BALTIC FORESTRY
I THE LOCATION OF THE NORTHERN GLACIAL REFUGIUM OF SCOTS PINE /.../ ). BUCHOVSKA ET AL N

ARTICLES

The Location of the Northern Glacial Refugium of Scots
Pine Based on Mitochondrial DNA Markers

JURATA BUCHOVSKA", DARIUS DANUSEVICIUS?, DANAS BANIULIS?, VIDMANTAS STANYS?, JURATE
BRONE SIKSNIANIENE? AND DARIUS KAVALIAUSKAS?

I- Institute of Forestry, Lithuanian Research Centre for Agriculture and Forestry, Liepu str. 1, Girionys LT-53101,
Kaunas distr, Lithuania. Tel. +370 37 547221, fax: +370 37 54 74 46.

2 Aleksandras Stulginskis University, Institute of Forest Biology and Silviculture, Studentu str. 11, LT-53361
Akademija, Kaunas rveg., Lithuania. Tel. +370 37 75 23 00, Fax: + 370 37 39 75 00.

3- Institute of Horticulture, Lithuanian Research Centre for Agriculture and Forestry, Kauno str. 30, Babtai, LT-
5433, Kaunas reg. Lithuania. Tel. +370-37-555395, Fax +370 37 55 51 76.

*Corresponding author:Jurata Buchovska, Institute of Forestry Lithuanian Research Centre for Agriculture and
Forestry. Postal address: Liepy str. 1 Girionys LT-53101, Kaunas distr., Lithuania. Tel:+370 37 547289, Fax:
+370 37 547446, E-mail: bukauskaite jurate@gmail.com

Buchovska, J., Danusevi¢ius, D., Baniulis, D., Stanys, V., §ik§nianiené, J. B.and Kavaliauskas, D. 2013.
The Location of the Northern Glacial Refugium of Scots Pine Based on Mitochondrial DNA Markers. Baltic Forestry
19(1): 2—-12.

Abstract

Several recent studies based on mitochondrial DNA markers suggested a northern refugium for Scots pine somewhere
westwards of the southern part of the Ural Mountains. The objective of our study was to assess the mtDNA polymorphism
of Scots pine at the Nad7-1 and Nadl-B/C loci with the aim of detecting the location of this northern glacial refugium
and the associated post-glacial migration routes. We studied 54 populations densely covering the European part of Russia
westwards of the Ural Mountains, but also populations from the Czech Republic, Poland, Sweden, Finland, Scotland,
Georgia and eastern Siberia were included. For the Nadl-B/C locus, all our material was monomorphic. Of the total of
474 individuals tested at the Nad7-1 locus, 348 individuals (73 %) possessed the universal haplotype A of 300 bp and
126 individuals (27 %) — the northern haplotype B of 295 bp. Geographical distribution of the Nad7-1 northern B
haplotype was not random (SAMOVA, BAPS) forming a consistent cline directed towards north-west of the south-eastern
part of European Russia up to the Scandinavia in the north. This provides a stronger support for the south-eastern
rather than the central European location of the northern glacial refugium. A possible location of the northern refugium
could be at about 300 km south-east of Moscow, where the northern B haplotype occurs in high frequency and Scots
pine could possibly survive during the LGM. There also is a possibility for a more southern location of the northern
refugium, assuming that such signature was lost during the northward migration or via genetic drift.

Key words: differentiation, glaciation, LGM, Pinus sylvestris, phylogeography, post-glacial colonisation, mtDNA,
organellar DNA

Introduction smaller in geographical area, mainly found in the Bal-

tic, Karelian (north-western part of Russia) and Finn-

Based on mitochondrial DNA (mtDNA) markers,
Naydenov et al. (2007) revealed two distinct glacial re-
fugia for Scots pine in the temperate and boreal zones
of Eurasia: (a) multiple refugia south of the ice cover
longitudinally stretching over all of Eurasia from Scot-
land to south western Siberia (Chernova et al. 1991,
Cheddadi et al. 2006) sharing the universal haplotype
for the mtDNA marker; (b) a northern refugium, much

ish populations sharing the northern haplotype for the
mtDNA marker. The above mentioned northern Euro-
pean areas were covered by the arctic ice sheet dur-
ing the last glacial maximum (LGM, (37 000 - 16 000
years ago, Webb and Bertlain 1992, Taberlet et al. 1998,
Abbott and Brochmann 2003) and so cannot represent
the location of this northern refugium. Similar results
at the same mtDNA locus were independently obtained
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by Pyhéjarvi at al. (2008) but with fewer populations.
Unfortunately, the studies of Naydenov et al (2007)
and Pyhéjarvi et al. (2008) included a very few of the
central Russian populations. Therefore, the location
of this northern Scots pine refugium and the associ-
ated major post-glacial migration routes remain still
largely unknown and constitute the main problem ad-
dressed in our study. It is also important to confirm
the inferences made by Naydenov et al. (2007) and
Pyhéjarvi et al. (2008) and the other similar studies with
another material representing areas not covered by
these studies.

Understanding the patterns of the temporal and
spatial distribution of the genetic variation of such
wide-spread coniferous species as Scots pine is of
major fundamental interest in revealing the evolution
and present genetic structure of the species. This
problem was first tackled with fossil pine pollen and
tree fossil data (e.g. Willis et al. 1998, Froyd 2005). It
was established that Scots pine reached northern Scan-
dinavia at about 7800 BP (Huntley and Birks 1983,
Willis et al. 1998) but the exact colonization routs are
largely unknown. Later studies employed DNA mark-
ers (e.g Cheddadi et al. 2006). Because of the non-re-
combinant nature and the uniparental inheritance
mode, the organellar DNA markers provide powerful
tools to investigate the ancestral lineages of conifer-
ous species (Petit et al. 2003). In coniferous species,
the mitochondrial DNA (mtDNA) genome is maternal-
ly inherited (Neale and Sederoff 1989, Jaramillo-Cor-
rea et al. 2003) and so being free of the paternal ef-
fects during the generations of mating, and is trans-
mitted through seeds so preserving the distinct ge-
netic lineages of the evolutionary past (Sperisen et al.
2001). The mitochondrial DNA genome of conifers
exhibits a relatively high level of structural evolution
combined with a low rate of the DNA sequence muta-
tions, which are very suitable features for studying the
intra-population structure (Gros-Louis et al. 2005). An
undesirable feature for the pine population studies,
however, is that the mtDNA genome of pines possess-
es a low level of polymorphism (Wolfe et al. 1987) and
only a few informative mtDNA markers are available
(Naydenov et al. 2007).

Sinclair et al. (1998; 1999) studied the mtDNA
polymorphism of mainly Scottish Scots pine popula-
tions using the cox I gene as a RFLP hybridization
probe and found at least three different postglacial
sources for the Scots pine populations of Western
Europe. However, this type of marker is too laborious
to use for large number of individuals. Soranzo et al.
(1999; 2000) developed a PCR based mtDNA marker;
however, even though it could discriminate between
the pine species based on the different number of SSRs,

it was monomorphic in Scots pine. To date, only two
polymorphic PCR-based mtDNA markers are known for
Scots pine: (a) insertions/deletions in the intron 1 of
the mtDNA gene Nad7 (Nad7-1 locus) allowing to dis-
criminate between the mitotypes representing the uni-
versal (found over whole Eurasia), the northern and
the Turkish refugial zones (Naydenov et al. 2007), (b)
intron B/C of the mtDNA gene Nadl (Nad1-B/C locus),
separating the populations from the Iberian peninsu-
la from the rest of the species range (Soranzo et al.
2000).

Initially, the studies based on the fossil pollen and
macrofossil remains of trees revealed that the glacial
refugia for the tree species were located in discontin-
uous areas in the southern European peninsulas such
as Iberia, Italy and Balkans (Huntley and Birks 1983,
Birks 1989). However, later studies, in addition to
employing DNA markers, also raised a possibility for
pine refugia at more northern latitudes than believed
earlier and suggested refugia in the Hungarian Plain,
in the eastern Alps, the Danube basin the Czech Re-
public and norwards of the Black sea (Kremenetski et
al. 1998, Sinclair et al. 1999, Stewart and Lister 2001,
Willis and van Andel 2004, Cheddadi et al. 2006). The
recent studies based on new mtDNA markers and cov-
ering more of the eastern distribution of Scots pine
provided evidence for the existence of even more
northern refugia of Scots pine somewhere westwards
of the Ural Mountains up to the latitudes of 50°N
(Magri et al. 2006, Naydenov et al. 2007, Pyhdjarvi et
al. 2008). Our study is based on the findings of Nayde-
nov et al. (2007) and Pyhédjarvi et al. (2008) of the
northern haplotype B with a Sbp deletion at the mtD-
NA Nad7-1 locus common among in the north-eastern
European populations of Scots pine. The later authors
logically suggest than a recent mutation at the Nad7-1
locus giving rise to the northern B haplotype is un-
likely, because of such a wide range of this haplotype.
Most of the populations contained both the univer-
sal and the northern haplotypes that suggests co-mi-
gration from several refugial zones. However, due to
the low representation of the area westwards of the
Ural Mountains in the above mentioned studies, the
original post-glacial migration sources are still unclear.

The objective of our study was to assess the
mtDNA polymorphism of Scots pine at the Nad7-1 and
Nad1-B/C loci mainly aiming to obtain more informa-
tion on the location of the northern glacial refugium
of Scots pine and the associated post-glacial migra-
tion routes. In contrast to the earlier studies, our
material densely covers the suspected areas of the
possible location of the northern refugium of Scots
pine westwards of the Ural Mountains up to the Bal-
tic States.
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Material and methods

Population sampling

The needles for the DNA study were mainly sam-
pled in the provenance field trial of the Prokazin se-
ries (Shutyaev and Giertych 1998) located in Kazly
Riida, the central part of Lithuania. The provenance
seed lot used for establishment of the field test was a
commercial seed mixture from a number of natural
stands within a forest district occupying an area of
ca 50 ha. The seed collection in the former Soviet Union
was organised so that the seed crops from the stands
within a forest district were mixed and considered as
one seed lot. Such a seed mixture represents the var-
iation from several stands within a restricted area. For
the aims of our study, this representation is more suit-
able than samples from one stand only.

The Prokazin series of Scots pine provenance tests
were established over a number of locations in the
former Soviet Union and served a similar purpose as
the contemporary IUFRO series in Western Europe.
Only natural stands were sampled for the Prokazin test
series. In our study, the initial aim was to sample 15
trees per population. However, owing to the DNA
quality and financial reasons, the population sample
was approximately 10 trees per population (Table 1).
In total, samples were obtained from 474 individuals
from 54 populations. The populations mainly represent
the European part of Russia, but also populations from
Czech Republic, Poland, Sweden, Finland, Scotland,
Georgia and Eastern Siberia were included (Table 1,
Figure 1).

; o , H29 H30 SAMO o oo Table 1. Origin of the populations
Country’ Region Population Id LAT LONG ALT 58 O(A) N FreqB He g:gtp group studied, the frequencies the mtDNA
BY BALT  Gardin 3 5325 2515 105 2 8 10 020 036 2 1 Nad7-1 haplotypes, intra-population
ET BALT  Estonia 1 5810 2628 103 6 5 11 055 055 1 2 diversity and the SAMOVA group-
LT BALT KazlyRada 4 5445 2335 80 2 8 10 020 036 2 1 ing. Population Id corresponds with
LT BALT  Ignalina 5 5516 2547 168 1 4 5 020 040 2 1 the number in Figure 1. N is total
LT BALT Mazeikiai 6 57.15 2240 72 1 6 7 014 029 2 1 tree number. H295B and H300A -
LT BALT  Neringa 7 5531 2106 35 2 29 31 006 012 2 1 number of individulas with the north-
LV BALT Latvia 2 5642 2510 60 3 7 10 030 047 2 1 ern B and universal A haplotypes.

BALT Average 17 67 84 024 036 FrgB — frequency of the B haplo-
cz EE V.Chvojno 10 50.03 16.99 408 2 7 9 022 039 2 1 type. Hc — within population diver-
PL EE Bialystok 11 52.02 2103 120 4 6 10 040 053 2 1 sity index, see M&M section
UA EE Lviv 8 4807 2430 610 0 9 9 000 000 2 1
UA EE Cherkasy 9 4927 3903 294 0 5 5 000 000 2 1

EE Average 6 27 33 016 0.23
GE KAUK  Borsomsk 12 4200 4400 1903 3 6 9 033 050 2 1

KAUK Average 3 6 9 033 050 2 1
RU RU-C Smolensk 14 5400 3300 198 3 7 10 030 047 2 1
RU RU-C Kalinin 15 5745 3640 133 3 6 9 033 050 2 1
RU RU-C Moscow 16 5540 3710 203 5 3 8 063 054 1 2
RU RU-C  Viadimir 17 5621 4115 105 4 6 10 040 053 2 1
RU RU-C Kostroma 18 58.00 41.00 135 0 8 8 0.00 0.00 2 1
RU RU-C Riazan 19 5440 3945 110 5 4 9 056 056 1 2
RU RU-C Briansk 20 5320 3415 158 6 4 10 060 053 1 2

RU-C Average 26 38 64 040 045
RU RU-E Uljanovsk 21 5414 4935 96 1 9 10 010 020 2 1
RU RU-E Tatarstan 22 5550 4809 91 0 6 6 000 000 2 1
RU RU-E Tver 23 5650 3556 152 1 6 7 014 029 2 1
RU RU-E Udmurtia 24 5700 5400 194 0 9 9 000 000 2 1
RU RU-E Bashkiia 25 5530 5440 106 2 14 16 013 023 2 1
RU RU-E Orienburg 26 5247 5215 149 0 8 8 000 000 2 1

RU-E Average 4 52 56 0.06 0.12
RU RU-EE  Karpinsk 27 6000 6000 65 5 3 8 063 054 1 2
RU RU-EE  Tiumensk 28 5700 6600 106 1 4 5 020 040 2 1

RU-EE Average 6 7 13 041 047
RU RU-FE  Chabarovsk 29 4833 13528 56 0 10 10 000 000 2 1
RU RU-FE  Tygdinsk 30 5400 12600 289 0 8 8 000 000 2 1
RU RU-FE  Tuganski 31 5700 8600 197 0 6 6 000 000 2 1
RU RU-FE  Ingodinsk 32 5100 11200 612 3 2 5 060 060 4 2

RU-FE Average 3 26 29 015 0.5
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Table 1 continued

Country! Region? Populaon Id LAT LONG ALT %259 H30 ' FreqB Sshﬁo 223
group
RU RU-NE Kozvinsk 34 65.00 57.00 151 0 0.00 1 1
RU-NE Average 0 0.00
Fl RU-NW  Tuusula 41 61.11 2620 64 2 0.25 2 1
RU RU-NW  Karelia 35 6140 3340 120 3 0.30 2 1
RU RU-NW  Karelia 36 61.50 30.28 84 7 0.78 1 2
RU RU-NW  Karelia 37 6140 36.33 131 1 0.10 2 1
RU RU-NW  Leningrad 38 60.00 30.25 14 3 0.30 2 1
RU RU-NW  Archangesk 39 62.54 40.24 70 0 0.00 2 1
RU RU-NW  Vologda 40 59.15 3930 169 0 0.00 2 1
RU-NW Average 16 0.25
RU RU-SE Tambov 42 5312 4120 152 5 0.50 2
RU RU-SE Voronez 43 5150 39.20 94 4 0.57 1 2
RU RU-SE Michailovsk 44 51.00 43.00 101 0.20 2
RU-SE Average 10 0.42
BY RU-SW  Magiliov 45 53.18 2840 159 9 0.82 5 2
UA RU-SW  Kijev 47 5050 3120 122 0 0.00 2 1
UA RU-SW  Sumsk 48 52.01 34.01 185 0.00 2 1
UA RU-SW  Rovno 46 5130 2640 153 4 0.40 1 1
RU-SW Average 13 0.30
BY RU-W Vitebsk 51 5525 30.20 161 4 6 0.40 1
RU RU-W Pskov 49 5743 30.31 89 9 1 0.90 2
RU RU-W Novgorad 50 58.15 33.28 194 6 4 0.60 2
RU-W Average 19 1 0.63
SE SE Kalmar 52 57.32 1545 183 3 7 0.30 2 1
SE Average 3 7 0.30 2 1
DE WE Erfurt 53 50.52 11.17 305 0 9 0.00 2 1
UK WE Scotland 54 5523 -3.44 107 0 7 0.00 2 1
WE Average 0 16 0.00
Grand Average 0.26

! Country codes: BY — Byelorussia, DE — Germany, ET — Estonia, FI — Finland, GE —
Georgia, PL — Poland, LT — Lithuania, LV — Latvia, RU — Russia, SE — Sweden, UA —
Ukraine, UK — United Kingdom.
2 Regions in Russia: RU-W Russia west, RU-SW Russia south west, RU-SE Russia south
east, RU-NW Russia north-west, RU-NE Russia north-east, RU-E Russia east (west of
Ural), RU-EE Russia east (east of Ural), RU-FE Russia far east.

Figure 1. The geographical distribution of the Nad7-1 A and
B haplotypes in Eurasia (upper map) and Europe (lower map).
The population location is marked by the pie charts showing
relative frequency of the mtDNA haplotypes. The solid line
outlines the BAPS separated cluster of populations contain-
ing the type B haplotype at frequencies over 0.5. The dotted
line delineates the region where woody vegetation could pos-
sibly survive during the LGM (Chaddadi et al. 2006)
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DNA analysis

For the mtDNA Nad7-1 locus, we made an adjust-
ment to avoid the restriction step in the laboratory
analyses described by Naydenov et al. (2007). We have
used the GeneBank deposited sequences of the Nayde-
nov et al. (2007) mtDNA Nad7-1 haplotypes (DQ665913
to DQ665915) to design the primers flanking the 5 bp
deletion and 32 bp deletion so that the PCR would re-
sult in the following three fragments (Naydenov et al.
2007), 300 bp (the universal A haplotype) and 295 bp
(the northern B haplotype) and 268 bp (the C haplo-
type found in Turkish populations only) to be resolved
on a DNA sequencer. The primers were designed with
the BLAST primer designing tool: the forward primer
sequence is 57 6FAM-ATACCGTCTGGCGAAAA-
CGCCG-3’ (6FAM dye to be resolved in the Applied
Biosystems sequencer); the reverse primer sequence was
5’-GGCCTCTCCATTTCCAATGACCCG-3’ (no dye).
The DNA was extracted from 100 mg of fresh needles
by the CTAB protocol (Doyle and Doyle 1990). The PCR
was carried out in 10 ul volumes, containing 10 X reac-
tion buffer, 2.5 mM MgCl,, 0.2 mM each of dNTP, 30 ng
of DNA and 0.5 units of Tag DNA polymerase with
“Mastercycler thermocycler (Eppendorf). The PCR
started with 2 min. of denaturation at 95°C, followed by
25 cycles of denaturation for 30 s at 94°C, annealing
for 45 s at 60°C and extension at 72°C for 10 min. The
fluorescence-labelled PCR products were separated by
capillary electrophoresis with the GeneScan 500 L1Z
standard on the ABI 3130 genetic analyser (Applied
Biosystems). The fragments were analysed with the
GeneMapper 4.0 software (Applied Biosystems).

For the mtDNA Nad1-B/C locus the PCR amplifi-
cation results in two alleles: the universal haplotype
found in whole Eurasia (217 bp, abbreviated here as
A2) and the Iberian (248 bp, B2) (Soranzo et al. 2000).
The primers used were 5‘-TTAATC AAAAGGTCCG-
GAG-3° (forward); 5*-GTTGTACCGTAAACCTGCTC-3°
(reverse) (Soranzo et al. 2000). The PCR mix is de-
scribed above. The PCR steps were: 4 min. of dena-
turation at 94°C, followed by 30 cycles of denatura-
tion for 30 s at 92°C, annealing for 30 s at 55°C and
extension at 72°C for 6 min. The amplified fragments
were hybridised with ethidium bromide and resolved
on an agarose gel (Top Vision™ LE GQ Agarose) un-
der the UV light in a PCR box.

Statistical analyses

The Nei’s index of genetic diversity estimated
without bias (H_, equivalent to the expected hetero-
zygosity for diploid data, Nei 1973) were used an es-
timate of intra-population diversity (calculated with the
Haplotype Analysis ver. 1.05 software (Eliades and
Eliades 2009).

The hierarchal AMOVA was run to assess the
regional and population effects by using the F  dis-
tance type based on the number of different alleles
(2000 permutations; Arlequin ver. 3.1., Excoffier and
Lischer 2010). The AMOVA was carried out for both
the original regional structure (based on the Scots pine
regions of provenance in the former Soviet Union,
Table 1) and for the regional structure defined by
SAMOVA (see below). The AMOVA significance tests
were run with 1023 permutations.

Presence of phylogeographic structure in the mo-
lecular data was tested by comparing the G and N,
fixation indexes calculated with the PERMUT software
(Pons and Petit 1996). G, is an F_ estimate that is
based on the haplotype frequencies alone (not con-
sidering the population structure of haplotypes), while
the N considers the genetic relatedness among the
haplotypes (Pons and Petit 1996). If the N value is
greater than G value for the molecular data, then the
closely related haplotypes tend to be located within a
similar area, indicating a geographic structure of the
molecular data.

The spatial analysis of molecular variance (SAM-
OVA) was used to assess geographical population
structure (SAMOVA 1.0 software Dupanloup et al.
2002). The SAMOVA is based on the simulated anneal-
ing procedure, which aims to maximise the proportion
of the total genetic variance due to the difference
between the groups of populations (the F . index).
The number of predefined groups (K) resulting in the
maximum F_ value was chosen.

In addition, the optimum number of population
groups was investigated by the Bayesian analysis of
population structure implemented the BAPS software
version 5.3 (Corander et al. 2008a). The spatial group
genetic mixture analysis was applied to populations,
where the geographical location of the populations is
considered in the clustering by assigning the biolog-
ically relevant non-uniform prior distribution over the
space of clustering solutions under expectation that
underlying clusters are spatially smooth to a certain
degree (Corander et al. 2008b). The methods use a
Markov chain Monte Carlo simulation method to group
populations into optimum number of groups K, where
multiple maximum K values were tested from 1 to 5
(each value repeated 3 times for verification). What
BAPS does for each K value (even the replicates of
the same value) is to find the optimal partitions with
K less than the maximum K set by the user and after
all the K values have been processed, it returns the
clustering solution with the greatest marginal log-like-
lihood ratio value.
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Results

For the Nad1-B/C locus, all our material was fixed
at the A2 haplotype (217 bp, common in whole Eura-
sia, Soranzo et al. 2000, Naydenov et al. 2007) and
further on the polymorphism at the Nad7-1 locus with
the three A/B/C haplotypes is reported only.

Of the total of 474 individuals tested at the Nad7-
1 locus, 348 individuals (73%) possessed the univer-
sal haplotype A of 300 bp (abbreviated as H300A) and
126 individuals (27%) possessed northern haplotype
B 0of 295 bp (H295B) (Table 1). No haplotype C (Nayde-
nov et al. 2007) with the 32bp indel was detected at
the Nad7-1 locus in our material.

The within population diversity index (H,) varied
from 0 (100 % possession of either A or B haplotype)
to 0.57 (A and B haplotypes in equal proportions)
(Table 1). Thus, the greatest within population diver-
sity at the Nad-7-1 locus was in the central part of
European Russia where most of the populations pos-
sessed A and B haplotypes in near to equal propor-
tions (Figure 2).

The population differentiation was moderate (G, =
0.239, s.e.= 0.0523). The AMOVA on the allele frequen-
cies revealed significant population effect within re-

-30° -20° -10° 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

gion (F, =0.20; P<0.001) but not significant region
effect (F_,=0.07; P=0.07; Table 2). Probably, the re-
gional structure based on small geographic zones was
too detailed for detection of the large-scale spread-
ing pattern of the mtDNA haplotypes. The N was not
greater but equal to G indicating no phylogeny struc-
ture. However, this may be caused by a lack of statis-
tical power because most populations contained only
two Nad7-1 haplotypes differing in presence/absence
of the 5 bp indel.

The SAMOVA indicates that the geographical dis-
tribution of the Nad7-1 alleles is not random and sepa-
rates population groups with prevalence of either A or
B haplotype by also considering population location
(within region F_ = 0.4; P<0.0001; Tables 1 and 2).
Note, that after the SAMOVA delineation of the regions,
the region effect in AMOVA became highly significant
and the effect of population within region turned to not
significant (Table 2). The most reasonable was the 5
region structure providing maximum F . value, where
the largest group contained most of the populations with
dominance of the universal A haplotype (43 popula-
tions), followed by a smaller group of 10 populations
with more or less equal proportions of the A and B
haplotypes (mainly the centre of European part of Rus-
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Figure 2. Geographical distribution of the within population diversity (H) at the mtDNA
Nad7-1 locus. The population location is marked by filled circles sized by the within population
diversity. Large circles mean high diversity. The small crosses indicate populations with H = 0

Table 2. Results of AMOVA and SAMOVA on the genetic effects on the variation at

the mtDNA Nad7-1 locus. Distance method is number of different alleles (F,)
Source of variation df.  %of Fixation P value
variation Indices

Among regions AMOVA 13 7 Fcr=0.07  0.0655+-0.0073
SAMOVA 4 44 Fcr=0.44  0.0000+-0.0000

Among populations within ~ AMOVA 38 18 Fsc=0.20 0.0000+-0.0000

groups SAMOVA 47 0.3 Fsc=0.01 0.0000+-0.0000

Within populations AMOVA 422 75 Fst=0.25 0.0000+-0.0000
SAMOVA 422 55 Fst=0.45 0.0000+-0.0000
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sia) and 3 single population groups containing high
frequency of the B haplotype but geographically sep-
arated from the rest of the populations with the domi-
nance of the B haplotype (Table 1).

The BAPS clustering with the spatial option re-
turned two cluster structure as optimum possessing
the greatest value of the marginal log-likelihood ratio
with a very low probability for presence of a third
group (p equal to 0.002). The BAPS groups can sim-
ply be described based on the prevalence of either of
the two haplotypes (Table 1) and so delineating the
occurrence of the B haplotype group of the popula-
tions with the B haplotype frequency greater than 0.5
(Figure 1).

The A haplotype group is spread throughout
Eurasia from Scotland to the eastern Asia and was
found in all populations (Figure 1). The northern B
haplotype group geographically was much smaller and
formed a cline directed north-westwards of the south-
eastern part of European Russia corresponding to the
direction from Moscow to St. Petersburg (populations
outlined by the solid line in Figure 1). The highest
concentration of the northern B haplotype was found
few hundred kilometres north-westwards of Moscow
(Western Russia (Mogilov, Pskov regions), Southern
Karelia, Figure 1). The frequency of the B haplotype
decreased gradually when moving north-east and
south-west of this north-westwards situated B haplo-
type cline. The Baltic populations contained the B
haplotype but at low frequency. The southern Swed-
ish population also contained the northern B haplo-
type (Figure 1). Populations eastwards of the Ural
Mountains also possessed the B haplotype (Figure 1).
The outliers from the above described trend for dis-
tribution of the B haplotype were populations No. 27
(Karpinsk at the foot of the Ural Mountains), No. 12
(Borzomi in Georgia), No. 32 (far-east population of
Ingodisk at longitude of 122 degrees).

The data on the vegetation modelling during the
LGM indicate that woody plants including Scots pine
may have survived southeast of Moscow as shown
by dotted line in Fig 1 based on Cheddadi et al. (2006).
Consequently, the area where the prevalence of the
northern mtDNA B haplotype overlaps with the pos-
sible zone of the remaining vegetation during LGM may
indicate a possible location the northern refugium of
Scots pine. Our data indicate a possible centre of this
type B northern refugium of Scots pine at about 300
km south-east of Moscow at the intersection of lati-
tudes 50°-55° N and longitudes 35°-45° E (Figure 1.).
Occurrence of the B haplotype at a very low frequen-
cy immediately east and south of the suggested B
haplotype refugial zone strongly supports our obser-
vation (Figure 1). Geographical distribution of the B

haplotype found in the LGM glaciated areas may re-
flect possible post-glacial migration routes of Scots
pine (Figure 1). According to our data, the major di-
rection of the post-glacial migration for the type B
haplotype is north-westwards of the area at the lati-
tudes of 50°-55° N and longitudes 35°-45° towards St.
Petersburg , Karelia and Finland (Figure 3).

Figure 3. A simplified scenario of postglacial migration and
location of the type B northern refugium of Scots pine based
on our study and Naydenov et al. (2007). The haplotypes
are coded as follows: the first letter indicates the allele of
the Nad7-1 locus; the second letter the haplotype of Nadl-
B/C locus

Discussion

Our study strongly supports the conclusions of
Naydenov et al. (2007) and Pyhéjarvi et al. (2008) on
the presence of a distinct northern refugium of Scots
pine eastwards of Moscow. The geographical distri-
bution patterns of the northern type B Nad7-1 haplo-
type in our study correspond well with that found by
Naydenov et al. (2007) and Pyhijérvi et al. (2008): (a)
the increasing concentration of the type B haplotype
towards northwest of Moscow; greatest in southern
Karelia; (b) low frequency of the B haplotype immedi-
ately westwards of the Ural mountains; (c) presence
of the B haplotype at low frequency in Poland, Czech
Republic and southern Sweden. One difference of our
study is that the B haplotype dominated in less of the
north-eastern populations than in Naydenov et al.
(2007) and Pyhijérvi et al. (2008). This may be a con-
sequence of smaller sample size and fewer populations
from northern Karelia and Finland in our study.

In pines, the population differentiation G value
based on mtDNA markers is usually higher than ob-
tained in our study (G,=0.239 compare with e.g. G,
=0.657 and 0.82 for Scots pine in Naydenov et al. 2007
and Pyhéjarvi et al. (2008), respectively or G, =0.569
for Jack pine in Godbout et al. 2005). However, most
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of these studies used a relatively higher number of
mtDNA alleles detected either by covering evolution-
ary distinct parts of the species range (e.g. Nayden-
ov et al. 2007) or a greater number of polymorphic
mtDNA loci (Godbout et al. 2005). High number of al-
lelic variants increases the variation in the molecular
data so increasing the chances to detect greater pop-
ulation differentiation values than in case of two alle-
les highly shared among populations as obtained in
our study.

Our results should be interpreted bearing in mind
the comparably low number of trees per population (an
average of 10 instead of common 15 or 20 trees per
population). However, in both Pyhéjarvi et al. (2008)
and Naydenov et al. (2007) there were 8 — 10 popula-
tions with less than 11 trees. Given our budget, we
chose to analyse more populations with less trees than
vice versa.

Geographic distribution of the Nad7-1 haplotypes
in our study and in Naydenov et al. (2007) as well as
Pyhéjarvi et al. (2008) complement each other provid-
ing an evidence of the glacial refugium in the area
where Scots pine could possibly survive during the
LGM and where our study revealed the highest fre-
quency of the type B northern haplotype. This area
is at the intersection of latitudes 50°-55° N and longi-
tudes 35°-45° E, (ca 300 km south-east of Moscow, Fig.
1). Scots pine is known as a very plastic pioneer tree
species capable to withstand very low sub-zero tem-
peratures (Rehfeldt et al. 2002). The general circula-
tion modelling indicates possible Scots pine refugia
during the LGM in the south-eastern part of Europe-
an Russia and northern Ukraine, at the intersection of
latitudes 45°-50°N and longitudes 30°-40°E, which is
similar to our findings (Cheddadi et al. 2006). A more
southern or eastern location is less likely because of
the low frequency of haplotype B in the populations
immediately east and south of the suggested refugium
(Fig. 1, Naydenov et al. 2007, Pyhijarvi et al. 2008).
Nevertheless, the occurrence of the northern B hap-
lotype at a comparably high frequency as far west as
southern and northern Poland as well as the Czech
Republic (Fig. 1, Naydenov et al. 2007, Pyhijérvi et al.
2008) may indicate an additional source of the north-
ern B haplotype, especially considering the remarks
on the patchiness of the refugia by Cheddadi et al.
(2006) where the Czech Republic was suggested to
contain possible refugia. However, our study indicates
that this seems to be less likely because of the low
frequency or even absence of the type B haplotype
in the Ukrainian and southern Russian populations,
which should otherwise contain more of the type B
haplotype if the source of migration would be located
in the present-day Czech Republic (Fig. 1; Naydenov

et al. 2007). Alternatively, it may be a post-glacial mi-
gration branch from the northern refugium south west-
wards as in Norway spruce (Lagercrantz and Ryman
1990).

Except for the southern-most parts of Eurasia, the
Nad7-1 universal haplotype A dominates both numer-
ically and geographically and is present to a high
degree even in the populations from the suggested
northern type B refugium (Figure 1; Naydenov et al.
2007, Pyhijarvi et al. 2008). This observation supports
the suggestions that the northern B refugium was
much smaller in size and co-migration may have oc-
curred from both from the A and B refugia. If the gla-
cial refugia were unevenly distributed and patchy as
suggested by Cheddadi et al. (2006), the A and B ref-
ugia could even be intermixed or, alternatively, the
refugium B spread first and was later invaded by A from
more southern sources. The comparably uneven dis-
tribution of the B haplotype in north-eastern Europe
found in our study may be a result of successive found-
er events during colonization (Ibrahim et al. 1996,
Naydenov et al. 2007) and/or the relatively smaller
sampling sizes in our study (Table 1). A mixed co-mi-
gration for several refugia was discussed as a possi-
ble scenario for many forest trees (Petit et al. 2003).
There also is a possibility that the B haplotype oc-
curred in more southern locations during the last gla-
ciation assuming that such signature was lost during
the northward migration or via genetic drift.

The trans-Eurasian location of the A mtDNA hap-
lotype found in our study and in Naydenov et al. (2007)
indicates its origin from multiple refugia that could
primarily be the southern parts of central and eastern
Europe (Cheddadi et al. 2006) as well as south-west-
ern Siberia (Chernova et al. 1991). For Picea abies,
another cold tolerant coniferous species, studies based
on fossil pollen data and genetic inferences suggest
a northern refugium near Moscow (Huntley and Birks
1983, Lagercrantz and Ryman 1990). A simplified pic-
ture of the post-glacial refugia based on our results
as well as Naydenov et al. (2007) and Pyhéjarvi et al.
(2008) studies on the polymorphism at the mtDNA
Nad7-1 and Nad1-B/C loci is given in Fig. 3. The type
A refugium is given in a simplified continuous man-
ner, because the location of the refugial patches is
largely unknown for the universal A haplotype.

Our study, together with Naydenov et al. (2007),
indicates that the major post-glacial migration route
of the northern type B haplotype was towards the
north-west via St. Petersburg and further north to
Karelia and northern Finland. The low frequency of the
Nad7-1 B haplotype eastwards of the suggested north-
ern refugium implies that the migration of the B hap-
lotype towards north-east and east was much weaker
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(Figure 1; Naydenov et al. 2007). A feasible interpre-
tation of such observation is (a) as regards migration
north-westwards, the type B northern refugium popu-
lations were superior in frost hardness and possessed
an adaptive advantage over the more southerly type
A populations in colonising the northern territories;
(b) type B refugium could have been geographically
closer to spread north-westwards than type A refugia;
(c) the migration of type B haplotype north-eastwards
and eastwards could have been relatively weaker, be-
cause type A populations were already there or it could
have been much shorter distance for the type A pop-
ulations to reach the eastern territories, where the
existence of the western Siberian refugia was suggest-
ed by Chernova et al. (1991).

Presence of type A haplotype in southern Swe-
den (Figure 1; Neydenov et al. 2007, Pyhéjarvi et al.
2008) may indicate migration via seeds over the Baltic
Sea. Given the high proportions of the A haplotype in
the Swedish population in our study and in Pyhéjérvi
et al. (2008), this migration should have been of a sig-
nificant amount. Another indication of the migration
over the Baltic Sea could be a relatively higher haplo-
type sharing among the Baltic and south-eastern Swed-
ish populations than among Baltic and the more north-
ern Swedish populations as found for central Sweden
by Neydenov et al. (2007). The co-migration of the A
haplotype from northern Scandinavia together with the
B haplotype is less likely because of the low frequen-
cy of the A haplotype in northern Finland (Naydenov
et al. 2007). However, Pyhijarvi et al. (2008) found high
frequency of the A haplotype in northern Sweden,
which is difficult to interpret because the adjacent pop-
ulations from northern Finland, on the contrary, were
almost fixed for the B haplotype. Another similar ex-
ample of such inconsistency is the relatively lower
frequency of the B haplotype in the southern Finnish
population in our study (Figure 1) compared with
Neydenov et al. (2007). A possible interoperation could
be that in the regions exhibiting inconstant results
after repeated sampling, the A and B haplotypes are
highly intermixed and such intermixture may indicate
a relatively higher genetic diversity enhanced by the
presence of the descendents from the two different
glacial refugial lines. If true, high genetic diversity can
be interpreted as a genetic signature of such regions
with heterogeneous refugial material.

In support to the above, our study revealed the
highest within population diversity in the regions
where the Nad7-1 haplotypes A and B occur in equal
proportions indicating possible convergence of north-
ern type B and universal type A post-glacial refugia
(Figure 2). In this respect, it would be interesting to
compare the genetic diversity at the cpDNA and nu-

clear DNA levels of the region containing similar fre-
quencies of both A and B haplotypes with the other
areas within the species range.

The two Asian populations (No. 33 and No. 32)
containing unexpectedly high proportions of the B
haplotype and so deviating from the above explained
general patterns, could be interpreted as outliers ow-
ing to the low sampling size (No. 32 with 5 trees and
33 with 1 tree is given on the map in Fig. 1 only and
not included in the further analysis). Sampling errors
during the establishment of the Prokazin provenance
test cannot completely be ruled out. However, Nayde-
nov et al. (2007) also found a 20 % frequency of the
Nad7-1 B haplotype in one population from this region.

In conclusion, our study based on the geograph-
ical distribution patters of the mtDNA nad7-1 haplo-
types supports the hypothesis of the northern Scots
pine glacial refugium and provides information on mi-
gration route as well as a possible location of this
northern refugium. The group of populations with high
frequency of the northern haplotype B constitutes a
geographically consistent cline directed north-west-
wards of the south-eastern part of European Russia
and so indicating the north-westward direction of the
post-glacial migration route. This provides a stronger
support for the eastern rather than the central Euro-
pean location of the northern glacial refugium. A pos-
sible location of this northern refugium could be at
about 300 km south-eastwards of Moscow at the in-
tersection of latitude 50°- 55° N and longitude 35°- 45°
E, where the northern type B haplotype occurs in high
frequency and Scots pine could possible survive dur-
ing the LGM. However, there also is a possibility for
a more southern location of the northern refugium
during the last glaciation assuming that such signa-
ture was lost during the northward migration or via
genetic drift.
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MECTOHNOJOXEHHUE CEBEPHOI'O NOCJIIEJEJHUKOBOI'O PEOGYI'HYMA COCHBbI
OBBIKHOBEHHOM HA OCHOBE MAPKEPOB MUTOXOHJIPUAJILHOM JHK

IO. byxoBcka, /I. lanycsaBuutoc, [I. banionuc, B. Cranuc, 10. b. llluxmnsanene u JI. Kapaasyckac
Peswome

[lo naHHBIM HECKONBKHMX HEJABHUX HCCIEIOBaHMN, OCHOBAHHBIX Ha Mapkepax mMutoxoHapuaiabHoil JJHK, ceBepHsbiit
pedyruym cocHbl OOBIKHOBCHHON HAXOAWJICS MPUONHU3UTEIHHO HA 3amajie OT FOXKHOM YacTu Ypaibckux rop. llenpro Hamiero
HCCIeJOBaHMs sIBIIIOCH n3ydenue nonumopdusma MT/IHK cocHbl o0bikHOBeHHOH 1o joKycam Nad7-1 m Nadl-B / C, B
OCHOBHOM HaIIpaBJICHHOTO Ha BEISIBIEHHE MECTOIONIOKEHHS 9TOr0 peyruyMa U CBI3aHHBIX C HUM IOCIIEIETHUKOBBIX ITyTeH
MUTpaui. Mel uccnenoBany 54 MOMyALUH, TTIOTHO OXBATHIBAIOIINE €BPONEHCKYIO YacTh Poccun Ha 3amaja oT YpaJdbCKHX
rop, ¥ BKIIIOUMIIN Taxoke nomyssiunu u3 Yexun, [onpmm, Iserun, @unngunun, Hlotnanauu, I'py3un u Boctounoit Cubupu.
ITo nokycy Nad1-B / C Bech Ham MaTepHai Moayqmicss MOHOMOpGHBIM. 3 obiiero komuuecta 474 0coOei, HCTIBITAHHBIX 110
nokycy Nad7-1, 348 ocobu (73%) obmamanu yHuBepcaiabHbIM ramiotunoM A B 300 map mykieotunoB u 126 (27%) -
CeBEepHBIM ramroturnoM B 295 m.H. [eorpadudeckoe pacmpeneieHre CeBEpHOTO ramiotuna no jJokycy Nad7-1 He ObLIO
ciydaitaeiM (SAMOVA, BAPS) u yka3pIBaio Ha HEHTP MECTOIOIOXKEHHS €ro MOCIeIeTHUKOBOTO pe(yruyMa MpuMeEpHO B
300 kM K OT0-BOCTOKY OT MockBBl Ha mepecedeHuu 50-55 rpamycoB ceBepHOH MHUPOTH U 35-45 rpagycoB BOCTOYHOMH
nonrotsl. OCHOBHOW TOCIIEICJHUKOBBIH MyTh MUTPAIMU M3 3TOTO CEBEPHOIo pedyruyma pactoioXeH Ha ceBepo-3amal B
HanpasneHuu Kapenuu u CesepHoil @uHISIHANN.

KiroueBble ciaoBa: nuddepenunanus, onenenenue, JII'M, cocHa oObIKHOBEHHAsI, Quoreorpadus, 1Mo cieneHIKOBas
KOJIOHM3aLus ApeBeCHBIX BUI0B, MuToxoHapuansHas JJHK, JIHK opranenna
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