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Abstract Genetic variation is an important attribute of

forest tree populations enabling them to adapt to spatial and

temporal variations in environmental conditions. In par-

ticular, Scots pine (Pinus sylvestris L.) has an exceptionally

broad area of dispersal covering different climates and soil

conditions, but the genetic variability in extreme conditions

has not been studied. We hypothesized that the genetic

variability of P. sylvestris is enhanced at its soil fertility

limit in bogs where stunted trees form a sparse canopy with

reduced light competition, but in highly turbulent condi-

tions generating ideal conditions for distant pollen disper-

sal. A total of 180 individuals were studied from three bog

populations using five nuclear (nSSR) and five chloro-

plastic (cpSSR) polymorphic microsatellite loci (simple

sequence repeats, SSR). According to both marker systems,

high and similar level of genetic diversity (ca. 99 % within

the populations and 1 % among the populations) was

observed for nuclear (FST = 0.007 and RST = 0.022) and

chloroplast (FST = 0.015 and RST = 0.023) genomes.

Despite the low genetic differentiation among the popula-

tions, there was evidence of geographic genetic differen-

tiation in the chloroplast genomes, suggesting that isolation

by distance might be a possible mechanism shaping the

present distribution of genetic variability. In addition, sig-

nificant but low spatial genetic structure along habitat

wetness gradient was found in nuclear genomes in one site.

Significant cyto-nuclear linkage disequilibrium was shown

between one of the cpSSR loci to all nSSR loci. The results

demonstrate a huge within-population genetic variability in

these sites and underscore the importance of pollen gene

flow in homogenizing populations on these geographic

scales.

Keywords Among-population variability � cpSSR �
Genetic diversity � Genetic structure � nSSR � Spatial and
temporal variations

Introduction

Presence of genetic variation in forest tree populations is

the key factor determining adaptability of populations to

environmental heterogeneity. Thus, understanding popula-

tion genetic variability and its underlying individual and

sub-population components constitutes an important means

for conservation and management of genetic resources as

well as for practical forestry breeding and silviculture

applications, especially under conditions of global change

(Brown 1978; Gregorius 1994; Hattemer 1987; Holliday

et al. 2011; Ziehe et al. 1989). Recent developments in

molecular methods for analysis of population genetic
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structure have vastly enhanced the body of knowledge of

genetic variation in many important forestry species

(Dzialuk et al. 2009; Newton et al. 1999; Pazouki et al.

2010; Petit et al. 1997; Scalfi et al. 2009; Shanjani et al.

2004, 2010, 2011). Molecular markers based on noncoding

DNA regions typically have high variability, and thus, they

provide appropriate means to gaining high-resolution

information on within-species variability within popula-

tions and populations genetic structure (Bouzat 2001;

Grassi et al. 2003; Pautasso 2009; Ribeiro et al. 2002) and

for biodiversity protection (Hansen et al. 2005; Kadereit

et al. 2004; Karp et al. 1998; Sgorbati et al. 2004).

Molecular marker-based analyses have also allowed for

gaining an insight into the historical species migration and

population differentiation processes responsible for the

species present distribution range (Petit et al. 2003).

Although data archives on molecular variability have dra-

matically expanded in recent years, there is still limited

information of genetic variability on many major forestry

species, especially at their range margins.

Scots pine (Pinus sylvestris L., Pinaceae), like the

majority of Pinus species, is an outbreeding wind-polli-

nated species that has a diploid genome with a chromo-

some number of 2n = 24 (Saylor 1972). It is a long-lived

conifer with extremely broad distribution range that

extends from latitudes of 70�N in northern Fennoscandia to

40�S in Spain and from longitudes of 5�W in Spain and

Scotland to 135�E in Siberia (Cheddadi et al. 2006;

Critchfield and Little 1966; Naydenov et al. 2007; Pyhä-

järvi et al. 2007, 2008; Sinclair et al. 1999; Soranzo et al.

2000). Pinus sylvestris survived the last glaciations in four

main refugia (Iberian Peninsula, north Apennine Peninsula,

south of the Carpathian and Sudeten Mountains, and the

Balkans) where it today is present as isolated populations at

high 1000–2500 m. In addition to these refugia, P. syl-

vestris also survived the glaciation in the Russian plains,

migrating into the central and western parts of Europe and

to Fennoscandia once the glaciers had retreated (Bennett

et al. 1991; Huntley and Birks 1983; Robledo-Arnuncio

et al. 2004; Soranzo et al. 2000). This large population

bottleneck has been considered as one of the key factors

shaping the genetic diversity of P. sylvestris in its current

habitats (Naydenov et al. 2007; Pyhäjärvi et al. 2007;

Sinclair et al. 1999).

Despite the recent population bottleneck, this species

covers not only a large climatic range, but also a wide range

of soil habitats from wet peaty soils to excessively drained

sand plains, and from fertile deep clay soils to infertile thin

rocky soils and deep peat soils. In fact, in these infertile

habitats, P. sylvestris is often the main dominant, suggest-

ing a large adaptability of this species (Finér 1992; Gun-

narsson and Rydin 1998; Niinemets et al. 2001). Due to

importance for forestry, studies on P. sylvestris genetic

diversity have mainly focused on stands with high pro-

ductivity in fertile habitats (Kuznetsova and Mandre 2006;

Maaten and Kurm 2007; Naydenov et al. 2005), and much

less is known of population genetic structure in infertile

habitats. Studies along fertility gradients over short spatial

distance from mineral soils that support highly productive

tall trees toward organic wet peaty soils that support stunted

small trees have demonstrated major variations in tree

growth rates and structure of leaves and shoots (Niinemets

et al. 2001, 2002), but it is unclear to which extent the

species adaptability to infertile conditions is affected by

genetic and plastic components of variability.

Pinus sylvestris is the only pine species native to

northern Europe, and it is the most common tree species in

the Baltic states. In Estonia, P. sylvestris covers almost

38 % of Estonian forests (Pärt and Villard 2006) and is the

key dominant species in extremely infertile raised bogs

(Läänelaid 1981; Niinemets et al. 2001). In this study,

genetic variability and population structure of P. sylvestris

were analyzed in three distant naturally seeded bog popu-

lations that can be considered as the fertility limit of this

species. In each site, the samples were collected along a

soil fertility gradient from drier bog margins toward wetter

bog interiors to characterize the small-scale variability in

sub-population genetic structure. We hypothesized that

there is high level of outbreeding and consequently high

genetic variability at the nutrient limit of the species, and

further that there is a spatial gradient in genetic relatedness

indicative of the genetic component of phenotypic plas-

ticity in the organic–mineral soil continuum. Like many

other tree species (Hamrick et al. 1992), P. sylvestris

reveals a high level of genetic variation at microsatellite

loci (Belletti et al. 2012; Maaten and Kurm 2007; Now-

akowska et al. 2014; Robledo-Arnuncio et al. 2005; Scalfi

et al. 2009). Both nuclear and chloroplast microsatellite

markers were used to characterize the genetic variability.

Given that in the wind-pollinated species, pollen can arrive

from relatively large distances, larger than the extent of

seed dispersal, we further hypothesized that such a possible

small-scale variation in genetic diversity is primarily

reflected in nSSR markers rather than in paternally inher-

ited cpSSR markers that reflect variability of pollen. We

argue that these data provide important insight into overall

genetic variability and sub-population differentiation in

nutrient-limited sites. This information is a crucial value in

understanding species adaptability to environmental

heterogeneity and has important practical applications in

selecting plant sources suitable for reforestation especially

in nutrient-limited habitats, e.g., on destroyed habitats

where tree growth is particularly strongly curbed by limited

soil fertility.
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Materials and methods

Study sites and sampling

Pinus sylvestris was studied at three naturally regenerated

low-elevation bog ecosystems in Estonia (Fig. 1): Laeva

(58�270N, 26�210E, elevation 44 m, area ca. 7050 ha), Parika

(58�300N, 25�490E, elevation 46 m, area ca. 2200 ha) and

Kakerdaja (59�110N, 25�310E, elevation 80 m, area ca.

2400 ha). All sites sampled are characterized by a thick layer

of acidic organic soil (peat, pH in distilledwater 4.1–4.6) and

are dominated or co-dominated by stunted (0.2–3 m) tall

trees ofP. sylvestris. In addition, all sites are characterized by

vigorous, largely continuous moss cover, primarily domi-

nated by Sphagnum species that fill the gaps in dwarf-shrub

and grass layer. The sites differ in thickness of peat layer,

water regime (bogs relaying on precipitation and transitional

mire to bog areas relying on both precipitation and ground

water or/and surface runoff water) and composition of herb,

shrub and dwarf-shrub layer. In all sites, there are further

characteristic gradients of water availability from drier and

more fertile (exterior parts or central raised bog ‘‘islands’’)

toward wetter and less fertile parts (central or intermediate

parts, Fig. 1) (Kännaste et al. 2013).

Kakerdaja site is a raised bog with a drier central bog

‘‘island’’ and extremely wet surrounding areas with

numerous open-water hollows and a lake (6.7 ha). The

shrub and dwarf-shrub layer is prevailed by Empetrum

nigrum L., Andromeda polifolia L. and Ledum palustre L.,

and the herbaceous layer is dominated by Rhynchospora

alba (L.) Vahl, Scheutzeria palustris L., Rubus chamae-

morus L. and Trichophorum cespitosum L.

Laeva site supports a transitional bog with patches of

raised bog in the central part with ca. 5-m-thick peat layer.

In addition to P. sylvestris, the tree layer is co-dominated

by Betula pubescens Ehrh., while the shrub and dwarf-

shrub layer is dominated by Salix lapponum L. and Vac-

cinium oxycoccus L. in the transitional bog and by Cha-

maedaphne calyculata (L.) Moench, L. palustre and

Vaccinium uliginosum L. in the raised bog. The herbaceous

layer is dominated by Carex spp., Phragmites australis

(Cav.) Trin. ex Steud. and Eriophorum vaginatum L.

Fig. 1 Location of sampling sites for three natural bog populations of

Pinus sylvestris in Estonia and demonstration of tree sampling along

the trails from drier (1) to wetter (60) habitats. Pie graphs refer to

cpDNA haplotypes frequencies. For each population, they indicate the

frequencies of the most common haplotypes (H12, H24, H36, H44,

H47, H49, H63, H66, H67 and H78). The blue portion of the pie

represents the shared haplotype frequencies, and the red portion

indicates the frequency of private haplotypes. According to sample

location along the trails, the populations at each site were divided

among dry (KakerdajaD-[KD], ParikaD-[PD] and LaevaD-[LD]) and

wet (KakerdajaW-[KW], ParikaW-[PW] and LaevaW-[LW]) sub-

populations, 30 individuals in each sub-population
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Parika site supports a raised bog with transitional bog

areas along the shores of two lakes (114 and 5 ha) present

at the site. Additional co-dominants in tree and shrub layer

are B. pubescens, Betula nana L. and Salix spp. The dwarf-

shrub layer is dominated by V. oxycoccus, E. nigrum and A.

polifolia, while the herbaceous layer by Eriophorum spp.

and Carex spp. More details on the sites are provided by

Kännaste et al. (2013).

Mature healthy current-year needles were collected from

60 individual trees at each site. Wooden path was present

in the three bog sites, and the sampling started from the

drier edges toward the wetter interior of the bogs in

equidistant intervals. In Kakerdaja, the trail passed a drier

‘bog island’ (Fig. 1 for the mapped paths of foliage sam-

pling). After collection, the needles were sealed in closed

vials and stored at -80 �C until DNA extraction. The

number of trees studied here from each population con-

stitutes representative to characterize the genetic variation

at the level of polymorphic loci with a great confidence

(Nei 1978; Nybom 2004).

Molecular analysis

The frozen leaf samples were pulverized with a mortar and a

pestle in liquid nitrogen, and genomic DNA was extracted

from 100 mg of fresh needles using the DNasy Plant Mini

Kit (Qiagen, Hilden, Germany). Initially, 12 nuclear

(Auckland et al. 2002; Elsik et al. 2000; Soranzo et al. 1998;

Zhou et al. 2002) and 7 chloroplastic (Vendramin et al. 1996)

single sequence repeat (SSR, microsatellite) markers were

tested. Ultimately, samples were genotyped using five

nuclear microsatellite markers (nSSR, Table 1): SPAC11.8,

SPAC12.5 (Soranzo et al. 1998), TX2123 (Elsik et al. 2000),

TX3116 (Auckland et al. 2002) and TX4001 (Zhou et al.

2002), and five chloroplastic microsatellites (cpSSR,

Table 2): Pt15169, Pt30204, Pt36480, Pt71936 and Pt87268

(Vendramin et al. 1996). Previous studies on the genetic

variation of Estonian P. sylvestris populations (Kuznetsova

and Mandre 2006; Maaten and Kurm 2007) have used much

fewer markers than used here.

PCR amplifications were performed in a AB 2720

thermal cycler (Applied Biosystems, MA, USA). nSSR

amplification was carried out in a total volume of 15 ll,
containing 2.5 mM MgCl2, 1 9 reaction buffer, 1 %

DMSO (dimethyl sulfoxide), 200 mM of each dNTP,

2.5 pmol Cy5- or IRD700-labeled forward primer, 5 pmol

reverse primer, 1 U Taq polymerase (Bio-Rad, CA, USA)

and 20 ng of genomic DNA. The PCR profile for

SPAC11.8, Tx4001 and Tx3116 was as follows: initial

denaturation at 94 �C for 5 min, followed by 5 cycles of

30 s at 94 �C, 30 s at 60 �C and 30 s at 72 �C (decreasing

the annealing temperature by 1 �C per cycle), followed by

30 cycles of 30 s at 94 �C, 30 s at 55 �C and 30 s at 72 �C,
and a final extension step of 10 min at 72 �C. A similar

touch-down profile was used for SPAC12.5 and Tx2123,

but with annealing temperatures of 60–50 �C and 10

touchdown cycles. cpSSR amplifications were performed

in 15 ll reactions using the same reagents as for nSSR

markers. cpSSR amplification was performed with the

following profile: 5 min denaturation at 95 �C, 1 min

denaturation at 94 �C, 1 min annealing at 55 �C, 1 min

extension at 72 �C with final extension step at 72 �C for

8 min for 25 cycles (Vendramin et al. 1996).

0.4 ll fluorescently labeled PCR product and the inter-

nal size standard, 0.4 ll of ROX-1000 (MapMarker,

BioVenture Inc., TN, USA), were added to 10 ll of Hi-Di
formamide (Applied Biosystems). The samples were

denatured for 5 min at 95 �C, placed on ice, and then

separated by capillary electrophoresis using a Prism 3130

Genetic Analyzer (Applied Biosystems).

Table 1 Characteristics of five polymorphic nuclear microsatellite markers used to analyze genetic diversity in Pinus sylvestris and estimates of

diversity per locus

Locus Primer sequence (50 ? 30) Repeat motifs Observed

number of

alleles

Observed allele

size range (bp)

Observed

heterozygosity

(Ho)

Expected

heterozygosity

(He)

PtTX2123 GAAGAACCCACAAACACAAG (AGC)8 5 190–202 1.000 0.583

GGGCAAGAATTCAATGATAA

PtTX3116 CCTCCCAAAGCCTAAAGAAT (TTG)n���(TTG)5 31 116–170/200–215 0.966 0.867

CATACAAGGCCTTATCTTACAGAA

PtTX4001 CTATTTGAGTTAAGAAGGGAGTC (CA)15 17 202/199–231 0.805 0.732

CTGTGGGTAGCATCATC

SPAC 11.8 AGGGAGATCAATAGATCATGG (TG)16 36 119–167 0.989 0.810

CAGCCAAGACATCAAAAATG

SPAC 12.5 CTTCTTCACTAGTTTCCTTTGG (GT)20 (GA)10 43 119–172 0.976 0.952

TTGGTTATAGGCATAGATTGC
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Data analysis

For nSSR data, diploid genotypes for each individual were

scored and following parameters were computed as aver-

ages over loci using GenAlEx version 6 (Peakall and

Smouse 2006) according to Nei (1978): mean number of

alleles per locus (Na), number of unique alleles (Np),

effective number of alleles (Ne), average observed

heterozygosity (Ho), average expected heterozygosity (He)

and the fixation index (inbreeding coefficient, FIS = (-

He - Ho)/He).

Polymorphisms of cpSSRs were scored and used to

define chloroplast haplotypes according to different com-

binations of length variants. Observed number of haplo-

types (Nh,a), number of private haplotypes (Nh,p), unbiased

effective number of haplotypes (Nh,e) (Nielsen et al. 2003),

unbiased haplotype diversity (uH) (Nei 1978) as well as the

mean genetic distance among individual haplotypes fol-

lowing a stepwise mutation model (SMM) approach (Dsh
2 )

as described in Vendramin et al. (1998) were calculated

using HAPLOTYPE ANALYSIS version 1.05 (Eliades and

Eliades 2009).

Spatial genetic structure (SGS) was characterized using

the analysis of kinship coefficients (Fij) between all pairs of

individuals sampled across the trails through the bogs

(Fig. 1) estimated as in Loiselle et al. (1995). Average

pairwise Fij estimates were plotted against the pairwise

spatial distances for individuals of each populations

(Fig. 6a). All the analyses were carried out using SPAGeDi

version 1.2 computer program (Hardy and Vekemans

2002).

The extent of population subdivision was evaluated by

calculating Wright’s FST (the inbreeding coefficients

within populations relative to total) (Wright 1951) and the

related RST (Slatkin 1995). RST is based on a stepwise

mutation model and takes explicit account of likely

mutational processes in microsatellite loci. These two

indices were estimated across populations and between

pairs of populations according to Weir and Cockerham

(1984) and Michalakis and Excoffier (1996) by SPAGEDI

version 1.2. The migration coefficient (Nm) that charac-

terizes historical gene flow was further calculated as [(1/

FST) - 1]/4).

FST may be overestimated in the case of null alleles

(Chapuis and Estoup 2007). We controlled for the potential

effect of null alleles on genetic differentiation by calcu-

lating FST(FREENA) values using the excluding null allele

(ENA) method by Chapuis and Estoup (2007) in FREENA.

A principal coordinate analysis (PCoA) based on a

pairwise distance matrix with data standardization was

conducted by GenAlEx version 6 (Peakall and Smouse

2006). To test for a pattern of isolation by distance

(Rousset 1997), a Mantel test with 1000 random permu-

tations was performed with the matrix of pairwise genetic

differentiation between populations, using FST/(1 - FST),

and a matrix of geographic distance using GenAlEx v6

(Peakall and Smouse 2006). The rate of gene flow was

estimated indirectly from the proportion of total diversity

found among populations (Wright 1931, 1951). Based on

pairwise genetic distance (Nei 1987), a neighbor joining

dendrogram of the three studied P. sylvestris populations

was constructed. Node consistency was evaluated through

1000 bootstrap replicates using MEGA 5 software (Tamura

et al. 2011).

To gain further insight into the population structure, this

analysis was repeated twice with differing grouping of

samples. First, each population was divided according to

sample location along the trails (Fig. 1) among two sub-

parts, drier (KakerdajaD, LaevaD, ParikaD) versus wetter

(KakerdajaW, LaevaW, ParikaW). Second, each popula-

tion was divided among 6 groups, each including 10

genotypes along the trails from drier to wetter parts.

Table 2 Characteristics of five chloroplast microsatellite markers used to analyze genetic diversity in Pinus sylvestris

Locus Primer sequence (50 ? 30) Repeat motifs Observed number

of size variants

Observed size variant

range (bp)

Pt15169 CTTGGATGGAATAGCAGCC (C)8(T)8A(T)8 (C)8 (T)14 8 122–129

GGAAGGGCATTAAGGTCATTA

Pt30204 TCATAGCGGAAGATCCTCTTT (A)12(G)10–(A)9 (G)8 5 138–142

CGGATTGATCCTAACCATACC

Pt36480 TTTTGGCTTACAAAATAAAAGAGG (T)11(T)9 6 139–143/151

AAATTCCTAAAGAAGGAAGAGCA

Pt87268 GCCAGGGAAAATCGTAGG (T)14–(T)10 C(T)5 6 159–164

AGACGATTAGACATCCAACCC

Pt71936 TTCATTGGAAATACACTAGCCC (T)14 (T)16 7 138/142–147

AAAACCGTACATGAGATTCCC

Eur J Forest Res (2016) 135:161–177 165
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Cyto-nuclear linkage disequilibrium (LD) was estimated

between each nSSR and cpSSR. The analytical framework

of Basten and Asmussen (1997) was applied using the

program CNDm to estimate a standardized estimate of an

allelic D0 between each nSSR and cpSSR locus. CNDm

applies a Monte Carlo approach to approximate a Fisher’s

exact test for RxC contingency tables and tests for signif-

icant deviations from the null hypothesis of no allelic

association (Basten and Asmussen 1997). We followed the

approach of Latta et al. (2001) and Fields et al. (2014),

wherein all nSSR and cpSSR were treated as bi-allelic by

pooling all alleles other than the most common allele in the

full sample into a single composite allele. Briefly, this

approach is preferable for the present analysis, providing a

single value for each locus–locus pair, while also gener-

ating the most intermediate allele frequencies, and maxi-

mizing the bounds on D0. Importantly, given finite sample

sizes and the resultant large class of rare, private alleles

generated by high mutation rates in microsatellite loci,

which will rarely be in linkage equilibrium, the applied

binning procedure should provide statistical robustness. In

addition to quantifying cyto-nuclear LD across the nuclear

and chloroplast genomes, we applied tests to determine

evidence for significant LD within each genome. Specifi-

cally, we determined the statistical significance of nuclear

LD between pairs of loci, under the null hypothesis of

random allelic assortment, using a Monte Carlo approxi-

mation of Fisher’s exact test implemented in the software

Arlequin (Excoffier and Lischer 2010). Arlequin uses a

Markov chain extension of Fisher’s exact test for RxC

contingency tables (Li and Merila 2010; Slatkin 1994). A

total of 100,000 alternative tables were explored by the

Markov chain (Li and Merila 2010; Slate and Pemberton

2007). We determined the statistical significance of

chloroplast LD using LIAN (Haubold and Hudson 2000).

Specifically, LIAN tests for independent assortment of

alleles by computing the number of loci at which an each

pair of haplotypes differs, generating a mismatch distri-

bution VD, which can then be compared to the variance

expected for linkage equilibrium Ve. The null hypothesis of

VD = Ve is then tested using Monte Carlo simulation

(Haubold and Hudson 2000).

Results

Overall allele frequencies and genetic diversity

according to nuclear SSR (nSSR) markers

All five nSSR loci were highly polymorphic with the

number of detected alleles per locus ranging from 5

(Tx2123) to 43 (SPAC12.5). The total number of alleles

scored in 180 individuals over all loci was 138. High

polymorphism was found within all three populations; on

average 18.4 alleles per locus were found across the sites

(Table 3), and the average expected heterozygosity over all

investigated loci (He) was also high (He = 0.787, Table 3).

The average observed heterozygosity (Ho = 0.947) was

significantly higher than the expected heterozygosity,

resulting in a high negative mean inbreeding coefficient

(FIS = -0.239, Table 3).

These statistics were similar for all three populations,

i.e., all of them exhibited high He and Ho values and high

negative FIS, indicating excess of heterozygotes and sig-

nificant and negative departure from Hardy–Weinberg

equilibrium (Table 3). Values of mean Ho, He and FIS were

not significantly different among populations (P[ 0.05).

Overall genetic diversity according to chloroplast

SSR (cpSSR) markers

All five analyzed cpSSRs were polymorphic, giving a total

of 32 size variants (5–8 per locus) (Tables 2, 4), although

there were important variations in allele frequency for

different loci (Fig. 2). The distribution of size variants for

each region was unimodal (Fig. 3), with variants differing

by 1 bp from each other, consistent with a stepwise

mutation model (SMM). Two exceptions were found: one

in the Pt71936 region where a 3-bp gap was observed and

the other in the Pt36480 region where a 9-bp gap was

detected. Different size variants resulted in altogether 86

different haplotypes among the 180 individuals surveyed

from three populations (Fig. 1). Many of these haplotypes

(62 %) were detected only once, 12 % were detected in

two individuals, and the rest were found in 3–11 trees. A

high proportion (67 %) of haplotypes found in this study

were unique to a particular population, but most of them

were observed only in one individual from a single popu-

lation. None of the detected haplotypes was common to all

populations, and the most frequent haplotype was found in

three populations with an overall frequency of 6 %.

As the result of low frequency of specific size variants,

the mean number of haplotypes across populations was

very high (Nh,a = 40, range 36–43 for different popula-

tions, Table 4). Analogously, the effective number of

haplotypes 23.7–36.7 in different populations was also high

(Table 4). The average haplotypic diversity or unbiased

effective haplotypes (uH) was 0.981 (Table 4), further

indicating a very high within-population diversity. The

average mean distance among individuals within popula-

tions according to SMM (Dsh
2 ) had a moderately high value

of 4.3, whereas the lowest within-population mean pairwise

distance was observed for Laeva population that also

showed the lowest haplotype diversity (Table 4).
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Genetic differentiation among three bogs

The nSSR and cpSSR datasets were significantly, although

not very strongly, correlated (r = 0.498, P\ 0.01; Mantel

test with pairwise genetic distance matrices generated by

the different marker systems), and thus, both marker sys-

tems provided broadly similar conclusions about the

genetic variability within and among populations with

several differences. A low level of genetic differentiation

among the three populations was observed according to

both nSSR and cpSSR markers. According to nSSR, the

coefficient of genetic differentiation among populations

according to the infinite allele mutation (IAM model; FST)

was 0.007; after correction using FREENA, the overall FST

was only slightly lower (FST(FREENA)) = 0.006), but the

stepwise mutation model (SMM) that more strongly

weights the differences between allele lengths suggested a

somewhat higher, but still very low, differentiation among

the populations (RST = 0.022). The high value of the

migration coefficient (Nm = 35.6) indicated a high gene

flow between the studied populations. Analogously, cpSSR

markers indicated low but significant difference between

populations (values of FST of 0.015 and RST of 0.023).

Analysis of molecular variance, AMOVA, using nuclear

SSRs further revealed that the variation among populations

accounted for about 1 % of the total variance, and within

populations for 99 % of the total variance (Table 5).

Chloroplast SSRs confirmed the presence of a similar

degree of molecular variation among populations (based on

AMOVA, differences among populations accounted for

about 1 % of the total cpSSR variance) (Table 5).

To gain an insight into the genetic relationships among

populations, principal coordinate analysis (PCoA) was

carried out using both genetic distance datasets (Fig. 4a).

The first principal coordinate explained 58 % of the total

variation for both nSSR and cpSSR markers. This first

principal coordinate clearly separated the Kakerdaja from

the other more closely located populations (Laeva and

Parika populations). A clear separation of these populations

was revealed by high bootstrap values in the neighbor

joining dendrogram calculated from genetic distance

matrix (Fig. 4).

Within- and across-population genetic variability

as driven by geographic distance and site water

availability

Three types of analyses were carried out to gain an insight

into within- and across-population differentiation in space

and in dependence on within-site water availability by

dividing the populations within the sites among two sub-

populations, drier (KakerdajaD, LaevaD, ParikaD) and

wetter (KakerdajaW, LaevaW, ParikaW). Second,

Table 3 Genetic diversity on the basis of nuclear microsatellite loci

in three Pinus sylvestris bog populations: average (±SE) number of

alleles per locus (Na), number of private alleles (Np), and effective

number of alleles (Ne), and Shannon diversity index (I), expected (He)

and observed (Ho) heterozygosities and inbreeding coefficient (FIS).

The sample size (n) was 60 for all populations

Genetic trait Population Average

Kakerdaja Laeva Parika

Na 16.8 ± 4.6 17.6 ± 4.5 21 ± 6 18.5 ± 5.0

Np 2.0 ± 1.1 3.2 ± 0.6 5.2 ± 1.8 3.5 ± 1.2

Ne 8.1 ± 3.5 7.4 ± 2.9 9.12 ± 4.1 7.7 ± 3.5

I 2.06 ± 0.38 2.03 ± 0.37 2.219 ± 0.41 2.10 ± 0.39

He 0.79 ± 0.06 0.77 ± 0.06 0.80 ± 0.06 0.79 ± 0.06

Ho 0.949 ± 0.035 0.953 ± 0.033 0.940 ± 0.044 0.95 ± 0.02

FIS -0.24 ± 0.12 -0.27 ± 0.13 -0.21 ± 0.13 -0.24 ± 0.13

The Shannon information index (I) estimates genetic diversity, while the inbreeding coefficient is given as FIS = (He–Ho)/He

Table 4 Genetic diversity and genetic differentiation parameters of

three bog populations of P. sylvestris based on chloroplastic

microsatellite markers: observed number of haplotypes (Nh,a), number

of private haplotypes (Nh,p), unbiased effective number of haplotypes

(Nh,e), unbiased haplotype diversity across populations (uH) and mean

genetic distance among individuals (Dsh
2 ) (n = 60 for all populations)

Genetic trait Population Average

Kakerdaja Laeva Parika

Nh,a 41 36 43 40.00 ± 2.08

Nh,p 21 20 18 19.67 ± 0.89

Nh,e 27.3 23.7 36.7 29.23 ± 3.86

uH 0.980 0.974 0.989 0.981 ± 0.006

Dsh
2 6.214 2.910 4.789 4.64 ± 0.956

The mean pairwise haplotype distance (Dsh
2 ) is based on a stepwise

mutation model and depends on the number of polymorphic loci and

allele sizes at the given locus of given individuals (Vendramin et al.

1998)
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simultaneous effects of smaller- and larger-scale spatial

distances were analyzed for dry and wet sub-populations

using the Mantel test. Finally, the populations within the

given site were divided into six sub-populations from drier

to wetter habitats along the trails, and variation among

these sub-populations was analyzed. This analysis was

complemented by the kinship analysis that allows for

evaluation of the genetic variation over short spatial dis-

tances along the sampling trails (Fig. 1).

Compared with the analyses considering each site as a

single population (Tables 3, 4), consideration of drier and

wetter sub-populations within each site separately

(Table 6) did not result in qualitatively different conclu-

sions on the overall genetic variability. This analysis based

on nSSR markers indicated that the overall genetic vari-

ability, degree of heterozygosity and inbreeding coefficient

were similar among the sub-populations (Table 6). Only

for LaevaD (drier part of Laeva population), the Shannon’s

information index was less than in the other sub-popula-

tions, and also FIS in this population was more negative

than in the others, indicating even higher outbreeding

(Table 6a). Haplotype diversity and distribution of haplo-

types in six bog sub-populations was almost the same

(Table 6b).

According to phylogenetic analyses (neighbor joining)

and PCoA analyses based on nSSR markers, LaevaD was

indeed separated from other populations, and there was

also certain evidence of wetter sub-populations, LaevaW

and ParikaW, and drier sub-populations, LaevaD and Par-

ikaD, to cluster together (Fig. 4b). However, in the case of

cpSSR markers, phylogenetic analyses rather suggested

closer relatedness of wet and dry pairs of Laeva and Parika

sub-populations, and PCoA suggested only higher relat-

edness of wetter sub-populations, KakerdajaW and

ParikaW.

At a larger scale, Mantel test according to nSSR markers

did not show a significant correlation between geographic

and genetic distance of sub-populations (Fig. 5a), whereas

there was a significant correlation between geographic and

genetic distance according to cpSSR markers (Fig. 5b). At

a smaller scale, the kinship analysis demonstrated that

there was a significant, although weak, trend of decreasing

kinship with increasing spatial distance between individu-

als of Laeva population (Fig. 6a). Kakerdaja and Parika

populations did not show a significant spatial trend in

population genetic structure (Fig. 6a). Complementary to

this analysis, dividing each population among six sub-

populations, from the drier edge toward the wetter center,

Fig. 2 Frequency distribution

of size variants of five Pinus

sylvestris chloroplast

microsatellite loci (Table 2 for

characterization of the markers)

across the three studied sites

(n = 180, Fig. 1 for site

location)
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confirmed a certain spatial, wet–dry, gradient in sub-pop-

ulations in Laeva site (Fig. 6c), but no such gradient was

evident for Kakerdaja (Fig. 6b) and Parika site (Fig. 6d).

Evidence for linkage disequilibrium across genomes

Table 7 presents the observed distribution of D0 between
each of the nSSR and cpSSR loci. Of the genotyped loci,

only Pt15169 shows evidence of significant cyto-nuclear

LD, for all nSSR. Of the four remaining cpSSR loci, the

average D0 was 0.13137, with a range of 0.093–0.17. On

average, each nSSR showed evidence for significant LD to

2.8 other nSSR loci. For the cpSSR loci, we found no

evidence of significant LD (P = 0.49), with an observed

VD = 1.0725 and Ve = 1.0727 (Monte Carlo resampled

variance in VD = 0.0023). When Pt15169 was removed

and the LIAN analysis rerun, VD = 0.9129 and

Ve = 0.8828 (Monte Carlo resampled variance in

VD = 0.0018), with a P = 0.234.

Discussion

Genetic variation of Pinus sylvestris at its nutrient

availability limit vis-à-vis overall variation in species

range

Pinus sylvestris, a major fast-growing economically

important forest tree species in fertile sites, is also extre-

mely successful in colonizing sites with poor nutrient

availability where it is typically the only trees species or a

co-dominant species. The aim of this study was to assess

the level of genetic variation of P. sylvestris at its lower

nutrient limit in the bogs. The nuclear microsatellite

markers used in this study detected high levels of genetic

variation, with an average expected heterozygosity of 0.79

and observed heterozygosity of 0.95 (Table 3). This high

genetic diversity matches high phenotypic variability

observed for terpenoid contents and composition in these

sites (Kännaste et al. 2013).

Fig. 3 Frequency distribution of size variants of five Pinus sylvestris

chloroplast microsatellite loci in each population (n = 60 for each

population). Table 2 provides details of all the five markers used, and

Fig. 2 provides the frequency distribution of all individual markers

through all the data pooled

Table 5 Analysis of molecular

variance (AMOVA) for both

nuclear and chloroplast SSR

markers among and within

populations

Source of

variation

df Sum of

squares

Variance

components

Percentage

of variation

P

nSSR

Among Pops 2 9.740 0.028 0.87

Within Pops 177 568.117 3.209 99.13 0.006

Total 179 577.857 3.237

cpSSR

Among Pops 2 4.211 0.013 0.99

Within Pops 177 230.383 1.302 99.01 0.028

Total 179 234.594 1.315

In this analysis, all individuals from the given site were pooled. An alternative analysis splitting each

population at the given site between drier and wetter sub-populations within each site (i.e., altogether 6 sub-

populations, see Table 6) yielded similar results. AMOVAs according to both nSSR and cpSSR markers

suggested that the variation among populations accounted for about 1 % of the total variance, and within

populations for 99 % of the total variation
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The high genetic diversity observed in our study is only

partly surprising since a very large genetic variability has

been recognized for a long time as a peculiar characteristic

of woody plants (Hamrick et al. 1992). This high diversity

in trees likely reflects their specific life history character-

istics such as late reproduction, high longevity and pres-

ence of multiple overlapping generations in woody plants.

These life history characteristics can buffer against the

decrease in genetic variation due to population contractions

(Austerlitz et al. 2000). Furthermore, species such as P.

sylvestris, which do not have strong habitat specificity and

are almost continually distributed, are expected to have

greater within-population diversity than those with strong

habitat preference and fragmented distribution. High

genetic variability of P. sylvestris observed here is

comparable with previous observations in other European

sites: He = 0.81 for three microsatellite loci (Scalfi et al.

2009) and He = 0.847 for nine microsatellite loci (Belletti

et al. 2012) in Italy; He = 0.853 for three microsatellite

loci in Poland (Nowakowska et al. 2014); and He = 0.923

for three microsatellite loci in isolated Iberian mountain

populations (Robledo-Arnuncio et al. 2005).

Considering the significant variation observed for

quantitative phenotypic traits such as terpenoid content and

composition (Kännaste et al. 2013), the Estonian P. syl-

vestris populations do not fit the expectation that increasing

environmental heterogeneity in combination with local

adaptations leads to reduced genetic diversity within pop-

ulations (Hertel and Schneck 1999; Oleksyn et al. 1998;

Wegmann et al. 2006). High genetic diversity within

Fig. 4 Relationships between the ordination scores of the principal

coordinate analysis (PCoA, Nei 1978) based on both nSSR and cpSSR

markers, and corresponding dendrograms (above each PCoA panel)

showing the genetic relatedness of Pinus sylvestris populations. The

analysis was conducted with all individuals sampled in the given site

pooled (n = 60 for each site, left panels) and with equal sub-

populations from drier and wetter parts of the site (n = 30 for each

sub-population, Fig. 1 for the site codes and sampling strategy)
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populations together with high heritable phenotypic varia-

tion observed at several quantitative traits (Perks and

McKay 1997) suggests that these three populations studied

(Laeva, Parika and Kakerdaja) have a high potential to

produce diverse adaptive responses to environmental

variation.

Deviations from the expected Hardy–Weinberg pro-

portions were observed for all three populations. In gen-

eral, the observed heterozygosity was higher than expected

resulting in negative FIS values, indicating that the studied

populations of P. sylvestris were highly outbred

(FIS = -0.239; Table 3). Important departures from the

Hardy–Weinberg expectations with an excess of

heterozygotes were also found in another study of the

Estonian P. sylvestris populations (Maaten and Kurm

2007). The non-conformity with the Hardy–Weinberg

equilibrium can result from both increased randomness in

mating (primarily due to pollen source) leading to

enhanced gene flow as well as from spatial (sub-)popula-

tion structure (Wahlund effect). The most commonly

reported causes of negative values of the inbreeding

coefficient are effective gene flow among populations.

With regard to phenology, it is well known that the flow-

ering of P. sylvestris overlaps over large climatic gradients,

even over 500–1000 km latitudinal clines with strong

temperature differences, but also that earlier pollen is

expected to have a competitive advantage (Lindgren et al.

1995; Pessi and Pulkkinen 1994; Pulkkinen and Rantiole-

htimaki 1995; Sarvas 1962). This advantage could have

Fig. 5 Relationships among the geographic and genetic distance

according to nSSR and cpSSR markers of Pinus sylvestris populations

separated according to water availability within the three sites.

Diamond symbols represent the comparisons LaevaD versus ParikaD,

LaevaD versus KakerdajaD and ParikaD versus KakerdajaD; circles

the comparisons LaevaD versus LaevaW, ParikaD versus ParikaW

and KakerdajaD versus KakerdajaW, triangles the comparisons

LaevaD versus ParikaW, LaevaD versus KakerdajaW, ParikaD versus

LaevaW, ParikaD versus KakerdajaW, KakerdajaD versus LaevaW

and KakerdajaD versus ParikaW, and squares the comparisons

LaevaW versus ParikaW, LaevaW versus KakerdajaW and ParikaW

versus KakerdajaW (Fig. 1 for location of sample sites and definition

of site codes)

Table 6 Average (±SE) traits characterizing genetic variability and

population differentiation on the basis of nuclear (A) and chloroplas-

tic (B) microsatellite loci in three Pinus sylvestris populations

separated according to habitat water availability (dry vs. wet) among

two sub-populations (n = 30 for each sub-population)

Genetic trait Population

KakerdajaD KakerdajaW LaevaD LaevaW ParikaD ParikaW Average

A. Characteristics based on nuclear markers (Table 3 for definitions)

Na 13.8 ± 3.2 12.2 ± 3.9 12.4 ± 3.6 14.0 ± 3.2 14.8 ± 3.7 14.4 ± 4.1 13.6 ± 1.4

Np 0.60 ± 0.25 0.60 ± 0.25 1.20 ± 0.37 1.4 ± 0.6 1.8 ± 0.7 1.40 ± 0.51 1.17 ± 0.45

Ne 7.4 ± 2.3 6.8 ± 2.8 6.2 ± 2.8 6.7 ± 1.6 7.7 ± 2.9 7.8 ± 3.0 7.1 ± 1.0

I 2.05 ± 0.33 1.86 ± 0.37 1.78 ± 0.36 2.06 ± 0.29 2.07 ± 0.35 2.06 ± 0.36 1.98 ± 0.13

He 0.80 ± 0.06 0.76 ± 0.07 0.74 ± 0.07 0.81 ± 0.05 0.79 ± 0.06 0.79 ± 0.06 0.780 ± 0.024

Ho 0.959 ± 0.032 0.939 ± 0.037 0.952 ± 0.030 0.953 ± 0.039 0.93 ± 0.06 0.946 ± 0.029 0.947 ± 0.015

FIS -0.23 ± 0.11 -0.28 ± 0.13 -0.34 ± 0.14 -0.21 ± 0. 11 -0.21 ± 0.13 -0.23 ± 0.13 -0.249 ± 0.047

B. Characteristics based on chloroplastic markers (Table 4 for definitions)

Nh,a 22 25 23 20 24 26 23.33 ± 1.25

Nh,p 10 11 10 9 10 7 9.50 ± 0.80

Nh,e 18.000 20.455 17.308 16.071 21.429 22.500 19.3 ± 1.5

uH 0.977 0.984 0.975 0.970 0.986 0.989 0.980 ± 0.004

Dsh
2 6.637 5.845 2.943 2.840 4.162 5.271 4.62 ± 0.90

Drier sub-populations: KakerdajaD, LaevaD, ParikaD; wetter sub-populations: KakerdajaW, LaevaW, ParikaW
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favored effective pollen dispersal from southern popula-

tions to northern populations, which presumably starts to

shed pollen later.

High genetic diversity estimate based on haplotype fre-

quencies (0.981) was observed in Estonian P. sylvestris

populations using five polymorphic chloroplast microsatel-

lites (Table 4). The observed value is similar to the values

previously found in P. sylvestris in a large survey of

European populations: 0.99 in Scotland (Provan et al. 1998),

0.92 in the northern Apennines, Italy (Scalfi et al. 2009), and

0.978 in isolated Iberian mountain populations (Robledo-

Arnuncio and Gil 2005). In Scotland, high diversity of

mtDNA was linked to gene flow from a Siberian refugee

population (Sinclair et al. 1998). It seems that the biology of

P. sylvestris has ensured the maintenance of its neutral

genetic diversity throughout glacial periods and across its

Fig. 6 Correlograms of kinship coefficients among P. sylvestris

individuals sampled along the trails from dry to wet habitats in three

sites (a), and relationships among ordination scores of principal

component analyses (PCoA) for sub-populations positioned from dry

to wet parts within each of the three sites (b–d). Figure 1

demonstrates the sampling strategy and site location. In b–d, the
population sampled at each site (n = 60) was divided among 10 equal

sub-populations from drier (driest = 1) toward wetter (wettest = 6)

habitats, and PCoA was conducted according to Nei (1978) using

unbiased genetic distances based on nSSRs (b–d)

Table 7 Normalized cyto-nuclear linkage disequilibrium (D’)

between five nSSR and five cpSSR loci across the sampled range of

Pinus sylvestris, the frequency of the most frequent allele at each

nSSR (PnSSR) and cpSSR (PcpSSR), and an indication of the number of

other nuclear loci for which each focal nuclear locus exhibits a non-

random association (LDnSSR), based upon an approximation of

Fisher’s exact test of random association and a P B 0.05

Locus PnSSR D0
15169 D0

36480 D0
30204 D0

71936 D0
87268 LDnSSR

Locus2123 0.497 -1*** 0.1119 -0.0558 -0.0978 -0.0772 3

Locus4001 0.453 -1*** -0.0267 -0.0187 0.0119 0.2853 2

Locus11.8 0.322 -1*** -0.121 -0.0198 -0.1075 0.1278 3

Locus12.5 0.074 -1*** -0.2493 0.0866 0.2315 -0.0579 3

Locus3116 0.212 -1*** 0.0507 -0.2845 0.4236 -0.1819 3

PcpSSR 0.422 0.789 0.556 0.544 0.856

Statistical significance is indicated by the symbols, * P\ 0.05; ** P\ 0.01; *** P\ 0.001
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range despite having undergone probably different demo-

graphic processes in different areas.

Genetic variability among populations

In general, large intrapopulation but small interpopulation

variation is found in P. sylvestris (Kuznetsova and Mandre

2006; Maaten and Kurm 2007), indicative of extensive

gene flow between populations. In fact, comparisons of

genetic structure of reproducing forest stands and the

produced offspring have demonstrated significant changes

in population genetic structures during reproduction in this

species (Hattemer et al. 1993; Müller-Starck and Ziehe

1991; Ziehe et al. 1999), suggesting that important changes

in population structure can occur already within a few

generations. Nevertheless, the overall level of genetic

diversities arising from the differentiation between popu-

lations found in this study using nSSRs (FST = 0.007) is

lower than that previously observed in the same species in

other European countries (Müller-Starck et al. 1992). In the

Scandinavian region, for instance, values of FST = 0.02

were found in populations of P. sylvestris studied with

different markers (Karhu et al. 1996). Allozymes gave a

FST = 0.03 between Sweden and Siberian populations

(Wang et al. 1991) and a FST = 0.021–0.046 among many

European stands (Prus-Glowacki et al. 1993, 2003). Anal-

ogously, based on cpSSR markers, the variation among

populations (FST = 0.015) in our study is lower than the

value among northern P. sylvestris populations in Scotland

(Provan et al. 1998).

As suggested above, the most plausible explanation for

high genetic diversity and low genetic differentiation in

these P. sylvestris populations is high gene flow between

populations. In particular, wind pollination has a

homogenizing effect on the distribution of genetic varia-

tion. In fact, it has been suggested that pollen-mediated

gene flow over several hundred kilometers in a south–

north direction is possible for Finnish P. sylvestris (Varis

et al. 2009). Fertile pollen grains were detected in the air

when local female strobili were receptive, but male

strobili were immature (Varis et al. 2009). The occurrence

of airborne pollen in northern and northernmost sites

overlapped with male flowering in more southern loca-

tions. The amount of pollen flow from outside of the

study site has been 21–76 % in seed orchards in Sweden

and Finland (El-Kassaby et al. 1989; Harju and Muona

1989; Pakkanen et al. 1991; Wang et al. 1991). In this

regard, greater genetic variability in nutrient-limited sites

might be directly linked to the open sparsely located

canopies and highly turbulent wind conditions in these

sites. Such conditions facilitate access of low-concentra-

tion distant pollen to the female strobili. The situation is

much different in closed productive stands where turbu-

lent conditions rarely occur.

Sub-population variability

As P. sylvestris has a very high phenotypic variability over

small spatial scales (s. Introduction), it is tempting to

assume that part of this small-scale variability is due to

genotypic differentiation along environmental gradients,

and as such, reflects adaptability to site conditions. Despite

a strong gene flow, Mantel test according to cpSSR

markers did demonstrate that genetic distance between

populations increased with their geographic distance

(Fig. 5b), indicating that there was a certain evidence of

isolation by distance (IBD) of haplotypes even over these

relatively short distances. No such pattern across popula-

tions was found for nSSR markers (Fig. 5a). This lack of

spatial correlation over a larger scale reflected the presence

of small-scale spatial population structure, from dry toward

wetter parts of the bog, in one out of the three studied sites

(cf. Figs. 5a, 6a, d). Although weak, the observed spatial

correlation suggests that there can be a certain adaptive

selection to habitat conditions at least in some conditions.

Such in situ genetic adaptations to environmental condi-

tions have been observed in some species (Jump et al.

2006; Peñuelas et al. 2007), but not in others (Nishimura

and Setoguchi 2011). Currently, we cannot explain the

occurrence of within-population spatial structure in only

one site. We argue that site-specific conditions (presence of

surrounding taller vegetation) as well as site history could

have played a role.

Linkage disequilibrium across chloroplast

and nuclear loci

Recent research has suggested that polymorphism in

organelles may be important for adaptation in plants (Bock

et al. 2014). Previous research has also shown that neutral

demographic processes such as extinction/recolonization

events can generate significant cyto-nuclear LD. For

example, Fields et al. (2014) showed in a metapopulation

of Silene latifolia that overall levels of cyto-nuclear LD

were stable over approximately seven generations of the

species due to repeated founder effects consistently recre-

ating cyto-nuclear LD even as gene flow erodes it. In the

present study, we observed significant cyto-nuclear LD

between one of the cpSSR loci to all nSSR loci. This sig-

nificant association may indicate that this particular cpSSR

locus may be linked to a locus under selection or that this

locus belongs to an area of the chloroplast genome expe-

riencing different mutation rates, which has been observed

in other plant species (Sloan et al. 2008). The lack of

significant LD within the sampled cpSSR loci, even though
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there was significant LD between nSSR loci, is likely the

result of high mutation rates which results in homoplasy

across the species range (Desplanque et al. 2000; Luo et al.

1995; Strauss et al. 1993).

Conclusions

According to the present results, high and similar levels of

genetic diversity and little (but significant) genetic differ-

entiation were detected for both chloroplast and nuclear

genome. Despite low genetic differentiation by both

markers, clear geographic patterns in the distribution of

genetic variation across the populations were found for

chloroplastic markers. Clustering of bog populations sug-

gested that isolation by distance might be a possible

mechanism shaping the present distribution of genetic

variability among the populations. The results further

underscore the importance of pollen gene flow in homog-

enizing populations on this geographic scale. Overall, the

results of this study suggest that nSSRs and cpSSRs have

high resolution for detecting neutral molecular variation on

small scales; and that the biology of P. sylvestris provides

for the long-term maintenance of high within population

and low among-population diversity in neutral DNA

regions. Existence of the small-scale spatial structure of P.

sylvestris in one site further suggests that there could be

adaptive selection operating under some conditions, and its

importance seems to be generally low, suggesting that most

of the phenotypic variability observed in this species along

small-scale environmental gradients is plastic rather than

genetic.
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SPAC12.5, TX2123, TX3116 and TX4001 which are pre-

viously developed by Soranzo et al. (1998), Elsik et al.
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