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Abstract

European beech (Fagus sylvatica L.) is one of
the most important deciduous tree species in
Central Europe. Higher annual mean tempera-
tures caused by climate change lead to earlier
bud burst in spring and/or a delay of leaf senes-
cence in autumn. Since earlier bud burst might
increase the late frost risk, adaptive traits like
bud burst may gain more importance in the
future. Nevertheless, knowledge of the genetic
background of leaf unfolding is still scarce for
European beech. In the present study, we ana-
lyzed parts of ten different candidate genes for
bud burst with a total length of 12,290 bp. Com-
parative sequencing with plant material of 12
different beech populations distributed over
Germany revealed 116 SNPs (single nucleotide
polymorphisms) and 20 indels. A subset of 46
SNPs was successfully used for genotyping of
100 offspring of a beech population in Germany
confirming the suitability of the newly devel-
oped SNP set for population genetic studies.
The provided data may be useful for further
investigations of adaptation in F. sylvatica.

Keywords: climate change, adaptation, SNPs, candi-
date genes, European beech, bud burst. 

Introduction

European beech (Fagus sylvatica L.) is a wide-
spread and one of the most important deciduous
tree species in Central Europe. The species is
wind-pollinated, predominantly outcrossing,
monoecious and has heavy fruits and therefore
a limited seed dispersal. This dominant tree
species is of ecological importance but also of

great economic interest (e.g., GÖMÖRY et al.,
2003; BOLTE et al., 2007). Global climate change
may affect the vegetation period, growth, health
and distribution of trees (European Environ-
ment Agency (EEA) 2012). Thereby, phenology
is probably one of the most affected adaptive
traits (BERTIN, 2008). Higher temperatures lead
to earlier bud burst and/or a delay of leaf senes-
cence in autumn. As a consequence, the growing
season was extended over the last decades as
inferred by studies based on different tree and
shrub species (MENZEL and FABIAN, 1999;
 MENZEL, 2000), as well as on more than 650
tem perate species including herbaceous plants
(KHANDURI et al., 2008). Nevertheless, bud burst
timing is also influenced by photoperiod and
winter chilling. Thereby, the importance of each
these different factors for bud burst timing is
thought to differ among species. Opportunistic
pioneer species react mainly to temperatures
whereas late successional species (such as
beech) show a more complex response with a
large chilling requirement and enhanced pho-
toperiodic sensitivity (KÖRNER and BASLER,
2010; CAFFARRA and DONNELLY, 2011; BASLER
and KÖRNER, 2012). Therefore, beech and other
photoperiod sensitive species might not be able
to extend the growing season in the same
amount as temperature sensitive species
(BASLER and KÖRNER, 2012). 

Paradoxically, warming may also increase the
risk of plant frost damage, because warm tem-
peratures might lead to a premature plant
development which would result in the expo-
sure of vulnerable plant tissues to late frosts
(GU et al., 2008). European beech is sensitive to
late frost events after leaf flushing (KREYLING et
al., 2012). Thereby, late frost damage can
strongly affect beech vitality and competitive-
ness. The critical value for frost damage of
flushing beech leaves is around –3°C (DITTMAR
et al., 2006). KREYLING et al. (2012) emphasize
that the frost sensitivity of beech strongly
depends on timing, whereby the highest sensi-
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tivity can be found directly after leaf flushing
and as soon as leaves mature the frost tolerance
increases again. Beech provenances differ in
bud burst date and also in their risk to late
frost (WÜHLISCH et al., 1995; VIS̆NJIĆ and
DOHRENBUSCH, 2004). In general, provenances
from the east and the south of Europe flush
 earlier than provenances from the western
parts of Europe with very early flushing prove-
nances at the eastern edge of the distribution
(WÜHLISCH et al., 1995). The frost resistance
mainly depends on the annual mean tempera-
ture of the populations. Furthermore, there is a
positive correlation between flushing date and
frost resistance (VIS̆NJIĆ and DOHRENBUSCH,
2004).

Since tree species like European beech are
main structural and functional elements of for-
est ecosystems, and the phenological changes
described above may have substantial impacts
on the vitality of tree populations, it is impor-
tant to investigate the molecular basis of bud
burst. At present, the candidate gene approach
is a powerful and efficient method to study the
genetic architecture of complex traits (ZHU and
ZHAO, 2007). Here, bud burst related candidate
genes were analyzed to identify variation
within these genes, mainly SNPs (Single
Nucleotide Polymorphisms). Parts of ten differ-
ent candidate genes were analyzed and SNPs in
coding, non-coding and untranslated regions
were identified. In total, 56 SNPs were selected
and their performance tested by genotyping 100
offspring of a natural beech population in
Northern Germany. In total, 46 SNPs were suc-
cessfully genotyped. This newly developed SNP
set can be used in further studies to investigate
the adaptation potential of European beech to
climate change. To our knowledge there is only
one other study (LALAGÜE et al., 2014) reporting
SNPs in candidate genes potentially involved in
bud burst for European beech. 

Material and Methods

Plant material

The sampling design was developed to mini-
mize ascertainment bias. An ascertainment bias
occurs most probably if only a small set of indi-
viduals from only a part of the species’ range is
used for the SNP detection and later on, a large
set of individuals is genotyped (e.g., HELYAR et
al., 2011). Thus, the sampling areas of this

investigation are located in five widely sepa-
rated regions in Germany: in Schorfheide-
Chorin in Northeastern Germany, in or near the
Lüneburger Heide in Northern Germany, in the
Hainich-Dün region in Central Germany, in the
Harz Mountains in Central Germany and in the
Schwäbische Alb in Southern Germany (Table
1). For the sampling sites of the Lüneburger
Heide and the Harz Mountains, individuals out
of seedling populations were used for compara-
tive sequencing. The seedlings were raised from
beechnuts, which were randomly collected in
beech stands located in the sampling areas. A
microsatellite analysis revealed that the
seedling populations are representative for the
adult stands of origin (data not shown). For the
remaining sampling sites, adult individuals
were used. In total, 24 trees from twelve differ-
ent populations were included in comparative
sequencing (two individuals per population).
Annual mean temperatures of the investigated
regions vary from around 7°C to around 9°C
(Table 1). The performance of the selected SNPs
were tested by genotyping 100 individuals of
the seedling population Unterlüß sand. 

DNA extraction

Total DNA was extracted from leaves using
the DNeasy™ PlantKit (Qiagen, Hilden, Ger-
many). The amount and the quality of the DNA
were analyzed using 1% agarose gel elec-
trophoresis with 1 x TAE as running buffer
(SAMBROOK et al., 1989). DNA was stained with
ethidium bromide, visualized by UV illumina-
tion and compared to a Lambda DNA size
marker (Roche, Mannheim, Germany).

Selection of candidate genes

A literature search was conducted to select
candidate genes which might be involved in bud
burst behavior. The ten selected genes (Table 2)
are expected to have an impact on bud burst in
oak (DERORY et al., 2006; UENO et al., 2010), 
a genus of the Fagaceae family related to 
beech. The Evoltree EST database (http://
www.evoltree.eu) and the EMBL Nucleotide
Sequence Database (http://www.ebi.ac.uk/embl/)
were used to find corresponding F. sylvatica
sequences. These were verified by a BLASTn
and BLASTx search (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) and used for primer design in
order to amplify the corresponding genomic
regions.
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Amplification, cloning and sequencing 
of the candidate genes

The software Primer3 version 0.4.0 (ROZEN
and SKALETSKY, 2000) was used to design
primers for amplification and direct sequencing
of PCR products. Primers were checked for self-
annealing, dimer and hairpin formations with
the program OligoCalc version 3.26 (KIBBE,
2007).

PCRs were conducted in a 15 µl volume con-
taining 2 µl of genomic DNA (about 10 ng), 1 x
reaction buffer (0.8 M Tris-HCl pH 9.0, 0.2 M
(NH4)2SO4, 0.2% w/v Tween-20; Solis BioDyne,
Tartu, Estonia), 2.5 mM MgCl2, 0.2 mM of each
dNTP, 1 unit of Taq DNA polymerase (HOT
FIREPol® DNA Polymerase, Solis BioDyne,
Tartu, Estonia), 0.3 µM of each forward and
reverse primer (Table 2). For amplification of
the gene fragment PP2C the HotStarTaq® Mas-
terMix (Qiagen, Hilden, Germany) was used.
The thermal cycling conditions were the follow-
ing: an initial denaturation step of 95°C for
15 min followed by 35 cycles of 94°C for 1 min
(denaturation), between 50°C and 68°C for

1 min (annealing, see Table 2 for the different
annealing temperatures), 72°C for 1 min
(denaturation) and a final extension step of
72°C for 20 min. PCR products were analyzed
using 1% agarose gel electrophoresis with 1x
TAE as running buffer (SAMBROOK et al., 1989).
DNA was stained with Roti®-Safe GelStain
(Roth, Karlsruhe, Germany) and visualized by
UV illumination. PCR products were excised
from gel and purified using the innuPREP Gel
Extraction Kit (Analytik Jena, Jena, Germany).
The purified products were cloned into a
pCR2.1 vector using the TOPO TA Cloning® Kit
(Invitrogen, Carlsbad, USA) with slight modifi-
cations (supplementary material 1). Plasmid
DNA was extracted using the GenElute™ Plas-
mid Miniprep Kit (Sigma-Aldrich, Steinheim,
Germany). The sequencing reaction was carried
out for three different clones per sample for
each of the fragments by using the Big Dye®

Terminator v.3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, USA) with both M13
forward and M13 reverse primers. Sequencing
reactions were run on an ABI PRISM® 3100
Genetic Analyzer (Applied Biosystems, Foster

Table 1. – Information about the sampling areas.

a annual mean temperature for the different regions (FISCHER et al., 2010), but not especially for the single plots; 
b HERTEL et al., 2013; c SEIFERT (2012); d RAJENDRA and SEIFERT et al. (2014).
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City, USA), and the sequenced fragments were
verified by a BLASTn and BLASTx search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Protein

domains within sequences were identified by
searching against the NCBI Conserved Domain
Database (CDD) (MARCHLER-BAUER et al., 2015)

Table 2. – Primer sequences and corresponding annealing temperatures for the selected candidate genes (candi-
date gene fragments longer than 1,000 basepairs were divided into two parts for sequencing. For the amplifica-
tion of the product, the primers F part 1 and R part 2 were used. Accession No: EMBL Nucleotide Sequence
Database (http://www.ebi.ac.uk/embl/)).
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using the Conserved Domain Search (CD-
Search) tool (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) (MARCHLER-BAUER and
BRYANT, 2004). 

SNP analyses

SNPs occurring in only one individual were
excluded after comparative sequencing to avoid
the analysis of false SNPs because of sequencing
errors. To reduce the number of SNPs for geno-
typing, haplotype tagging SNPs (htSNPs) were
identified by using the software HaploBlock-
Finder version 0.7 (ZHANG and JIN, 2003). Out of
these, SNPs were selected for genotyping based
on their type (non-synonymous SNPs were pre-
ferred), and on their suitability for genotyping
(e.g., no indels in vicinity of the target SNP). In
total, 56 SNPs (18 non-coding SNPs, 17 synony-
mous SNPs, 16 non- synonymous SNPs and five
SNPs from untranslated regions (UTR)) were
chosen for genotyping (supplementary material
Table S1). Surrounding sequences of the
selected SNPs were sent to KBiosciences UK
Ltd for primer design and analysis of the SNPs
using the PCR-based KASP™ genotyping assay
(Hoddesdon, UK). 

Data analyses

Analyses of sequence data

For visual examination, editing and align-
ments of the sequences, CodonCode Aligner
 version 4.2.4 (CodonCode cooperation, http://
www.codoncode.com) and BioEdit version
7.1.3.0 (HALL, 1999) using ClustalW multiple
alignment (THOMPSON et al., 1994) were applied.
Nucleotide diversity (�), haplotype diversity
and Tajimas’ D (TAJIMA, 1989) were calculated
excluding indels with the software DnaSP ver-
sion 5.10.01 (LIBRADO and ROZAS, 2009). The
same software was used to infer linkage dise-
quilibrium (LD) between SNPs within each can-
didate gene. R2 values (HILL and ROBERTSON,
1968) were calculated and their significance
tested using the Fisher’s exact test. Bonferroni
correction was used to correct for multiple test-
ing. The LD decay with distance was estimated
by regression analysis also implemented in the
DnaSP software. Additionally, LD decay for all
candidate genes combined was determined by
plotting all r2 values against distance (bp) and
applying a linear regression analysis using the
software STATISTICA version 12 (StatSoft Inc.,
Tulsa, US). 

Table 3. – Overview of exons, introns, UTR, indels and SNPs of the analyzed gene fragments.
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Analyses of genotypic data of the population US

Linkage disequilibrium and deviations from
Hardy-Weinberg proportions were estimated
using the software Genepop version 4.2.1
(ROUSSET, 2008). Thereby, 10,000 demorization
steps, 100 batches and 5,000 iterations per
batch were used as Markov chain parameters.
Neutrality was tested with the Ewens-Watter-
son test (MANLY, 1985) implemented in the soft-
ware POPGENE version 1.32 (YEH et al., 1999)
using 1000 simulations. The observed heterozy-
gosity (Ho) and the expected heterozygosity (He)
were calculated using the software GenAlEx
version 6.5 (PEAKALL and SMOUSE, 2006, 2012). 

Results

Sequence data

Fragments of ten different candidate genes for
bud burst with a total length of 12,290 bp were
analyzed in this study (Table 3). From the total
length of the analyzed fragments, 7,586 bp
accounted for exons, 3,461 bp for introns and
1,243 bp for UTR (for more detailed information
about the gene structure compare the entries in
the EMBL Nucleotide Sequence Database
(Table 2)). Protein domains were identified in
all candidate gene sequences (supplementary
material Table S1). The length of the analyzed

gene fragments varied from 430 bp for the gene
FRIGIDA to 1,410 bp for the gene PP2C. In
total, 20 indels and 116 SNPs were identified
(on average one SNP per 106 bp) (supplemen-
tary material Table S2). In total, 19 SNPs were
found to be non-synonymous, whereas all of
them led to an amino acid exchange and none
caused an early stop codon. The number of hap-
lotypes ranged from three (gene fragment Asi)
to 15 (gene fragment CP10), whereas the mean
value was 8.42 (Table 4). The mean haplotype
diversity was 0.652 ranging from 0.302 (gene
fragment FRIGIDA) to 0.848 (gene fragment
PP2C). The nucleotide diversity ranged from
0.57 (gene fragment ConsC1) to 4.58 (gene frag-
ment Arf). The mean nucleotide diversity over
all fragments was higher for non-coding sites
than for coding sites (Table 4). Tajima’s D was
significantly positive for the gene fragment
His3C1 (p<0.05). The mean linkage disequilib-
rium within genes was 0.32 (measured by r2).
After applying Fisher’s exact test 48% of the
pairwise comparisons remained significant
(p<0.05), and the mean LD for these SNP pairs
was 0.64. After the Bonferroni correction 37% of
the pairwise comparisons remained significant,
and the mean LD was 0.79. The LD decay with
distance was different for the analyzed candi-
date genes (supplementary material Figure S1).
For four genes (Arf, Asi, ConsC2, CysPro) no LD
decay over the analyzed distances was detected.  

Table 4. – Nucleotide Diversity (�), haplotype diversity and results of Tajima’s D test of the different gene
 fragments.

+ � x 10–3; *p<0.05.
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Table 5. – Overview of successfully genotyped SNPs. Ho: observed heterozygosity, He: expected heterozygosity,
HWE: Hardy-Weinberg proportions.
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Genotypic data of the population US

In total, 56 SNPs were chosen for genotyping.
Eight SNPs were not processed successfully,
and two SNPs turned out to be monomorphic.
Thus, 46 SNPs were successfully genotyped
(15 synonymous SNPs, 14 non-coding SNPs, 12
non-synonymous SNPs and five SNPs from
UTR) (Table 5). Significant LD was detected for
different SNP pairs. In total, 7.8% of all
 possible SNP pairs were found to be signifi-
cantly in LD (p<0.05) (supplementary material
Table S3). No significant deviations from
Hardy-Weinberg proportions were detected,
whereas the locus His3C2_104 was not poly-
morphic enough to calculate probabilities for
Hardy-Weinberg proportions. No departures
from neutral expectations were detected by the
Ewens-Watterson test. The observed heterozy-
gosity (Ho) ranged from 0.01 to 0.560, whereas
the mean value was 0.284. The expected het-
erozygosity (He) ranged from 0.01 to 0.498
(mean 0.277) (Table 5).   

Discussion

In this study, parts of ten different candidate
genes for bud burst of the non-model species
Fagus sylvatica L. were analyzed. In total, 116
SNPs were identified in the course of compara-
tive sequencing which is, on average, one SNP
per 106 bp. This SNP density lies almost

exactly in between the values revealed by the
two other studies, which analyzed candidate
genes in beech. LALAGÜE et al. (2014) detected
one SNP per 89 bp, whereas SEIFERT et al.
(2012b) detected one SNP per 129 bp. Neverthe-
less, SNP density strongly depends on the
investigated region. More SNPs were identified
in non-coding regions than in coding regions,
which is in line with the results of other studies
(e.g., HEMMER-HANSEN et al., 2011; VOLLMER and
ROSEL, 2012; SEIFERT et al., 2012b).

Three gene fragments (Arf, His3C1, PP2C)
analyzed in the present study were partially
overlapping with sequences previously reported
by LALAGÜE et al. (2014). This facilitated a com-
parison of identified variation within these
genes between two independent studies.
Largely, identical SNPs were detected in the
overlapping gene fragments. Nevertheless,
some SNPs were exclusively identified either in
one or the other study. Since populations from
distinct regions of the distribution area of beech
were investigated (Germany and France), some
differences in the SNP pattern can be expected.
Additionally, several SNPs reported by LALAGÜE
et al. (2014) have previously been removed as
single SNPs in the present study, and thus,
turned out to be false negative SNPs. Neverthe-
less, the partially different SNPs detected in
the overlapping gene fragments of the two stud-
ies shows again the importance of a carefully

Table 5 (continued). – Overview of successfully genotyped SNPs. Ho: observed heterozygosity, He: expected
 heterozygosity, HWE: Hardy-Weinberg proportions. 

Müller et al. · Silvae Genetica (2015) 64-1/2, 2-20

DOI:10.1515/sg-2015-0001 
edited by Thünen Institute of Forest Genetics



9

chosen ascertainment set to avoid ascertain-
ment bias. Ascertainment bias is the systematic
deviation from the expected allele frequency
distribution resulting from sampling processes
used to find marker loci (HELYAR et al., 2011).
Typically SNPs are identified in a small panel
of individuals from a part of the species’ range.
In this case, SNPs with low allele frequencies
might not be detected. If a large set of individu-
als is genotyped with these SNPs, an ascertain-
ment bias can occur affecting any statistical
measure that relies on allele frequency
(NIELSEN, 2000; NIELSEN et al., 2004; HELYAR et
al., 2011). To avoid ascertainment bias, a rela-
tively large sample of individuals for SNP
detection should be chosen, which represents all
populations included in the final genotyping
(MORIN et al., 2004). For that reason, compara-
tive sequencing was carried out with individu-
als from sampling areas located in five widely
separated regions in Germany.  

The mean nucleotide diversity (�) was 0.0027
in the present study. The estimates of � might
be comparatively conservative, since all SNPs
occurring only in one individual were excluded
from analysis, and only a limited number of
trees and clones per tree (Escherichia coli
transformants) were used for comparative
sequencing. Additionally, nucleotide diversity
strongly depends on the investigated genes
ranging from 0.00057 to 0.00458 in this study,
and thus, a comparison between different stud-
ies may be complicated. Nevertheless, both
additionally existing studies of nucleotide diver-
sity in European beech reported very similar
mean values of � (SEIFERT et al., 2012b
�: 0.0026; LALAGÜE et al., 2014 �: 0.0022)
though mainly different gene fragments and/or
candidate genes were analyzed. Thus,
nucleotide diversity might generally be lower
compared to other tree species, since several
studies reported higher mean nucleotide diver-
sities based on gene sequences for other
Fagaceae (e.g., VORNAM et al., 2007 (Quercus
petraea) �: 0.00542; QUANG et al., 2008 (Quercus
crispula) �: 0.00693; DERORY et al., 2010 (Quer-
cus petraea), and other tree species (e.g., ING-
VARSSON, 2005 (Populus tremula) �: 0.0111;
KRUTOVSKY and NEALE, 2005 (Pseudotsuga
 menziesii) �: 0.00655). The different levels of
nucleotide diversity can be caused by a combi-
nation of different factors. For instance, selec-
tion, parts of the genome considered, sampling
strategies, demographic history, and differences
in mutation rates are known factors causing dif-

ferent levels of nucleotide diversity among
species (HEUERTZ et al., 2006). 

Tajima’s D test was applied to test the
sequence data for selective neutrality. The test
was statistically significant for only one gene
(His3C1). The positive value of Tajima’s D
obtained for that gene indicates balancing selec-
tion, but the parameter is known to be highly
sensitive to sample size (LARSSON et al., 2013).
Since the estimations of Tajima’s D were based
on a low number of individuals in this study,
the results should be interpreted cautiously.
Further, this parameter is known to be affected
by population structure. Studies including pop-
ulations of the present study detected low but
significant differentiation among the popula-
tions (RAJENDRA and SEIFERT et al., 2014;
CARSJENS et al., 2014). Hence, the influence of
population structure on Tajima’s D cannot com-
pletely be ruled out. 

Relatively high LD levels were found for the
different genes (mean r2 of 0.32; 0.64 after
Fisher’s exact test, and 0.79 after Bonferroni
correction). The LD decayed to lower levels
(r2<0.1) for most genes within a distance of ca.
1,200 bp, albeit no LD decay was detected for
four genes. The relatively high levels of LD
combined with a slow LD decay in beech com-
pared to other outcrossing tree species (e.g.,
INGVARSSON, 2005; HEUERTZ et al., 2006) are in
line with the results of LALAGÜE et al. (2014).
These authors explained the observed LD pat-
terns with a small effective population size of
the investigated population. In general, LD is a
result of the interplay of several factors, such as
mating system, recombination and mutation
rates, selection, population size, structure and
population history (KRUTOVSKY and NEALE,
2005). Nevertheless, the estimation of LD decay
depends on the sequence length and the level of
polymorphism (LALAGÜE et al., 2014). In the
present study, the sequence length of three
genes was shorter than 800 bp, and the mean
distance between SNPs for all pairwise compar-
isons was 329 bp. Additionally, in six genes less
than 10 SNPs were detected. Thus, for a more
precise estimation of LD pattern, longer
sequences may be investigated.       

In total, 46 SNPs were successfully genotyped
in a seedling population. In total, 7.8% of all
possible SNP pairs were found to be signifi-
cantly in LD. This percentage is lower com-
pared to other studies. Thus, VIDALIS et al.
(2013) found that 39.7% of all possible SNP
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pairs were in LD investigating different Quer-
cus species, and INGVARSSON et al. (2008) found
12.8% of all SNP pairs to be in LD in a study
with Populus tremula. No significant deviations
from Hardy-Weinberg proportions were
detected, whereas one locus (His3C2_104) was
not polymorphic enough to calculate probabili-
ties for Hardy-Weinberg proportions in this pop-
ulation. Additionally, no departures from
neutral expectations were detected with the
Ewens-Watterson test. The observed (Ho) and
expected (He) heterozygosities were similar
(mean Ho: 0.284; mean He: 0.277), though
strongly different among single SNP markers.
The values are slightly lower compared to the
results of SEIFERT et al. (2012a), who reported
mean observed and expected heterozygosities
of 0.326 and 0.324, respectively for the source
stand of the seedling population investigated in
the present study. Since a microsatellite analy-
sis revealed no significant differences between
adult and seedling populations (data not
shown), these differences are most likely due to
the different SNP markers applied in the two
studies. 

The selected candidate genes in the present
study are putatively involved in flowering, tem-
perature response and stress response. These
functions have been associated with bud burst
before. Thus, several stress related genes were
expressed during bud burst in Norway spruce,
suggesting that trees need to protect them-
selves from unfavorable abiotic factors during
bud development (YAKOVLEV et al., 2006). In the
same study, genes associated with temperature
were expressed which can be expected, since
temperature plays an important role in spring
phenology. The CONSTANS gene has an impor-
tant role in the regulation of flowering by pho-
toperiod in Arabidopsis (GRIFFITHS et al., 2003).
This gene is relevant for bud burst analysis,
since it is suggested that the pathway regulat-
ing bud development is common to vegetative
and sexual buds (HORVATH, 2009; ALBERTO et al.,
2013). The SNP set developed in the present
study can be used in further investigations,
especially in genetic association studies. These
studies attempt to identify patterns of polymor-
phisms that vary systematically between indi-
viduals with different phenotypes (BALDING,
2006). For instance, SNPs from a Constans-like
gene were associated with bud burst in oak
(ALBERTO et al., 2013), and LIND-RIEHL et al.
(2014) found evidence for selection on a Con-
stans-like gene between two red oak species.

Hence, the SNPs provided in the present study
are promising for the use in association studies
in European beech.
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Table S1. – Protein domains identified in the analyzed candidate genes.

Supplementary Material 1

Modifications of the cloning procedure using the TOPO TA Cloning® Kit (Invitrogen, Carlsbad,
USA)

Modifications of the transformation protocol:

– only half of the volume of the vial of the One Shot® Chemically Competent Cells was used (30 µl),
– heat-shock of the cells during the transformation process for 45 seconds instead of 30 seconds,
– 200 µl of S.O.C. medium was added to,
– 110 µl from each transformation was spread to a selective plate.
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Table S2. – Characterization of all SNPs and indels identified in the analyzed genes. Bold: SNPs geno-
typed by KBiosciences UK Ltd (KASP™ Genotyping Assay; Hoddesdon, UK).
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Table S2. – Continued.
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Table S2. – Continued.
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Table S2. – Continued.

Table S3. – SNP pairs significantly in LD in the popula-
tion US (p < 0.05).
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Table S3. – Continued.

Figure S1. – LD plots for the investigated 
candidate genes. Displayed is a LD plot 

for all genes combined (a), and LD plots for each 
of the candidate genes separately (b).

a
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Figure S1. – Continued.
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Figure S1. – Continued.

b

How small and constrained is the genome size 
of angiosperm woody species

By D. OHRI*)

(Received 8th May 2015)

Abstract
Angiosperm hardwood species are generally

considered to show an average smaller genome

size with a narrow range of variation than their
herbaceous counterparts. Various explanations
pertaining to limitations of cell size exerted by
wood fibers, the requirement of smaller stom-
ata, longer generation time, large population
size, etc., have been put forward to account for
their small and constrained genome size. Yet
studies done in the past several years show that
genomically as well as evolutionarily, hard-
woods are as diverse and active as their herba-
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