments. For example, ref. [14] reported differences of up to 5 base pairs in allele sizes for the diagnostic markers WPMS09 and WPMS18 of P. deltoides between laboratories using MegaBACE and ABI PRISM 310 instruments. Similarly, ref. [11,18], using the LI-COR 4300 system, reported identical allele sizes of 234 bp (homozygous) at WPMS09 and 220 bp (homozygous) at WPMS18. The authors of [11] also found these diagnostic alleles in the heterozygous state in P. ×euroamericana samples, while they were absent from reference P. nigra samples. However, these alleles were detected in an old natural Populus subpopulation along the Ticino River, indicating possible introgression. Higher allele sizes at the WPMS18 and WPMS09 loci in black poplar trees compared to P. deltoides were confirmed not only in the results of Fossati [11] but also in other studies [5,14,31], including our own (Table 3). At the diagnostic marker PMGC2163, we obtained the same allele size of 185 bp for P. deltoides as reported by [13], who included this marker in genetic studies of seven Populus species, including P. nigra, with an allele sizes range from 219 bp to 235 bp. In our study, the black poplars showed a broader allele size range at this marker, from 215 bp to 253 bp. The authors of [15] reported a different allelic ladder for P. deltoides at the species-specific markers PMGC14, PMGC456, and PMGC2163, using a Beckman Coulter CEQ 8000 capillary sequencer. Compared to our results, the allele sizes were shifted: 192 bp and 195 bp at PMGC14 by two nucleotides, 86 bp at PMGC456 by four nucleotides, and 188 bp at PMGC2163 by three nucleotides. For several genetically distinct poplars identified as hybrids (Table S2) found at various sites in the Labe basin, as well as single individuals from the Ohře and Dyje basins, introgression through spontaneous crossing with planted cultivated poplars cannot be ruled out. Evidence of P. deltoides gene introgression has been reported by multiple authors [8,10,11,12,32,33]. Populus nigra is listed as a Critically Endangered species in the Red List of Threatened Plant Species of the Czech Republic [34]. To preserve the genetic resources of this native species, it is essential to evaluate the level of its genetic diversity. The use of molecular markers is a valuable tool in conservation strategies for the remaining populations of black poplar. Many authors have employed microsatellite markers to study the genetic diversity of P. nigra populations [35,36,37,38]. For example, ref. [12] reported high levels of polymorphism at seven microsatellite loci in a black poplar population from the Eder River basin. Similarly, our study also revealed a high level of genetic diversity in black poplars from the Czech Republic. When comparing the same loci as those analyzed by [12] (WPMS09, WPMS14, and WPMS18), we found slightly higher levels of diversity in standard genetic parameters (Na, Ne, Ho, He), except for the observed heterozygosity (Ho) at the WPMS18 marker. Our Ho value for this marker was 0.40, compared to 0.62 reported in the aforementioned study. We did not obtain any amplification products at the WPMS04 locus for P. deltoides, which is consistent with the findings of [10]. Their study confirmed polymorphism in 12 microsatellite markers (with an average allele number of 11.92) in P. nigra trees from the vicinity of the Melendiz River, and also included reference samples of P. deltoides and hybrid trees (Populus ×euroamericana) for species identification. In a study of the genetic diversity of black poplar in Czech populations in the Morava River basin monitored 20 years ago, higher levels of diversity were also observed. The mean observed heterozygosity for twelve analyzed microsatellite loci ranged from 0.67 to 0.93, and in accordance with our results, the most variable locus was WPMS04 [39]. Higher levels of observed heterozygosity, ranging from 0.59 to 0.82, were also identified by [12] in a large-scale study with wider geographic coverage, which tracked the genetic diversity of 17 populations from 11 river valleys (Danube, Ebro, Elbe, Po, Rhine, Rhône, and Usk). In an analysis of the genetic structure of 26 remnant populations located along the largest river valleys in Poland, it was found that certain populations exhibited reduced genetic variation and that 261 trees were identified as clones [40].



The authors of [10] reported the highest observed heterozygosity (Ho = 0.91) at the WPMS14 locus. In our study, this marker also showed the highest level of heterozygosity (Ho = 0.94). The lowest number of alleles in our dataset was found at the WPMS16 locus (Na = 9) across the 337 Czech black poplar trees analyzed. Similarly, ref. [6], in a study of 120 adult black poplars from four Serbian populations, also found the lowest number of alleles (Na = 8) at this locus, although it still exhibited sufficient polymorphism for genetic studies. The WPMS18 locus, which also had a relatively low number of alleles (Na = 10), showed the lowest values for other genetic parameters among the microsatellites we analyzed. However, this marker proved indispensable for the detection of hybrid poplars. In our study, microsatellite markers with a more even distribution of allele frequencies were selected to allow a more accurate evaluation of the genetic characteristics of black poplar individuals. The results of DNA analyses showed that adult black poplar trees are characterized by higher levels of genetic diversity at the 13 selected microsatellite loci. This characteristic was further supported by the high values of Shannon’s information index, ranging from 1.6 to 3.05 (Table 4). In contrast, ref. [10] reported lower values for this index (0.63–1.48), even for some of the same markers used in our study (e.g., WPMS04—0.63, WPMS09—1.05, WPMS10—0.84, WPMS14—1.48, WPMS18—0.97).



In the Czech Republic, the natural regeneration of black poplar is insufficient. To ensure its inclusion in the species composition of floodplain forests, artificial regeneration using genetically diverse planting material is necessary. Microsatellite markers have proven to be effective tools for assessing the polymorphism of reproductive material sources and for reliable species identification.




5. Conclusions


The application of selected microsatellite markers has proven to be a highly effective tool for studying the genetic diversity of black poplar and for detecting possible hybrids, and it can support the conservation of the remaining genetic resources of native Populus nigra in the Czech Republic. Our research activities follow the EUFORGEN guidelines for genetic conservation, which recommend a preliminary assessment of genetic diversity among adult trees in candidate populations in order to preserve a high level of diversity [30].



Based on the high level of genetic diversity detected in black poplars from the Dyje, Morava, Olše, Jihlava, Odra, Labe, and Ohře river basins in the Czech Republic, standard ex situ conservation was initiated. The first group of 127 genetically polymorphic individuals was collected for the field gene bank of the Forestry and Game Management Research Institute in the Czech Republic. This gene bank can maintain hundreds of genotypes and ensure the availability of genetic resources for reproduction. The protection and reproduction of scattered, endangered, and old trees is a priority of ongoing research. The establishment of clonal or progeny trials, as well as the reintroduction of P. nigra into protected natural areas along rivers, is a key priority that will build on the results of this study. Special attention will also be given to the use of P. nigra in forestry.



The developed molecular analysis procedures are currently being applied to additional candidate trees from other river basins in the Czech Republic, supporting the expansion of conservation efforts. The utilization of genetically diverse black poplar material in restoration and afforestation projects has the potential to increase the adaptability and resilience of floodplain forests under changing climatic conditions. Enriching forest stands with well-adapted native genotypes contributes to the stability and multifunctionality of these ecosystems, aligning with broader ecological, social, and economic goals. Verification of genetic diversity and species identification of forest tree genetic resources using molecular methods is one of the requirements for their inclusion in the National Program in conservation and the reproduction of forest tree gene pool in the Czech Republic.
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Figure 1. Localities of the studied poplar trees (Descriptions of localities are in Supplementary Material Table S3). The base map is the Fundamental Topographic Map of the Czech Republic at a scale of 1:50,000 (source: Czech Office for Surveying, Mapping and Cadastre—ČÚZK). 
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Figure 2. Graphical representation of Fst differences among P. nigra, hybrid poplars and reference samples of P. deltoides, Populus ×euroamericana. 
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Figure 3. The optimal number of clusters. 
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Figure 4. Structure analysis results with K = 2 for P. nigra, P. deltoides, Populus ×euroamericana and hybrid poplars. 
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Figure 5. Structure analysis results with K = 4 for P. nigra, P. deltoides, Populus ×euroamericana and hybrid poplars. 
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Table 1. The specific sizes of alleles in diagnostic markers WPMS09, WPMS18, PMGC14, PMGC2163, PMGC456 for reference samples P. deltoides.
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Microsatellite Loci

	
WPMS09

	
WPMS18

	
PMGC14

	
PMGC2163

	
PMGC456




	
Reference Samples

	
Allele Sizes (bp)

	
Allele Sizes (bp)

	
Allele Sizes (bp)

	
Allele Sizes (bp)

	
Allele Sizes (bp)






	
P.d._01

	
232

	
232

	
214

	
214

	
190

	
190

	
185

	
185

	
82

	
82




	
P.d._02

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._03

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._04

	
232

	
232

	
214

	
214

	
190

	
190

	
185

	
185

	
82

	
82




	
P.d._05

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._06

	
232

	
232

	
214

	
214

	
190

	
190

	
185

	
185

	
82

	
82




	
P.d._07

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._08

	
232

	
232

	
214

	
214

	
190

	
190

	
185

	
185

	
82

	
82




	
P.d._09

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._10

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._11

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._12

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._13

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82




	
P.d._14

	
232

	
232

	
214

	
214

	
193

	
193

	
185

	
185

	
82

	
82











 





Table 2. The sizes of alleles in diagnostic markers WPMS09, WPMS18, PMGC14, PMGC2163, PMGC456 for reference samples Populus ×euroamericana.
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Microsatellite Loci

	
WPMS09

	
WPMS18

	
PMGC14

	
PMGC2163

	
PMGC456




	
Reference Samples

	
Allele Sizes (bp)

	
Allele Sizes (bp)

	
Allele Sizes (bp)

	
Allele Sizes (bp)

	
Allele Sizes (bp)






	
’Robusta’

	
232

	
250

	
214

	
214

	
190

	
223

	
185

	
223

	
76

	
82




	
SP-01

	
232

	
260

	
214

	
229

	
190

	
223

	
185

	
223

	
76

	
82




	
SP-02

	
250

	
250

	
214

	
226

	
193

	
202

	
185

	
243

	
78

	
82




	
SP-03

	
232

	
250

	
214

	
214

	
190

	
223

	
185

	
223

	
76

	
82




	
SP-04

	
232

	
260

	
214

	
229

	
193

	
211

	
185

	
223

	
76

	
82




	
SP-05

	
232

	
258

	
214

	
229

	
190

	
205

	
185

	
239

	
76

	
82




	
SP-06

	
232

	
250

	
214

	
214

	
190

	
223

	
185

	
249

	
76

	
82




	
SP-07

	
252

	
252

	
214

	
223

	
190

	
199

	
185

	
227

	
76

	
82




	
SP-08

	
232

	
250

	
214

	
223

	
190

	
208

	
185

	
239

	
76

	
82




	
SP-09

	
250

	
250

	
214

	
226

	
193

	
205

	
185

	
243

	
76

	
82











 





Table 3. Allele size ranges of microsatellite markers in studied poplar trees (Number of analysed individual is 339 P. nigra trees and 39 hybrid poplars trees and reference samples: 14 P. deltoides, 10 Populus ×euroamericana).
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Range of Allele Sizes in Number of Base Pairs (bp)




	
Loci

	
P. nigra

	
Populus deltoides

Reference Samples

	
Populus ×euroamericana

Reference Samples

	
Hybrid Poplars

from Nature Localities






	
WPMS01

	
119–168

	
111, 113

	
111–151

	
111–151




	
WPMS04

	
231–319

	
–

	
249–275

	
249–289




	
WPMS07

	
213–271

	
223–269

	
221–259

	
221–267




	
WPMS09

	
240–294

	
232

	
232–260

	
232–264




	
WPMS10

	
224–266

	
230–236

	
230–244

	
230–258




	
WPMS11

	
175–227

	
173–177

	
175–197

	
175–189




	
WPMS13

	
108–144

	
102, 104

	
102–140

	
102–138




	
WPMS14

	
228–285

	
234–288

	
231–276

	
246–279




	
WPMS16

	
136–163

	
133, 139

	
133–148

	
133–151




	
WPMS18

	
217–241

	
214

	
214–229

	
214–229




	
WPMS19

	
185–245

	
203–224

	
188–236

	
203–236




	
WPMS21

	
258–327

	
267–327

	
264–312

	
270–312




	
WPMS22

	
82–160

	
121–139

	
82–145

	
85–133




	
PMGC14

	
196–226

	
190,193

	
190–223

	
190–223




	
PMGC2163

	
215–253

	
185

	
185–249

	
185–249




	
PMGC456

	
76, 78

	
82

	
76, 82

	
76, 82











 





Table 4. Genetic characteristics of 13 nuclear microsatellite loci across selected 337 poplars black.
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	Locus/Repeat Motif
	Primer Sequence (5′–3′)
	Allelic Size Range in bp
	Na
	Ne
	I
	Ho
	He
	PIC
	The Highest Allele Frequencies





	WPMS01

(GA)20
	F: AACCACTATGCCACCTTCTT

R: AACTAACTCCATTCATTGCTAAA
	119–168
	22
	14.03
	2.82
	0.83
	0.93
	0.92
	12% for allele 131



	WPMS04

(GT)25
	F: TACACGGGTCTTTTATTCTCT

R: TGCCGACATCCTGCGTTCC
	231–319
	41
	13
	3.05
	0.88
	0.92
	0.92
	19% for allele 255



	WPMS07

(GT)24
	F: ACTAAGGAGAATTGTTGACTAC

R: TATCTGGTTTCCTCTTATGTG
	213–271
	26
	10.78
	2.68
	0.82
	0.91
	0.90
	18% for allele 259



	WPMS09

(GT)21 (GA)24
	F: CTGCTTGCTACCGTGGAACA

R: AAGCAATTTGGGTCTGAGTATCTG
	240–294
	18
	6.67
	2.2
	0.76
	0.85
	0.84
	28% for allele 250



	WPMS10

(GT)23
	F: GATGAGAAACAGTGAATAGTAAGA

R: GATTCCCAACAAGCCAAGATAAAA
	224–266
	17
	8.52
	2.39
	0.71
	0.88
	0.87
	19% for alleles 244, 250



	WPMS11

(GT)26
	F: TAAAGATGATGGACTGAAAAGGTA

R: TAAAGGAGAATATAAGTGACAGTT
	175–227
	25
	9.54
	2.57
	0.64
	0.9
	0.89
	22% for allele 187



	WPMS13

(GT)22
	F: GATCCTGAACAATGTCGTACTTC

R: ACGATAACCTGCGAGAAATGT
	108–144
	17
	10.7
	2.52
	0.91
	0.91
	0.90
	15% for allele 132



	WPMS14

(CGT)28-3
	F: CAGCCGCAGCCACTGAGAAATC

R: GCCTGCTGAGAAGACTGCCTTGAC
	228–285
	19
	8.12
	2.38
	0.94
	0.88
	0.87
	23% for allele 228



	WPMS16

(GTC)8(ATCCTC)5
	F: CTCGTACTATTTCCGATGATGACC

R: AGATTATTAGGTGGGCCAAGGACT
	136–163
	9
	5.25
	1.77
	0.75
	0.81
	0.78
	28% for allele 136



	WPMS18

(GTG)13
	F: CTTCACATAGGACATAGCAGCATC

R: CACCAGAGTCATCACCAGTTATTG
	217–241
	10
	4.1
	1.6
	0.42
	0.76
	0.72
	34% for allele 223



	WPMS19

(CAG)28-3
	F: AGCCACAGCAAATTCAGATGATGC

R: CCTGCTGAGAAGACTGCCTTGACA
	185–245
	17
	6.51
	2.14
	0.84
	0.85
	0.83
	24% for allele 185



	WPMS21

(GCT)45-12
	F: TGCTGATGCAAAAGATTTAG

R: TTGGAACTTCAACATTCAGAT
	258–327
	23
	9.65
	2.56
	0.82
	0.9
	0.89
	19% for allele 281



	WPMS22

(TGA)23
	F: ACATGCTACGTGTTTGGAATG

R: ATCGTATGGATGTAATTGTCTTA
	82–160
	28
	14.3
	2.89
	0.8
	0.93
	0.93
	12% for allele 121







Na—number of different alleles, Ne—mean number of effective alleles I—Shannon’s information index, Ho—observed heterozygosity, He—expected heterozygosity, PIC—polymorphic information content.













 





Table 5. Pairwise Fst values between P. nigra, hybrid poplars and reference samples of P. deltoides, and Populus ×euroamericana.
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	 P. nigra 
	 P. deltoides 
	Populus ×euroamericana
	Hybrid Poplars





	 P. nigra 
	0
	
	
	



	 P. deltoides 
	0.223
	0
	
	



	 Populus ×euroamericana 
	0.075
	0.183
	0
	



	Hybrid poplars
	0.079
	0.200
	0.057
	0
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