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Abstract

:

Genome size (GS) is an important characteristic that may be helpful in delimitation of taxa, and multiple studies have shown correlations between intraspecific GS variation and morphological or environmental factors, as well as its geographical segregation. We estimated a relative GS (RGS) of 707 individuals from 162 populations of Dianthus sylvestris with a geographic focus on the Balkan Peninsula, but also including several populations from the European Alps. Dianthus sylvestris is morphologically variable species thriving in various habitats and six subspecies have been recognized from the Balkan Peninsula. Our RGS data backed-up with chromosome counts revealed that the majority of populations were diploid (2n = 30), but ten tetraploid populations have been recorded in D. sylvestris subsp. sylvestris from Istria (Croatia, Italy). Their monoploid RGS is significantly lower than that of the diploids, indicating genome downsizing. In addition, the tetraploids significantly differ from their diploid counterparts in an array of morphological and environmental characteristics. Within the diploid populations, the RGS is geographically and only partly taxonomically correlated, with the highest RGS inferred in the southern Balkan Peninsula and the Alps. We demonstrate greater RGS variation among the Balkan populations compared to the Alps, which is likely a result of more pronounced evolutionary differentiation within the Balkan Peninsula. In addition, a deep RGS divergence within the Alps likely points to persistence of the alpine populations in different Pleistocene refugia.
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1. Introduction


Genome size (GS; size of the monoploid chromosome set, [1]) is an important cytogenetic characteristic that may be helpful in delimitation of taxa [2,3,4,5,6,7,8,9,10]. Numerous studies using GS data, often in combination with chromosome counts, have explored diversification of polyploid species complexes [11,12,13,14] or genera with high incidence of polyploidy [15,16,17,18]. Flow cytometric GS estimation has become an established method, as it allows rapid estimation of nuclear DNA content of large numbers of individuals in either absolute or relative units [2,19]. It is a faster and more convenient method for ploidy level estimations compared to conventional chromosome counting, and it can be used for detecting rare cytotypes [20] or to provide evidence of GS intraspecific variability [21].



The existence of intraspecific variation in GS has been acknowledged [7,22,23,24] and reported for many species, e.g., Festuca pallens Host [23], Senecio carniolicus Willd. [25], Tephroseris longifolia (Jacq.) Griseb. & Schenk [26], and Minuartia verna (L.) Hiern [8], albeit sometimes argued to be of minor evolutionary relevance [24] or suggested to be a result of an experimental artefact [27]. Nevertheless, this variation can be a result of microevolutionary differentiation and can reflect taxonomic heterogeneity [28]. The reasons for GS variation in the absence of polyploidy may be sought in the increased activity of retrotransposons [29] and the accumulation of retrotransposons and other repetitive elements are considered the main factors of GS increase in angiosperms [7].



Multiple studies have shown correlations between intraspecific variation of GS and morphological or environmental factors, as well as geographical distribution [5,26,30,31,32,33,34,35], but exact causes of this variation, and thus the interpretation of GS heterogeneity, remains a challenging task [35,36,37]. For instance, GS is a characteristic that may be related to the variation in plant phenology [38] and water availability [36], and may affect morphological characteristics such as seed size, nuclear and cell volumes, and duration of mitotic and meiotic cycles [39]. Evidence concerning GS variation across environmental gradients may point to the involvement of GS in adaptive evolution [18,34] or speciation and diversification [40]. Thus, GS data can facilitate taxon delimitation at sectional, specific, and intraspecific levels [3,4,6,9,12,15].



Dianthus is one of the largest genera of Caryophyllaceae comprising over 300 species distributed throughout Eurasia and northern Africa [41]. This high diversity is a result of rapid radiation and diversification, which was pronounced especially in the Mediterranean Basin [42], where several polymorphic Dianthus groups with high intraspecific diversity, and thus unresolved taxonomy exist [43,44,45,46,47,48]. One of them is Dianthus sylvestris Wulfen s.l., which is one of the most taxonomically challenging groups of the European flora [49,50]. Its main diversity centers are the Balkan and the Apennine Peninsulas, where large morphological variation has led to description of several taxa growing in various habitats from the Mediterranean coast to the alpine belt [44,45,47,51]. Due to high morphological variability and subtle morphological transitions, there is a dispute concerning the number of taxa. Several authors have tried to develop a sensible intraspecific classification for D. sylvestris on the Balkan Peninsula [52,53,54,55,56], leading to recognition of six subspecies [57,58,59]: D. sylvestris subsp. alboroseus F.K. Mey., D. sylvestris subsp. bertisceus Rech. f., D. sylvestris subsp. kozjakensis Micevski, D. sylvestris subsp. nodosus (Tausch) Hayek, D. sylvestris subsp. sylvestris, and D. sylvestris subsp. tergestinus (Rchb.) Hayek. The morphometric study of Terlević et al. (submitted) [60] performed on 97 populations of D. sylvestris s.l. across its range on the Balkan Peninsula showed that the states of several morphological traits deemed diagnostic for subspecies, i.e., number and shape of epicalyx scales, calyx length, petal characteristics, and indumentum density, frequently overlap, making the reliable identification of subspecies often difficult and ambiguous. However, the combination of morphological characteristics (i.e., entire or slightly eroded petals and usually one pair of epicalyx scales) and different flowering time clearly distinguishes the thermophilus D. sylvestris subsp. tergestinus from all other subspecies including the sympatric D. sylvestris subsp. sylvestris and D. sylvestris subsp. nodosus.



Within Dianthus, the most frequent chromosome number is diploid (2n = 2x = 30) [61,62,63,64], although polyploid taxa including series with up to seven ploidy levels have been documented (2n = 2x, 3x, 4x, 5x, 6x, 8x, and 12x) [11,65]. In the Chromosome Counts Database (CCDB) [63], chromosome numbers for 162 Dianthus taxa have been registered, of which 89 (55%) are diploid (2n = 30), 17 (10%) tetraploid (2n = 60), and 11 (7%) hexaploid (2n = 90), whereas for 45 taxa (28%) multiple ploidy levels have been recorded. The karyological features of Dianthus chromosomes have been rarely reported due to their small size (0.6–2.7 μm long) and large number in polyploids, but most of them are metacentric and of similar size [61,66,67,68].



For D. sylvestris two ploidy levels have been reported: diploids (2n = 30) throughout the distribution area [61,62,69] and tetraploids (2n = 60) from Gorges de Daluis in the Maritime Alps in France [70]. For diploids from Mt. Jahorina in Bosnia and Herzegovina, the GS of 1C = 0.61 pg has been reported by Siljak-Yakovlev et al. [69] and consequently by Pellicer & Leitch [64]. Due to the low number of chromosomally investigated populations, precise information about the incidence of polyploidy within D. sylvestris remains unclear and it is unknown how both ploidies, as well as GS variation, correlate to taxonomic entities within the species and if there is a geographic pattern of GS variation that could be of evolutionary significance.



The main aim of this study was thus to investigate GS and ploidy-level variation within D. sylvestris s.l., with a geographic focus on the Balkan Peninsula and to a lesser extent the Alps. To this end, we intersect the GS data of 162 populations, calibrated with chromosome counts, with taxonomic entities and explore its geographic variation. More specifically, we (i) ask if there are polyploid populations present in the area and how they are distributed, (ii) explore whether the pattern of relative genome size (RGS) variation correlates to current taxonomic treatment and geography, and (iii) investigate if there is a relationship between RGS and environmental variation. The obtained data, together with other evidence, will help to disentangle the complex relationships within D. sylvestris s.l.




2. Results


2.1. Chromosome Numbers


We estimated the diploid chromosome numbers 2n = 2x = 30 for two populations from Karlobag (D32) and Krk island (D185) in Croatia and the tetraploid numbers 2n = 4x = 60 for three populations (D12, D20, and D21) from Istria (Italy and Croatia; Figure 1, Table S1). Chromosomes were small, 1–2 µm long.




2.2. Relative Genome Size Estimation and DNA Ploidy Level


RGS was analyzed for 707 individuals from 162 populations of D. sylvestris s.l. from the Balkan Peninsula and the Alps (Figure 2, Figure S1). High-resolution histograms of DNA content comprised two large G1 peaks representing nuclei of the sample and the reference (Figure 3), and the ratio of their positions determined the sample’s RGS. In addition to the main peaks, the minor peaks of the sample corresponded to endopolyploid nuclei [71] that are common in Caryophyllaceae [72]. The coefficient of variation (CV) of the sample’s G0/G1 peak of the majority of 707 measurements was between 1.36 to 6 (4.7 on average). In further analyses, we also included 17 populations that exceeded this threshold and had a CV of up to 10, as their peaks were clearly visible and their RGS values fitted well to the remaining data.



Flow-cytometry screening resulted in two discrete groups of RGS values that corresponded to the estimated diploid and tetraploid chromosome numbers. Diploid populations occurred throughout the sampled area and all subspecies, at elevations from 8 to 2274 m. On the other hand, all tetraploid populations belonged to D. sylvestris subsp. sylvestris, and were limited to Istria and Kvarner (Croatia and Italy), from 240 to 941 m (Figure 2). A total of 152 populations (94%) were DNA-diploid, with RGS ranging from 0.324 to 0.376 (mean: 0.341 ± 0.011), whereas ten populations (6%) were DNA-tetraploid with RGS ranging from 0.640 to 0.657 (mean: 0.649 ± 0.006; Table 1). A 1.16-fold variation in RGS was thus revealed among diploids with a 1.03-fold variation among tetraploids (Figure 3C, Table 1). Only one population from Istria (Vodice-D19; Figure 2) was ploidy-mixed, with two individuals being DNA-diploid and eight DNA-tetraploid. The monoploid RGS of 15 DNA-diploid populations of D. sylvestris subsp. sylvestris ranged from 0.162 to 0.188 and was significantly higher compared to ten DNA-tetraploid populations with values between 0.160 and 0.164 (Figure 4, Kruskal–Wallis test = 10.58, p < 0.01).




2.3. Morphological and Environmental Differences between Diploids and Tetraploids


Comparison of morphological characteristics from the study of Terlević et al. (submitted) [60] between the nine diploid and seven tetraploid populations of D. sylvestris subsp. sylvestris showed a statistically significant difference in five vegetative characteristics (Table S2). The first two PCA axes explained 75.64% and 18.06% of the total morphological variation (Figure 5A) and the characteristics contributing most to the separation along the first axis were plant height (PH) and height of the first branching (FBH; component scores 0.49 and 0.50). The same variables had the highest scores in the DA (0.80 and 0.93), even though there was overlap between the scores of the discriminant functions (Figure 5B). The tetraploid plants were thus higher and had their lowermost lateral shoots higher. In addition, they had longer cauline and basal leaves (CLL, BLL), as well as longer internodes (UIL).



Although the correlation test failed to show any association between RGS of 152 diploid populations and environmental variables, the Kruskal–Wallis test showed significant difference in 14 environmental variables between 15 diploid and ten tetraploid populations of D. sylvestris subsp. sylvestris (Table S3 and Figure S2). The environmental variables contributing most to the separation of diploid and tetraploid populations were those describing temperature and precipitation preferences, as well as the terrain geomorphology. The first two PCA axes explained 40.32% and 18.24% of the total environmental variation (Figure 5C) and the variables contributing most to the separation along the first axis were soil clay content and number of snow days in a year (component scores 0.50 and −0.53). Number of snow days in a year, slope and eastness had the highest scores in the DA (−0.59 and −0.64), without overlap between diploids and tetraploids (Figure 5D).




2.4. RGS Variation across Intraspecific Entities


Differences in RGS among the five subspecies and two geographic groups of populations of D. sylvestris s.l. were significant (Kruskal–Wallis = 54.1, p < 0.01, Figure 6A). The Tukey post-hoc test showed that populations of D. sylvestris subsp. alboroseus and those of D. sylvestris s.l. from the Alps had significantly larger monoploid RGS values than other groups (p < 0.01, Figure 6A). Additionally, the RGS of D. sylvestris subsp. tergestinus was significantly higher than the RGS of D. sylvestris subsp. sylvestris, whereas there was no significant difference between D. sylvestris s.l. from the Balkans, D. sylvestris subsp. bertisceus, D. sylvestris subsp. nodosus, and D. sylvestris subsp. sylvestris.





3. Discussion


3.1. Tetraploidization within D. sylvestris Populations in the Northern Balkan Peninsula


The extensive RGS measurements combined with confirmatory chromosome number estimations revealed the prevalence of diploid populations of D. sylvestris throughout the investigated area, as well as the occurrence of tetraploid populations in the northwesternmost Balkan Peninsula (Istria and Kvarner in Croatia and Italy; Figure 2, Table S1). Therefore, this is the first report of tetraploid populations within D. sylvestris s.l. in the Balkan Peninsula, which likely originated separately from the tetraploid populations reported from France [70], given the geographic distance between them. The confirmation of independent origin of these two groups of tetraploid populations requires additional evidence based on genetic data or detailed examination of RGS values of French populations as their different values might indicate a separate origin. However, multiple polyploidization events within single species are common and have been reported, for example in Astragalus onobrychis [73], Cerastium decalvans [74], and Euphorbia montenegrina [10]. In addition, within Dianthus, multiple and independent origin of polyploids within the Dianthus broteri complex [75,76] and several heteroploid species of Dianthus section Plumaria [11], that even occur sympatrically, have been reported. Diploidization, a process following polyploidization, is commonly accompanied by elimination of parts of the genome [77,78], termed genome downsizing [79]. Reduction of monoploid GS has been observed in many different plant groups (e.g., [8,15,79,80]) and our data suggest that it is occurring also in tetraploid D. sylvestris, as its monoploid RGS was significantly smaller compared to the diploids (Kruskal–Wallis test = 10.58, p < 0.01).



Given the morphological similarity of tetraploid populations to their diploid counterparts occurring in the same area, both being identified as D. sylvestris subsp. sylvestris, we suggest an autopolyploid origin of tetraploids, as it was also suggested for polyploids within Dianthus sect. Plumaria [11]. A tetraploid origin from the diploid D. sylvestris subsp. sylvestris, rather from D. sylvestris subsp. tergestinus that also occurs in the same area (Figure 2), is further supported by more similar monoploid RGS of the tetraploids with the former taxon. Alternatively, an allopolyploid origin involving putative diploid parents of northern i.e., alpine and eastern i.e., Balkan provenance is possible. Despite a clear identification of tetraploid populations as D. sylvestris subsp. sylvestris, we demonstrated that tetraploid individuals differ from diploids in stem and leaf size characteristics. This is in line with other studies, where it has been shown that polyploidization can substantially affect morphological variation and, although the relationship between ploidy and body/organ size is complex, polyploid plants are often larger than their diploid parents [81,82].



In addition to morphological divergence, ecological differentiation among different ploidies within the same species has also been evidenced [76,83,84]. Given that polyploids may be more competitive compared to diploids [85], they are expected to have higher dispersal potential and may thrive in different ecological niches. It has been suggested that diploids tend to be restricted to refugia, whereas polyploids show better ability to re-colonize deglaciated regions [86]. However, contradicting cytogeographic patterns were also observed [8,87], and in D. sylvestris the tetraploids were also found to be geographically and environmentally restricted compared to the diploids that thrive in a broad range of environments. Diploid and tetraploid populations of D. sylvestris subsp. sylvestris were environmentally segregated by different temperature and precipitation preferences, as well as different geomorphology of the terrain. Tetraploids were collected in warmer habitats with less fluctuation in temperature, and more precipitation during the driest month. Furthermore, they thrive on significantly less steep, westerly exposed slopes with higher clay content in the soil and in habitats with a lower number of frost and snow days per year and with higher surface solar radiation. Nevertheless, one mixed-ploidy population from north-west Croatia (Vodice-D19) provides evidence that tetraploids and their diploid progenitors can occupy similar environments [88] and further studies are needed to reveal whether the observed ecological divergence is adaptive or simply a result of much wider distribution of diploids inhabiting a broader array of environments. Interestingly, the area of Istria, where tetraploids occur, is known as an important Pleistocene refugium for plants [89,90]. It is likely that Pleistocene climatic oscillation also triggered polyploidization in D. sylvestris, given the Pleistocene radiation in Eurasian Dianthus [42].




3.2. Geographic and Intraspecific Variation of RGS within Diploid D. sylvestris s.l.


Despite the fact that RGS estimations were performed with DAPI, which is an AT-content dependent, and cannot be, with 100% reliability, translated to absolute values and thus used in comparative studies [91], such a conversion based on the GS of our standard Bellis perennis (2C = 3.38 pg, [92]) revealed a variation of 1C in D. sylvestris s.l. ranging between 0.55 and 0.64 pg (mean: 0.58 pg, N = 152 populations). These values therefore correspond well to the estimated absolute GS of 1C = 0.61 pg [69]. Dianthus sylvestris is thus a small-genome species and it has been suggested that plants with small genomes display more pronounced morphological variation and thrive in wide environmental gradients, compared to large-genome taxa [37]. Dianthus sylvestris exhibits a high morphological variability and grows from the coastal Mediterranean environment to the alpine belt both in the Alps as well as the Balkan Peninsula [60] and hence supports the available evidence, but further studies across flowering plants are needed to bring more evidence for this hypothesis.



Our comprehensive sampling revealed an indicative spatial pattern of RGS variation within diploid populations of D. sylvestris (Figure 2 and Figure 6B). Although the general pattern is complex and often populations with clearly different RGS occur in vicinity, larger RGS values predominate in the southern Balkan Peninsula and the central part of the Alps, i.e., at the south-eastern and northern margin of the species distribution. A clear geographic pattern in RGS variation with smaller monoploid RGS in the distribution center and its increase towards the distribution margins were also observed at the genus level in Knautia [15] and Sesleria [16]. Causes for such patterns remain unclear, but it has been suggested that larger GS can limit adaptive and competitive abilities of populations at the distribution margins and might thus represent a factor limiting further range expansion [37], however further studies are needed to rigorously test this hypothesis.



The southernmost populations with large RGS correspond to D. sylvestris subsp. alboroseus. Therefore, this subspecies also exhibited highest RGS among the Balkan taxa (Figure 6B). Towards the north-west, the RGS decreases in populations morphologically intermediate between D. sylvestris subsp. alboroseus and D. sylvestris subsp. bertisceus and thus not clearly classified to any subspecies and reaches the smallest values in D. sylvestris subsp. bertisceus. Further to the north-west, a slight, although statistically non-significant, increase in geographically adjacent D. sylvestris subsp. nodosus and D. sylvestris subsp. sylvestris can be observed. The latter two subspecies can hardly be distinguished morphologically, they have similar environmental niches [60] and their highly similar RGS renders their recognition as two subspecies questionable. Interestingly, these two subspecies with similar morphology and RGS appear to form a unique phylogenomic cluster based on preliminary analyses of the RADseq data (Temunović et al., unpublished), separated from more southern populations, which are genetically more diverse. More pronounced genetic differentiation of southern compared to northern populations has been observed in several plant groups (e.g., [10,74,93,94,95]) and is, in D. sylvestris, also reflected in more pronounced RGS variation in this geographic region. Along the same line, ecologically and morphologically distinct D. sylvestris subsp. tergestinus [60] growing along the Adriatic coast, had higher RGS compared to geographically partly sympatric D. sylvestris subsp. nodosus and D. sylvestris subsp. sylvestris. Preliminary analyses of the genomic RADseq data (Temunović et al., unpublished) suggests that D. sylvestris subsp. tergestinus forms an evolutionary lineage distinct from all other Balkan populations of D. sylvestris. Its divergent RGS, which is significantly different from D. sylvestris subsp. sylvestris, is thus likely a result of divergent evolutionary histories.



Also, in the Alps, there is a pronounced variation in RGS within D. sylvestris, with a clear trend in its geographical distribution (Figure 2). Whereas the majority of the analyzed samples scattered across the western parts of the Eastern Alps, and a few populations from the Western Alps, exhibit larger RGS ranging between 0.346 and 0.369, the easternmost alpine populations (most of them from the eastern part of the Southern Alps) have smaller RGS ranging between 0.326 and 0.339 that correspond to the RGS of the populations from the north-western Balkan Peninsula. Therefore, the most prominent RGS variation among all groups analyzed was within the alpine group (Figure 6A). This relatively abrupt change in RGS within the Alps could be a result of divergence due to persistence of the species in two (or more) separate glacial refugia. It is likely that the eastern populations from the Southern Alps shared their refugium with the northern Balkan populations of D. sylvestris subsp. sylvestris in the north-western Balkan Peninsula, whereas the other alpine populations with clearly higher RGS survived the glacial cycles in more western refugia; several isolated refugia along the southern margin of the Alps have also been suggested for other alpine plants by Schönswetter et al. [96]. The observed RGS divergence in D. sylvestris within the Alps corresponds to a genetic discontinuity (Luqman et al., unpublished; Temunović et al., unpublished), but the exact border between the two lineages and their relation to the GS remains to be determined. In South Tyrol and adjacent Veneto (Italy) as well as East Tyrol (Austria), populations with relatively high RGS grow in close vicinity with the populations with lower RGS, suggesting that there might be a hybrid zone between the alpine and the Balkan lineage.



Multiple studies have suggested that environmental conditions may place constraints on the evolution of GS [34,37], hence genome size can either be directly associated with temperature and precipitation [97] or indirectly associated through elevation [34] or latitude [17,37,98]. However, the lack of association of RGS with environmental variables in our study on one hand, and a clear geographic trend in the RGS variation in D. sylvestris on the other hand, suggest that it was likely the phylogeographic rather than the environmental divergence that shaped the RGS variation in our study species.





4. Materials and Methods


4.1. Plant Material


We sampled 134 populations of D. sylvestris s.l. throughout the Balkan Peninsula and 28 populations from the European Alps between 2018 and 2021. At each locality, basal leaves from 3 to 12 individual plants were desiccated in silica gel for RGS measurements, and an herbarium specimen was collected. For chromosome number estimations, we collected mature seeds from several localities in July and August of 2020 and 2021. The seeds were air-dried and dry-stored in darkness at room temperature. Vouchers are deposited in the herbarium ZA (Table S1). We identified the plants and assigned them to subspecies based on identification keys in national and regional floras [44,99,100,101,102,103,104,105], and treated the populations that we could not assign to any of the known subspecies based on their morphology as D. sylvestris s.l.




4.2. Chromosome Counts


We determined chromosome numbers for five populations (Table S1). The seeds were germinated at the surface of a peat medium in plastic pots with regular watering at room temperature. Root tips were harvested at about noon and pre-treated with 0.002 M 8-hydroxyquinoline for 4 h in darkness at 4 °C. Subsequently, material was fixed in 3:1 ethanol–glacial acetic acid for 12–24 h at 4 °C. The fixed root tips were hydrolyzed in 5 M HCl at room temperature for 45 min, and then washed in distilled water. The root tips were stained in Schiff’s reagent for 2 h. Finally, we squashed the stained root tips on a slide glass in a drop of 45% (v/v) acetic acid. Photomicrographs of chromosomes at mitotic metaphase were taken with Zeiss Lab. A1 AXIO microscope (Carl Zeiss Microscopy, Jena, Germany) equipped with ToupCam 5.1 MP digital camera. Snapshots were exported and studied using ImageJ software.




4.3. Flow Cytometry


Silica-gel-dried leaves were analyzed using flow cytometry (FCM) of 4′,6-diamidino-2-phenylindole (DAPI; final concentration 0.036 M) stained nuclei [106] to estimate RGS and DNA ploidy levels of sampled populations. We used Bellis perennis as the primary internal standard [92]. Desiccated green leaf tissue (c. 0.5 cm2) of one to two plant individuals from the same population was chopped together using a sharp razor blade in a plastic Petri dish, with an appropriate amount of fresh reference standard and processed as described in Suda et al. [20]. The relative fluorescence intensity of 3000 nuclei was recorded using a Partec CyFlow Space flow cytometer (Sysmex Partec, Münster, Germany). We used Partec FloMax software to evaluate histograms and to calculate coefficients of variation (CV) of the standard and sample peaks. We calculated RGS as the ratio between the mean relative fluorescence of sample and standard. Samples with CV of the G1 peak >10% were re-analyzed until sufficient quality was achieved [21]. The number of measured individuals per population yielding high quality FCM histograms is given in Table S1.




4.4. Statistical Analyses


We calculated mean RGS value and standard deviation for each population from individual measurements of at least three individuals and we inferred the DNA ploidy levels [107] for all analyzed populations. We performed the Kruskal–Wallis test and Tukey post-hoc tests on population means, to evaluate statistically significant differences. The difference in monoploid RGS between diploids and tetraploids was tested for significance on a subset of 25 populations of D. sylvestris subsp. sylvestris, whereas the difference in RGS among the subspecies was tested for all diploid populations (N = 152). Due to the very small sample size (only one population known from the locus classicus), D. sylvestris subsp. kozjakensis was not included in these tests. All statistical analyses were performed using R-4.0.2 [108].



We performed principal component analysis (PCA) and discriminant analysis (DA) to explore the variability and the relative importance of characteristics/variables discriminating between the diploid and the tetraploid populations of D. sylvestris subsp. sylvestris. Both PCA and DA were performed for the morphological and the environmental dataset. The morphometric PCA and DA were performed using five morphological characteristics showing significant difference between the two ploidy levels (Table S2), whereas the environmental PCA and DA were based on seven environmental variables showing significant difference between the ploidy levels (Table S3) and without collinearity issues.



We used morphological data of the populations from the Balkan Peninsula from Terlević et al. ([60], Table S1) and tested the differences between nine diploid and seven tetraploid populations of D. sylvestris subsp. sylvestris (N = 16). We downloaded environmental data from three databases: climate data from the Chelsa database [109,110], soil properties from the SoilGrids [111], and topographic variables from the EarthEnv database [112]. The environmental space of each studied population was depicted by extracting environmental data from the points defined by longitude (N) and latitude (E; Table S1), and the differences were tested between 15 diploid and 10 tetraploid populations of D. sylvestris subsp. sylvestris (N = 25). The association between DNA-ploidy levels and environmental variables was also visualized with the package ‘ggplot2′. Environmental variables were standardized to meet the assumption of homogeneity of variance and linearity. The correlation between environmental and RGS variability of 152 diploid populations in the studied area was tested employing Pearson correlation coefficients.





5. Conclusions


By analyzing the RGS variation of Dianthus sylvestris in the Balkan Peninsula and to a lesser extent in the Alps, our results reveal complex patterns of RGS in widespread diploid populations and spatially restricted tetraploid populations in the north-western Balkan Peninsula. The populations in the central and western parts of the Alps, as well as those at the southern distribution limit in the Balkan Peninsula, exhibit higher RGS, likely corresponding to discrete evolutionary lineages. In addition, two areas of more pronounced RGS variation at small geographic distances are revealed. One is located in the eastern Alps and the other in southern Dinaric Mountains. We suggest that the observed RGS differences are a result of evolutionary divergence due to persistence in separate glacial refugia. However, only upcoming integration of phylogenomic data will show the correlation of observed morphological (taxonomic) and GS variation with evolutionary differentiation.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants11111481/s1. Table S1. Relative genome size (RGS) and ploidy level (2x, DNA-diploids; 4x, DNA-tetraploids) of 162 populations of Dianthus sylvestris from the Balkan Peninsula and the Alps, including their provenance and voucher data. For each population, DNA ploidy estimates, mean RGS of a holoploid genome and standard deviation are given. Number of individuals analyzed for RGS in each population (N) and the range of CV values are also provided. Ploidy: 2x and 4x. Asterisk (*) indicates the populations for which confirmatory chromosome counts were performed. Plus (+) in the column Morphometrics indicates the morphometrically analyzed populations in the previous study by Terlević et al. (submitted) [60]. Figure S1. Relative genome size (RGS) in diploid populations of Dianthus sylvestris sorted by increasing RGS values. Population means (dots) with corresponding standard deviation (vertical lines) are presented. Population names correspond to Table S1. Colors correspond to subspecies, as in Figure 2. Table S2. Results of Kruskal–Wallis test between diploid (2x, N = 9) and tetraploid (4x, N = 7) populations of Dianthus sylvestris subsp. sylvestris. Morphological characteristics with significant differences between ploidy levels at p < 0.05 are shown in bold. Table S3. Results of Kruskal–Wallis test between diploid (2x, N = 15) and tetraploid (4x, N = 10) populations of Dianthus sylvestris subsp. sylvestris. Environmental variables with significant differences between ploidy levels at p < 0.05 are shown in bold. Figure S2. Boxplots showing environmental differences along the 14 environmental variables between diploid (2x) and tetraploid (4x) populations of Dianthus sylvestris subsp. sylvestris. Only variables with significant differences (p < 0.05), as revealed by Kruskal–Wallis test (Table S3), are shown.





Author Contributions


I.R. and A.T. conceived and designed the study; I.R., S.B., A.T. and B.F. collected plant material; A.T., I.R. and S.B. performed RGS measurements; A.T. and S.B. performed chromosome counting; A.T. analyzed the data; and A.T., B.F. and I.R. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The research was funded by the Croatian Science Foundation under the project name “Phylogeography and evolution of three ecologically divergent amphi-Adriatic plant groups” (project No. UIP-2017-05-2882) to I.R., and by the Austrian Agency for International Cooperation and the Croatian Ministry of Science and Education—Austria–Croatia bilateral project “Genome size evolution and polyploidization in amphi-Adriatic Aurinia (Brassicaceae) and the Cerastium tomentosum and Dianthus sylvestris species groups (Caryophyllaceae)” (HR17/2020) to B.F. and S.B. This manuscript is part of A.T.’s Ph.D. thesis, and her work has been fully supported by the “Young researchers’ career development project—training of doctoral students” (ESF-DOK-01-2018) of the Croatian Science Foundation funded by the European Union from the European Social Fund.




Data Availability Statement


Data are contained within the article or the Supplementary Materials.




Acknowledgments


We thank all collectors listed in the Table S1 who helped with sampling and S. Fior and H. Luqman for providing some samples from the Alps and for sharing their preliminary genomic data with us. We are grateful to D. Pirkebner and M. Magauer for their assistance in the laboratory and to D. Volgger, M. Doboš, and M. Temunović, for measuring RGS of some populations. Collecting permits were issued for the territory of Croatia by the Ministry of Environment and Nature Protection of Croatia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Greilhuber, J.; Doležel, J.; Lysák, M.A.; Bennett, M.D. The Origin, Evolution and Proposed Stabilization of the Terms ‘Genome Size’ and ‘C-Value’ to Describe Nuclear DNA Contents. Ann. Bot. 2005, 95, 255–260. [Google Scholar] [CrossRef]

	



Doležel, J.; Bartoš, J. Plant DNA Flow Cytometry and Estimation of Nuclear Genome Size. Ann. Bot. 2005, 95, 99–110. [Google Scholar] [CrossRef] [PubMed]

	



Suda, J.; Krahulcová, A.; Trávníček, P.; Rosenbaumová, R.; Peckert, T.; Krahulec, F. Genome Size Variation and Species Relationships in Hieracium Sub-Genus Pilosella (Asteraceae) as Inferred by Flow Cytometry. Ann. Bot. 2007, 100, 1323–1335. [Google Scholar] [CrossRef] [PubMed]

	



Šmarda, P.; Bureš, P.; Horová, L.; Rotreklová, O. Intrapopulation Genome Size Dynamics in Festuca pallens. Ann. Bot. 2008, 102, 599–607. [Google Scholar] [CrossRef] [PubMed]

	



Slovák, M.; Vít, P.; Urfus, T.; Suda, J. Complex Pattern of Genome Size Variation in a Polymorphic Member of the Asteraceae. J. Biogeogr. 2009, 36, 372–384. [Google Scholar] [CrossRef]

	



Ladner, J.; Mayfield, M.H.; Prather, L.A.; Ferguson, C.J. Polyploidy and Genome Size Variation in Phlox nana (Polemoniaceae) from the Pecos Plains of New Mexico and the Davis Mountains of West Texas, USA. J. Bot. Res. Inst. Tex. 2017, 11, 351–362. [Google Scholar] [CrossRef]

	



Pellicer, J.; Hidalgo, O.; Dodsworth, S.; Leitch, I. Genome Size Diversity and Its Impact on the Evolution of Land Plants. Genes 2018, 9, 88. [Google Scholar] [CrossRef]

	



Nunvářová Kabátová, K.; Kolář, F.; Jarolímová, V.; Krak, K.; Chrtek, J. Does Geography, Evolutionary History or Ecology Drive Ploidy and Genome Size Variation in the Minuartia verna Group (Caryophyllaceae) across Europe? Plant Syst. Evol. 2019, 305, 1019–1040. [Google Scholar] [CrossRef]

	



Hodálová, I.; Mártonfiová, L.; Skokanová, K.; Majerová, M.; Somlyay, L.; Mereďa, P. The Utility of Genome Size in Plant Identification: A Case Study on Sesleria (Poaceae) from Croatia and Slovenia. Plant Syst. Evol. 2020, 306, 87. [Google Scholar] [CrossRef]

	



Caković, D.; Cresti, L.; Stešević, D.; Schönswetter, P.; Frajman, B. High Genetic and Morphological Diversification of the Euphorbia verrucosa Alliance (Euphorbiaceae) in the Balkan and Iberian Peninsulas. Taxon 2021, 70, 286–307. [Google Scholar] [CrossRef]

	



Weiss, H.; Dobeš, C.; Schneeweiss, G.M.; Greimler, J. Occurrence of Tetraploid and Hexaploid Cytotypes between and within Populations in Dianthus Sect. Plumaria (Caryophyllaceae). New Phytol. 2002, 156, 85–94. [Google Scholar] [CrossRef]

	



Kolár, F.; Stech, M.; Trávnícek, P.; Rauchová, J.; Urfus, T.; Vít, P.; Kubesová, M.; Suda, J. Towards Resolving the Knautia arvensis Agg. (Dipsacaceae) Puzzle: Primary and Secondary Contact Zones and Ploidy Segregation at Landscape and Microgeographic Scales. Ann. Bot. 2009, 103, 963–974. [Google Scholar] [CrossRef] [PubMed]

	



Niketić, M.; Siljak-Yakovlev, S.; Frajman, B.; Lazarević, M.; Stevanović, B.; Tomović, G.; Stevanović, V. Towards Resolving the Systematics of Cerastium Subsection Cerastium (Caryophyllaceae): A Cytogenetic Approach. Bot. J. Linn. Soc. 2013, 172, 205–224. [Google Scholar] [CrossRef]

	



Frajman, B.; Schönswetter, P.; Weiss-Schneeweiss, H.; Oxelman, B. Origin and Diversification of South American Polyploid Silene Sect. Physolychnis (Caryophyllaceae) in the Andes and Patagonia. Front. Genet. 2018, 9, 639. [Google Scholar] [CrossRef]

	



Frajman, B.; Rešetnik, I.; Weiss-Schneeweiss, H.; Ehrendorfer, F.; Schönswetter, P. Cytotype Diversity and Genome Size Variation in Knautia (Caprifoliaceae, Dipsacoideae). BMC Evol. Biol. 2015, 15, 140. [Google Scholar] [CrossRef] [PubMed]

	



Lazarević, M.; Kuzmanović, N.; Lakušić, D.; Alegro, A.; Schönswetter, P.; Frajman, B. Patterns of Cytotype Distribution and Genome Size Variation in the Genus Sesleria Scop. (Poaceae). Bot. J. Linn. Soc. 2015, 179, 126–143. [Google Scholar] [CrossRef]

	



Souza, G.; Costa, L.; Guignard, M.S.; Van-Lume, B.; Pellicer, J.; Gagnon, E.; Leitch, I.J.; Lewis, G.P. Do Tropical Plants Have Smaller Genomes? Correlation between Genome Size and Climatic Variables in the Caesalpinia Group (Caesalpinioideae, Leguminosae). Perspect. Plant Ecol. 2019, 38, 13–23. [Google Scholar] [CrossRef]

	



Trávníček, P.; Čertner, M.; Ponert, J.; Chumová, Z.; Jersáková, J.; Suda, J. Diversity in Genome Size and GC Content Shows Adaptive Potential in Orchids and is Closely Linked to Partial Endoreplication, Plant Life-History Traits and Climatic Conditions. New Phytol. 2019, 224, 1642–1656. [Google Scholar] [CrossRef]

	



Suda, J.; Trávníček, P. Estimation of Relative Nuclear DNA Content in Dehydrated Plant Tissues by Flow Cytometry. Curr. Protoc. Cytom. 2006, 38, 7.30.1–7.30.14. [Google Scholar] [CrossRef]

	



Suda, J.; Kron, P.; Husband, B.C.; Trávníček, P. Flow Cytometry and Ploidy: Applications in Plant Systematics, Ecology and Evolutionary Biology. In Flow Cytometry with Plant Cells; Doležel, J., Greilhuber, J., Suda, J., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2007; pp. 103–130. ISBN 978-3-527-61092-1. [Google Scholar]

	



Greilhuber, J.; Temsch, E.M.; Loureiro, J.C.M. Nuclear DNA Content Measurement. In Flow Cytometry with Plant Cells; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2007; pp. 67–101. ISBN 978-3-527-61092-1. [Google Scholar]

	



Piegu, B.; Guyot, R.; Picault, N.; Roulin, A.; Saniyal, A.; Kim, H.; Collura, K.; Brar, D.S.; Jackson, S.; Wing, R.A.; et al. Doubling Genome Size without Polyploidization: Dynamics of Retrotransposition-Driven Genomic Expansions in Oryza australiensis, a Wild Relative of Rice. Genome Res. 2006, 16, 1262–1269. [Google Scholar] [CrossRef]

	



Šmarda, P.; Bureš, P. Intraspecific DNA Content Variability in Festuca pallens on Different Geographical Scales and Ploidy Levels. Ann. Bot. 2006, 98, 665–678. [Google Scholar] [CrossRef]

	



Šmarda, P.; Bureš, P. Understanding Intraspecific Variation in Genome Size in Plants. Preslia 2010, 82, 41–61. [Google Scholar]

	



Sonnleitner, M.; Hülber, K.; Flatscher, R.; García, P.E.; Winkler, M.; Suda, J.; Schönswetter, P.; Schneeweiss, G.M. Ecological Differentiation of Diploid and Polyploid Cytotypes of Senecio carniolicus Sensu Lato (Asteraceae) is Stronger in Areas of Sympatry. Ann. Bot. 2016, 117, 269–276. [Google Scholar] [CrossRef] [PubMed]

	



Janišová, M.; Skokanová, K.; Hlásny, T. Ecological Differentiation, Speciation, and Rarity: How Do They Match in Tephroseris longifolia Agg. (Asteraceae)? Ecol. Evol. 2018, 8, 2453–2470. [Google Scholar] [CrossRef] [PubMed]

	



Doležel, J.; Greilhuber, J.; Lucretti, S.; Meister, A.; Lysák, M.A.; Nardi, L.; Obermayer, R. Plant Genome Size Estimation by Flow Cytometry: Inter-Laboratory Comparison. Ann. Bot. 1998, 82, 17–26. [Google Scholar] [CrossRef]

	



Murray, B.G. When Does Intraspecific C-Value Variation Become Taxonomically Significant? Ann. Bot. 2005, 95, 119–125. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, A.; Bennetzen, J.L. Plant Retrotransposons. Annu. Rev. Genet. 1999, 33, 479–532. [Google Scholar] [CrossRef]

	



Bureš, P.; Wang, Y.-F.; Horova, L.; Suda, J. Genome Size Variation in Central European Species of Cirsium (Compositae) and Their Natural Hybrids. Ann. Bot. 2004, 94, 353–363. [Google Scholar] [CrossRef]

	



Bennett, M.D.; Leitch, I.J. Genome Size Evolution in Plants. In The Evolution of the Genome; Gregory, T.R., Ed.; Academic Press: Burlington, MA, USA, 2005; pp. 89–162. ISBN 978-0-12-301463-4. [Google Scholar]

	



Vidic, T.; Greilhuber, J.; Vilhar, B.; Dermastia, M. Selective Significance of Genome Size in a Plant Community with Heavy Metal Pollution. Ecol. Appl. 2009, 19, 1515–1521. [Google Scholar] [CrossRef]

	



Kang, M.; Wang, J.; Huang, H. Nitrogen Limitation as a Driver of Genome Size Evolution in a Group of Karst Plants. Sci. Rep. 2015, 5, 11636. [Google Scholar] [CrossRef]

	



Bilinski, P.; Albert, P.S.; Berg, J.J.; Birchler, J.A.; Grote, M.N.; Lorant, A.; Quezada, J.; Swarts, K.; Yang, J.; Ross-Ibarra, J. Parallel Altitudinal Clines Reveal Trends in Adaptive Evolution of Genome Size in Zea mays. PLoS Genet. 2018, 14, e1007162. [Google Scholar] [CrossRef] [PubMed]

	



Cacho, N.I.; McIntyre, P.J.; Kliebenstein, D.J.; Strauss, S.Y. Genome Size Evolution Is Associated with Climate Seasonality and Glucosinolates, but Not Life History, Soil Nutrients or Range Size, across a Clade of Mustards. Ann. Bot. 2021, 127, 887–902. [Google Scholar] [CrossRef] [PubMed]

	



Bottini, M.C.J.; Greizerstein, E.J.; Aulicino, M.B.; Poggio, L. Relationships among Genome Size, Environmental Conditions and Geographical Distribution in Natural Populations of NW Patagonian Species of Berberis L. (Berberidaceae). Ann. Bot. 2000, 86, 565–573. [Google Scholar] [CrossRef]

	



Knight, C.A.; Molinari, N.A.; Petrov, D.A. The Large Genome Constraint Hypothesis: Evolution, Ecology and Phenotype. Ann. Bot. 2005, 95, 177–190. [Google Scholar] [CrossRef]

	



Grime, J.P.; Shacklock, J.M.L.; Brand, S.R. Nuclear DNA Contents, Shoot Phenology and Species Co-Existence in a Limestone Grassland Community. New Phytol. 1985, 100, 435–445. [Google Scholar] [CrossRef]

	



Leitch, I.J.; Bennett, M.D. Genome Size and Its Uses: The Impact of Flow Cytometry. In Flow Cytometry with Plant Cells; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2007; pp. 153–176. ISBN 978-3-527-61092-1. [Google Scholar]

	



Kraaijeveld, K. Genome Size and Species Diversification. Evol. Biol. 2010, 37, 227–233. [Google Scholar] [CrossRef] [PubMed]

	



Bittrich, V. Caryophyllaceae. In Flowering Plants, Dicotyledons: Magnoliid, Hamamelid and Caryophyllid Families; Kubitzki, K., Rohwer, J.G., Eds.; Springer: Berlin/Heidelberg, Germany; London, UK, 1993; Volume 2, pp. 206–236. ISBN 978-3-642-08141-5. [Google Scholar]

	



Valente, L.M.; Savolainen, V.; Vargas, P. Unparalleled Rates of Species Diversification in Europe. Proc. R. Soc. B Biol. Sci. 2010, 277, 1489–1496. [Google Scholar] [CrossRef] [PubMed]

	



Bernal, M.; Laínz, M.; Munoz Garmendia, F. Dianthus L. In Flora Iberica; Bolibar, S.C., Ed.; Real Jardín Botánico, C.S.I.C.: Madrid, Spain, 1990; Volume 2, pp. 426–462. [Google Scholar]

	



Tutin, T.G.; Walters, S.M. Dianthus L. In Flora Europaea; Tutin, T.G., Ed.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 1993; Volume 1, pp. 227–246. ISBN 978-0-521-41007-6. [Google Scholar]

	



Bacchetta, G.; Brullo, S.; Casti, M.; del Galdo, G.P.G. Taxonomic Revision of the Dianthus sylvestris Group (Caryophyllaceae) in Central-Southern Italy, Sicily and Sardinia. Nord. J. Bot. 2010, 28, 137–173. [Google Scholar] [CrossRef]

	



Domina, G.; Scibetta, S.; Scafidi, F.; Giovino, A. Contribution to the Identification of Dianthus rupicola (Caryophyllaceae) Subspecies Using Morphological and Molecular Approaches. Phytotaxa 2017, 291, 17–32. [Google Scholar] [CrossRef]

	



Brullo, S.; Guarino, R. Dianthus. In Flora d’Italia; Pignatti, S., Ed.; Edagricole: Milano, Italy, 2019; Volume 4, ISBN 978-88-506-5245-7. [Google Scholar]

	



Hardion, L.; Perrier, A.; Martinez, M.; Navrot, N.; Gaquerel, E.; Tournay, F.; Nguefack, J.; Combroux, I. Integrative Revision of Dianthus superbus Subspecies Reveals Different Degrees of Differentiation, from Plasticity to Species Distinction. Syst. Biodivers. 2020, 18, 255–268. [Google Scholar] [CrossRef]

	



Domina, G.; Astuti, G.; Bacchetta, G.; Barone, G.; Rešetnik, I.; Terlević, A.; Thiébaut, M.; Peruzzi, L. Typification of 14 Names in the Dianthus virgineus Group (Caryophyllaceae). PhytoKeys 2021, 187, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Domina, G.; Astuti, G.; Barone, G.; Gargano, D.; Minuto, L.; Varaldo, L.; Peruzzi, L. Lectotypification of the Linnaean Name Dianthus virgineus (Caryophyllaceae) and Its Taxonomic Consequences. Taxon 2021, 70, 1096–1100. [Google Scholar] [CrossRef]

	



Gammella, M. Local Adaptation and Gene Flow in Serpentine and Limestone Populations of D. sylvestris. Doctoral dissertation, Università Degli Studi di Napoli Federico II, Naples, Italy, 2016. [Google Scholar]

	



Beck-Mannagetta, G. Flora Bosne, Hercegovine i Novopazarskog Sandžaka; Glasnik Zemaljskog muzeja u Bosni i Hercegovini: Sarajevo, Bosnia and Herzegovina, 1909; Volume 21. [Google Scholar]

	



Von Hayek, A. Prodromus Florae Peninsulae Balcanicae; Verlag des Repertoriums: Dahlem bei Berlin, Germany, 1924. [Google Scholar]

	



Gjurašin, S. Rod Dianthus u Flori Hrvatske i Slavonije, 18th ed.; Prirodoslovna istraživanja Kraljevine Jugoslavije; Jugoslavenska Akademija Znanosti i Umjetnosti: Zagreb, Croatia, 1933. [Google Scholar]

	



Mayer, E.; Trpin, D. Dianthus Sylvestris—Kompleks v Jugoslaviji. Biološki Vestnik 1965, 13, 53–59. [Google Scholar]

	



Trinajstić, I. Analitička Flora Jugoslavije; Institut za botaniku Sveučilišta u Zagrebu: Zagreb, Croatia, 1979. [Google Scholar]

	



Greuter, W.; Burdet, H.M.; Long, G. Med-Checklist. 1; des Conservatoire et Jardin Botaniques de la Ville de Genève: Geneva, Switzerland, 1984; ISBN 978-2-8277-0151-3. [Google Scholar]

	



Marhold, K. Caryophyllaceae. Euro+Med Plantbase—The Information Resource for Euro-Mediterranean Plant Diversity. Available online: https://www.emplantbase.org/home.html (accessed on 20 December 2020).

	



Meyer, F.K. Beiträge zur Flora von Albanien; Thüringische Botanische Gesellschaft e.V.: Oberhof, Germany, 2011. [Google Scholar]

	



Terlević, A.; Temunović, M.; Bogdanović, S.; Grgurev, M.; Ljubičić, I.; Rešetnik, I. Morphological and Ecological Variability of Dianthus sylvestris Wulfen (Caryophyllaceae) on the Balkan Peninsula. Bot. J. Linn. Soc. 2022, submitted.

	



Carolin, R.C. Cytological and Hybridization Studies in the Genus Dianthus. New Phytol. 1957, 56, 81–97. [Google Scholar] [CrossRef]

	



Moore, D.M. Flora Europaea Check-List and Chromosome Index; Cambridge University Press: Cambridge UK; New York, NY, USA, 1982; ISBN 978-0-521-23759-8. [Google Scholar]

	



Rice, A.; Glick, L.; Abadi, S.; Einhorn, M.; Kopelman, N.M.; Salman-Minkov, A.; Mayzel, J.; Chay, O.; Mayrose, I. The Chromosome Counts Database (CCDB)—A Community Resource of Plant Chromosome Numbers. New Phytol. 2015, 206, 19–26. [Google Scholar] [CrossRef] [PubMed]

	



Pellicer, J.; Leitch, I.J. The Plant DNA C-Values Database (Release 7.1): An Updated Online Repository of Plant Genome Size Data for Comparative Studies. New Phytol. 2020, 226, 301–305. [Google Scholar] [CrossRef]

	



Balao, F.; Casimiro-Soriguer, R.; Talavera, M.; Herrera, J.; Talavera, S. Distribution and Diversity of Cytotypes in Dianthus broteri as Evidenced by Genome Size Variations. Ann. Bot. 2009, 104, 965–973. [Google Scholar] [CrossRef]

	



Behroozian, M.; Vaezi, J.; Joharchi, M.R. A Karyological Study of Some Dianthus L. Species (Caryophyllaceae) in Northeast of Iran. Feddes Repert. 2012, 123, 265–272. [Google Scholar] [CrossRef]

	



Şahin, E.; Eroğlu, H.E.; Hamzaoğlu, E.; Koç, M. Karyotype Analysis of Four Species of Dianthus Section Fimbriati (Caryophyllaceae, Sileneae). Caryologia 2016, 69, 267–272. [Google Scholar] [CrossRef]

	



Gatt, M.K.; Hammett, K.R.W.; Markham, K.R.; Murray, B.G. Yellow Pinks: Interspecific Hybridization between Dianthus plumarius and Related Species with Yellow Flowers. Sci. Hortic. 1998, 77, 207–218. [Google Scholar] [CrossRef]

	



Siljak-Yakovlev, S.; Pustahija, F.; Šolić, E.M.; Bogunić, F.; Muratović, E.; Bašić, N.; Catrice, O.; Brown, S.C. Towards a Genome Size and Chromosome Number Database of Balkan Flora: C-Values in 343 Taxa with Novel Values for 242. Adv. Sci. Lett. 2010, 3, 190–213. [Google Scholar] [CrossRef]

	



Löve, Á. IOPB Chromosome Number Reports. XVIII. Taxon 1968, 17, 419–422. [Google Scholar] [CrossRef]

	



Doležel, J.; Greilhuber, J.; Suda, J. Estimation of Nuclear DNA Content in Plants Using Flow Cytometry. Nat. Protoc. 2007, 2, 2233–2244. [Google Scholar] [CrossRef] [PubMed]

	



Barow, M.; Jovtchev, G. Endopolyploidy in Plants and Its Analysis by Flow Cytometry. In Flow Cytometry with Plant Cells; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2007; pp. 349–372. ISBN 978-3-527-61092-1. [Google Scholar]

	



Záveská, E.; Maylandt, C.; Paun, O.; Bertel, C.; Frajman, B.; The STEPPE Consortium; Schönswetter, P. Multiple Auto- and Allopolyploidisations Marked the Pleistocene History of the Widespread Eurasian Steppe Plant Astragalus onobrychis (Fabaceae). Mol. Phylogenet. Evol. 2019, 139, 106572. [Google Scholar] [CrossRef] [PubMed]

	



Niketić, M.; Đurović, S.Z.; Tomović, G.; Schönswetter, P.; Frajman, B. Diversification within Ploidy-Variable Balkan Endemic Cerastium decalvans (Caryophyllaceae) Reconstructed Based on Genetic, Morphological and Ecological Evidence. Bot. J. Linn. Soc. 2021, 199, 578–608. [Google Scholar] [CrossRef]

	



Balao, F.; Valente, L.M.; Vargas, P.; Herrera, J.; Talavera, S. Radiative Evolution of Polyploid Races of the Iberian Carnation Dianthus broteri (Caryophyllaceae). New Phytol. 2010, 187, 542–551. [Google Scholar] [CrossRef]

	



López-Jurado, J.; Mateos-Naranjo, E.; Balao, F. Niche Divergence and Limits to Expansion in the High Polyploid Dianthus broteri Complex. New Phytol. 2019, 222, 1076–1087. [Google Scholar] [CrossRef]

	



Soltis, P.S.; Marchant, D.B.; Van de Peer, Y.; Soltis, D.E. Polyploidy and Genome Evolution in Plants. Curr. Opin. Genet. Dev. 2015, 35, 119–125. [Google Scholar] [CrossRef]

	



Soltis, D.E.; Visger, C.J.; Marchant, D.B.; Soltis, P.S. Polyploidy: Pitfalls and Paths to a Paradigm. Am. J. Bot. 2016, 103, 1146–1166. [Google Scholar] [CrossRef]

	



Leitch, I.J.; Bennett, M.D. Genome Downsizing in Polyploid Plants. Biol. J. Linn. Soc. 2004, 82, 651–663. [Google Scholar] [CrossRef]

	



Weiss-Schneeweiss, H.; Greilhuber, J.; Schneeweiss, G.M. Genome Size Evolution in Holoparasitic Orobanche (Orobanchaceae) and Related Genera. Am. J. Bot. 2006, 93, 148–156. [Google Scholar] [CrossRef]

	



Tsukaya, H. Controlling Size in Multicellular Organs: Focus on the Leaf. PLoS Biol. 2008, 6, e174. [Google Scholar] [CrossRef] [PubMed]

	



Flatscher, R.; García, P.E.; Hülber, K.; Sonnleitner, M.; Winkler, M.; Saukel, J.; Schneeweiss, G.M.; Schönswetter, P. Underestimated Diversity in One of the World’s Best Studied Mountain Ranges: The Polyploid Complex of Senecio carniolicus (Asteraceae) Contains Four Species in the European Alps. Phytotaxa 2015, 213, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Sonnleitner, M.; Flatscher, R.; García, P.E.; Rauchová, J.; Suda, J.; Schneeweiss, G.M.; Hülber, K.; Schönswetter, P. Distribution and Habitat Segregation on Different Spatial Scales among Diploid, Tetraploid and Hexaploid Cytotypes of Senecio carniolicus (Asteraceae) in the Eastern Alps. Ann. Bot. 2010, 106, 967–977. [Google Scholar] [CrossRef]

	



Duchoslav, M.; Jandová, M.; Kobrlová, L.; Šafářová, L.; Brus, J.; Vojtěchová, K. Intricate Distribution Patterns of Six Cytotypes of Allium oleraceum at a Continental Scale: Niche Expansion and Innovation Followed by Niche Contraction With Increasing Ploidy Level. Front. Plant Sci. 2020, 11, 1885. [Google Scholar] [CrossRef]

	



Weiss-Schneeweiss, H.; Emadzade, K.; Jang, T.-S.; Schneeweiss, G.M. Evolutionary Consequences, Constraints and Potential of Polyploidy in Plants. Cytogenet. Genome Res. 2013, 140, 137–150. [Google Scholar] [CrossRef]

	



Parisod, C.; Besnard, G. Glacial in Situ Survival in the Western Alps and Polytopic Autopolyploidy in Biscutella laevigata L. (Brassicaceae). Mol. Ecol. 2007, 16, 2755–2767. [Google Scholar] [CrossRef]

	



Kolář, F.; Lučanová, M.; Vít, P.; Urfus, T.; Chrtek, J.; Fér, T.; Ehrendorfer, F.; Suda, J. Diversity and Endemism in Deglaciated Areas: Ploidy, Relative Genome Size and Niche Differentiation in the Galium pusillum Complex (Rubiaceae) in Northern and Central Europe. Ann. Bot. 2013, 111, 1095–1108. [Google Scholar] [CrossRef]

	



Castro, M.; Loureiro, J.; Serrano, M.; Tavares, D.; Husband, B.C.; Siopa, C.; Castro, S. Mosaic Distribution of Cytotypes in a Mixed-Ploidy Plant Species, Jasione montana: Nested Environmental Niches but Low Geographical Overlap. Bot. J. Linn. Soc. 2019, 190, 51–66. [Google Scholar] [CrossRef]

	



Magri, D.; Vendramin, G.G.; Comps, B.; Dupanloup, I.; Geburek, T.; Gömöry, D.; Latałowa, M.; Litt, T.; Paule, L.; Roure, J.M.; et al. A New Scenario for the Quaternary History of European Beech Populations: Palaeobotanical Evidence and Genetic Consequences. New Phytol. 2006, 171, 199–221. [Google Scholar] [CrossRef]

	



Médail, F.; Diadema, K. Glacial Refugia Influence Plant Diversity Patterns in the Mediterranean Basin. J. Biogeogr. 2009, 36, 1333–1345. [Google Scholar] [CrossRef]

	



Doležel, J.; Sgorbati, S.; Lucretti, S. Comparison of Three DNA Fluorochromes for Flow Cytometric Estimation of Nuclear DNA Content in Plants. Physiol. Plant. 1992, 85, 625–631. [Google Scholar] [CrossRef]

	



Schönswetter, P.; Lachmayer, M.; Lettner, C.; Prehsler, D.; Rechnitzer, S.; Reich, D.S.; Sonnleitner, M.; Wagner, I.; Hülber, K.; Schneeweiss, G.M.; et al. Sympatric Diploid and Hexaploid Cytotypes of Senecio carniolicus (Asteraceae) in the Eastern Alps Are Separated along an Altitudinal Gradient. J. Plant Res. 2007, 120, 721–725. [Google Scholar] [CrossRef] [PubMed]

	



Caković, D.; Stešević, D.; Schönswetter, P.; Frajman, B. How Many Taxa? Spatiotemporal Evolution and Taxonomy of Amphoricarpos (Asteraceae, Carduoideae) on the Balkan Peninsula. Org. Divers. Evol. 2015, 15, 429–445. [Google Scholar] [CrossRef]

	



Falch, M.; Schönswetter, P.; Frajman, B. Both Vicariance and Dispersal Have Shaped the Genetic Structure of Eastern Mediterranean Euphorbia myrsinites (Euphorbiaceae). Perspect. Plant Ecol. 2019, 39, 125459. [Google Scholar] [CrossRef]

	



Đurović, S.; Schönswetter, P.; Niketić, M.; Tomović, G.; Frajman, B. Disentangling Relationships among the Members of the Silene saxifraga Alliance (Caryophyllaceae): Phylogenetic Structure Is Geographically Rather than Taxonomically Segregated. Taxon 2017, 66, 343–364. [Google Scholar] [CrossRef]

	



Schönswetter, P.; Stehlik, I.; Holderegger, R.; Tribsch, A. Molecular Evidence for Glacial Refugia of Mountain Plants in the European Alps. Mol. Ecol. 2005, 14, 3547–3555. [Google Scholar] [CrossRef]

	



Qiu, F.; Baack, E.J.; Whitney, K.D.; Bock, D.G.; Tetreault, H.M.; Rieseberg, L.H.; Ungerer, M.C. Phylogenetic Trends and Environmental Correlates of Nuclear Genome Size Variation in Helianthus Sunflowers. New Phytol. 2019, 221, 1609–1618. [Google Scholar] [CrossRef]

	



Knight, C.A.; Ackerly, D.D. Variation in Nuclear DNA Content across Environmental Gradients: A Quantile Regression Analysis. Ecol. Lett. 2002, 5, 66–76. [Google Scholar] [CrossRef]

	



Micevski, K. Flora na SR Makedonija; Makedonska Akademija na Naukite i Umetnostite: Skopje, North Macedonia, 1993; Volume 1. [Google Scholar]

	



Martinčič, A. Mala Flora Slovenije, 4th ed.; Tehniška Založba Slovenije: Ljubljana, Slovenia, 2007; ISBN 978-961-251-026-8. [Google Scholar]

	



Dimopoulos, P.; Raus, T.; Bergmeier, E.; Constantinidis, T.; Iatrou, G.; Kokkini, S.; Strid, A.; Tzanoudakis, D. (Eds.) Vascular Plants of Greece: An Annotated Checklist; Englera; Botanic Garden and Botanical Museum Berlin-Dahlem, Berlin and Hellenic botanical society: Athens, Greek, 2013; ISBN 978-3-921800-88-1. [Google Scholar]

	



Stešević, D.; Caković, D. Katalog Vaskularne Flore Crne Gore; Crnogorska Akademija Nauka i Umjetnosti: Podgorica, Montenegro, 2013; Volume 1. [Google Scholar]

	



Vangjeli, J. Excursion Flora of Albania; Koeltz Scientific Books: Oberreifenberg, Germany, 2015; ISBN 978-3-87429-477-5. [Google Scholar]

	



Barina, Z.; Somogyi, G.; Pifkó, D.; Rakaj, M. Checklist of vascular plants of Albania. Phytotaxa 2018, 378, 1–339. [Google Scholar] [CrossRef]

	



Nikolić, T. Flora Croatica Database. Prirodoslovno-Matematički Fakultet, Sveučilište u Zagrebu. Available online: http://hirc.botanic.hr/fcd (accessed on 7 June 2020).

	



Suda, J.; Trávníček, P. Reliable DNA Ploidy Determination in Dehydrated Tissues of Vascular Plants by DAPI Flow Cytometry—New Prospects for Plant Research. Cytom. Part A 2006, 69A, 273–280. [Google Scholar] [CrossRef]

	



Suda, J.; Krahulcová, A.; Trávníek, P.; Krahulec, F. Ploidy Level versus DNA Ploidy Level: An Appeal for Consistent Terminology. Taxon 2006, 55, 447–450. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing; R Core Team: Vienna, Austria, 2020. [Google Scholar]

	



Karger, D.N.; Conrad, O.; Böhner, J.; Kawohl, T.; Kreft, H.; Soria-Auza, R.W.; Zimmermann, N.E.; Linder, H.P.; Kessler, M. Climatologies at High Resolution for the Earth’s Land Surface Areas. Sci. Data 2017, 4, 170122. [Google Scholar] [CrossRef] [PubMed]

	



Karger, D.N.; Schmatz, D.R.; Dettling, G.; Zimmermann, N.E. High-Resolution Monthly Precipitation and Temperature Time Series from 2006 to 2100. Sci. Data 2020, 7, 248. [Google Scholar] [CrossRef] [PubMed]

	



Hengl, T.; de Jesus, J.M.; Heuvelink, G.B.M.; Gonzalez, M.R.; Kilibarda, M.; Blagotić, A.; Shangguan, W.; Wright, M.N.; Geng, X.; Bauer-Marschallinger, B.; et al. SoilGrids250m: Global Gridded Soil Information Based on Machine Learning. PLoS ONE 2017, 12, e0169748. [Google Scholar] [CrossRef]

	



Amatulli, G.; Domisch, S.; Tuanmu, M.-N.; Parmentier, B.; Ranipeta, A.; Malczyk, J.; Jetz, W. A Suite of Global, Cross-Scale Topographic Variables for Environmental and Biodiversity Modeling. Sci. Data 2018, 5, 180040. [Google Scholar] [CrossRef]








[image: Plants 11 01481 g001 550] 





Figure 1. Mitotic chromosomes from Dianthus sylvestris root tips. (A) A diploid (2n = 2x = 30) from the population D185 (Punat, Krk island, Croatia) and (B) a tetraploid (2n = 4x = 60) from the population D12 (Plomin, Mt Učka, Croatia). 
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Figure 2. Geographical distribution of the monoploid relative genome size (RGS) variation of 162 diploid and tetraploid (circles with thick black outline) populations of Dianthus sylvestris s.l. in the Balkan Peninsula and the Alps. Only populations with at least three measured individuals and a standard deviation of RGS < 0.01 are shown. The size of the dots is proportional to the mean monoploid RGS of the corresponding populations. Asterisk indicates the ploidy-mixed population D19. Color coding indicates different taxa. 
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Figure 3. Histograms of fluorescence intensities of diploid (A) (population D19) and tetraploid (B) (population D17) accessions of D. sylvestris, together with the internal reference standard Bellis perennis (asterisk), from which relative genome size (RGS) was calculated. The peaks are labelled following Greilhuber et al. [1]. Multiple peaks of the sample correspond to nuclei after one (4C) and two (8C) rounds of endoreplication. (C) Histogram showing genuine difference between diploid populations D162 (0.325 ± 0.001) and D122 (0.360 ± 0.004). 
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Figure 4. Monoploid relative genome size (RGS) variation in Dianthus sylvestris s.l. in the Balkan Peninsula and the Alps. Black colored box indicates the variation of the complete diploid dataset (152 DNA-diploids, 2x), whereas yellow color corresponds to 15 DNA-diploids (2x), and 10 DNA-tetraploid (4x) populations of D. sylvestris subsp. sylvestris. Boxes correspond to 25 and 75 percentiles, horizontal lines to medians, whiskers 5 to 95 percentiles, and circles to outliers. 
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Figure 5. Morphological and environmental differentiation between diploid (black) and tetraploid (white) populations of Dianthus sylvestris subsp. sylvestris, with their overlap in B shown in grey. (A) Principal component analysis (PCA) and (B) histogram of discriminant analysis (DA) based on five morphological characteristics. (C) PCA and (D) histogram of DA based on seven environmental variables. Characteristic abbreviations in (A,C) are explained in Tables S2 and S3. 
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Figure 6. Monoploid RGS variation based on population means of 152 DNA-diploid populations of Dianthus sylvestris s.l. Color coding for taxa corresponds to Figure 2. (A) Boxes in the boxplot and (B) points in the scatterplot are arranged in geographical order from the north-west to the south-east. Being the most clearly distinguished subspecies, D. sylvestris subsp. tergestinus is singled out on the left of plot (A) and excluded from the plot (B). Boxes correspond to 25 and 75 percentiles, horizontal lines to medians, whiskers 5 to 95 percentiles, and circles to outliers. Means not significantly different at p < 0.01, according to the Tukey post-hoc test, are indicated by the same letter. Numbers adjacent to the median lines represent the sample size. 
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Table 1. Descriptive statistics of relative genome size (RGS) variation in diploid (2x) and tetraploid (4x) populations of Dianthus sylvestris s.l., for which at least three individuals were analyzed. SD, standard deviation; mRGS, monoploid RGS.
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	Ploidy
	No. Measurements
	Populations
	Individuals
	Min. No. Individuals
	Max. No. Individuals
	Mean No. Individuals
	Mean RGS
	SD RGS
	Min RGS
	Max RGS
	Mean mRGS
	SD mRGS





	2x
	536
	152
	657
	3
	12
	4.3
	0.341
	0.011
	0.324
	0.376
	0.17
	0.005



	4x
	45
	10
	50
	3
	8
	5
	0.649
	0.006
	0.64
	0.657
	0.162
	0.001
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