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Abstract

Due to complex history of European forests, natural populations may not necessarily represent autochthonous genepools
for forest trees. Eastern Prussian forests were famous for using non-local sources for afforestation. We studied efficiency of a
set of nuclear microsatellite markers (nSSR) for genetic association and diversity studies of 194 adult trees from 5 populations
genotyped at 11 nSSR loci. The Bayesian and UPGMA clustering revealed two genetically distinct groups: (a) the Baltic
group, and (b) the Bavarian one and an over 200-years-old sea-side Lithuanian population of Juodkrante from the sea-side
Curonian spit of Neringa. We interpret this result as putative introduction of Bavarian Scots pine back in the 18" century,
when reforestation efforts were made to sustain moving sands in the dunes of Neringa. The genomic SSRs were more variable
than the EST SSRs. However, the association between the variability of the nuclear microsatellite loci and their efficiency in

detecting population differentiation was not strong.
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Introduction

In wind-pollinated wide-spread conifers such as Scots
pine exhibiting weak among population differentiation
(Kavaliauskas et al. 2022), occurrence of distinct morpho-
types in the absence of obvious environmental gradients
may indicate human interferences such as seed transfer and
artificial afforestation. Examples of such distinct morpho-
types of Scots pine in the Baltic region could be the “Riga
pine” morphotype in western Latvia notorious for its stem
height and straightness (Shutyaev and Giertych 1997, Kra-
kau et al. 2013) or a specific bark morphotype of Scots pine
at the seaside of Lithuania distinguishing by flat shallow
bark flakes, remaining a turtle coat (Ramanauskas 1994,
Danusevicius 2001). Such locally outstanding populations
may originate from introductions by humans in the past
(Krakau et al. 2013). Absence of records indicating such
human interventions does not necessarily guaranty the na-
tural origin or development of a forest stand (Krakau et al.
2013, Kembryté et al. 2021, Kembryté et al. 2022). In this
study we aimed to assess the efficiency of a set of nuclear

SSR markers and to investigate putative genetic associa-
tion between the sea-side Lithuanian and the Bavarian and
Polish Scots pine populations. This case is interesting from
the historical perspective as a reflection of the human ef-
forts to restore the forests on the unique landscape of the
sea-side spit Neringa (Curonian spit) in western Lithuania.
Another aspect is the age of over 200 years of the studied
stand at the sea-side Lithuania, dating back to the period
when the artificial regeneration of Scots pine was rare in
this region (Krakau et al. 2013). At the same occasion, we
discuss the efficiency of a set of nuclear SSR loci for popu-
lation genetic studies by comparing the polymorphism and
population differentiation indices.

The forest degradation preceding the numerous mili-
tary conflicts of the 18" century and the long-lasting efforts
for stabilizing the moving sands in the Lithuanian sea-side
spit Neringa provide a possibility for occasional artificial
establishment of Scots pine forests in Neringa. Historical-
ly, Neringa was a part of eastern Prussia but since 1757,
as an aftermath of the wars, for a decade fell under the
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Russian rule (Strakauskaite 2004). During this period mas-
sive forest exploitation took place at the sea-side spit in
Neringa followed by desertification and disastrous effects
of moving sands driven by the sea winds. After regaining
the land, the Prussian administration forced a large-scale
afforestation initiative, mainly with Pinus mugo (Turra)
(Danusevicius et al. 2012, 2013). We are not aware of any
historical records professionally describing the origin of
the material used for this afforestation back in the 18" cen-
tury. Our recent study on the cpSSR polymorphism of the
Pinus mugo populations in Neringa revealed high genetic
diversity, low risks for inbreeding and indicates that the
seed were imported from a restricted geographic area such
as Denmark rather than collected from early plantations in
Neringa (Danusevicius et al. 2012). These large-scale in-
troductions of Pinus mugo (Turra) in Neringa leave a pos-
sibility for artificial afforestation with Scots pine as early
as in the 18" century. At that time, Scots pine was usually
established by direct seeding, which results in a close to
natural spatial structure of trees within such seeded stands.

Furthermore, there are numerous examples of histor-
ical transfer of forest reproductive material (FRM) with-
in Europe (e.g. Koskela et al. 2014, Jansen and Geburek
2016, Myking et al. 2016, Jansen et al. 2017, Geburek and
Myking 2018, Jansen et al. 2019). According to Koskela et
al. (2014 and references therein) in the 18" century, seeds
of the main forest tree species such as Pinus sylvestris, Pi-
cea abies, Larix decidua (Jansen and Geburek 2016) and
Quercus spp. were widely traded across Europe and trans-
fer of seed contributed significantly to reforestation with
Pinus sylvestris at least in 13 European countries (Koske-
la et al. 2014). Myking et al. (2016) presented a study on
FRM transfer into the Nordic region, where FRM of four
main tree species (Scots pine, Norway spruce, European
beech and oaks) was relocated and traded mainly in Swe-
den, Norway and Denmark from various sources in Central
and Eastern Europe. Jansen et al. (2017) tracked the trade
and transfer of Norway spruce FRM within Europe and
showed historical routes of FRM transfer and expansion of
Norway spruce distribution area. Furthermore, Jansen et al.
(2019) studied recent rates of FRM trade in Europe based
on national datasets and EU Council directive 1999/105/
EC and showed that ca. 30 million plants are traded in Eu-
rope every year. Thus, FRM transfer is an ongoing process
which can have positive effects to countries’ economies
and help to cope with climate change. However, there are
a number of risks related to FRM transfer in the complex
chain of FRM production and handling. These risks main-
ly include origin tracking errors of any nature. Therefore,
DNA based FRM tracking technologies must be developed
for safeguarding the origin identification within various
seed transfer schemes (e.g., Konnert and Behm 2006, Fin-
keldey et al. 2010, Konnert et al. 2015, Kavaliauskas et al.
2021).

Microsatellites (SSR — simple sequence repeats) in
recent decades have been the most commonly used highly
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polymorphic co-dominant markers for assessment of popu-
lation structure and differentiation (Li et al. 2002, Oliveira
et al. 2006, Ellis and Burke 2007, Putman and Carbone
2014, etc.). The genomic function of microsatellites is di-
verse from selectively neutral to functional as chromatin
organisation, recombination and regulation of gene expres-
sion (Kashi and Soller 1999, Li et al. 2002, Li et al. 2004).
These diverse functions lead to variable evolutionary as-
sumptions each with specific statistical approaches when
analyzing the SSR data (Selkoe and Toonen 2006, Putman
and Carbone 2014, etc.). Thus, selection of microsatellite
loci may have a significant effect on the efficiency to detect
population structure and differentiation (Epperson 2004).
However, the choice of loci becomes a complex issue when
considering the evolutionary assumptions and a variety of
the statistical approaches (e.g. Luikart and England 1999,
Pearse and Crandall 2004, Jost 2008, etc.).

It is generally accepted in population genetic studies
that more loci provide more reliable estimates of popula-
tion genetic parameters (e.g. Hedrick 1999). However, the
statistical significance may not be evolutionarily meaning-
ful and including loci, for instance, with high homoplasy
rates may even obscure the precision of the genetic esti-
mates (Blankenship et al. 2002, Epperson 2005). Using few
polymorphic loci may provide similar efficiency as more
but less polymorphic loci (Kalinowski 2005). High number
of polymorphic loci may increase the technical genotype
scoring errors (Buchnan et al. 2005) and the bias due to
homoplasy resulting in underestimation of population dif-
ferentiation and overestimation of geneflow (Gaggiotti et
al. 1999, Epperson 2005). On the other hand, an unjustified
elimination of loci may reduce the statistical power and the
representation of the genome studied (Kalinowski 2002,
Epperson 2004).

Particularly interesting is the issue of connection be-
tween the variability of SSR loci and their power to de-
tect population differentiation (Balloux and Lugon-Moulin
2002, Kalinowski 2005). Though it may obviously seem
a positive association, it may not be because of high inci-
dence of homoplasy associated mutations in highly vari-
able loci, which may cause a negative association between
variability and differentiation (Olsen et al. 2004, O’Reil-
ly et al. 2004). In case of Scots pine, it is also unclear is
there a connection between the loci variability and ability
to differentiate populations, as for instance, using highly
polymorphic loci can increase the error of allele frequen-
cy estimates, especially under small sample sizes (Ruz-
zante 1998, Gomez-Unchida and Banks 2005, Kalinowski
2005). Because species, loci, and even populations have
own evolutionary pathways, specific responses to evolu-
tionary forces such as mutation rates shaping population
parameters, the choice of loci and their properties may be
case specific (Li et al. 2002, Oliveira et al. 2006, Selkoe
and Toonen 2006). The problem, therefore, is how efficient
are the specific SSR loci used in other species in revealing
population differentiation in Scots pine and how variable
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are the estimates of differentiation calculated with different
evolutionary assumptions and statistical algorithms (Danu-
sevicius et al. 2016).

Two main SSR mutation rate models are suggested
(e.g. review Oliveira et al. 2006). The infinite allele muta-
tion mode (IAM), where each mutation by chance creates
a new allele and an allele pair of 130 bp and 100 bp is as
different from each other as a pair of 131 bp and 130 bp
alleles. Wright’s (1949) Fr and Nei’s (1973) Gst are com-
monly used population differentiation estimates from allele
frequencies applied under the IAM. The stepwise muta-
tion model SMM, where mutations are believed to occur
in stepwise manner at a constant rate (molecular clock)
so that the alleles with similar repeat number may share
more close ancestry than alleles differing markedly in re-
peat number (Slatkin 1995). The is the preferred model for
SSRs, where the polymorphism in the number of micro-
satellite repeats is assumed to occur mainly due to DNA
polymerase slippage during the DNA replication process
(Eisen 1999, Ellegren 2004). For population differentiation
assuming SMM, Slatkin (1995) suggested the Rsr as an-
other fixation index that considers the differences in repeat
number among genotypes. Still there is an uncertainty, per-
haps depending on particular loci and species, where SMM
or JAM could be more appropriate. For instance, Ry under
SMM is more sensitive to homoplasy and other violations
such as non-step wise mutations, differential DNA repair
mechanisms, effect of drift, where the [AM-based statistics
is more robust and reliable (Balloux and Lugon-Moulin
2002, Landry et al. 2002). Therefore, there still is an inter-
est to compare the efficiency of known SSR loci to detect
population differentiation assuming diverse mutation mod-
els, algorithms on new material such as Scots pine popula-
tions in our study.

The objectives of our study were to estimate the ef-
ficiency of a multiplexed set of the nuclear microsatellite
loci to estimate among population differentiation and ge-
netic diversity by studying several Scots pine populations

Figure 1. Left: Origin of the populations studied. The dark areas indicate the natural distribution range of Scots pine (EUFORGEN
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from Lithuania, Germany and Poland. The relationship
between the polymorphism of the SSR loci and their effi-
ciency for revealing the among population differentiation
is discussed. We chose a subset of local populations to-
gether with a distant population, likely not connected via
geneflow with the local genepools.

Material and methods

The following five populations were selected for
the study to include geographically distant material
when comparing the efficiency of the loci: Alpenkiefer,
southern Germany (abbreviated as “Ger”, lat. 47°57”N,
long. 12°54”E, elevation 420 ma.s.. BES), Suprasl,
north-eastern Poland (“Pol”, lat. 53°15”N, long. 23°23”E,
elevation 181 ma.s.l.), Punia, southern Lithuania
(“Pun”, lat. 54°32°28.54”N, long.24°4’24.82”E, ele-
vation 78 m a.s.l.), Braziukai, central Lithuania (“Bra”,
lat. 54°53°25.13”N,  long. 23°28°48.73”E,  elevation
74 m a.s.l.) and Juodkrante, western sea-side Lithuania
(“Juo”, lat. 55°32°45.33”N, long. 21°6°49.03”E, elevation
35 ma.s.l.) (Figure 1).

The southern German population consists of 20 trees
sampled as clones in a seed orchard located near Laufen
(the coordinates of the seed orchard provided). The clones
are plus trees selected in forest ranges of the Bavarian Alps.
From 20 to 50 trees were sampled within natural stands to
represent the Polish and Lithuanian populations, respec-
tively. The sampled trees were of mature age and sampled
systematically over 15-20-meter intervals within an area
of 0.5 ha in stands of natural origin (Figure 2).

In total 190 individuals were genotyped. The wood
samples for DNA extraction were collected by drilling with
a 5-mm electric bore to the depth of up to 5 cm, placed
into 2 ml plastic tubes and stored at —20°C until DNA ex-
traction. DNA was extracted from the samples according to
the modified ATMAB-method after Dumolin et al. (1995).
The concentration and purity of the DNA samples obtained
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2009). Right: A representative ca. 200-year-old tree from the sea-side Lithuanian Juodkrante (Juo) population with the specific

“shallow” bark morphotype
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Figure 2. Overmature trees of Scots pine sampled for the DNA
study in Juodkrante in the Lithuanian sea-side spit Neringa. The
oldest age class of ca. 200 years old was sampled

were fluorometrically quantified (Gene Quant Pro, Amer-
sham Bioscience). Three multiplex-PCR reactions were
performed using fluorescent labelled primers in a mix-
ture of 10 pl total volume containing 1 X reaction buffer
(Qiagen Multiplex PCR Master Mix), 0.5 to 4 uM of each
primer and 1 ul of DNA (concentration 10 to 20 ng/pul).
The program for amplification was optimized using gra-
dient PCR-conditions. The final PCR program started
with initial denaturation at 95°C for 15 min, followed by
30 cycles of 94°C for 30 sec, 57°C for 1.30 min, 72°C for
30 sec and a final elongation step at 60°C for 30 min (the
thermal cycler “TProfessional Standard PCR Thermocy-
cler”) (The Biometra®). The length of the PCR fragments
was determined by using an automated sequencer (CEQ
GeXP Beckman-Coulter) and analysed by using an inter-
nal size standard (CEQ™ DNA Size Standard Kit — 400).
Fragment length determination and allele assignment were
carried out using the fragment analysis tool GeXP (Beck-
man-Coulter).

Eleven nuclear microsatellite loci were studied. The
following primers for the microsatellite loci representing
two to four nucleotide repeats were used: Psyl57, Psyl2,
Psyl18, Psyl42, Psyl25, Psyll6 (Sebastiani et al. 2012),
Spag7.14, Spacl2.5, Spacll.4 (developed for Pinus syl-
vestris, Soranzo et al. 1998) and PtTX4011, PtTX4001
(developed for Pinus taeda, Elsik et al. 2000), combined
into 3 multiplexes for the PCR and capillary electropho-
resis as follows: PCR multiplex A: Psyl2, Psyl42, Psyl25,

DNA MARKERS REVEAL GENETIC ASSOCIATION BETWEEN THE SEA-/.../  KAVALIAUSKAS, D. ET AL.

Spag7.14; PCR multiplex B: Psyl57, Psyll8, and PCR
multiplex C: Psyll6, Spacl2.5, Spacll.4, PtTX4011,
PtTX4001.

After the allele scoring, the data set was checked for
scoring errors due to stuttering, large allele dropouts with
the approach estimating the excess of homozygotes im-
planted in the Microchecker software, ver. 2.2.3 (van Oos-
terhout et al. 2005). The null allele frequency per locus and
populations were estimated by the maximum likelihood
method implemented in Genepop 4.0 software.

Assuming the IAM the following allele identity-based
fixation indices were calculated: ® (theta) as an unbiased
estimator of Fsr that corrects for error associated with in-
complete sampling of populations (Weir and Cockerham
1984), (FSTAT, ver. 2.9.3.2, Goudet 1995). Assuming the
SMM, the allele size-based R fixation index was calculat-
ed with the FSTAT software. FSTAT employs jackknifing
over populations to obtain the standard errors of the fixa-
tion indices separately for each locus (sampling from each
population the number of individuals equal to sample size
of the smallest population without replacement repeated
1,000 times). FSTAT also performs jackknifing and boot-
strapping over loci to obtain the standard errors and confi-
dence intervals for the multilocus estimates.

In addition two exact tests of population differentia-
tion were computed: (a) the exact G-test (less biased un-
der unequal sample sizes than the Fsr; Goudet et al. 1996)
was used for testing for population differentiation assum-
ing random mating within samples, where the proportion
of randomized runs with the permuted values of larger
differentiation than observed over 10,000 permutations
are used to test for the significance of the differentiation
(implemented in FSTAT software), and (b) the differenti-
ation test by a contingency table approach to determine if
groups of individuals have significant differences in allele
frequencies for each locus (Raymond and Rousset 1995)
implemented in PowerMarker software with 10,000 per-
mutations (Liu and Muse 2005).

With more than two alleles, however, Fs; or Gy can-
not reach 1.0 even when no alleles are shared between the
two populations, as there will always be some heterozy-
gosity within populations (Meirmans and Hedrick 2011).
Considering the limitations of the Fsr and Ggr fixation in-
dices in detecting differentiation with diverse markers such
as SSR, we computed the differentiation index, D.,, which
measures of the fraction of allelic variation among popu-
lations as described by Jost (2008) by using the GenAlEx,
ver. 6.5 software.

Unbiased gene diversity (expected heterozygosity)
and allelic richness corrected for sample size (rarefaction
based on minimum population sample size of 20 diploid
individuals) were used as the estimates of the loci variabil-
ity and both were calculated with FSTAT software (pop-
ulation estimate averages the values over the loci). Loci
were also characterized with the Fg fixation index testing
of variation of individuals within sub-populations as an
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estimate of inbreeding levels and an indication of the de-
viation from the HW equilibrium (FSTAT software). If F7
is significantly positive or negative (significant deficit and
excess of heterozygotes, respectively) or values close to
0 indicate neither outbreeding nor inbreeding so that the
population is in HW equilibrium for this locus.

The population structure was assessed with the
STRUCTURE ver. 2.3.4 software (Pritchard et al. 2000)
as follows: the burn-in period of 100000, 100000 rep-
lications, 10 runs for each of 1 to 3 clusters, with the
LOCPRIOR function, allele frequencies assumed to be
correlated and no admixture model was assumed. Our re-
cent study revealed weak differentiation among the Lith-
uanian Scots pine populations (Kavaliauskas et al. 2022).
Therefore, we limited the K value to 3 clusters within our
material. The most likely number of clusters (1 to 3) was
estimated by submitting the STRUCTURE output to the
STRUCTURE HARVESTER software, ver. 6.94 (Earl and
Holdt 2012).

The genetic associations among the populations were
studied based on the Goldstein et al. (1995) SMM based
genetic distances calculated from the allele frequencies
with of the PowerMarker ver. 3.25 software (Liu and Muse
2005), which generated 60000 bootstrapped trees (boot-
strapping over loci). The procedure CONSENSE within
the PHYLIP ver. 3.69 software (Felsenstein 1989) was
used to obtain the consensus tree to be depicted an UP-
GMA and NJ dendrogram with the TREEVIEW software
(Page 1996).

Relative migration among studied Scots pine popu-
lations were assessed using the approach implemented in
R-package diveRsity (function divMigrate) (Keenan et al.
2013). The method is based on defining a pool of migrants
for each combination of two samples in pairwise compari-
son and measure of genetic differentiation is then calculat-
ed for both the first and the second population compared
to the pool, generating two directional measures of ge-

DNA MARKERS REVEAL GENETIC ASSOCIATION BETWEEN THE SEA-/.../  KAVALIAUSKAS, D. ET AL.

netic differentiation (Sjoqvist et al. 2015, Sundqvist et al.
2016). The relative migration was calculated based on Nm
(Alcala et al. 2014) and was used as a measure of genetic
differentiation.

Results

Population differentiation

No evidence for scoring errors due to stuttering, nor
for large allele dropout were found at all loci. The null al-
lele frequency (NAF) varied at about 0.04, except for the
almost monomorphic EST locus Psyl25, where NAF was as
high as 0.9. All the loci, except Psyl25, were polymorphic,
producing 6 to 35 alleles (Table 1). The Spac loci were the
most variable with 16, 30 and 35 alleles. The PtTX loci
were less variable with 10 to 17 alleles. The Psyl series
loci (the EST-SSRs) were the least variable and the locus
Psyl25 was basically fixed for the 215 bp allele (only 2 in-
dividuals contained other than the 215 bp allele; Figure 3).

Allele frequency of the highly variable loci Spag7.14
and Spac12.5 perfectly followed the Gaussian-shaped al-
lele frequency distribution assumed by the SMM (Ellegren
2004; Figure 3). Most of the other loci also showed no
marked deviation from the Gaussian distribution, except
for the least polymorphic EST loci with several alleles
such as Psyl25 (Figure 3). In general, there was a tendency
for a lack of short alleles in the lower tail of the Gauss-
ian-shaped distribution (Spac11.4, Psyl16, Figure 3).

The locus-wise rarified allelic richness revealed a
similar trend as the observed number of alleles: the highest
number of alleles was observed for the Spac loci, followed
by PtTX and Psyl loci (Table 3 and S.M. Figure 1). Ex-
pected heterozygosity was positively associated with allel-
ic richness (S.M. Figure 1). For most of the loci the Fig
index was positive close to zero indicating no marked HW
deviation (Table 1). The locus PtTX4011, however, exhib-

Table 1. Population differentiation statistics compared between the loci

Locus AN par G-test (FSTAT) par (Power marker) Rsr FSTAT Fsr(©) (se) Dest p Dest  Fis FSTAT
Spag7.14 35 0.0028 0.0035 0.007 0.005 (0.003) 0.064 0.130 0.089
Psyl57 7 0.1245 0.0628 0.019 0.008 (0.009) 0.005 0.258 0.052
Psyl2 6 0.9000 0.8709 -0.005 -0.012 (0.003) -0.007 0.987 0.146
Psyl18 6 0.431 0.3533 0.001 —0.001 (0.008) 0.001 0.236 0.176
Psyl42 5 0.2101 0.2247 -0.007 0.012 (0.011) 0.018 0.134 0.024
Psyl25 2 0.2463 0.6060 0.006 0.012 (0.006) 0.000 0.212 -0.013
Spac12.5 30 0.0948 0.0709 0.007 0.002 (0.002) 0.032 0.233 0.045
Spaci11.4 16 0.0287 0.0577 -0.011 0.000 (0.003) 0.006 0.352 0.038
PtTX4011 10 0.0001 0.0004 0.031 0.011 (0.010) 0.027 0.084 0.279
PtTX4001 17 0.0639 0.0380 -0.003 0.006 (0.008) 0.026 0.056 0.015
Psyl16 10 0.0927 0.0969 0.014 0.001 (0.002) 0.009 0.322 0.112

Notes: AN —observed allele number; pay G-test is the probability for differentiation according to the exact G-test (Goudet et al. 1996) based on 10000
permutations implemented in FSTAT; paiy is the probability for differentiation according to a contingency table approach to determine if groups of
individuals have significant differences in allele frequencies for each locus (Raymond and Rousset 1995) implemented in PowerMarker software;
Fsr (O, theta) is an unbiased estimator of Fsr that corrects for error associated with incomplete sampling of populations, (Weir and Cockerham 1984),
(FSTAT); D.q is the Jost’s estimate of differentiation (D.) calculated following Meirmans and Hedrick eq 2 in Meirmans and Hedrick (2011); p Dy
is the significance of the D. tested with 10000 bootstraps over individuals (GenAlEx ver. 6.5 software).
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Figure 3. The allelic variability of the loci. The significance values for the exact
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Note: The asterisk at the differentiation p values present results of the Hardy-Weinberg equilibrium
deviation test by FSTAT (Fis based), where n.s. = not significant deviation, * = 0.05-0.01, ** =

in FSTAT and PowerMarker soft-
ware packages (Table 1). Regarding
the comparison of the discriminating
power between the loci, the theta fix-
ation index was less informative than
the exact differentiation tests, because
the theta values were rather uniform
ranging at about 0.001-0.008 with
high standard errors (Table 1). The
D, test returned higher values than
Fgr for highly variable loci (Spac,
PtTX) and similar values as Fs for
less variable Psyl loci (Table 1). Gen-
erally, the Rgr values were higher than
the Fr values (Table 1). The multilo-
cus AMOVA revealed higher among
population variance components for
the Ry index than for the Fg; index
(Figure 4).

The relative migration network
analysis (Figure 5) showed equal-
ly strong relative migration rates
among the Lithuanian populations
and slightly lowers genetic exchange
with the Bavarian population. These
results well corresponded well to the
STRUCTURE clustering (Figure 6),
where it revealed an unexpected ge-
netic association between the sea-side
Lithuanian population of Juodkrante
and the Bavarian population. Direc-
tional relative migration rates below
0.5 were filtered out to emphasize the
major gene flow and differentiation
among the Scots pine populations.

Population structure

The STRUCTURE HARVEST-
ER analysis returned the highest delta
K value and the lowest standard de-
viation for the mean /n probability
of the number of clusters (K) for the

0.01-0.001; ND = not determined.

ited the highest positive Fis value indicating a heterozygote
deficit (Table 1, Figure 3).

For the least variable EST-SSR Psyl loci, the popula-
tion differentiation was markedly lower than for the rest of
the loci (G-test p value ranged from 0.0927 to 0.9000; Ta-
ble 1). For the most variable Spac loci, the differentiation
was significant or close to significant (0.0028 to 0.0927;
Table 1). Though being of medium variability, the locus
PtTX4011 had the greatest discriminating power with
highly significant p values of 0.0001 to 0.0004 from both
the differentiation tests (Table 1). There was good agree-
ment between the two differentiation tests implemented

two-cluster structure (not shown). If

added, the third cluster was equal-
ly shared among the individuals and provided no useful
information for the population structure (not shown). All
10 STRUCTURE runs with the number of clusters equal
to 2 returned similar inferred ancestry, as shown in Fig-
ure 6. The proportion of individual membership in the two
clusters revealed a genetic association between the sea-
side Lithuanian population of Juodkrante and the Bavarian
population, both containing over 90% of the cluster 2 indi-
viduals (red bars in Figure 6). Whereas cluster 1 dominat-
ed in the remaining geographically close populations from
north-eastern Poland and central Lithuania (green bars in
Figure 6).
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Table 3. The rarefied allelic richness given for each population
and locus (Fsz4r soft.)

Locus Ger Pol Bra Juo Pun
Spag7.14 156 21.0 185 191 192
psyl57 4.8 5.6 5.4 5.4 5.0
psyl2 3.6 2.8 2.4 2.8 2.8
psyl18 3.7 1.8 25 3.0 25
psyl42 4.0 4.0 4.0 4.3 4.0
psyl25 1.0 1.0 1.0 1.6 1.0
Spac12 158 201 167 174 16.6
Spac11 104 1041 94 101 10.0
PtTX40 4.7 5.4 5.4 8.3 4.8
PtTX40 12.7 6.2 6.1 8.3 9.0
Psyl16 6.6 7.7 7.0 71 5.9
Average 7.5 7.8 71 7.9 7.4

Within Indiv Among Pops

Among Indiv
13%

Among Indiv
90%

Figure 4. The partition of the variance based on the multilocus
AMOVA carried out for Fs; and Rgr estimates with GenAlEXx,
ver. 6.5

With all loci included, the clustering based on the
distance (which assumes mutations as the major force for
population differentiation) assigned the Bavarian popula-
tion into a separate node and revealed a close association
between the Lithuanian population of Braziukai and the
north-eastern Polish population. However, less than 50%
of bootstraps indicate low reliability of this separate Ba-
varian population node (Figure 7). On the contrary, the
association between Braziukai and the north-eastern Pol-
ish populations was strong, as indicated by over 90% of

1.00
0.80
0.60
D.40
0.20

0.00

Poland

Germany Braziukai, LT
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Relative migration network
(Filter threshold = 0.5; Nm)

: DE_Laufen,

- PL_Suprasl,

- LT_Braziukai,

: LT_Juodkrante,
- LT_Punia,

[ N RN

Figure 5. The relative migration network (based on Nm)
(R-package diveRsity)

bootstrapped data merging these populations into a single
node (Figure 7).

After exclusion of the loci with no significant popula-
tion differentiation, the clustering based on the remaining
seven loci returned similar results as the Bayesian infer-
ence: a node of Bavarian and the Lithuanian sea-side popu-
lation of Juodkrante (71% of bootstraps) and a cluster con-
taining the remaining populations from the north-eastern
range (Figure 7). The UPGMA and NJ tree construction
methods had no marked effect on the clustering outcome
(Figure 7).

The main genetic diversity criteria were similar
among the populations, except for slightly higher inbreed-
ing coefficient and greater difference between the H, and
H, values in the Braziukai population from central Lithu-
ania (Table 2).

Juodkrante, LT Punia, LT

Figure 6. The plot of the inferred ancestry of individuals with the most likely structure of two clusters from the STRUCTURE

software

Note: The colour of the bars indicates the proportion of membership of the individuals in each of the 2 clusters (Y axis). The populations are outlined

by vertical lines and identified on the X axis).



BALTIC FORESTRY 28(2)

LT-Punia

()
28963
LT-Ju
24262
LT
57562
Poland
LT-Punia
(b)
11252
Poland
51639
LT
Germany
42467
LT
LT-Punia
©
11424
Poland
51659
LT
LT
42285
Germany

Figure 7. Comparison of dendrograms after clustering based
on Goldstein et al. (1995) genetic distance with all the loci
(upper left dendrogram (a)) and two dendrograms (on the right
side (b and c)) with loci which showed significant population
differentiation

Note: Significance of the nodes was tested by 60000 bootstraps and is
given at the fork of each node as number of trees with the populations
was joined into the node. The plots to the left show analysis with all
the loci; the plots to the right only loci with significant population
differentiation.

DNA MARKERS REVEAL GENETIC ASSOCIATION BETWEEN THE SEA-/.../  KAVALIAUSKAS, D. ET AL.

Table 2. The genetic diversity indices averaged over the loci.
The standard errors of the multilocus means are given below
each estimate (GenAlEx soft.)

Population N Na Ne Ho  uHe F
Alpenkiefer, Bava- 22 8.00 4.80 0.58 0.62 0.07
ria (Ger) 167 117 009 0.09 0.04
Suprasl, north- 22 836 548 055 0.59 0.03
eastern Poland 221 181 0.10 010 0.04
(Pol)

Braziukai, central 50 9.09 549 053 061 0.16
Lithuania (Bra, LT) 242 172 009 010 0.05
Juodkrante, sea- 50 1045 580 058 0.62 0.05
side Lithuania 245 180 0.09 010 0.04
(Juo, LT)

Punia central Litt 50 9.82 536 0.56 0.60 0.04
huania (Pun, LT) 261 166 010 010 0.03

Notes: N — number of individuals; Na — observed number of alleles; Ne —
No of Effective Alleles =1/ (Sum pi*2); Ho — Observed Heterozygos-
ity =No of Hets/N; He— Expected Heterozygosity = 1 — Sum pi"2;
uHe — Unbiased Expected Heterozygosity = (2N /(2N — 1)) x He; F—
Fixation Index = (He — Ho)/ He=1— (Ho / He), where pi is the fre-
quency of the i-th allele for the population and Sum pi”2 is the sum of
the squared population allele frequencies.

Discussion and conclusions

Population comparison

The genetic association between the geographical-
ly distant populations from Bavaria and Juodkrante in
sea-side Lithuania is unexpected, because the old growth
stand sampled in Juodkrante is expected to represent nat-
ural regeneration from autochthonous pools surviving
the desertification of the 18" century in the seaside spit
Neringa. Nevertheless, this genetic association between
the geographically distant populations from Bavaria and
Juodkrante is strong, because all the trees within these
two populations were assigned with over 80% likelihoods
into the single STRUCTURE cluster number 2 (darker
colour in Figure 6). Given such a uniform likelihood for
each tree, the homoplasy is unlikely. The likelihood of a
non-random association between these two populations is
also strengthened by the finding that the UPGMA or NJ
clustering structures turned to statistically significant after
removing the loci with no significant differentiation among
populations (Figure 7). The remaining three Baltic popu-
lations were genetically similar, which supports the geo-
graphical over a random differentiation background (Fig-
ures 6 and 7). It is likely that southern German and Baltic
populations have different evolutionary backgrounds and
geneflow over such large distances is unlikely (Naydenov
et al. 2007, Buchovska 2013, Buchovska et al. 2013, Der-
ing et al. 2017). Significant among-population differentia-
tion based on nSSR is the least expected for geographically
close populations such as in the Baltic region, including
the Juodkrante population in our study (Kavaliauskas et al.
2022). Considering the considerations given above, a pos-
sible scenario is artificial establishment of at least a part of
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the sampled stand in Juodkrante back in 1800’s. The scale
of such introductions in the seaside spit Neringa is unclear
and only a few of such 200 years old stands are remaining
in the spit Neringa. However, the scope of our study allows
us to only raise the hypothesis of a higher likelihood for
genetic associations between the seaside Lithuanian popu-
lation of Juodkrante and the central European populations
of Scots pine.

Similar allele numbers together with uniform H,
values indicate no marked differences in allelic diversity
among the populations (Table 2). However, the relatively
higher inbreeding coefficient in the Braziukai population
indicates that the heterozygotes were created by a com-
parably lower number of alleles than in the other popula-
tions. This implies a relatively greater relatedness among
the sampled trees in the Braziukai population. The main
difference between the sampled stands is that the Braziukai
stand was heavily thinned to ca. 200 trees per ha for natural
regeneration purposes from seed trees. Consequently, there
is a tendency for a greater relatedness among the superi-
or trees left as seed trees for regeneration in the Braziukai
stand than among randomly sampled trees in the remaining
stands.

The loci comparison

The deviation from the HW equilibrium was stron-
ger for the loci with a significant population differentiation
(Figure 1). This may indicate the effects of divergent muta-
tions or selection via the divergence hitchhiking (Goicoe-
chea et al. 2012).

The allele conformity to the expected repeat size and
proximation to the Gaussian — shaped distribution of the
allele frequencies indicates neither marked genotyping nor
serious sampling problems (Selkoe and Toonen 2006). The
allele variability obtained in our study was similar as in the
other studies using the same loci over a comparable geo-
graphical range of Scots pine (Soranzo et al. 1998, Garcia-
Gill et al. 2009). Especially, Spag7.14 with 35 alleles in our
material is highly polymorphic for Scots pine, considering
that Kuchma et al. (2011) found 39 alleles for Spag7.14 in
a strongly mutagenic environment of the Chernobyl exclu-
sion zone. We found 30 alleles for Spac12.5, the second
most polymorphic locus. Garcia-Gill et al. (2009) reported
47 alleles for Spac12.5 within a forest district of 25 ha and
sample size of ca. 400 individuals in Sweden. Buchovska
(2013) reported 39 Spac12.5 alleles for the material repre-
senting ca. 500 individuals from a large part of the Scots
pine natural distribution range but having ca. 15 individ-
uals per population. Kavaliauskas et al. (2022) found 35
alleles for Psyl12.5 in 20 Lithuanian Scots pine popula-
tions with 20 trees each. As expected, the genomic SSR
loci (Spac; PtTX) showed markedly higher variability than
the EST-SSR loci (the Psyl series; Li et al. 2004). Further-
more, in our recent study with a large within-population
sample size of ca. 200 trees from each of 6 populations
(938 trees in total) in Lithuania, we obtained 33 alleles for
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Spacl12.5 (Danusevicius, submitted). Such observations
for allele numbers that a single locus may exhibit with vari-
able sample depths indicate vast allelic diversity reservoirs
laying within populations. Is there a limit for mutation of
the microsatellite motive repeats? Perhaps as for locus
Spac12.5, Buchovska (2013) found 39 size variants in the
Scots pine material covering most of the species range in-
cluding the easternmost parts of Russia (compare 30 alleles
of Spac12.5 in our study; Table 1). More investigations in
this subject are of great interest.

Similar ranking among the populations as regards the
observed and rarefied allele numbers indicate sufficient
sample sizes for the estimate of population allelic diver-
sity. Another feature of SSRs to be investigated in greater
detail is the relationship between heterozygosity and allelic
richness in such widely outcrossing species as Scots pine.
Due to deviations from random mating, similar allele num-
bers can be combined towards a higher number of hetero-
zygotes or homozygotes. This could be a specific feature
of the cDNA SSRs. cDNA SSRs also exhibit a high trans-
ferability rate among pine species (Liewlaksaneeyanawin
et al. 2004).

There may be a connection between the loci variabil-
ity and the capacity to reveal the population differentiation
so that the least variable loci were less efficient in reveal-
ing the differentiation (Figure 3, Table 1). One reason for
such result is straightforward, variable markers provide a
higher statistical power (both variation and more informa-
tive bootstrapping or permutation tests for significance) to
estimate genetic structure (Epperson 2004). The loci with
several alleles common in all populations certainly are
least informative for differentiation. However, the high-
est variability does not mean the strongest differentiation,
e.g. the Spac12.5 locus being marked more variable than
PtTX4011 had lower differentiation power than PtTX4011
(Table 1, Figure 3). Relatively higher Fsrvalues for low di-
versity loci, especially for few allele cases, may be a good
indicator when searching for population-specific markers,
and useful for control of origin of forest reproductive ma-
terial (Konnert and Behm 2006).

Clearly, the Spac loci series are among the most poly-
morphic and represent genomic microsatellites with high
mutation rates, perhaps relatively more influenced by
homoplasy than the other loci investigated in our study.
This observation is supported by the findings that for the
Spac12.5 locus, the high number of individuals from a
small area returned a higher number of size variants (20 ha,
ca. 96 trees and 47 alleles; Garcia-Gill et al. 2009) than ma-
terial representing most of the species range (ca. 2,000 km
range, 500 individuals, 39 alleles; Buchovska 2013). The
PtTX loci series may reveal differentiation owing to pop-
ulation specific alleles (Figure 4) and are good candidates
for population differentiation as found by our and other
Scots pine studies (Soranzo et al. 1998, Gonzlez-Martinez
et al. 2004, Garcia-Gill et al. 2009). Psyl loci showed low
variability and low differentiation in our material but being
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connected with the functional part of the genome, may be
efficient in detecting population structure within a broad
geographic range such as Eurasia (studied by Buchovska
et al. 2013).

Most of the Fgr values were below 0.05 which is
generally accepted as the lower differentiation threshold
(Conner and Hartl 2004). Only for locus PtTX4011, the
Fgr was close to moderate differentiation (Table 1). Rgr
values were in general higher than Fg; ones indicating
the importance of the SMM in revealing population dif-
ferentiation at these loci. This was also confirmed by the
multilocus Rsr with much greater percentage of variation
among populations than Fsr (Figure 5). There also was a
tendency for the Ry values to be greater than the Fis; for
the loci of medium variability but of high differentiation
(Psy57 and PtTx4011; Table 1). Whereas for the most vari-
able loci (Spag7.14 and Spac12.5), R, was not markedly
different from the F; values. Rgr provides better estimates
of population differentiation than Fi; for the material with
low genetic exchange (Balloux and Goudet 2002), as in our
case where gene flow between the southern German and
the Baltic Scots pine populations is expected to be limited.
The D, value was higher for more variable loci as expect-
ed following the reasoning for the D statics by Jost (2008)
and Meirmans and Hedrick (2011).

In conclusion, our study indicates that (a) there may
be a genetic background for distinct morphotypes of Scots
pine occurring without the absence of obvious natural rea-
sons, and (b) for Scots pine, the association between the
variability of the nuclear microsatellite loci and their effi-
ciency in detecting population differentiation is not perfect
and highly variable loci do not guarantee the greatest and
evolutionary most meaningful population discrimination.
Before carrying out large-scale population differentiation
and phylogeographic studies with nuclear microsatellites
in Scots pine, a pre-screening of the loci within the frames
of a pilot investigation could markedly improve the cost
efficiency and evolutionary significance of the results.
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