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Abstract 30 

Nucleotide polymorphism at twelve nuclear loci and two mitochondrial gene fragments was 31 

studied in three closely related pine species from the Pinus mugo complex in populations 32 

across the species distribution range in Europe. Despite large differences in census size of the 33 

populations, high and similar levels of nucleotide diversity (θsil=~0.013-0.017) were found at 34 

nuclear loci in the three pine species. More rapid decay of overall linkage disequilibrium and 35 

recombination to diversity ratio (ρ/θ) was observed across the species distribution range in P. 36 

mugo (ρ=0.0369±0.0028; ρ/θ=~2.2) as compared to P. uncinata (ρ =0.0054±0.0011; 37 

ρ/θ=~0.4) and P. uliginosa (ρ = 0.0051±0.0010, ρ/θ=~0.4). However, regional groups of P. 38 

mugo showed similar levels of LD and ρ/θ ratio to the other species. An excess of rare 39 

nucleotide variants was found in P. mugo at four loci, but overall the allelic frequency 40 

spectrum in the three species did not significantly deviate from neutrality (multilocus 41 

Tajima’s D= -0.681, D= -0.118 and D= -0.266, p>0.05, respectively). Bayesian clustering 42 

methods showed no clear correspondence of clusters to species or geographical regions. 43 

Some differences between populations and species were found in a hierarchical AMOVA and 44 

in the distribution of the mtDNA haplotypes suggesting rather limited gene flow between the 45 

taxa and ongoing divergence. As all three pine taxa have very similar genetic backgrounds 46 

they form an excellent system for searching for loci involved in adaptive variation and 47 

speciation.   48 

 49 

 50 

ADDITIONAL KEYWORDS: adaptation – natural selection – divergence – speciation –  51 

mtDNA variation. 52 

 53 

 54 

 55 
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 58 

 59 

 60 

 61 
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INTRODUCTION 62 

Many closely related species can be identified based on detailed morphological 63 

characteristics, however much less is usually known about their corresponding genetic 64 

divergence. At the interspecific level, the pattern of nucleotide diversity is influenced by 65 

several factors including the time of speciation, demographic history, natural selection and 66 

hybridization. Loci involved in species differentiation show increased divergence relative to 67 

background variation as a result of directional selection (Excoffier, 2004; Coyne & Orr, 68 

2004). Deviations from the standard neutral model of evolution at specific loci may indicate 69 

their role in adaptation and speciation. In contrast, deviation from the neutral model at many 70 

loci is expected when species have undergone significant demographic fluctuations, for 71 

example during their range shifts. Hence, multilocus studies of nucleotide diversity and 72 

among-population divergence in closely related species can resolve evolutionary and 73 

demographic signals and help to explain speciation.  74 

 75 

The three pine species investigated here, Pinus mugo Turra s.l. (dwarf mountain pine), P. 76 

uncinata Ramond (mountain pine) and P. uliginosa Neumann (peat-bog pine), differ 77 

significantly from each other in phenotype, geographical distribution and ecology. Pinus 78 

mugo is a high-altitude polycormic European pine of up to few meters in height and P. 79 

uncinata and P. uliginosa are trees of up to 20 m height adapted to mountain environments 80 

and lowland peatbogs, respectively. Morphological and ecological divergence among these 81 

taxa are likely due to adaptation to different habitats resulting from the disjunction of species 82 

ranges and the isolation of populations in different Pleistocene refugia (Christensen, 1987a; 83 

Christensen, 1987b). Taxonomically they are treated as independent species or as subspecies 84 

in the P. mugo Turra complex (Christensen, 1987b; Businsky´ & Kirschner, 2006). They 85 

share karyotypic features with other pine species from the subgenus Pinus (Bogunić et al., 86 

2011). Moreover, reproductive isolation between the three taxa is not complete and they 87 

hybridize naturally (Businský, 1998; Wachowiak & Prus-Głowacki, 2008).  88 

At present, P. mugo forms large, shrubby populations above the tree line up to an altitude of 89 

about 2700 m with major populations in mountainous regions of Western Europe (the Alps), 90 

Central and Eastern Europe (Sudetes, Tatars, Carpathians), and south-east through Bosnia 91 

and Herzegovina, Montenegro, Serbia and Romania to the Rila and Pirin Mts of Bulgaria, as 92 

well as several outlier populations (Critchfield & Little, 1966). Pinus uncinata is a forest 93 
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forming component in the upper mountain regions at altitudes of 1400-2700 m in the 94 

Pyrenees, the Massif Central, Western Alps and several marginal populations in the Iberian 95 

Peninsula. Pinus uliginosa forms several isolated populations in lowland peatbogs in Central 96 

Europe (Hamerník & Musil, 2007). Given that the species currently form mostly 97 

geographically disjunct populations and occupy specific habitats of considerable ecological 98 

diversity, it seems likely that interglacial range shifts to their present day distribution have 99 

potentially influenced standing nucleotide variation. 100 

In this study we used data on nucleotide polymorphism from multiple genomic regions to 101 

look at the patterns of divergence and underlying evolutionary processes occurring during 102 

speciation of the taxa from the P. mugo complex. We analysed nucleotide and haplotype 103 

diversity, allele frequency and linkage disequilibrium in multiple nuclear gene fragments in 104 

samples from multiple populations across the species ranges. We looked also at 105 

differentiation at two gene fragments from the mitochondrial genome which in pines is 106 

maternally inherited and seed dispersed and therefore allows assessment of population 107 

structure more effectively than pollen-dispersed nDNA markers. Using this data we aimed to 108 

1) investigate the level of nucleotide and haplotype diversity in closely related taxa 2) 109 

identify among-species variation due to selection or demographic processes related to 110 

geographical isolation and migration and 3) identify the primary drivers of among-species 111 

differentiation. 112 

 113 

 114 

 115 

MATERIALS AND METHODS 116 

SAMPLING AND DNA EXTRACTION 117 

Seed samples from 31 populations of the three pine taxa were included in this study (Figure 118 

1, Table S1). Seeds from twelve to fifteen individual trees were sampled from each 119 

population. Seeds were germinated for 4-7 days in moist petri dishes. Genomic DNA was 120 

extracted from haploid megagametophyte (maternal tissue that surrounds the embryo in the 121 

seed) from a single seed from each mother tree following a standard Qiagen DNeasy Plant 122 

Mini Kit protocol. As DNA samples were haploid, the haplotypes were determined by direct 123 

sequencing.  124 

 125 
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NUCLEAR AND MITOCHONDRIAL LOCI STUDIED 126 

In total, 12 nuclear loci were analyzed. Those include ABI3-interacting protein (a3ip2), 127 

abscissic acid-responsive protein (abaR), chalcone synthase (chcs), caffeoyl CoA O-128 

methyltransferase (ccoaomt), early response to dehydration 3 protein (erd3), abscissic acid, 129 

water dehydrative stress and ripening induced gene family members 1 and 3 (lp3-1, lp3-3) 130 

and several dehydrin genes including some that were identified in expression studies in Scots 131 

pine (Joosen et al., 2006). Variation in the mitochondrial genome was determined for the 132 

nad1 intron  using internal PCR primers nad1E-G (Soranzo et al., 2000) and for nad7 intron 133 

1 (Jaramillo-Correa, Beaulieu & Bousquet, 2004). A full list of genes used in the study and 134 

PCR amplification conditions are presented in Table S2. 135 

 136 

PCR AMPLIFICATION AND SEQUENCING  137 

PCR-amplification was performed with Thermo MBS thermal cyclers and carried out in a 138 

total 25μl containing about 10ng of haploid template DNA, 50μM of each of dNTP, 2μM of 139 

each primer and 0.25U Taq DNA polymerase  (BioLabs) with the respective 1 x PCR buffer. 140 

PCR followed standard amplification procedures with MgCl₂ concentration optimized for 141 

each primer pair as described in Table S2. Standard amplification procedures were used with 142 

initial denaturation at 94°C for 3min followed by 35 cycles with 30sec. denaturation at 94°C, 143 

30sec. annealing and 1 min. extension at 72°C, and a final 5min. extension at 72°C. PCR 144 

fragments were purified using Exo–Sap (exonuclease, alckaline-phosphatase) enzymatic 145 

treatment. About 20ng of PCR product was used as a template in 10μl sequencing reactions 146 

with the Big Dye Terminator DNA Sequencing Kit (Applied Biosystems, Carlsbad, CA, 147 

USA) performed by the GenePool sequencing service, University of Edinburgh, UK. Haploid 148 

DNA samples were sequenced in one direction for each locus. For mitochondrial gene 149 

fragments, several samples from different populations and species were sequence-150 

characterised to check for presence of single nucleotide polymorphisms or potential fragment 151 

length variations. Codon-Code Aligner software ver. 3.7.1 (Codon Code Corporation, 152 

Dedham, MA, USA) was used for editing of the chromatograms, visual inspection of all 153 

polymorphic sites detected and assembly to produce alignments on the basis of the nucleotide 154 

sequence.  155 

 156 

 157 
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SEQUENCE ANALYSIS 158 

For each species, ~5kb of nDNA was aligned across genes excluding PCR primer sites (Table 159 

S3). Nucleotide sequence alignments were constructed in Codon-Code Aligner and were 160 

further manually adjusted using GENEDOC (Nicholas & Nicholas, 1997). Coding and non-161 

coding regions (untranslated regions) were annotated on the basis of alignment with known 162 

sequences identified in the international databases (National Center for Biotechnology 163 

Information (http://www.ncbi.nlm/nih.gov/gorf/gorf.html) and ExPASy (http://www.expasy. 164 

ch/tools/dna.html). Sequence data from all twelve nuclear genes were used for the nucleotide 165 

diversity estimates at the between species level. For nucleotide diversity estimates in 166 

individual populations and population structure analysis within species, we used sequence 167 

data from seven genes (including a3ip2, abaR, chcs, ccoaomt, dhn2PP, dhn3, erd3) that were 168 

successfully amplified in at least half samples in each population. Considering the large and 169 

patchy distribution of P. mugo populations in Europe, we also divided the populations into 170 

five geographical groups, namely Central Europe (population M1.1, M1.2, M2, M3), 171 

Carpathians (M4, M5, M17), Balkans (M6-M9), Alps (M10-M14) and Apennines (M15, 172 

M16). Unique haplotype sequences of each locus reported in this paper are deposited in the 173 

NCBI sequence database under accession numbers JQ027729-JQ028129. The mitochondrial 174 

sequences were compared to each other and available GeneBank sequence data for nad1 175 

intron and nad7 intron 1 in Scots pine (Soranzo et al., 2000; Naydenov et al., 2007; 176 

Pyhäjärvi, Salmela & Savolainen, 2008). Sequence contigs were assembled using 177 

CodonCode Aligner software (CodonCode Corporation). A polymorphic 31 bp indel in nad1 178 

intron observed in the three pine species was scored using diagnostic primers nad1H-I 179 

(Soranzo et al., 2000). To score the size differences in the nad7 intron 1 caused by 5bp indel, 180 

the amplified fragment were digested with 0.5 U of DraII restriction enzyme. The PCR 181 

products (~5µl) of both polymorphic regions were electrophoretically separated on 2% 182 

agarose gel and scored for indel variation. 183 

NUCLEOTIDE DIVERSITY AND NEUTRALITY TESTS AT NUCLEAR GENES 184 

The number of shared, exclusive and fixed polymorphic sites and their distribution for each 185 

nuclear locus among species was determined using SITES 1.1. software 186 

(http://lifesci.rutgers.edu/~heylab). Indels were excluded from the analysis. Nucleotide 187 

diversity at twelve loci for each species was estimated using population mutation parameter θ 188 

(equals to 4Neμ, were Ne is the effective population size and μ is the mutation rate per 189 
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nucleotide site per generation; Watterson (1975)). Multilocus estimates of silent theta were 190 

computed on basis of the number of segregating synonymous and non-coding sites and the 191 

length of each locus using the MCMC approach as previously reported (Pyhäjärvi et al., 192 

2007). The estimates of multilocus nucleotide diversity were conducted at 12 genes combined 193 

for each species separately and also for samples from each of the five geographical regions 194 

defined for P. mugo. 195 

Deviations of particular genes from the frequency distribution spectrum expected under the 196 

standard neutral model of evolution were assessed with Tajima’s D (Tajima, 1989). The 197 

distribution of Tajima’s D was investigated for each locus at all samples combined from each 198 

species, and separately for all individual populations in each species and the groups of 199 

populations defined for P. mugo. Statistically significant deviation from neutral model of 200 

evolution was evaluated by coalescence simulations as implemented in DnaSp v.5 software 201 

(Librado & Rozas, 2009). Orthologous sequences from the outgroup species P. pinaster 202 

(subgenus Pinus) were used in two heterogeneity tests, the McDonald-Kreitman (MDK) test 203 

(Thornton, 2005) and the Hudson-Kreitman-Aguadé (HKA) test (Jiggins et al., 2008). The 204 

significance of multilocus estimates of the Tajima’s D and HKA
 
test statistics were evaluated 205 

by comparison to a distribution generated by 1000 coalescent simulations using the HKA 206 

program (http://lifesci.rutgers.edu/~heylab). The MDK test was conducted in DnaSp v.5.  207 

 208 

LINKAGE DISEQUILIBRIUM AND HAPLOTYPE DIVERSITY AT NUCLEAR LOCI 209 

The level of linkage disequilibrium for each species was measured as the correlation 210 

coefficient r² (Hill & Robertson, 1968) using informative sites. The decay of linkage 211 

disequilibrium with physical distance was estimated using non-linear regression of r² between 212 

polymorphic sites and the distance in base pairs (bp) between sites. The non-linear least-213 

squares estimate of ρ (ρ=4Nec, were Ne is effective population size, c is the recombination 214 

rate) was fitted by the nls-function implemented in R statistical package (http://www.r-215 

project.org). For P. mugo, the level of linkage disequilibrium was also measured in the five 216 

geographical groups. The number of haplotypes (Ne) and haplotype diversity (Hd) were 217 

computed for each gene using DnaSP v.5. The number and frequency of unique and shared 218 

haplotypes in pairwise comparisons between species was calculated with Arlequin v.3 219 

(Excoffier, Laval & Schneider, 2005). To further check relationships between the samples at 220 

each locus, the haplotypes of combined datasets of all species were clustered in neighbour-221 

http://www.r-project.org/
http://www.r-project.org/
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joining analyses using genetic distances corrected for multiple hits as implemented in MEGA 222 

v.4 software (Tamura et al., 2007). Genealogical relationships among sequences were 223 

estimated by statistical parsimony using the method of Templeton et al. (1992) as 224 

implemented in TCS software (Clement, Posada & Crandall, 2000). Gaps in sequence 225 

alignments were coded in TCS analysis as missing data.  226 

 227 

COMPARISON OF POLYMORPHISM AND DIVERGENCE AT NUCLEAR LOCI 228 

Nucleotide polymorphism based on non-synonymous (πa) and synonymous (πs) sites and 229 

nucleotide divergence based on non-synonymous (Ka) and synonymous (Ks) sites relative to 230 

the outgroup P. pinaster species was calculated using DnaSP v.5 software. Interspecific 231 

differentiation between species was measured by the difference between the average pairwise 232 

divergence between species and the average intraspecific pairwise variation (net divergence; 233 

Nei (1987)), which should increase with time since speciation. Locus-by-locus estimates of 234 

net between-species divergence per site were obtained by correcting for within-species 235 

diversity using SITES 1.1. Silent divergence in pairwise comparisons between species at each 236 

locus was calculated in DnaSP v.5.   237 

 238 

POPULATION STRUCTURE AT NUCLEAR AND MTDNA LOCI 239 

To measure differentiation among populations and groups of populations within species a 240 

fixation index FST (Weir & Cockerham, 1984) was calculated for each locus and tested for 241 

significance by 1000 permutations as implemented in Arlequin v.3. As all species were 242 

closely related and may hybridize naturally, FST statistics were also estimated at the between 243 

species level. Differentiation between populations was also measured as a weighted average 244 

over all polymorphic sites. The hierarchical distribution of genetic variation among taxa and 245 

populations within taxa, among 5 geographical regions defined in P. mugo and among 246 

populations within regions was estimated at seven nuclear loci using an analysis of molecular 247 

variance (AMOVA) in Arlequin v.3. The genetic structure of the populations at nuclear loci 248 

was explored using the genetic mixture analysis of linked haploid sequences data as 249 

implemented in BAPS software (Corander & Tang, 2007). The MLST-format as a separate 250 

fasta file was used for each locus and ten independent runs were conducted for each K (1-15) 251 

to estimate the number of clusters for all samples combined and also separately for each 252 

species. The spatial distribution of mitochondrial haplotypes was mapped using the GIS 253 

software ArcMap in ArcGIS v9.2 (ESRI Ltd). 254 
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RESULTS 255 

NUCLEOTIDE DIVERSITY AND NEUTRALITY TESTS 256 

Across all species, the genetic background was very homogenous at the twelve nuclear loci. 257 

No fixed differences were found between the species; they shared ~60-74% of all 258 

polymorphic sites detected and they showed very similar and low average silent (~0.02) and 259 

net divergence (~0.001) (Figure 2, Table S4-S5).   260 

 261 

Overall, the average nucleotide diversity (π) at twelve loci was slightly higher in P. mugo as 262 

compared to P. uncinata and P. uliginosa at total (π=0.0118 vs. 0.0113 and 0.0091), silent 263 

(π=0.0183 vs. 0.0178 and 0.0141) and nonsynonymous sites (π=0.0070 vs 0.0058 and 264 

0.0048) (Table 1). This high nucleotide diversity was mostly due to the variation at six loci 265 

(chcs, dhn2, dhn7, dhn9, lp3-1 and lp3-3) with π>0.01. Multilocus estimates of silent theta (θ) 266 

were high for all species with θ = ~0.017 for P. mugo and slightly lower values for the other 267 

species (θ = ~0.013), however the estimates for all taxa showed broad and partly overlapping 268 

credibility intervals (Table 2, Figure 3). Very similar nucleotide divergence was found in 269 

each of the five geographical regions defined for P. mugo (θ= ~0.011-0.014) (Supplementary 270 

Table S6). In individual populations the average total nucleotide diversity at seven loci varied 271 

between π=0.0032 (M8) to π=0.0094 (UN4) (Table S7). 272 

 273 

A tendency towards an excess of singleton mutations across genes was detected at twelve loci 274 

in the three pine species (D= -0.681, D= -0.118 and D= -0.266, respectively) (Table 1) and in 275 

each of five geographical regions of P. mugo (Table S7), but the difference was not 276 

statistically significant (P>0.05). At individual loci and all samples combined for each 277 

species, a significantly negative value of Tajima’s D was found only in P. mugo at 4 loci 278 

(a3iP, ccoaomt, dhn3, erd; Table S3). At most individual loci and populations, D was not 279 

significantly different from zero with few exceptions including D<0 at locus a3ip (population 280 

UN9, P. mugo from Alps), ccoaomt (P. mugo from Carpathians, Balkans and Alps), dhn3 281 

(M8,12,13,15,UN2,5,8, P. mugo from Central Europe, Balkans and Apennines), erd (M8), 282 

dhn9 (UN2,6), lp33 (UN 3) and D>0 at abaR (M6,16, UN7), chcs (M6,14,15, UN5,7, UG1, 283 

P. mugo from Alps and Apennines), dhn2PP (M8), dhn3 (UN4). Average values of D in 284 

individual populations at 7 loci were not significantly different from zero (Table S7).   285 

 286 
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The taxa showed very similar divergence from the outgroup P. pinaster at all (Ks=~0.04) and 287 

silent nucleotide sites (Ks=~0.05). Positive correlation between within species polymorphism 288 

and divergence from the outgroup P. pinaster was found in the multilocus HKA test. No 289 

deviation from the standard neutral model of evolution was found in the McDonald-Kreitman 290 

test.  291 

 292 

LINKAGE DISEQUILIBRIUM AND HAPLOTYPE DIVERSITY 293 

Rapid decay of linkage disequilibrium between pairs of parsimony informative sites was 294 

found across the species (Figure S1) with observed r
2 

values of ~0.2 at
 
a distance of about 295 

100 to 500 bp. The decay of linkage
 
disequilibrium measured by non-linear least-squares 296 

estimate of ρ was more rapid for all samples combined in P. mugo (ρ= 0.0369±0.0028) as 297 

compared to P. uncinata (ρ =0.0054±0.0011) and P. uliginosa (ρ = 0.0051± 0.0010). The rate 298 

of decay of LD and the relative level of recombination to diversity (ρ / θ ratio) were about 299 

five times higher in P. mugo (ρ/θ=~2.2) as compared to the other taxa (ρ/θ=~0.4) (Table 2). 300 

The estimates of both LD and ρ / θ ratio in five geographical regions of P. mugo analysed 301 

separately were similar or slightly lower than for the other species (Supplementary Table S6).  302 

 303 

The average number of haplotypes per gene (Ne) differed between the species; however the 304 

overall haplotype diversity was similar with average Hd = ~0.6-0.7 (Table 1). About 30% of 305 

all haplotypes detected were shared in pairwise comparisons between species (Table S8) and 306 

the haplotypes did not cluster by taxon (or population) at any locus. In the network analysis, 307 

the haplotype with the highest outgroup probability was shared between all three taxa at each 308 

locus studied (see examples presented in Supplementary Figure S2). No major clade specific 309 

to one species or geographical location was detected in any of the haplotype networks. 310 

Unique haplotypes were found at each locus in each species except for loci a3ip, erd and lp3-311 

3 in P. uliginosa (Table S8). Across seven loci, every population in each of the three species 312 

contained at least one unique haplotype (except population M10, Table S7). 313 

 314 

POPULATION STRUCTURE AT NUCLEAR AND MITOCHONDRIAL GENE FRAGMENTS 315 

Average among population differentiation within the species at all polymorphic sites 316 

combined at seven loci was low but statistically significant (average FST=~0.06; ~0.03; ~0.03 317 

for P. mugo, P. uncinata and P. uliginosa, respectively). Significant differentiation was 318 
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present over the five P. mugo geographical groups (FST=~0.04, P<0.05, all polymorphic sites, 319 

7 loci). Significant pairwise differentiation was found between Central European vs. 320 

Carpathian (0.033) and Alpine (0.041) populations and also between Balkan and Apennine 321 

sites (0.043, Table S9). However, these values were largely due to populations M1, M4 and 322 

M13 that were significantly differentiated from most of the other populations (overall FST at 323 

15 populations excluding M1, M4 and M13 was ~0.016, P>0.05). In P. uncinata, this 324 

variation was due to populations UN4 and UN10, which were differentiated from UN1,2,5,10 325 

and most other populations, respectively (overall FST at 8 populations excluding UN4,10 was 326 

~0.018, P>0.05). In P. uliginosa populations UG1 and UG2 were significantly differentiated 327 

at only the locus erd (overall FST at 6 loci ~0.02, P>0.05). Pairwise FST at all polymorphic 328 

sites showed significant differentiation between each pair of taxa. At individual loci, 329 

significant differentiation was found between P. mugo and P. uncinata at 9 loci (except 330 

ccoaomt, dhn3, dhn7), between P. mugo and P. uliginosa at 5 loci (including a3ip, abaR, 331 

dhn2pp, erd, lp3-3) and between P. uliginosa and P. uncinata at 4 loci (including chcs, dhn2, 332 

erd, lp3-1).  333 

In a hierarchical AMOVA, P. mugo and P. uncinata showed weak but significant 334 

differentiation from each other (FCT = 0.022, P< 0.05). In total, about 90% of the variation 335 

was present within populations that showed significant within species differentiation 336 

(FSC=~0.056-0.083, p<0.001). No differentiation was found among the 5 geographical 337 

regions of P. mugo.  338 

The clustering analysis of all samples combined across the three pine species and also 339 

analysed separately for each of the species suggests in each case the presence of three genetic 340 

clusters (K = 3). However the clusters included mixtures of individuals from all species and 341 

populations and there was no clear correspondence with species or geographical region. In 342 

the three taxa, the samples from clusters 1 and 2 were present in all populations and 343 

geographical regions except for population M7, which contained only samples assigned to 344 

cluster 1, and population UN4, which contained only samples assigned to cluster 2. Cluster 3 345 

was the smallest, containing only 9 samples of P. mugo (from population M12 (1), 346 

M13(3),M15(1) and M17(4)), 5 samples of P. uncinata (populations UN4(4) and UN7(1)) 347 

and 8 of P. uliginosa (populations UG1(2), UG2(3), UG3(3)).  348 

In the mitochondrial genome three mitotypes were detected including 5bp insertion in nad7.1 349 

and 31bp deletion in nadHI regions (mitotype 1) and 5bp and 31bp deletions (mitotype 2)/ 350 

insertions (mitotype 3) in nad7.1 and nadHI regions, respectively. Mitotype 1 was the most 351 
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common in P. mugo and P. uliginosa populations. Mitotype 2 was found only in single P. 352 

mugo populations from Poland, Slovakia and Slovenia and the P. uliginosa population from 353 

Batorów reserve (Table S1). Mitotype three was detected in P. uncinata except one 354 

population of the species from Italy fixed for mitotype 1 (Figure1, Table S1).  355 

 356 

 357 

DISCUSSION 358 

GENETIC VARIATION AT NUCLEAR LOCI 359 

We used nucleotide polymorphisms at a set of nuclear loci to investigate patterns of 360 

nucleotide divergence in a complex of three European pine species. The loci selected are 361 

potentially related to dehydrative stress and/or cold tolerance in plants and may therefore play 362 

a role in local adaptation to mountain vs. lowland environments. Among these habitats, 363 

adaptive divergence might be generated by directional or balancing selection. For loci under 364 

directional selection, we would expect a loss of shared polymorphism and accumulation of 365 

fixed differences between taxa (Excoffier, 2004, Coyne & Orr, 2004). Alternatively, if 366 

balancing selection had acted we would expect maintenance of shared polymorphisms across 367 

populations and species. However, our data provide no evidence of selection as the loci 368 

showed very low variance in net divergence and for each taxon analyzed we observed a 369 

positive overall correlation between intraspecific polymorphism and divergence from the 370 

outgroup, P. pinaster. Therefore, we assume that nucleotide polymorphism at the loci was 371 

mostly due to neutral evolutionary processes and population history of the species.  372 

Despite large differences in census size of the populations and distribution range, the species 373 

showed similar levels of nucleotide polymorphism. The multilocus silent nucleotide diversity 374 

was high (θ = ~0.013-0.017) and similar to estimates for closely related Scots pine (P. 375 

sylvestris) at similar loci in Scotland (θsil=0.011, Wachowiak et al. (2011b) but higher than 376 

estimates for continental Scots pine populations (~0.005, Pyhäjärvi et al. 2007 ; ~0.0089, 377 

Wachowiak et al., 2009). Silent nucleotide diversity in the P. mugo complex was also higher 378 

than in other pine species  (e.g. P. taeda (González-Martinez et al., 2006) and P. pinaster 379 

(Eveno et al., 2008)). Haplotype diversity was high (Hd = ~0.7) and similar to that observed 380 

in P. sylvestris (Hd = 0.68; Wachowiak et al., 2009). High nucleotide and haplotype diversity 381 

was accompanied by a very similar genetic background across the study species, shown by 382 
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the high number of shared polymorphisms and haplotypes (Tables S4, S8), lack of fixed 383 

differences, and lack of monophyly at any of the nuclear loci studied. Furthermore, the 384 

analysis of genealogical relationships among sequences indicated the highest outgroup 385 

probability for those haplotypes shared between all three taxa and no major clade specific to 386 

one species or geographical location was detected in the haplotype networks (Figure S2).    387 

 388 

The high genetic similarity between taxa from P. mugo complex was in line with previous 389 

karyotype and molecular data. For instance no differences in genome organization (number 390 

of chromosomes 2n=24) or genome size (~40×10
3
 Mbp) were observed between P. mugo and 391 

P. uncinata (Bogunić et al., 2011). No differentiation of the taxa was observed using RAPD 392 

markers (Monteleone, Ferrazzini & Belletti, 2006) or cpSSR loci (Heuertz et al., 2010). Such 393 

genetic similarity can be accounted for by several factors that influence the level of 394 

nucleotide polymorphism including recent speciation history and interspecific gene flow. 395 

Similar levels of nucleotide diversity may suggest speciation has occurred more recently than 396 

the time needed for accumulation of fixed differences in neutrally evolving genomic regions. 397 

Relatively recent speciation (less than ~5mya) was suggested between closely related P. 398 

sylvestris and P. mugo / P. uliginosa (Wachowiak, Palme & Savolainen, 2011a). Considering 399 

the large effective population sizes, longevity, long generation intervals and efficient gene 400 

flow in pines, the time since divergence in the P. mugo complex has likely been too short for 401 

genetic drift to have generated significant interspecific differences relative to ancestral 402 

populations.  403 

 404 

INTERSPECIFIC GENE FLOW AND ONGOING SPECIES DIVERGENCE 405 

Retention of ancestral polymorphism could also be due to interspecific gene flow considering 406 

the lack of reproductive isolation between the taxa found in controlled crosses (Lewandowski 407 

& Wisniewska, 2006) and evidence for natural hybridization in contact zones between P. 408 

mugo and P. uliginosa, and between P. uncinata and closely related P. sylvestris (Wachowiak 409 

& Prus-Głowacki, 2008; Jasińska et al., 2010; Kormutak et al., 2008). By comparing spatial 410 

differentiation at biparentally and maternally inherited markers, the difference between long 411 

distance (pollen) and short distance (seed) gene flow can be assessed. In our study low 412 

differentiation across populations was found in cluster analysis at all nuclear gene loci; there 413 
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was no clear correspondence of clusters with particular species or geographical regions. Low 414 

differentiation between populations of the three taxa was found previously at other pollen 415 

mediated markers, e.g. isozymes (Lewandowski, Boratyński & Mejnartowicz, 2000), RAPDs 416 

(Monteleone et al., 2006) and cpSSR loci (Heuertz et al., 2010). This suggests the 417 

homogenizing effects of gene flow on species genetic diversity, as might be expected for 418 

highly outcrossing, wind-pollinated species. However, despite overall high genetic similarity 419 

between the species, limited seed mediated gene flow is suggested by the clear division at 420 

mitochondrial markers over a large geographical area, in particular between P. uncinata and 421 

P. mugo populations (Figure 1). Furthermore, our data provide some evidence of interspecific 422 

differentiation at individual nuclear loci, which suggests gene flow may not be unrestricted 423 

between the taxa. Unique haplotypes and polymorphic sites were found in most populations 424 

corresponding to significant differentiation between the taxa at several individual nuclear 425 

gene loci and significant differentiation between P. mugo and P. uncinata.  426 

 427 

Although more markers would be needed to improve resolution of the level of genetic 428 

difference among species our data suggest ongoing divergence and limited (or restricted to 429 

narrow contact zones) present day gene flow between the taxa. Ongoing divergence was 430 

suggested by karyotype observations of the heterochromatin patterns among P. mugo and P. 431 

uncinata (Bogunić et al., 2011) and despite similar genetic background, the taxa investigated 432 

here show a considerable amount of phenotypic divergence and can be clearly identified as 433 

morphological species. For instance they show significant differentiation in biometric traits 434 

including cone morphology (Marcysiak, 2004; Marcysiak & Boratyński, 2007), and 435 

morphological and anatomical traits of needles (Boratyńska & Bobowicz, 2001). However, 436 

the loci that drive phenotypic differentiation and adaptive divergence of the taxa remain 437 

unknown. Previous studies indicated that, although some genomic regions of large 438 

phenotypic effect may exist in forest tree species (Kinloch, Parks & Fowler, 1970; Howe et 439 

al., 2003), the majority of quantitative traits in trees are controlled by many genes with small 440 

individual effects. New methods for studies of the genetic basis of complex traits including 441 

genome-wide association genetics and genomic selection approaches will certainly shed new 442 

light on the genes under selection and will help to evaluate their effects in shaping phenotypic 443 

and physiological differences between closely related yet highly differentiated species.  444 

 445 



15 

 

DEMOGRAPHIC PATTERNS OF NUCLEOTIDE VARIATION 446 

At present, P. mugo and P. uncinata form mostly allopatric and discontinuous populations in 447 

mountainous regions of Europe whereas P. uliginosa is restricted to some postglacial 448 

peatbogs in Central Europe. Macrofossil data indicates an early Holocene presence of 449 

conifers at high elevations (>2000 m) in the northwestern Alps and Central Europe (Blarquez 450 

et al., 2010; Cheddadi et al., 2006) suggesting that some populations of cold tolerant species 451 

could have survived the last glacial maximum in mountain refugia located north of well 452 

known species hotspots in the Iberian, Apennine or Balkan peninsulas (Petit et al., 2003). For 453 

species like P. mugo and P. uncinata, post-glacial expansion at their lower altitudinal limit 454 

was followed, with climate warming, by gradual retreat to higher elevations (Burga, 1988; 455 

Ramil-Rego et al., 1998; Benito et al., 2007). Especially for P. mugo, our data provide 456 

molecular signatures that support the hypothesis of species range shifts rather than 457 

bottlenecks due to reduction of a previously bigger distribution. Pinus mugo showed a 458 

significant excess of singleton mutations at four loci, the only one of the taxa to do so, and 459 

the highest overall excess of low frequency nucleotide polymorphisms. This pattern of 460 

nucleotide diversity suggests range shifts related to recolonisation events, similar to findings 461 

in other pines (e.g. in continental European populations of P. sylvestris (Wachowiak, Balk & 462 

Savolainen, 2009) P. pinaster (Eveno et al., 2008) and other conifers (Brown et al., 2004, 463 

Beaulieu, Perron & Bousquet, 2004; Krutovsky & Neale, 2005; Heuertz et al., 2006)). As for 464 

P. mugo, range shifts and gradual retreat with climate warming were postulated for P. 465 

uncinata populations in modelling studies, based on distribution on the Iberian Peninsula 466 

during the last glacial maximum and Mid-Holocene (Benito et al., 2007). However, an excess 467 

of singleton mutations was observed in half of the P. uncinata and one of the P. uliginosa 468 

populations (Table S7) and there was a lower overall excess of low frequency variants in both 469 

species, accompanied by slower decay of LD relative to P. mugo (Table 1, Figure S1). This 470 

could be due to severe population size reduction: P. uliginosa in particular has a currently 471 

very limited and fragmented distribution and has experienced significant decline in recent 472 

decades (Wachowiak et al., 2011a; Wachowiak & Prus-Głowacki, 2009). 473 

 474 

A similar excess of singleton mutations was found across all geographical regions of P. mugo 475 

(Table S6). Pooling samples had no effect on the overall observed nucleotide frequency 476 

spectra. However, an overall decrease of LD in P. mugo was likely due to combining samples 477 
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with different demographic histories, as both the decay of linkage disequilibrium and the 478 

relationship between recombination and mutation parameter estimates in regional groups of 479 

the species (Table S6) were similar to the values observed for P. uncinata and P. uliginosa 480 

(Table 2). The signature of population expansion, marked by an excess of low frequency 481 

derived mutations and the presence of unique polymorphic sites and haplotypes, was found in 482 

most P. mugo populations. Large amounts of private variation were also reported in 483 

populations of P. mugo and other taxa from the P. mugo complex at chloroplast microsatellite 484 

loci (Dzialuk et al., 2009; Heuertz et al., 2010). Regardless of the timing of the expansion 485 

event, it seems that the signal of population growth has persisted in P. mugo populations 486 

despite recent (late Holocene) range contraction. 487 

 488 

GENETIC STRUCTURE AT INTRA-SPECIFIC LEVEL 489 

Our nuclear gene study suggests that there is little population substructure within taxa. In P. 490 

mugo, evidence of population differentiation was found between Central European and 491 

Carpathian and Alpine populations, and also between Balkan and Apennine populations. As 492 

discussed previously, some evidence for sampling across populations with different 493 

demographic histories was found, namely the difference in patterns of nucleotide diversity 494 

among regional groups relative to species wide variation (Tables 2, S6). Some heterogeneity 495 

among Carpathian populations of P. mugo were found in biometric investigations of needles 496 

and cones (Boratyńska, Marcysiak & Boratyński, 2005). This study suggested a common 497 

origin of P. mugo from central and southern Europe including one Carpathian and two 498 

Sudeten populations and a very distant and isolated population from the Abruzzian 499 

Apennines (Boratyńska et al., 2005). No significant interpopulation differentiation was 500 

reported at allozyme loci in Bulgarian populations of P. mugo (Slavov & Zhelev, 2004) and 501 

four P. mugo populations from Austria and France at cpSSRs loci (Heuertz et al., 2010). In 502 

our sample of P. uncinata, only two populations from Central Pyrenees were distinct from 503 

other populations. However, the marginal southernmost population from Sierra de Gúdar, 504 

which was one of the most differentiated P. uncinata populations at cpSSR loci (Dzialuk et 505 

al., 2009, Heuertz et al., 2010) showed no significant differentiation at the nuclear loci 506 

studied. In other P. uncinata studies, low differentiation among some Pyreneean populations 507 

was reported at allozyme loci (Lewandowski et al., 2000) and sclerenchyma cell types of 508 

needles (Boratyńska & Boratyński, 2007).  509 
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Some evidence for sub-structuring was evident in the mtDNA data. All P. mugo and two P. 510 

uliginosa populations were fixed for, or contained, mitotype 1 (Figure 1, Table S1). This 511 

mitotype was present in only one population of P. uncinata species that was otherwise fixed 512 

for mitotype 3. This suggests a possible hybrid origin for this P. uncinata population from 513 

Italy as it grows in close proximity to P. mugo and both species are known to hybridize in 514 

contact zones in the Alps (Christensen, 1987a; Businsky´ & Kirschner, 2006; Marcysiak & 515 

Boratyński, 2007). Alternatively, the mitotype 1 may simply be present in P. uncinata at low 516 

frequency. Therefore, considering the maternal inheritance and seed mediated dispersal of 517 

mitochondrial genomes in pines, denser sampling of P. uncinata would be needed to confirm 518 

whether mitotype 1 is species-diagnostic for P. mugo vs. P. uncinata and if, together with 519 

mitotype 3, could be used in hybridization studies in contact zones of the species. Similarly, 520 

mitotype 2 was found only in three P. mugo populations from central and eastern part of the 521 

species distribution and in one P. uliginosa population, which suggests independent 522 

demographic and/or evolutionary histories for these populations. However, a larger number 523 

of mitochondrial markers would be required to detect population substructure and reconstruct 524 

postglacial recolonisation routes.  525 

 526 

CONCLUSIONS 527 

Our study shows very high similarity in genetic variation between morphologically distinct 528 

pine species from the P. mugo complex. Lack of clear assignment of samples to species or 529 

geographical regions suggests a common evolutionary history and recent divergence but also 530 

potential phenotypic differentiation of the taxa due to likely limited interspecific gene flow. 531 

Larger numbers of markers are needed to improve resolution of genetic differences among 532 

species and populations. High morphological and ecological differentiation between the 533 

species, despite low genetic differentiation, suggests that natural selection has likely acted on 534 

very limited areas of the genome. Therefore this pine species complex will provide a valuable 535 

model for ongoing studies of the genetic basis of adaptive variation and speciation.  536 
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 699 

 Figure Legend: 700 

Figure 1.  701 
Geographical location of the analysed populations of the pine species from the Pinus mugo 702 

complex and distribution of mitotypes detected at the mtDNA regions (see Table S1 and text 703 
for details).  704 

 705 
[Text under the Figure 1]  706 
Colours represent different mitotypes detected based on the presence/absence of 5bp and 31bp insertion/deletion 707 
in the nad7.1 and nadHI mtDNA regions, respectively. Mitotype 1 (green): 5bp insertion and 31bp deletion; 708 
mitotype 2 (yellow): 5bp and 31bp deletions, mitotype 3 (red): 5bp and 31bp insertions, respectively. Sizes of 709 
circles correspond to number of samples analysed in each population ranging from 12 to 4 (UG2). 710 
 711 

Figure 2.  712 
Distribution of polymorphic sites detected at the nuclear loci in pairwise comparisons 713 
between species. M – P. mugo, PUN – P. uncinata, PUG – P. uliginosa. 714 

 715 

Figure 3.  716 
Posterior densities of multilocus θ (per base pair) for the analysed taxa at 12 nuclear loci. 717 

Credibility intervals are reported in Table 2. 718 

 719 

  720 
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Figure 1.  721 
Geographical location of the analysed populations of the pine species from the Pinus mugo 722 
complex and distribution of mitotypes detected at the mtDNA regions (see Table S1 and text 723 
for details).  724 
 725 

 726 
 727 
Colours represent different mitotypes detected based on the presence/absence of 5bp and 31bp insertion/deletion 728 
in the nad7.1 and nadHI mtDNA regions, respectively. Mitotype 1 (green): 5bp insertion and 31bp deletion; 729 
mitotype 2 (yellow): 5bp and 31bp deletions, mitotype 3 (red): 5bp and 31bp insertions, respectively. Sizes of 730 
circles correspond to number of samples analysed in each population ranging from 12 to 4 (UG2). 731 
 732 
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Figure 2.  734 
Distribution of polymorphic sites detected at the nuclear loci in pairwise comparisons 735 
between species. M – P. mugo, PUN – P. uncinata, PUG – P. uliginosa. 736 

 737 
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Figure 3.  739 
Posterior densities of multilocus θ (per base pair) for the analysed taxa at 12 nuclear loci. 740 
Credibility intervals are reported in Table 2. 741 
 742 
 743 

744 
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Tables:  745 
Table 1. Average nucleotide and haplotype diversity and divergence at 12 nuclear loci  746 

 

  

Nucleotide diversity  Haplotype diversity Divergence 

 Species N Ltotal Stotal total L silent S sil. silent Snonsyn nonsyn D Ne Hd (SD) Ktotal Ksilent 

P. mugo 1362 4851 321 (108) 0.0118 2351 17.3 0.0185 9.5 0.0070 -0.681 289 0.730 (0.026) 0.043 0.051 

P. uncinata 747 4851  213 (41) 0.0113 2350 12.3 0.0178 5.5 0.0058 -0.118 150 0.687 (0.042) 0.044 0.053 

P. uliginosa 404 4851 173 (65) 0.0091 2379 9.16 0.0141 4.3 0.0048 -0.266 96 0.623 (0.055) 0.041 0.050 

N – total number of sequences analysed; L – total length of sequence in base pairs excluding indels; S- total number of polymorphic sites detected (number of singleton 747 
mutations);  – nucleotide diversity (Nei 1987); D – Tajima’s D test (Tajima 1989); Ne – total number of haplotypes; Hd – haplotype diversity (standard deviation); K – 748 
average pairwise divergence per site to the outgroup P. pinaster  749 
 750 
 751 
 752 
Table 2. Nucleotide diversity estimates at 12 nuclear loci  753 
 Species θ

a
 C.I. (95%)

b
 ρ 

c
 ρ / θ

d
 

P. mugo 0.0169 0.0139 - 0.0204 0.0369 (0.0028) 2.18 

P. uncinata 0.0134 0.0106 - 0.0166 0.0054  (0.0011) 0.403 

P. uliginosa 0.0126 0.0098 - 0.0162 0.0051 (0.0010) 0.405 
a
 median for silent sites;  754 

b 
95% credibility intervals for θ;  755 

c
 recombination rate parameter ρ (standard error in parenthesis),  756 

d 
the ration between least-squares estimate of ρ and silent θ; 757 

 758 

 759 
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Supporting Information 

Table S1. Geographic origin of the samples and corresponding haplotypes at the two mtDNA fragments found in each population.  

No Species Population Acronym Latitude N 

Longitude 

E Altitude Mitotype
1
 

1 P. mugo Poland, Sudety Mts, Czarny Kocioł Jagniątkowski M1.1 50
0
47’05’’ 15

0
35’30’’ 1350 1 

2 P. mugo Poland, Sudety Mts, Śląskie Kamienie M1.2 50°46′35″  15°36′08″  1400 1 

3 P. mugo Poland, Tatra Mts., Wołowiec  M2 49
0
13’07’’ 19

0
45’50’’ 1620 1,2 

4 P. mugo Slovakia, Lower TatraMts., Łysa M3  49
0
00’43’’  19

0
39’35’’ 1500 1,2 

5 P. mugo Romania, Easter Carpathians, Prislop Pass M4  47
0
34’03’’  24

0
48’00’’ 1720 1 

6 P. mugo Romania, Southern Carpathians, Busteni M5  45
0
25’55’’  25

0
27’06’’ 2070 1 

7 P. mugo Bulgaria, Rila Mts, Belitsa  M6 42
0
04’01’’   23

0
30’00’’ 2100 1 

8 P. mugo Bulgaria, Pirin Mts.,Vikhren M7  41
0
46’07’’  23

0
25’22’’ 2000 1 

9 P. mugo Montenegro, Durmitor Mts., Zabljak M8  43
0
09’33’’  19

0
05’27’’ 2100 1 

10 P. mugo  Bosnia and Herzegovina, Bjelasnica Mts. M9  43
0
45’00’’  18

0
13’08’’ 2120 1 

11 P. mugo Slovenia, Kamnik – Savinja Alps M10  46
0
21’10’’  14

0
34’43’’ 1600 1,2 

12 P. mugo Germany, Bavarian Alps, Kreuzspitze M11  47
0
31’30’  10

0
55’12’’ 1870 1 

13 P. mugo Austria, Karwendel Mts., Scharnitz M12  47
0
22’42’’  11

0
17’45’’ 1400 1 

14 P. mugo Italy, Prealpi Venete, Lago di Tovel M13  46
0
15’39’’  10

0
56’46’’ 1200 1 

15 P. mugo Austria, Steirisch-Niederoserreichische, Turntaler-Kogel M14  47
0
41’18’’  15

0
29’32’’ 1600 1 

16 P. mugo Italy, Alps, Col de Tende M15  44
0
08’00’’  7

0
22’30’’ 2000 1 

17 P. mugo Italy, Abruzzi, La Maiella M16 41
0
46’20”   13

0
58’30’’ 2200 1 

18 P. mugo Ukraine, Carpathians, Charnokhora M17  48
0
08’00’’  24

0
37’30’’ 1250 1 

19 P. uncinata Andorra, Eastern Pyrenees, Vall de Ransol UN1  42
0
35’02’’  1

0
38’21’’ 2025 3 

20 P. uncinata Andorra, Eastern Pyrenees, San Miguel de Engolasters UN2  42
0
31’28’’  1

0
34’12’’ 2000 3 

21 P. uncinata Spain, Eastern Pyrenees, Vall de Nuria UN3  42
0
20’45’’  2

0
06’15’’ 2200 3 

22 P. uncinata Spain, Central Pyrenees, Port de la Boniagua  UN4  42
0
39’48’’  0

0
57’44’’ 2100 3 

23 P. uncinata Spain, Western Pyrenees, Castiello de Jaca UN5  42
0
41’19’’  -0

0
32’12’’ 1720 3 

24 P. uncinata Spain, Sierra de Gudar UN6  40
0
28’49’’  -0

0
41’51’ 2000 3 

25 P. uncinata France, Eastern Pyrenees, Col de Jau UN7  42
0
39’19’’  2

0
15’22’’ 1520 3 

26 P. uncinata Italy, Alps, Claviere UN8  44
0
56’20’’  6

0
44’00’’ 1300 1 

27 P. uncinata France, Col de la Croix de Morand UN9  45
0
35’58’’  2

0
50’44’’ 1200 3 

28 P. uncinata Spain, Benasque UN10  42
0
37’19’’  0

0
39’51’’ 1450 3 

29 P. uliginosa Poland, Low Silesian Pinewood, Węgliniec UG1  51
0
17’50’’ 15

0
14’20’’ 190 1 

30 P. uliginosa Poland, Wielkie Torfowisko Batorowskie reserve UG2  50
0
27’32’ 16

0
23’01’’ 750 2* 

31 P. uliginosa Germany, Mittenwald  UG3  47
0
28’50’’  11

0
16’27’’ 856 1 

1 – mitotypes detected based on the presence/absence of 5bp and 31bp insertion/deletion in the nad7.1 and nad1HI mtDNA regions, respectively. Mitotype 1: 5bp insertion and 31bp deletion; mitotype 2: 5bp and 31bp 
deletions, mitotype 3: 5bp and 31bp insertions, respectively.  

* only four samples from that population were successfully amplified at nad7.1 gene fragment.  
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Table S2. Nuclear loci included in the nucleotide diversity analyses and PCR amplification conditions. 

Gene Protein / Function Ta(°C) [MgCl₂] 

a3ip2 ABI3-interacting protein 2 61 1.5 

abaR abscisic acid responsive protein 53 1.5 

ccoaomt caffeoyl CoA O-methyltransferase 60 1.5 

chcs chalcone synthase 61 1.5 

dhn2 dehydrin 2 – dehydrative stress response 64 1.5 

dhy2PP dehydrin – dehydrative stress response 61 1.5 

dhn3 dehydrin 3 – dehydrative stress response 60 1.5 

dhn7 dehydrin 7 – dehydrative stress response 56 1.5 

dhn9 dehydrin 9 – dehydrative stress response 54 1.5 

erd3 early responsive to dehydration 3 57 1.5 

lp3-1  ABA and WDS induced gene-1 61 1.5 

lp3-3 ABA and WDS induced gene-3 63 1.5 

nad1EG NADH dehydrogenase subunit 1 intron 1 60 1.5 

nad7.1 NADH dehydrogenase subunit 7 intron 1 55 1.5 

 

Table S3. Summary statistics of nucleotide and haplotype variation and frequency distribution spectrum of polymorphism at analysed nuclear 

loci in the three taxa of the P. mugo complex.  

 

 

  

Nucleotide diversity  Haplotype diversity Divergence 

Locus  Species N Ltotal Stotal total L silent S sil. silent Snonsyn nonsyn D Ne Hd (SD) Ktotal Ksilent 

a3ip2 P. mugo 162 304 8 (8) 0.0003 295.0 8 0.0003 - - -2.107
*
 7 0.073 (0.028) 0.0217 0.0217 

 

P. uncinata 82 304 4(2) 0.0010 295.0 5 0.0010 - - -1.586 6 0.247 (0.062) 0.0221 0.0221 

  P. uliginosa 24 304 2 (0) 0.0015 297.0 2 0.0015 - - -0.354 3 0.42 (0.0121) 0.0223 0.0223 

abaR P. mugo 169 406 24 (12) 0.0078 162.7 11 0.0119 13 0.0047 -0.842 26 0.873 (0.016) 0.0473 0.0417 

 

P. uncinata 78 406 14 (4) 0.0063 162.8 6 0.0103 8 0.0027 -0.652 15 0.839 (0.033) 0.0468 0.0421 

  P. uliginosa 39 406 14 (4) 0.0064 164.7 6 0.0073 8 0.0057 -0.829 14 0.834 (0.052) 0.0454 0.0370 

ccoaomt P. mugo 121 385 14 (6) 0.0021 276.3 13 0.0028 1 0.0002 -1.860
*
 11 0.435 (0.054) 0.0188 0.0274 

 

P. uncinata 90 385 7 (3) 0.0012 273.3 7 0.0016 0 0.0000 -1.609 8 0.285 (0.062) 0.0186 0.0273 

  P. uliginosa 45 385 5 (3) 0.0015 276.3 5 0.0020 0 0.0000 -1.252 5 0.311 (0.084) 0.0186 0.0271 
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chcs P. mugo 151 306 23(11) 0.0141 148.4 16 0.0283 7 0.0007 0.129 26 0.866 (0.015) 0.0226 0.0469 

 

P. uncinata 83 306 17 (1) 0.0160 148.3 14 0.0306 4 0.0022 1.021 16 0.857 (0.019) 0.0260 0.0470 

  P. uliginosa 45 306 14 (3) 0.0141 148.3 14 0.0290 0 0.0000 1.059 15 0.909 (0.025) 0.0225 0.0470 

dhn2 P. mugo 65 535 25(8) 0.0102 231.9 21 0.0136 5 0.0059 -0.711 28 0.917 (0.023) 0.0401 0.0440 

 

P. uncinata 37 535 18(3) 0.0111 236.9 12 0.0144 6 0.0068 0.291 19 0.91 (0.031) 0.0400 0.0438 

  P. uliginosa 11 535 16(5) 0.0125 242.9 12 0.0160 4 0.0078 -0.096 10  0.982 (0.046) 0.0403 0.0451 

dhn2PP P. mugo 153 426 27(10) 0.0072 169.3 18 0.0165 10 0.0011 -1.124 39 0.921(0.012) 0.0309 0.0243 

 

P. uncinata 93 426 19 (6) 0.0087 168.8 15 0.0197 4 0.0013 -0.054 18 0.894(0.015) 0.0323 0.0338 

  P. uliginosa 45 426 13 (6) 0.0064 169.7 10 0.0145 3 0.0009 -0.203 11 0.877 (0.022) 0.0300 0.0285 

dhn3 P. mugo 169 271 23(6) 0.0054 95.4 15 0.0064 8 0.0047 -1.820
*
 16 0.313(0.047) 0.0421 0.0581 

 

P. uncinata 83 271 18(5) 0.0067 95.4 12 0.0081 6 0.0059 -1.518 10 0.453(0.067) 0.0418 0.0578 

  P. uliginosa 45 271 12(2) 0.0106 95.4 8 0.0128 5 0.0095 0.0896 3 0.275 (0.074) 0.0375 0.0524 

dhn7 P. mugo 40 262 15(3) 0.0124 122.2 9 0.0218 6 0.0112 0.866 9 0.812(0.04) 0.0700 0.0764 

 

P. uncinata 16 262 12(2) 0.0181 124.2 7 0.0244 5 0.0133 1.664 5 0.767(0.066) 0.0676 0.0690 

  P. uliginosa 28 262 12(2) 0.0156 122.2 6 0.0229 6 0.0101 1.453 6 0.646(0.074) 0.0700 0.0782 

dhn9 P. mugo 61 569 63(22) 0.0244 189.4 28 0.0306 35 0.0210 -0.487 27 0.939(0.015) 0.1457 0.1572 

 

P. uncinata 46 569 39(4) 0.0160 188.4 22 0.0204 17 0.0136 -0.369 10 0.666(0.074) 0.1436 0.1509 

  P. uliginosa 35 569 40(15) 0.0200 189.3 22 0.0267 18 0.0162 0.074 9 0.701 (0.072) 0.1436 0.1531 

erd3 P. mugo 117 586 25(16) 0.0022 288.2 20 0.0042 5 0.0003 -2.120
*
 22 0.719(0.036) 0.0063 0.0090 

 

P. uncinata 49 586 3(2) 0.0010 289.2 3 0.0020 0 0.0000 -0.266 4 0.548(0.031) 0.0060 0.0087 

  P. uliginosa 45 586 4(3) 0.0004 289.2 4 0.0007 0 0.0000 -1.764 5 0.207(0.079) 0.0053 0.0072 

lp3-1 P. mugo 89 357 32(4) 0.0191 253.1 25 0.0205 6 0.0098 0.046 60 0.984(0.006) 0.0345 0.0429 

 

P. uncinata 48 357 28(6) 0.0195 246.4 25 0.0241 3 0.0058 0.057 29 0.965 (0.012) 0.0368 0.0485 

  P. uliginosa 15 357 13(4) 0.0113 262.4 11 0.0139 2 0.0032 -0.092 10  0.924 (0.053) 0.0297 0.0389 

lp3-3 P. mugo 65 444 31(2) 0.0367 118.7 23 0.0650 9 0.0171 1.853 18 0.909(0.018) 0.0368 0.0581 

 

P. uncinata 42 444 26(3) 0.0305 121.8 19 0.0565 7 0.0120 1.598 10 0.81(0.037) 0.0487 0.0852 

  P. uliginosa 12 444 24(18) 0.0199 121.7 18 0.0349 6 0.0092 -1.199 5 0.667(0.141) 0.0612 0.1123 

Average/ P. mugo 113.5 4851 25.8 (9) 0.0118 2351 17.3 0.0185 9.5 0.0070 -0.681 24.1 0.730 (0.026) 0.0431 0.0507 

Total P. uncinata 62.3 4851 17.1(3.4) 0.0113 2350 12.3 0.0178 5.5 0.0058 -0.118 12.5 0.687 (0.042) 0.0442 0.0530 

  P. uliginosa 29.4 4851 13.1(5.4) 0.0091 2379 9.16 0.0141 4.3 0.0048 -0.266 7.8 0.623(0.055) 0.0407 0.0497 

N – number of individual samples (alleles) analysed; S – number of polymorphic sites detected (singletons); L – length of sequence in base pairs including indels;   – 

nucleotide diversity (Nei 1987); Ne– number of haplotypes; Hd – haplotype diversity (standard deviation); D test (Tajima 1989); 
*
P<0.05; Ks –pairwise divergence per site to 

the outgroup P. pinaster using Jukes-Cantor correction. 
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Table S4. Number of shared and exclusive polymorphisms and fixed differences among the three pine taxa at 12 nuclear loci. 

 P. mugo – P. uncinata  P. mugo – P. uliginosa  P. uncinata– P . uliginosa 

 shared exclusive fixed  shared exclusive fixed  shared exclusive fixed 

Locus  S1 S2    S1 S2    S1 S2  

a3ip2 1 7 3 0  1 7 1 0  2 2 0 0 

abaR 11 13 4 0  11 13 4 0  10 5 5 0 

ccoaomt 4 10 3 0  5 9 0 0  4 3 1 0 

chcs 11 12 6 0  11 12 3 0  10 7 4 0 

dhn2 17 11 3 0  15 13 2 0  14 6 3 0 

dhn2PP 13 14 6 0  9 18 4 0  12 7 1 0 

dhn3 15 9 4 0  12 12 1 0  12 7 1 0 

dhn7 11 4 1 0  10 5 2 0  11 1 1 0 

dhn9 36 27 3 0  35 28 5 0  34 5 6 0 

erd3 2 23 1 0  3 22 0 0  1 2 2 0 

lp3-1 24 9 4 0  11 22 2 0  11 17 2 0 

lp3-3 27 10 3 0  26 11 0 0  22 8 4 0 

Total 172 149 41 0  149 172 24   143 70 30  

% 64.4 27.9 7.7 0  60.3 34.8 4.9 0  74.1 18.1 7.8 0 

* one SNP is a replacement change between hydrophobic Valine and Phenylalanine and the second one is in a noncoding 
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Table S5. Net divergence per base pair and silent divergence between the three pine taxa at 12 nuclear loci.  

 Net divergence Silent divergence 

P. mugo P. mugo P. mugo P. mugo P. mugo P. mugo 

Locus - P. uncinata - P. uncinata -P. uliginosa - P. uncinata - P. uncinata -P. uliginosa 

a3ip2 0.0000 0.0000 0.0010 0.0007 0.0010 0.0012 

abaR 0.0002 0.0002 0.0000 0.0117 0.0084 0.0072 

ccoaomt 0.0000 0.0000 0.0000 0.0023 0.0021 0.0016 

chcs 0.0012 0.0001 0.0020 0.0324 0.0296 0.0352 

dhn2 0.0008 0.0005 0.0004 0.0154 0.0151 0.0154 

dhn2PP 0.0003 0.0002 0.0001 0.0190 0.0161 0.0174 

dhn3 0.0000 0.0005 0.0003 0.0073 0.0096 0.0104 

dhn7 0.0007 0.0003 0.0007 0.0248 0.0231 0.0256 

dhn9 0.0015 0.0002 0.0004 0.0283 0.0298 0.0247 

erd3 0.0003 0.0001 0.0003 0.0038 0.0027 0.0020 

lp3-1 0.0010 0.0010 0.0018 0.0229 0.0176 0.0223 

lp3-3 0.0034 0.0087 0.0015 0.0682 0.0708 0.0508 

Average  0.0008 0.0010 0.0007 0.0197 0.0188 0.0178 

 

Table S6. Nucleotide diversity estimates at 12 nuclear loci for the 5 geographical groups of P. mugo studied 
Groups θ

a
 C.I. (95%)

b
 ρ 

c
 ρ / θ

d
 D

e
 

Central Europe 0.0113 0.0083 - 0.0150 0.00036  (0.00057)   0.0317 -0.180 

Carpathians 0.0141 0.0107 - 0.0186 0.00243  (0.00060) 0.1723 -0.288 

Balkans 0.0128 0.0098 – 0.0166 0.00297  (0.00078) 0.2320 -0.523 

Alps 0.0133 0.0017 - 0.0103 0.00520  (0.00096) 0.3910 -0.259 

Apennines 0.0110 0.0017 - 0.0204 0.00052  (0.00079) 0.0473 -0.273 
a
 median for silent sites;  

b 
95% credibility intervals for θ;  

c
 recombination rate parameter ρ (standard error in parenthesis) 

d 
the ration between least-squares estimate of ρ and silent θ 

e
D test (Tajima 1989); 
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Table S7. Nucleotide and haplotype variation and frequency distribution spectrum of polymorphism at seven nuclear loci in the analysed populations of taxa 

from the P. mugo complex. Populations acronyms as in Table 1.  

Population L total S total total D N  Population L total S total total D N  

M1_1 2636 25 0.0040 -0.441 20 (3) M16 2634 29 0.0047  0.142 25 (3) 

M1_2 2640 27 0.0036 -0.643 19 (1) M17 2640 41 0.0084  0.253 24 (9) 

M2 2638 28 0.0043 -0.427 22 (5) UN1 2640 32 0.0045 -0.161 26 (3) 

M3 2639 29 0.0055 -0.336 22 (2) UN2 2641 33 0.0049 -0.245 29 (2) 

M4 2636 39 0.0055 0.044 32 (10) UN3 2639 31 0.0054 -0.204 21 (1) 

M5 2635 30 0.0045 0.178 26 (6) UN4 2056 46 0.0094  0.084 23 (3) 

M6 2639 31 0.0054 0.574 24 (5) UN5 2640 48 0.0068 -0.122 30 (8) 

M7 2635 35 0.0054 0.321 31 (8) UN6 2636 36 0.0049  0.043 27 (4) 

M8 2637 26 0.0032 -0.166 25 (4) UN7 2371 25 0.0053  0.574 17 (1) 

M9 2631 30 0.0051 0.003 25 (3) UN8 2049 33 0.0069  0.210 18 (3) 

M10 2643 27 0.0038 -0.821 22 (0) UN9 2637 30 0.0047  0.154 25 (2) 

M11 2635 34 0.0058 -0.278 25 (2) UN10 2055 34 0.0052 -0.409 16 (2) 

M12 2640 46 0.0063 -0.299 36 (4) UG1 2638 50 0.0062 -0.145 35 (5) 

M13 2059 31 0.0064 -0.147 19 (5) UG2 2641 36 0.0060  0.320 29 (4) 

M14 2642 31 0.0048 -0.194 24 (6) UG3 2254 34 0.0049  0.053 29 (3) 

M15 2637 39 0.0062 -0.410 21 (4) 

    

  

L – length of sequence in base pairs including indels; S – number of polymorphic sites detected;   – nucleotide diversity (Nei 1987); D test (Tajima 1989); N – number of haplotypes including 

indels (unique haplotypes in parenthesis). 
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Table S8. Number of shared and exclusive haplotypes at 12 nuclear loci between the three pine taxa  

 P. mugo – P. uncinata  P. mugo – P. uliginosa  P. uncinata – P . uliginosa 

 shared exclusive  shared exclusive  shared exclusive 

Locus  S1 S2   S1 S2   S1 S2 

a3ip2 2 5 4  2 5 1  3 3 0 

abaR 9 17 7  9 17 6  8 8 7 

ccoaomt 3 8 5  4 7 1  4 4 1 

chcs 8 17 8  9 16 7  7 9 9 

dhn2 4 17 12  2 19 7  0 16 9 

dhn2PP 6 23 13  7 23 5  3 17 9 

dhn3 5 10 5  2 13 1  2 8 1 

dhn7 3 6 2  4 5 2  3 2 3 

dhn9 6 21 4  6 21 3  6 4 3 

erd3 2 20 2  4 18 0  2 2 2 

lp3-1 7 54 22  2 59 8  1 28 9 

lp3-3 8 15 5  5 18 0  2 11 3 

Total 63 213 89   56 221 41   41 112 56 

% 29.3 50.0 20.7   30.0 59.0 11.0   32.8 44.8 22.4 

 

Table S9. Pairwise FST values at all polymorphic sites combined across seven nuclear loci between five geographical regions of P. mugo.  

Group 1 2 3 4 

1. Central Europe - 

   2. Carpathians 0.033
*
 - 

  3. Balkans 0.019 -0.008 - 

 4. Alps 0.041
*
 -0.006 0.018 - 

5. Apennines 0.025 0.020 0.043
*
 -0.002 

*
p<0.05 
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Table S10. FST values at individual loci in pairwise comparisons between the three pine taxa.  

 

P. mugo – P. uncinata P. mugo – P. uliginosa P. uncinata – P . uliginosa 

a3ip2 0.034
**

 0.177
***

 0.009 

abaR 0.028
**

 0.029
*
 0.000 

ccoaomt 0.012 -0.005 0.002 

chcs 0.084
***

 0.004 0.126
***

 

dhn2 0.109
***

 0.010 0.092
**

 

dhy2PP 0.033
**

 0.029
**

 0.009 

dhn3 -0.002 0.023 0.006 

dhn7 0.042 0.029 0.064 

dhn9 0.056
*
 -0.001 0.034 

erd3 0.153
***

 0.031
*
 0.271

***
 

lp3-1  0.042
**

 0.035 0.072
**

 

lp3-3 0.063
*
 0.219

**
 0.052 

*
p<0.05, 

**
p<0.01, 

***
p<0.001 
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Figure S1. Scatter plot of the squared correlation coefficient of allele frequencies (r
2
) as a function of distance in base pairs between pairs of polymorphic 

sites in P. mugo (A), P. uncinata (B) and P. uliginosa (C) at all nuclear loci combined. Decline in linkage disequilibrium is shown by nonlinear fitting curve 

of the mutation-recombination-drift model (see material and methods section for details). Recombination rate parameter ρ (standard error in parenthesis) for 

P. mugo is ρ= 0.0369 (0.0028), for P. uncinata is ρ =0.0054  (0.0011) and ρ = 0.0051 (0.0010) for P. uliginosa.   

A.       B.       C.  
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Figure S2 A-D. An example of TCS haplotype network of the four genes (a3ip, abaR, ccoaomt, erd3, respectively) as calculated by statistical 

parsimony with gaps in the data set coded as missing. The haplotype with the highest outgroup probability is displayed as a square, while other 

haplotypes are displayed as ovals. Haplotype frequencies are proportional to the size of the oval and small empty circles on branches are 

representative of haplotypes missing from the data set. Corresponding samples are represented by the names of the populations they belong to 

listed in Table S1. As evident from the genes genealogies, the outgroup haplotypes are shared between all three taxa. There was any major clade 

detected in the haplotype network specific to any species or geographical location.   

 

 

A. a3ip2 
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B. abaR 
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C. ccoaomt 
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D. erd3 
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