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1. INTRODUCTION AND OBJECTIVES

Scots pine (Pinus sylvestris L.) is a long-lived coniferous species of the Pinaceae family which
occupies a continuous range as the dominant tree species of the Eurasian taiga communities
(Pravdin 1969). On the southern and western edge of its wide distribution Scots pine has
survived in small peripheral populations considered to be remnants from the Quaternary when
pines were more widespread in Eurasia. As well, Scots pine has survived during the LGM in
several southern latitude refugia across Europe in highly disperse isolated populations.

Along the Carpathian Mountain range Scots pine is distributed in island-like peripheral
populations (Fekete and Blattny 1913), but there are also scattered natural populations sustained
in mixed forest stands, with broad-leaved species in the western Pannonian Basin, at the
foothills of the Alps (Pocs 1960, Fekete et al. 2014). Postglacial climate warming of the
Holocene, forced Carpathian Scots pine populations to immigrate into edaphically specialized
habitat types, including humid, cool peatbogs and sunny, dry, rocky outcrops (Giertych and
Matyas 1991, Matias and Jump 2012). In these habitats populations are strongly influenced by
the interplay of genetic drift, gene flow and natural selection. Ongoing processes are also
affected by the historical demographical events (Eckert et al. 2008).

Former study by Bernhardsson et al. (2016), has reported that populations from the
Carpathians and the Pannonian Basin present low level of differentiation among the populations
and the impact of Holocene population fragmentation. Despite combined pollen, macrofossils
and organelle DNA analysis that could detect glacial refugia in the Pannonian Basin along the
Danube, previous molecular studies performed in the region reported lack of geographic
structure both with mtDNA and cpDNA within the Carpathian Mountains (Cheddadi et al.
2006, Bernhardsson et al. 2016). Similarly, no variation and no phylogeographic structure in
mitochondrial DNA was found in provenance trials conducted in the region by Celepirovi¢ et
al. (2009). Historical demographic evaluations based on molecular genetic data were not
conducted within the Carpathian Mountains. According to the fossil records, Scots pine has a
complex spatio-temporal history in Central-Eastern Europe during the Holocene, influenced
mainly by oscillations of the climate and also affected by human activities (Feurdean et al.
2007).

Studies that aimed to elucidate adaptive genetic variation of P. sylvestris have found
overall moderate level of diversity and differentiation in continental European populations.

Additionally, signals of negative selection and effects of historical demography on nucleotide
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variation have been detected (Pyhéyérvi et al. 2007, Wachowiak et al. 2009, 2011, Kujala and
Savolainen 2012). Sequence variation studies, involving candidate gene loci, are missing from
the Carpathian region, while patterns of nucleotide diversity and divergence were only studied
in western and southern Europe. Therefore, the adaptive potential of these peripheral

populations are yet unknown.

The overall objectives of this research were as follows:

e Highlight the current population structure of the selected peripheral Scots pine
populations native to Central-Eastern Europe, most of which formerly were not included

in molecular studies.

e Identify genetic relationships, degree of diversity and divergence and infer gene flow

between the studied stands.

e Describe historical demographical processes (expansions-contraction) and circumscribe
putative refugia within the studied region that might have existed in the time of the

Pleistocene.

e Assess the nucleotide diversity, divergence at candidate gene loci to infer adaptive

nucleotide variation of peripheral populations as signs of local adaptation.



2. MATERIAL AND METHODS

2.1. Plant material

Plant material originates from Central-Eastern Europe, from the area of the Carpathian
Mountains and the Pannonian Basin. Additionally, a population was included from the northern
part of the distribution range, from Estonia (core population) and another from the south, from
the Balkan Peninsula (Bulgaria).

Altogether 20 natural and autochthonous populations were sampled from the highly
fragmented distribution range of the species. In total, 421 individuals were analysed with
nuclear and chloroplast simple-sequence repeats (SSR).

To test neutral and adaptive genetic variation, i.e. genetic variation under natural
selection, 10 populations (96 individuals) were used from the Hungarian Pannonian Basin and

from the Slovakian Western Carpathians and the Romanian Eastern Carpathians.
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Fig. 1: Geographic location of the studied Scots pine populations. (a): Central-Eastern Europe, (b): Estonia. The
acronyms stand for the population code. Asterisks indicate types of marker (*; cpSSR, *; nSSR, *; SNP) applied
to evaluate the population. The natural distribution of Scots pine is marked in green according to the EUFORGEN
database, with modifications by the authors.



Plant samples were analysed with eight nuclear SSR (nSSR) markers (SPAG 7.14,
SPAC 11.4 from Soranzo et al. (1998) and psyl16, psyl17, psyl19, psyl36, psyl42, psyl57 from
Sebastiani et al. (2012)) and with four chloroplast SSR (cpSSR) markers (Pt-30204, Pt-15169,
Pt-45002, Pt-26081 from Vendramin et al. (1996)) by Polymerase Chain Reaction (PCR) and
Fragment Length Analysis (FLA) to study variability and divergence. Eleven water dehydration
stress response candidate genes (abaR, ccoaomt, chcs, dhn3, dhn7, dhy2PP, erd3 from
Wachowiak et al. (2011) and cpk3, pal-1, ppapl2, rd21A-like from Gonzalez-Martinez et al.
(2006)) were amplified with PCR and sequenced to examine sequence variation by single-

nucleotide polymorphism (SNP).

2.2. Statistical analysis

Standard population genetic diversity indices were calculated with GenAlEXx v.6.5 (Peakall and
Smouse 2006). For estimating haplotype diversity indices Haplotype Analysis software
(Eliades and Eliades 2009) was used. To test for correlation between geographical (kilometres)
and genetic (Pairwise Nei) distances at both nSSR and cpSSR markers, Mantel test (Mantel
1967) was carried out in the Isolation-by-Distance Web Service (IBDWS) 3.16 (Jensen et al.
2005). Analysis of molecular variance (AMOVA) implemented in Arlequin v.3.5 software
(Excoffier and Lischer 2010) was used to determine the partition of the genetic variation within
and among populations. Genetic discontinuities corresponding to the change in genetic
variation among populations were identified with Barrier 2.2 (Manni et al. 2004) on both
nuclear and chloroplast SSR datasets. We used BAPS 6.0 (Corander and Mattinen 2006) to
conduct hierarchical clustering analyses of the cpSSR dataset. A Bayesian clustering approach
implemented in STRUCTURE 2.3.4 (Pritchard et al. 2000) was used to infer groups or
subpopulations based on the nSSR dataset. To detect any recent severe reduction in effective
population size or possible expansion events in Scots pine populations, BOTTLENECK 1.2.02
was used on nSSR dataset (Cornuet and Luikart 1996). Analysis of the historical demographic
changes was studied with Approximate Bayesian Computation implemented in DIYABC v2.0
software (Cornuet et al. 2014).

Basic sequence variation statistics of the candidate gene dataset was evaluated with
DnaSP 5.10.1 (Librado and Rozas 2009). Nucleotide diversity indicator theta pi (6x) was
determined with Arlequin v.3.5 software. To test that all mutations (SNPs) are selectively
neutral, hence randomly evolving (Kimura 1983), and to identify deviations from this neutral

expectation (loci under selection) Tajima’s D (Tajima 1989) test was applied. Additionally, Fu



and Li’s D and F (1993) statistical tests were also evaluated. We also tested if single SNPs are
deviated from neutral expectations (outlier analysis) by detecting loci under selection with
distinct approaches implemented in Arlequin v.3.5, in Lositan (Antao et al. 2008) and in
BayeScan 2.1 (Foll and Gaggiotti 2008). Decay of linkage disequilibrium (LD) was measured
in DnaSP. STRUCTURE was also used to infer groups or subpopulations in the candidate gene
dataset. AMOVA and pairwise Fst (matrix) was calculated with Arlequin v.3.5 software.



3. RESULTS

Haplotype analysis of the chloroplast microsatellite (cpSSRs) revealed 4 to 13 size variants per
locus. These size variants are combined into 141 haplotypes. Haploid diversity was balanced
along the populations. Mean number of private alleles was the highest in SME. The twenty
most-frequent haplotypes show evident divergence in haplotype frequencies between the
Eastern Carpathian populations on one hand, and the Transylvanian Central-Island Mountains
(Apuseni) and Southern Carpathian populations on the other. AMOVA presented ®p7t=0.081
(p< 0.001) value. The Mantel test revealed significant negative correlation between geographic
and genetic distances among populations. The Bayesian approach of population structuring
estimated with BAPS identified three main clusters (K=3), which formed geographically
distinct groups (Fig. 2). Two major groups were detected: Populations from Western Hungary
clustered together with those of the Eastern Carpathians and the Bulgarian population (1), while
populations of the Western Carpathians (Tatras) and the Transylvanian Central-Island
Mountains (Apuseni) grouped together with the Southern Carpathian and Estonian populations
(2). SME population from the Tatras was separated as a distinct group. The main barriers to
gene flow as detected with Barrier analysis on the cpSSR dataset delimited the Eastern

Carpathians populations with highest bootstrap support of 99.5% (data not shown).
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Fig. 2: Estimated spatial population structure K=3 (a and b) according to BAPS analysis. The acronyms stand for
the population code. The natural distribution of Scots pine is marked in grey according to the EUFORGEN
database, with modifications by the author. RL: Rila Mountains, CE: Central Estonian Plain, PB: Pannonian Basin,
WC: Western Carpathians, EC: Eastern Carpathians, SC: Southern Carpathians and CIM: Central-Island
Mountains (Apuseni), respectively.



Nuclear microsatellites (nSSRs) presented moderate level of intra-population
variability. All loci largely conformed to the Hardy—Weinberg Equilibrium (HWE) and showed
no significant deviations. AMOVA showed high molecular variance within individuals (90%)
and relatively low molecular variance among individuals (3%), while among populations only
7% variation was observed. Overall Fst was 0.071 (p< 0.001). STRUCTURE analysis revealed
two genetic groups (Fig. 3) that are: (1) the Western Hungarian populations and the Southern
Carpathian population, (2) the Eastern Carpathians population with the Bulgarian population
(BYU) and the northernmost population from Estonia (ESE). Barrier analysis identified major
genetic discontinuities with high bootstrap support (from 70.9% to 100%) around the Eastern
Carpathians, separating these populations from the rest. The BOTTLENECK analysis showed
no evidence of significant excess or deficit of heterozygosity in most populations. The
Approximate Bayesian Computation (ABC) analysis, indicated that Sc6 (the 6 tested
demographic scenario) an “admixture model” has the highest posterior probability (0.5670,
95% C.1.: 0.5307-0.6033). Results estimated an ancient divergence at t2 time (divergence of
Popl and Pop2) 3560 (95% C.I.: 1040-8810) generations ago, and a recent admixture event
and then a divergence (of Pop1-2-3) at t1 time at 236 (95% C.I.: 29.4-876) generations ago.

Growth in effective population size was detected for all evaluated populations (Fig. 4).
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Fig. 3: Estimated population structure K=2 and K=3 of assignment analysis performed in STRUCTURE. K=2
plotted on a geographic map. Most likely membership in a population is presented by the colour of the individual’s
thin line. The acronyms stand for the population code. The natural distribution of Scots pine is marked in grey
according to the EUFORGEN database, with modifications by the author. RL: Rila Mountains, CE: Central
Estonian Plain, PB: Pannonian Basin, WC: Western Carpathians, EC: Eastern Carpathians, SC: Southern
Carpathians and CIM: Central-Island Mountains (Apuseni), respectively.



________________________ ©2 3560 213 600 yrs BP (60 yrs)
generations | 178 000 yrs BP (50 yrs)

1 236 14 160 yrs BP (60 yrs)
generations | 11 800 yrs BP (50 yrs)

t2>t1>t0 N2c<N2 Nlc<NI

STRUCTURE K=2

Fig. 4: The best supported demographic scenario with the highest posterior probability (0.5670, 95%CI: 0.5307-
0.6033) resulted on the Central-Eastern European Scots pine populations in DIYABC. In the detected scenario t#
represent the estimated time expressed in generation time, N# is the effective size of population Pop1, Pop2 and
Pop3 respectively. N2c and N1c indicate expansion of ancient population expressed in effective population size,
as like Na < N#c < N#.

The 11 candidate gene sequences related to draught stress response provided a set of
232 polymorphic (segregating) sites (Table 1). The highest number of substitution sites was
found at dhy2PP and rd21A loci and in the SME and STU populations. Most of the population
private substitution sites were detected in SME which was about twice as many as in other
populations. The average nucleotide diversity (w) over all loci was 7=0.0056 and Theta pi (07)
nucleotide diversity was On=2.15x107, An average haplotypic diversity (Hd) of 0.733 and an
average number of 22.63 haplotypes (Nh) was present in the whole sample set. The population
SME showed the highest number of population specific haplotypes (33 in total). Decay of
linkage disequilibrium (LD) was detected in only seven candidate gene loci, of which 4 loci
(abaR, dhn7, dhy2PP, pall) presented a slow decay (R?=0.01-0.02) at a distance about 100-400
bp and 3 loci (ccoaomt, erd3, rd21A) presented a faster, but still relatively slow decay (R?=0.04-
0.09) at a distance about 100-400, -600 and -800 bp, respectively. Test of Analysis of Molecular
Variance (AMOVA) including all populations and the test of all candidate loci resulted an
overall Fst=0.063 (p<0.001), meaning that high molecular variance (93.63%) resides within
populations, while among populations only a 6.36% variation was observed. STRUCTURE
indicated that the most likely number of groups of populations was K=4, whereas high level of

admixture was revealed. Two distinct clusters were also detected including only one population:



the Eastern Carpathian RFE and the Western Carpathian SME population. The analysis of
deviations from neutral expectations (Tajima’s D, Fu and Li’s D and F statistics) resulted
mostly negative values with statistical significance at erd3 and rd21A loci. The value of dhy2PP
was also significant, but only in the Fu and Li’s D test. Outlier SNP analysis detected 13 SNP
loci under selection (out of the 232) at different significance level. These loci reside in 8
candidate gene and alter 6 non-coding, 1 synonymous and 6 non-synonymous nucleotide
change. Seven loci were determined as potentially being under negative (balancing or

purifying) selection and 6 loci as to be under positive (diversifying) selection.

Table 1: The loci included in the nucleotide diversity analysis and the identified polymorphic sites.

Base pairs screened

Locus n ns Total Coding region  Non-coding region S Sing
abaR 95 190 378 321 57 17 5
ccoaomt 93 186 549 300 249 14 2
chcs2 95 190 341 231 110 16 2
cpk3 95 190 599 306 293 19 3
dhn3 61 122 268 216 52 11 4
dhn7 82 164 358 279 79 23 8
dhy2PP 96 192 454 357 97 34 13
erd3 95 190 679 474 205 14

pall 96 192 459 276 183 15

ppapl2 96 192 238 237 1 25 6
rd21A 80 160 1005 624 381 44 18
Total 984 1968 5328 3621 1707 232 74

n: number of samples analysed by locus

ns: number of haploid sequences

S: number of polymorphic (segregating) sites identified
Sing: total number of singleton mutations
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4. CONCLUSIONS

Although the two SSR marker types exhibit particular genetic patterns, there were also some
congruencies in the detected spatial genetic structure of populations. BAPS and STRUCTURE
analysis delimited Western Carpathian populations that proved to be different from those
inhabiting the eastern range of the Carpathians. The differentiation in the genetic pattern along
the Carpathians has been recognized in earlier studies of other conifer species also. In the case
of Picea abies or Abies alba, mitochondrial minisatellite regions and nSSRs delimited lineages
of the Western and Eastern Carpathians and accordingly, these patterns suggest different origin
of populations from distinct glacial refugia (Tollefsrud et al. 2008, Liepelt et al. 2009, Gomory
et al. 2012). Moreover, the haplotype pattern of Scots pine revealed in our study is highly
congruent with those observed by Hohn et al. (2009) for Pinus cembra, where the populations
of the Western and the Eastern Carpathians were spatially separated on the basis of chloroplast
SSR variation. It is likely that the Carpathian populations of Scots pine harbour genetic material
originating from at least two separate refugia, dating back to the Pleistocene. This was also
highlighted in other alpine species by Tribsch and Schonswetter (2003). One refugium might
have been situated around the Eastern Alps and the Hungarian Plain with the Danube region
(Cheddadi et al. 2006), and the other might have existed in the Eastern Carpathians, where high
abundance of fossil pollen remains was reported (Feurdean et al. 2011).

Genetic diversity revealed in our study was higher compared to that found in the
Romanian-Hungarian populations by Bernhardsson et al. (2016). Despite this fact, chloroplast
population diversity indices show detectable signs of segregation and fragmentation of these
isolated populations, which can be the effect of restricted gene flow on a regional scale.
Similarly, genetic discontinuity was also detected in both datasets with Barrier analysis. We did
not found signs of inbreeding in most of the populations studied, although small and isolated
populations are more vulnerable to inbreeding (Ellstrand and Elam 1993). In accordance,
BOTTLENECK analysis provided evidence that the Carpathian populations studied are not
influenced by a recent genetic bottleneck. Signs of a bottleneck event require multiple
generations to appear. Furthermore, the effect of a bottleneck can vary based only on the
reduction size and on the duration period (Busch et al. 2007, Peery et al. 2012). It is most
plausible that populations that today are isolated have undergone a recent fragmentation and

isolation event.
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Our demographic (DI'YABC) analysis supported an admixture scenario, in which the
two main detected gene pools have separated at the same time, rather than hierarchically split.
Additionally, a gradual demographic expansion of the populations were detected. This might
have caused admixture of diverged populations. If we assume 50-60 years as generation time,
the first divergence time (t2), from the ancestral population, falls within 178 ka and 213.6 ka
BP and the admixture event (t1) from 11.8 ka to 14.1 ka. There are strong evidences that Pinus
(diploxylon) species were dominating from the mid-Pleistocene’s transition to glacial to early
Holocene interglacial period. Deep pollen cores from the Tenaghi Philippon peatland in Greece,
showed an overall increase of Pinus pollen (Milner et al. 2013). Recent study by Sadori et al.
(2015) from lake Ohrid (western Balkan region, Albania) also highlighted the high abundance
of Pinus pollen at this time period. Accordingly, Pinus pollen concentration remained high
during the mid-Pleistocene to the LGM. Our estimated admixture event for Scots pine, might
have happened between 11.8 ka to 14.1 ka BP, when Scots pine displayed a vast expansion, at
the end of Younger Dryas and early Holocene, when Pinus (diploxylon) pollen percentages
were at their maximum (Feurdean et al. 2011). A strong reduction of conifers and expansion of
deciduous species has started in the Late Glacial/Holocene transition period (Feurdean et al.
2012). This decline in Pinus pollen abundance has been detected at several sites along the
Carpathian mountain range (Tantau et al. 2003, 2006, Feurdean and Bennike 2004, Feurdean
et al. 2007), suggesting, that after the expansion and admixture, populations have contracted
causing fragmentation and reduction of population sizes.

Sequence diversity evaluated at a set of drought stress related candidate gene loci
provided evidence for selection. Our results agreed that 13 significant outlier SNPs (true
outliers) are under natural selection either located in coding or non-coding regions. Outliers
suggest that there is a strong signal for selection acting to maintain genetic diversity (negative
selection) and potentially to counteract the effect of genetic erosion. Our neutrality measures
point to an excess of low-frequency polymorphism, which likely acts against local adaptation
in our peripheral populations. Moreover negative values can also refer to hitchhiking effects
resulting from a selective sweep or are the result of historical demographic events (either spatial
or demographic expansion) formerly revealed in case of forest tree species at drought stress
response genes (Grivet et al. 2009, 2011, Homolka et al. 2013). Effects of historical
demography (population size fluctuations effect on sequence variation) were identified by
former studies on dehydrin genes and on other cold-related candidate genes for coniferous
species, including Pinus sylvesris and Pinus mugo by Wachowiak et al. (2009, 2013, 2014).
The decay of intragenic linkage disequilibrium (LD) was overall slow. LD potentially is the
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result of complex interactions of several factors like population size, selection process, structure
and history and depends on sequence length and nucleotide variation (Krutovsky and Neale
2005, Lalagtie et al. 2014). Relatively slow decay was estimated for Scottish populations of P.
sylvestris, whereas LD decay was almost three times slower than that in the mainland
populations (Wachowiak et al. 2011). Nucleotide diversity was much higher than detected
earlier for P. sylvestris (7=0.0014, Dvornyk et al. 2002). Values presented similar or even
higher values, like in case of Scottish populations or populations from Central Europe and Spain
(Wachowiak et al. 2011, 2014). Our set of candidate genes for plant response to environmental
stress preserved high variation, accordingly are not affected by genetic erosion due to historical
isolation, fragmentation. STRUCTURE analysis separated SME and RFE populations from
each other and from the remaining highly admixed populations. The position of SME
population is potentially assumed to be the consequence of hybrid individuals of Pinus rhaetica
(P. sylvestris x Pinus mugo) and their specific genomic composition. The distinct clustering of
RFE, both in our non-coding SSR and candidate gene study might be due to several factors,
including introduced individuals (alien genetic material), effect of large-scale genetic drift or

peculiar historical demographical events.
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5. SUMMARY

During the Pleistocene Scots pine (Pinus sylvestris L.) was widespread in Eurasia, being present
even in the outskirts of the glaciated territories. Scots pine also survived in several southern
latitude refugia across Europe in highly disperse isolated occurrences. Putative refugia of the
most frequent genetic lineage was detected from Central Continental Europe. Presumably Scots
pine originated not just from the (Sub) Mediterranean areas like the Balkan Peninsula, but also
from around the eastern Alps and the surroundings of the Danube plain (western Pannonian
basin).

Results showed that the most differentiated region is the Romanian Carpathians, i.e. the
Eastern Carpathians and the Transylvanian Central-Island Mountains (Apuseni Mts.). Our
findings constitute evidence in support of the hypothesis that there were Pleistocene refugia in
this region, also evidenced by some recent palynological records.

Demographic history highlighted that from the ancestral population two lineages have
diverged (potentially from the two detected refugia) and later due to the favourable climatic
conditions of the mid-Pleistocene, populations underwent an expansion leading to an admixture
event between 11.8-14.1 ka BP in the early Holocene.

The analysis of nucleotide variation at candidate loci revealed that peripheral
populations have maintained high genetic diversity (large nucleotide polymorphism) despite
being fragmented and isolated. This strong signal suggests that selection is actually acting to

maintain genetic diversity and to counteract the effect of genetic erosion.
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6. NEW SCIENTIFIC ACHIEVEMENTS

Non-coding (chloroplast and nuclear) microsatellite markers revealed two distinct
genetic lineages and overall geographic structuring of Scots pine populations from

the Carpathian Mountains and the Pannonian Basin.

In accordance to former studies, despite fragmentation and isolation, high genetic
diversity was preserved in the natural Scots pine populations of the Carpathians

and the Pannonian Basin.
Historical demographic expansion and recent fragmentation was detected for
Scots pine populations inhabiting the Carpathians and the Pannonian Basin, based

on non-coding nuclear microsatellite markers.

Neutral genetic variation was evidenced at candidate gene loci indicating long-
term maintenance of genetic diversity in peripheral Scots pine populations.
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