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Introduction: Since Populus has veritable value as timber, plywood, pulp, and paper, genomic
research should create the sound basis for further breeding toward desirable wood quality
attributes. Materials and methods: In this study, we addressed the need for a research
methodology that initially identifies and then characterize candidate genes encoding enzymes
with wood property phenotypic traits, toward the aim of developing a genomics-based breeding
technology. Results: On 23 different poplar species/hybrid samples, we successfully amplified
55 primers designed on Populus trichocarpa L. Considering the number of polymorphic sites,
out of 73,206 bp, 51 SNPs and 31 indel events were found. Non-synonymous single base
mutations could be detected in number of 30, 21 out of 164 sequences were the number of
minimum recombination events and 41 significant pairwise comparisons between loci could be
detected. Discussion and conclusion: Our results provide a roadmap for a future association
genetic study between nucleotide diversity and precise evaluation of phenotype.

INTRODUCTION

Poplars are of considerable economic value with a cultivation started in Europe, Asia,
and the Middle East over hundreds of years ago. Breeding programs have focused on
the production of interspecific hybrids, the first-generation hybrid vigor being the main
purpose and aim, mostly because of the ease with which the species can be vegetatively
propagated (Joshi et al., 2011 and references therein). As high-intensity cultivation of
woody biomass crops has great economic potential, Populus is one of the first
candidates for implementation of intensive plantation forestry. Hybrid poplars are
important components of current energy portfolios for their significant amount of
biomass, but they also provide a wide range of wood products, including industrial
roundwood and poles, pulp and paper, reconstituted boards, plywood, veener, sawn
timber, packing crates, pallets, and furniture. The volume of high-density hardwoods
on the market does not change significantly while demand is constantly increasing;
thus, some additional material will be required soon. In the near future, densified
poplars may be used for flooring or as furniture elements, complementing or replacing
high-density hardwoods on the wood market (Rademacher et al., 2017).

Hungary lost 84% of its forest area after World War I. Mitigating the wood deficiency
a massive afforestation program started after Word War II, playing a significant role in
the increase of its area. During this program, the foresters preferred, besides other fast-
growing tree species like Scotch pine (Pinus sylvestris L.) and black locust (Robinia
pseudoacacia L.), poplars primarily. Nowadays, hybrid poplars are the fifth in the
ranking of forest tree species by covered area in the country; the total area of the poplar
plantations being 112,970 hectares. The preferred clones are mostly Euramerican hybrids
(hybrids between Populus deltoides and Populus nigra L.; Populus× euramericana), the
importance of clones with other origin (e.g., Interamerican clones or balsam poplars)
being considered as less significant. The most popular hybrid poplar clones are the
following, in order by their covered area: Pannónia, I-214, Agathe-F.

Having significant economic interest, there is a demand for accelerated improve-
ment strategies that aim at developing Populus species as wood-producing crops with
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both improved trunk performance and specific exploitation
characteristics. Thus, for innovative selection toward a
specific structure, composition and properties of the raw
material would be of great help the marker assisted breeding
of the species.

Objectives of primary importance to the forestry and wood
industry are the genetic control of traits, such as growth,
adaptation to environmental stress, disease resistance, wood
uniformity, specific gravity, and fiber quality. With classical
breeding, these demands cannot be fulfilled within a reason-
able time span because of the long generation time. Thus, to
meet these needs, molecular breeding could provide the
necessary tools to solve many of these problems. However,
to apply genetic and molecular tools to optimize the produc-
tion of woody materials, thorough understanding of the
mechanisms that determine their properties is required.

In general, wood is manufactured by a succession of
steps, including cell division, cell expansion, cell wall
thickening (involving the biosynthesis and deposition of
cellulose, hemicellulose, cell wall proteins, and lignin),
programmed cell death, and heartwood formation. In the
formation and modification of the matrix of wood cell walls,
the xylem-specific glycosyltransferases belonging to carbo-
hydrate enzyme families have an important role and Populus
has approximately 1,600 genes encoding carbohydrate
enzymes (Geisler-Lee et al., 2006).

Primary-walled wood cells of Populus are rich in pectins,
xyloglucan, and cellulose, and the vascular cambium and
adjacent radial expansion zone are the sites of highest
expression of genes encoding wall-modifying enzymes
(Mellerowicz & Sundberg, 2008).

Secondary wall deposition requires a reprogramming of
wall biosynthesis by activating transcription factors respon-
sible for inducing secondary wall programs (Zhong & Ye,
2007). The wood cell walls have multiple layers that differ
in microfibril organization and ratios of cellulose to matrix
(lignin, hemicellulose, and pectin) components. Expression
analyses have shown that cellulose synthase proteins, dif-
ferent from those involved in primary wall biosynthesis,
play major roles during secondary wall biosynthesis in
xylem tissues (Mutwil et al., 2008). The microfibrils aggre-
gate in the cell wall into macrofibrils, which are organized in
tangential sectors. The macrofibril size seems to depend on
the lignin and hemicellulose contents in the wall.

Important for mechanical properties of the wood fiber is
the microfibril angle, which typically varies longitudinally
and radially within the tree stem. An important role in
determining microfibril angle in wood cells is the micro-
tubules, this fact being supported by the highly expressed
family of α-tubulin and β-tubulin during xylem secondary
wall formation (Oakley et al., 2007). Several microtubule-
associated proteins putatively involved in a scaffolding
between nascent microfibrils and the microtubule network
through scaffold proteins has been identified, like the
kinesin-like protein (Luo et al., 2016) and a katanin
microtubule-severing protein (Sasaki et al., 2017). The
fibers’ and vessel elements’ secondary cell wall composition
is strongly determined by the hemicellulose biosynthesis
(Ratke et al., 2015). The presence of hydrolytic and trans-
glycosylating enzymes in secondary cell walls suggests that
the matrix of secondary walls in some cases is also modified

(Mellerowicz & Sundberg, 2008). The tension wood devel-
opment is also based on cell wall synthesis shifts between
lignin and hemicellulose and cellulose biosynthesis (Sawada
et al., 2018).

Poplar has a relatively small genome (550 Mb)
(Bradshaw & Stettler, 1993). Genetic maps are available
and over the years extensive quantitative trait loci mapping
surveys have been conducted (Carletti et al., 2016). The
expression of genes associated with some of the steps of the
wood production process has been analyzed (Li et al., 2006),
contributing to a better understanding of wood develop-
ment. Still, the extensive breeding programs in poplar
have led to a significant number of hybrids, and the char-
acterization of different clones is necessary for the design of
breeding strategies, but despite the ample genomic resources
mostly microsatellite markers have been developed for this
purpose. The number of studies concerning single nucleotide
polymorphisms (SNPs) – variations in a single nucleotide, at
a specific position in the genome, but only where are present
to appreciable degree within a population – presumably in
conjunction with the wood production process in poplar is not
excessively large in the literature. For that reason, SNP
markers connected with wood production encoding genes
in our opinion would represent a meaningful tool to meet the
breeding necessities.

Consequently, the main purposes of this study were:
(a) to identify functional genes corresponding to the wood
production process with use of available sequence data from
public genome database; (b) To develop SNP markers for
these gene fragments; (c) to obtain variable sequence sets
from Hungarian poplar clones commonly used in breeding
programs; and (d) to identify “clone specific” haplotypes in
these target regions with possible use in further association
genetic studies by correlating adequate levels of nucleotide
diversity, linkage disequilibrium, and precise evaluation of
phenotype from clonal or progeny testing.

MATERIALS AND METHODS

Marker development

For the development of markers putatively connected with
the wood production process, a data mining was performed,
from literature where proteins with possible role in the wood
production process were selected. Table 1 presents these
selected proteins.

Based on Table 1, a BLAST database was filled with
sequences downloaded from NCBI database (http://www.
ncbi.nlm.nih.gov, 07.03.2018), using the following criteria:
first, conducting a search for EST sequences for these
proteins that were annotated in the Populus genus. If such
could not be found, the search was extended to “eudicots.”
The contents of the BLAST database are presented in
Supplementary Table S1.

The critical factor in developing PCR markers from EST
sequences could be the presence of repetitive introns with
different length in the genome. For the reason that these
sequence repeats may disturb primer annealing during the
PCR amplification of the selected sequences and in some
cases the length of the sequence that should be amplified
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could be excessively long, the constructed EST BLAST
database was searched using the BLAST Genomes toolkit
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the Populus
trichocarpa (taxid 3694) database. After the search based on
sequence homology, only those sequences were selected that
had the highest BLAST hit by setting the thresholds lowest
E-value at <0.001, greatest identity at >98%, and the high-
scoring segment pair length between 100 and 1,000 bp.
Following this step, in total, 55 sequences were selected for
primer design. The design of the primers was performed with
the Primer 3 Plus software (https://primer3plus.com/cgi-bin/
dev/primer3plus.cgi) and the primer pairs were tested in silico
using the Primer-BLAST toolkit (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/index.cgi) to avoid simultaneous am-
plification of paralogous loci. The list of the selected
sequences and designed primer pairs is presented in Supple-
mentary Table S2.

Plant material

The experiment in the laboratory was conducted with a
single sample/individual, collected in the NAIK ERTI
ex situ gene collection plantation established in Sárvár-Bajti
(Hungary). From several individuals, wood tissue samples
were taken by an increment borer. In some cases, samples
originated from leaf material, selected from the former
NAIK ERTI DNA collection base. The following poplar
species were involved into our investigation: Populus nigra
L. (“Lassicsárda 7” and “Lébény 211”), Populus deltoides
Marsh. (“S-1-54,” “S 307-24,” and “S 332-1”), Populus
alba L. (“Villafranca”), Populus tremula L. (“105”), Popu-
lus × canescens Sm. (“65”), and Populus grandidentata
Michx. (“227”). In addition to clones representing pure
species or natural hybrids, cultivars bred and registered in
Hungary with the highest aboveground biomass yield and
wood quality (“Pannónia,” “Koltay,” and “Kopecky”);
moreover, four promising new Hungarian clones (“Sv-656,”
“Sv-761,” “Sv-874,” “Sv -890”) and several clones origi-
nated from Belgium, Italy, and Poland (“Beaupre,” “Ras-
palje,” “S-611-C,” “I-214,” “Kornik-21”) were collected.
The name of each specimen, DNA identification code, the
place of origin, type of tissue, and available parental com-
binations are presented in Supplementary Table S3.

DNA extraction and PCR amplification

About 1 cm2 of a single leaf or 10 mg core was ground into
powder in liquid nitrogen. Total DNA was extracted,
following a modified alkyltrimethylammonium bromide
protocol (Dumolin et al., 1995). As a result, 100 μl of high
purity concentrated DNA solution was obtained. About
50 μl of the DNA solutions was stored as a reserve at
−80 °C, for possible future studies. Oligonucleotide primers
were synthesized by standard phosphoramidate chemistry at
IDT (Integrated DNA Technologies, Bio-Science Ltd., Cor-
alville, IA, USA).

For testing the molecular markers, with each primer pair
on each DNA sample, a PCR test was carried out to evaluate
the functionability of the designed primers. PCR was con-
ducted by following a modified protocol of Isabel et al.
(2013). The reactions contained 10 ng/μl template DNA,

1× reaction buffer (Promega GoTaq G2 Flexi, 5× reaction
buffer with no magnesium), 2 mM of MgCl2 (Promega),
15 μM of dNTPmix (Promega, 10 mM each), 0.5 polymer-
ase (Promega GoTaq G2 Flexi, 5U/μl), and 0.13 μM of each
primer (IDT) in a total volume of 15 μl. PCR was carried out
in a Veriti Personal Thermocycler (Applied Biosystems,
Waltham, MA, USA), with a pre-denaturation step at 95 °C
for 3 min, followed by 35 cycles of 94 °C for 30 s, an
annealing temperature for each primer combination at 50 °C
for 45 s, extension on 72 °C for 90 s, and a final elongation
at 72 °C for 10 min. The PCR conditions were considered
optimal and the tested markers suitable for further sequence
analysis in case of PCR-amplified sequential motifs
appeared as a single band in the agarose gel. For markers
with multiple bands, further optimization was performed by
increasing the annealing temperature up to 55 °C.

PCR amplification products were analyzed on a 2% aga-
rose gel (Roti Agarose, Roth Gmbh, Karlsruhe, Germany),
following electrophoresis with EPS 600 (Pharmacia Biotech,
Rochester, NY, USA), in 1× TAE as electrophoresis
buffer, stained with GelRed (Biotium Inc., Hayward, CA,
USA) (Supplementary Figures S1–S3). From all products
that appeared as a single band, eight selected by random
were used to verify the previous annotation’s correctness
and to detect potential SNP polymorphisms.

Sanger sequencing

Before sequencing, the purification of the products after
PCR was performed by hydrolyzing the excess primers and
dephosphorylated unincorporated dNTPs, in one step, with
ExS-Pure enzymatic PCR cleanup kit (NimaGen BV,
Nijmegen, The Netherlands), according to the manufac-
turer’s protocol. As a next step, the products resulted from
the ExS-Pure process were sequenced, the direction of
sequencing being chosen considering the best BLAST
hit between the reverse and forward variant of each
sequence. Considering the aforementioned direction, clone
“Pannónia” was an exception, in case of which the process
was performed in both directions. Sequencing was complet-
ed at Biomi Ltd. (Hungary).

Sequence analysis

Visual analysis and editing of the sequences with clearly
defined set of regularly spaced peaks were performed using
BioEdit Sequence Alignment Editor version 7.0.9.0
(Hall, 1999). A second analysis was performed in case of
ambiguity sequences, where the analysis of the double traces
was completed by Trace Recalling method (Tenney et al.,
2007), with use of the CodonCode Aligner 8.0.2 (Codon-
Code Corporation, Centerville, MA, USA) software. After
editing, the alignment of sequences was completed with
CLC Genomic Workbench version 12.0-Viewing Mode
(Qiagen Bioinformatics, Venlo, Netherlands), setting gap
open cost at the value of 10, gap extension cost at the value
of 1, and end gap cost “as any other,” and in a very accurate
(slow) mode. Following sequence alignment, a final valida-
tion of all potential SNPs was performed visually on
chromatograms again with use of BioEdit, and sites that
differentiated Populus clones were identified. Number of
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polymorphic sites, nucleotide diversity, number of
insertions/deletions, the character of SNPs (synonymous or
non-synonymous), minimum number of recombination
events, identification of conserved DNA regions along the
data set, and the number of significant pairwise comparisons
between polymorphic sites of each sequence with statistical
significance by Fisher’s exact test were calculated using
DNA Sequence Polymorphism version 6.10.01 (Rozas &
Rozas, 1995) software. The chromosomal location of each
gene fragment was determined by the Genome Data Viewer
(https://www.ncbi.nlm.nih.gov/genome/gdv/) toolkit.

RESULTS

The tested 55 primers on 23 different poplar DNA samples
successfully amplified 49 sequences (success rate 89%),
and 26 PCR products appeared as a single band in the
electrophoresis gels (success rate: 47.27%; Supplementary
Figures S1–S3). In most cases, the annealing temperature at
50 °C proved to be optimal, in case of four gene fragments
(nos. 5, 9, 11, 39 in Supplementary Table S2), only by
increasing the temperature up to 55 °C, the same result could
be obtained. The following eight gene fragments were
selected by random, for sequencing: blue copper binding
protein 2, Kt 1, ptk 2/2, SAMS 1 in forward and COMT 3,
COMT 4, CCoAOMT 4, SKOR 3 in reverse direction (for
abbreviations, see Supplementary Table S4). Conclusive
chromatograms were obtained in case of seven gene frag-
ments, the “blue copper binding protein 2” marker being
excluded from further analyses.

In case of CCoAOMT 4 marker’s 13 samples (Pannónia,
Kopecky, Koltay, Durvakérgű, Sv-656, Sv-874, Sv-890,
I-214, Raspalje, Beaupré, 227, 65, 105), considering the
chromatograms, unfortunately not all traces’ peaks were
regularly spaced and of similar height, but clearly two bases
were represented by each pair of overlapping peaks. To
localize the insertion event with the aim to determine which
sequence and where has been disrupted, we created a second
ambiguity sequence, this ambiguity sequence being aligned
to an assembled Populus genome sequence. The genomic
sequence that best aligned to the ambiguity sequence was
assumed to be the second sequence of the same sample. By
this method, in case of these aforementioned 13 samples,
two sequences were used as input for sequence alignment.

To verify the previous annotation’s correctness, after
editing and visual validation, we randomly selected a single
sequence from each marker’s amplified product, which we
verified using BLASTN search. The putative similarity of
the sequences was estimated according to the best BLAST
hit, the results being summed in Supplementary Table S4.

By this method, on 22 poplar DNA samples each,
fragments from seven different genes were successfully
amplified and identified. After sequencing, COMT 3,
ptk2/2, and SKOR 3 showed clear sequencing chromato-
grams only for PCR products of 21 samples each; therefore,
totally, 164 sequences were analyzed. The results of the
sequence analysis using DNA Sequence Polymorphism
version 6.10.01 with the sequence alignment results (CLC
Genomics Workbench version 12.0, Qiagen Bioinformatics)
as inputs are presented in Table 2.
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In total, 51 SNPs were found out of 73,206 bp. Mutations
ranged between 7 (Kt 1 and SKOR 3) and 17 (CCoAOMT 4).
Nucleotide diversity values were between 0.04176
(COMT 4) and 0.01109 (Kt 1), on average 0.01857 (Table 2).
In a second phase of the analysis, the number of indel events
and the character of SNPs (synonymous or non-synonymous)
were determined, the results being summed in Table 2.

Indel events were found in number of 31 out of 164
sequences. The detected value was the highest in case of
CCoAOMT 4 and COMT 3, two sequences (COMT 4 and
ptk 2/2) being characterized by one, whereas four gene
fragments (Kt 1, SAMS 1, and SKOR 3) with no indel event.
Synonymous SNPs were found in number of 21, ranging
from 1 to 9 (for CCoAOMT 4, no data were available). The
detected value was the highest in case of COMT 3 (9), while
in case of SKOR 3, no synonymous SNP could be observed.
COMT 3, COMT 4, ptk 2/2, SAMS 1, and SKOR 3 turned
out to be with no conserved region, whereas Kt1 and
CCoAOMT 4 presented conserved DNA regions in their
sequence (Table 2). Non-synonymous single-base mutations
could be detected ranging from 4 to 10, in number of 30,
with the highest value of 10 in case of COMT 4
(for CCoAOMT 4, no data were available). All non-
synonymous SNPs led to an amino acid exchange, no one
caused an early stop codon. The minimum number of
recombination events was in number of 21 out of 163
sequences, SKOR 3 being of special interest (Table 2). The
number of significant pairwise comparisons with statistical
significance by Fisher’s exact test (significant at
*.01< p< .05; **.001< p< 0.01; ***p< .001 level) was
in number of 41, COMT 4 proved to be of special interest
due to its highest value (16; Supplementary Table S5).

DISCUSSION

Traditional breeding of poplar for its wood, a constitute of
raw material for construction materials as well as many other
products, can be enhanced by approaches based on marker-
assisted selection. Advantages of the method include a
reduced breeding cycle time, reduced cost of field testing,
and increased intensity and efficiency of selection. Genetic
markers are based on the variation of DNA sequences, and
comparative sequencing is the ultimate method to detect
variation within any DNA fragment. Certainly, today, it is
already possible to analyze and to compare whole genomes or
transcriptomes using high-throughput sequencing technolo-
gies. However, this is still with significant financial impact in
examining a sufficient number of individuals. Considering
these limitations, in this study, SNP markers were developed
to obtain a start point of a further association genetic study,
considering wood’s and fibers’ structural and chemical prop-
erties of several – already registered and also promising –

clones cultivated in Hungary.
Our first goal was to identify SNP markers within

candidate genes encoding cellulose and lignin biosynthetic
enzymes, with an assumed role in wood property phenotyp-
ic traits. All candidate proteins have been chosen based on
literature surveys suggesting an impact of the enzymes on
either cell division, cell expansion, cell wall thickening
involving cellulose, hemicellulose, cell wall proteins, lignin

biosynthesis and deposition, programmed cell death, and
heartwood formation (Table 1). The NCBI EST database
(http://www.ncbi.nlm.nih.gov) was used to determine cor-
responding sequences from the Populus genus. In several
cases where sequences belonging to this genus could not be
found, all available sequences of eudicots were verified by
BLASTN search and used for primer design to amplify the
corresponding genomic regions. From this point of view and
also considering the fact that our amplified sequences
belonging to P. nigra, P. deltoides, P. alba, and P. tremula,
P. grandidentata species or P. × canescens, P. × euramer-
icana and P. × interamericana hybrids could be identified
by BLASTN search in P. trichocarpa, P. kitakamiensis,
P. fremontii species, and the P. tremula × P. tremuloides
hybrid (Supplementary Table S4), this study could be
considered as a cross-species marker transferability test,
and concerning this type of analyses, previous attempts
were made. Transferability of EST markers among closely
related species has been reported not only in crop species
(Decroocq et al., 2003; Feng et al., 2009) but also in Populus
(Du et al., 2013). Our – on P. trichocarpa sequences
designed – 55 primers on 23 different poplar species/hybrid
DNA samples successfully amplified sequences with a
success rate of 89%, whereas PCR products with single
band in the gel were registered in rate of 47.27%. These
values could be considered somewhat congruent with the
results of similar marker transferability tests. Peakall et al.
(1996) used simple sequence repeat markers developed from
soybean genome amplifying across Glycine max and the
results showed that 65% of the markers can be amplified in
cross-species, but only 3%–13% in cross-genera.

Our results suggest that such primers could work across a
wider range of Populus species/hybrids. The persistence of
homologous sequences in the genomic DNA of poplars
provides further support for the use of de novo primers
targeting important regions across different species from the
genus. Therefore, these results seem to indicate that coding
sequences functionally annotated can be amplified and
utilized as genetic markers in species from the same genus,
using heterologous primers. By the detection of polymor-
phic sites, these primers can now be more extensively tested
for eventual polymorphisms that are more or less frequent in
poplar hybrids both with improved trunk performance and
specific exploitation characteristics.

In total, 51 SNPs were found out of 73,206 bp and
nucleotide diversity values were between 0.04176
(COMT 4) and 0.01109 (Kt 1), on average 0.01857
(Table 2). According to the literature, nucleotide diversity
provides valuable insights into the genomic imprint of
selection in regions of the genome with different functional
characteristics (Wright & Andolfatto, 2008), and into the
genetic basis of wood formation, perenniality, and dorman-
cy (Brunner et al., 2004). Reviewed by Savolainen and
Pyhajarvi (2007) in other tree species, nucleotide diversity
ranged from 0.0034 to 0.0247, in which our average result
falls into this interval. In their analysis of 590 gene frag-
ments from different populations from throughout the natu-
ral range of Populus balsamifera, Olson et al. (2010) found
nucleotide diversity (0.0027) low, compared with the pre-
viously mentioned literature data. Accordingly, our results
can be considered as high values. Nevertheless, this

Biologia Futura 70 (4), pp. 286–294 (2019) | 291

Variation in genes for wood properties

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 10/03/21 12:59 PM UTC

http://www.ncbi.nlm.nih.gov


discrepancy may be caused by the natural populations’ gene
flow versus the targeted breeding process toward specific
exploitation characteristics of our different samples, the
diverse origin of the investigated individuals, or the portion
of the genome considered.

Indel events were found in number of 31 out of 164
sequences (Table 2). As elite poplar varieties are created
through interspecific hybridization followed by clonal prop-
agation, altered gene dosage relationships are believed to
contribute to hybrid performance. Polyploids can arise in
interspecific crosses (Bradshaw & Stettler, 1993), being
expected to be tolerant of insertion/deletion events because
their higher ploidy background that provides a buffer (Henry
et al., 2015). According to the same author, indel events are
not only frequent, being tolerated in hybrid poplars, but their
presence is an important genetic basis of novel phenotypes,
consequently in breeding strategies.

Non-synonymous single-base mutations could be detected
ranging from 4 to 10, in number of 30 (Table 2), no one
causing an early stop codon. Some of the non-synonymous
SNPs detected in this study are of special interest because
they might have an influence on the protein structure and
function. For example, non-synonymous SNPs found in
CCoAOMT 4 could lead to the modification the composition
of lignin and secondary xylem development, or non-synony-
mous base changes in the potassium channel SKOR encoding
sequence could change the regulation of K+-dependent wood
production. From this aspect, our markers could provide a
valuable examination tool of specific alleles that contribute to
poplar wood traits, a very important aspect of current
Hungarian poplar breeding programs.

The minimum number of recombination events was in
number of 21 out of 164 sequences, SKOR 3 being of
special interest (Table 2). In natural populations, recombi-
nation facilitates the removal of damaging alleles from the
population, and genomic regions of low recombination
accumulate more deleterious alleles as the efficiency of
purifying selection is reduced (Charlesworth, 1990). In case
of hybrid poplar varieties, the characterization of recombi-
nation may be effective at identifying very small genomic
regions underlying phenotypic variation, perhaps even caus-
ative SNPs (Olson et al., 2010).

The number of significant pairwise comparisons was 41;
COMT 4 proved to be of special interest due to its highest
value (16) (Supplementary Table S5). As results of a test to
measure the extent of linkage disequilibrium between pairs
of loci, our data provide useful information about the forces
governing those loci and allow selection for traits of eco-
nomic importance. Selection of SNP markers that reflect the
distribution and magnitudes of linkage disequilibrium in the
poplar genome facilitates the design of optimal genetic
association studies.

CONCLUSION FOR FUTURE BIOLOGY

Poplars are the primary wood producers in countries lacking
natural forests. The applications of their wood range from
elements of construction and timber to the manufacture of
paper, plywood, and reconstituted boards. Nevertheless, the
success in the aforementioned applications results from the

breeding of poplar hybrids with both improved trunk per-
formance and specific exploitation characteristics. To meet
this need, as a first step, in this study, SNP markers were
developed, tested, and analyzed to depict candidate genes
encoding enzymes with wood property phenotypic traits in
different clones with importance in Hungarian poplar culti-
vation. The use of these genes in a future association study
based on candidate gene approach, in our opinion, will help
to obtain a more complete characterization of the specific
structure and wood composition. The analysis of the
detected polymorphisms allows the effect on phenotype to
be determined. Although an evaluation of the wood struc-
tural features in a larger study is warranted to estimate the
interaction of the environment with the genotype, we con-
sider that the information generated by our work represents a
promising input to support a marker-assisted breeding strat-
egy of improved poplars for wood industry.
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