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Abstract
Floodplain forests as one of the most endangered ecosystems in Europe have recently been impacted by fungal patho-
gens Phytophtora sp. and Hymenoscyphus fraxineus (chalara). Grey poplar (Populus × canescens Aiton Sm.) can 
be used as one of well adapted tree species for the reforestation of withering stands of ash (Fraxinus sp.). A unique 
population of grey poplar (Populus × canescens Aiton Sm.) characterized by desirable phenotypic traits was used for 
this purpose. The gender distribution was asymmetric; out of 155 individuals, 113 were female. Out of 33 different 
genotypes determined in the population, 15 were used as a source of approved forest reproductive material. Vegetative 
reproduction methods (ex situ clonal reproduction by micropropagation and cuttings) were developed and used, to 
rapidly initiate the recovery of forest stands of grey poplar. In total, 940 explants were successfully micropropagated 
and adapted to natural conditions, to ensure a genetically diverse source of viable plants used for reforestation. 
Moreover, we used methodological procedures of micropropagation for setting up cryopreservation technique. With 
respect to long-term storage of valuable grey poplar genotypes, modulation of gene expression by cold hardening 
during cryopreservation revealed significant changes in a few candidate genes involved in plant cellular processes.
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1. Introduction

Poplars (genus Populus) are progressively studied at 
the molecular biology, biotechnology, ecological and 
economic levels. They serve as a valuable source of car-
bon sequestration, bioremediation, nutrient cycling and 
biofiltration. Due to their rapid growth, modest genome 
size and extensive availability of expressed sequence tags, 
they have been used as experimental material for facile 
transformation and vegetative propagation (Brunner 
et al. 2004). Poplars belong to the Salicaceae family, 
which includes a total 582 records of Populus species 
along with more than 100 accepted names (Guleria et al. 
2022). The diploid chromosome number is 2n = 38. Spe-
cies in the genus Populus have been historically classified 
by morphological and reproductive characters into six 
sections: Abaso, Leuce (Populus), Aigeiros, Tacamahaca, 
Leucoides, and Turanga, based on their morphological 
traits and crossability (Eckenwalder 1996). However, 
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using molecular markers and sequence methods, it was 
revealed that section Abaso is the oldest and most dif-
ferentiated from the other sections (Cervera et al. 2005). 
Grey poplar (Populus × canescens Aiton Sm.) was origi-
nally described as a distinct species, but genetic marker-
based and experimental studies revealed its hybrid origin 
that spontaneously resulted from the hybridization of 
Populus alba × Populus tremula (white poplar and aspen, 
respectively). Both poplars, originating from the Popu-
lus section, are characterized by much broader ranges 
of habitat (Eckenwalder 1996; Van Loo et al. 2008). 
While P. tremula L. is a widespread tree distributed in 
mountainous and upland habitats and mixed conifer 
forests as well as in nearly pure stands in riparian areas, 
P. alba L. is almost exclusively riparian in some parts of 
its range in Europe (Lexer et al. 2005). Grey poplar is 
mostly distributed at localities of common occurrence 
of both parent species, as it is characterized by similar 
ecological requirements as white poplar. However, it is 
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more resistant to drought and tolerates more acidic soils. 
It grows naturally relatively rarely in floodplain forests 
and riparian shrubs. The overall distribution area extends 
from northern Spain through Central and Southern 
Europe to western Siberia, with preferential backcross-
ing with P. alba L. rather than with ecologically more 
distant P. tremula L. (Santos-del-Blanco et al. 2013). In 
the Czech Republic, grey poplar occurs as autochthonous 
in the Moravian valleys and in the Svratka and Odra val-
leys (Buriánek & Novotný 2016). Grey poplar has not 
yet been intentionally and purposefully used in forest 
regeneration due mainly to its limited occurrence and its 
more difficult determination in stands for the possible 
collection of reproductive material.

Effective reproduction of poplars can be reached by 
generative and vegetative propagation. In our study we 
focused on both methods of grey poplar reproduction 
involving sowing seeds, vegetative reproduction by cut-
tings and micropropagation technique. For sexual repro-
duction, Populus reaches maturity within 4–8 years in 
intensively managed plantations, in contrast to the 10–15 
years required to reach maturity under favourable con-
ditions in natural populations (Stanton & Villar 1996). 
Individual trees flower for 1–2 weeks, but the pollination 
period can exceed one or even two months. Seeds are pro-
duced in great numbers (> 25 million per tree per year), 
and their small size and cotton-like appendages facilitate 
their dispersal over large distances by wind and water. 
Seeds normally retain viability for 1–2 weeks in natural 
systems and germinate within 24 h under optimal condi-
tions (DiFazio et al. 2011).

For several poplar species, clonal propagation is 
characteristic, but the extent and modes of vegetative 
propagation vary among different sections of the genus 
Populus. Interestingly, aspen clones can reach enormous 
levels of vegetative propagation, as described e.g., Kem-
perman & Barnes (1976) for P. tremuloides Michx.. The 
clone of American aspen consists of 47,000 ramets and 
covers an area of 43 ha, spreading mainly through the 
production of vegetative sprouts from adventitious buds 
on shallow lateral roots (Perala 1990).

The easiest method of poplar vegetative propagation 
is by cuttings. Cuttage is one of the oldest technologies 
for poplar breeding and clonal propagation (Zhao et al. 
2014). Due to the increasing demand for poplar woods  
as a promising resource of renewable carbon for bio-
energy and biofuel, clonal propagation by cuttings has 
been among the more efficient and flexible methods, as 
described by several authors (e.g. Morgenson 1992). 
Successful propagation by cutting strongly depends on 
the development of adventitious roots, which are affected 
by factors other than the genetic disposition of specific 
poplar species for their rooting ability. For example, 
P. alba L. cuttings fully rooted after 14 days, in contrast 
to the reduced rooting in P. tomentosa Carrière and the 
lack of root establishment in P. davidiana Dode (Chen 
et al. 1994). Therefore, the selection of suitable genotypes 

(clones) with high rooting ability from the genus Populus 
is very important to avoid low survival rates of cuttings 
and economic losses (Zhao et al. 2014).

Cultivation of tissue cultures is a method for the rapid 
vegetative propagation of poplars and could be effectively 
used to gain sufficient amounts of valuable genotype of 
selected plant species for its long-term storage under 
ultralow temperature, in a short time (Pokorná et al. 
2020). To establish tissue cultures of poplars, axillary 
buds taken from either leafed or dormant branches are 
mostly used (Whitehead & Giles 1977) whereas indi-
vidual components of medium need to be adapted even 
for different clones of one species (Whitehead & Giles 
1977; Kutsokon et al. 2013).

The most innovative, affordable and useful biotech-
nological technique to conserve plant material without 
the risks of genetic modifications from a long-term per-
spective is cryopreservation (Benelli 2021). One of the 
most popular cryogenic procedures is vitrification (Sakai 
et al. 1990), a physiological process that avoids intracel-
lular ice crystallization during ultrafreezing (–196 °C) by 
the transition of the aqueous solution of the cytosol into 
an amorphous glassy state. Using this process, plant tis-
sues and cells can be protected from damage and remain 
viable during their long-term storage under ultralow tem-
perature (–196 °C), as a positive role of cold hardening 
in plant recovery during precultivation was observed 
(Lambardi et al. 2000). Various cryopreservation pro-
tocols for different plant species and tissues, including 
poplars, have been developed (e.g., Lambardi et al. 2000; 
Vidyagina et al. 2021). The effects of cold hardening on 
physiological, metabolic and protein expression changes 
in aspen were observed by Jouve et al. (2000). While stor-
age of microcuttings for more than 1 year at 10 °C lim-
ited growth, survival was unaffected, and multiplication 
ability was satisfactory, but the endogenous abscisic acid 
and proline contents substantially changed. Similarly, 
changes in gene expression profiles after 7 days of cold 
treatment were detected by Benedict et al. (2006) in pop-
lar hybrids. Maestrini et al. (2009) showed that in white 
poplar treated with low temperature (4 °C) for 3–48 h, the 
highest percentage distributions of upregulated genes in 
leaves included those involved in metabolism and energy 
(26.5%) and stress and defence (10.5%).

Due to the high infectious pressure of the fungal 
pathogens Phytophtora sp. and Hymenoscyphus fraxineus 
(chalara) in withering stands of ash (Fraxinus sp.) in 
floodplain forests, which are among the most endangered 
ecosystems in Europe (Čížková 2007), there is an urgent 
need to select the best adaptive tree species for replacing 
the decaying ash stands in Czechia. Native poplar spe-
cies are irreplaceable forest ecosystems and could serve 
as a valuable tree species with considerable potential 
to create new mixed healthy stands that could preserve 
functional and stable floodplain forest ecosystems. For 
this purpose, a unique, forestry-valuable, high-quality 
population of grey poplar characterized by desirable 
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phenotype traits located in floodplain forest in the South 
Moravia (Czechia) was used. In our study, we character-
ized the growth and phenotype traits of the poplar trees 
and selected the most valuable genotypes for reforesta-
tion. Characterization of a few genes in response to cold 
hardening before cryopreservation was also performed.

2. Material and methods

2.1.	Plant material

A unique population of grey poplar is located in the Zno-
jmo region (forest administration Znojmo, forest district 
Jaroslavice) near Dyjákovice village (South Moravia, 
Czech Republic) in a small floodplain forest complex 
Lužný forest with an area of 15 ha surrounded by an 
intensive agricultural landscape (Fig. 1). In the popula-
tion, qualitative and quantitative traits were character-
ized in 155 individuals (marked as TPE1–TPE201) with 
a previous estimation of genetic diversity for all of them 
(Pokorná et al. 2018). In accordance with the require-
ments for the phenotypic quality of forest reproductive 
material sources, we searched for nonidentical individ-
uals suitable for the establishment of a clone collection 
and simultaneously supporting the conservation of this 
unique population. Therefore, part of the inventory was 
a thorough selection of grey poplars from all age classes 
(6–9 classes) characterized by excellent health, straight 
shape, trunk length and excellent cleaning of the trunk. 
The sex of each registered individual was determined in 
the flowering season. Due to the expected occurrence of 
clonality in the stands, specific phenotypic traits possi-

bly determining certain genotypes, e.g. branching angle, 
occurrence of strong branches in the crown or crown 
density, were also observed. For all selected plus trees, 
in vitro cultures were established (Žižková et al. 2017).

2.2.	Morphological and phenotypic  
classification

Quality individuals of grey poplars were selected based 
on phenotypic characteristics used for plus tree selec-
tion according to Czech forestry regulations. Desir-
able characteristics were trunk cleaning (excellent or 
good), trunk shape (straight or slightly curved), length 
of crown (short or medium), and crown shape (oval or 
spherical). Further characteristics, such as prevailing 
thin branches in the crown and a branching angle of 
45–60°, were included in the assessment. The dendro-
metric parameters tree height (h) and diameter (dbh) 
were measured. The occurrence of some traits depended 
on natural processes in stands, especially the high den-
sity of coppices during the first decades as well as the 
age of individuals. These factors were included in the 
complete investigation. The morphological traits of 
the leaves, bark, buds and flowers of grey poplar were 
thoroughly studied based on an existing mixture of the 
parental species P. alba L. and P. tremula L. with P. × 
canescens Aiton Sm. in the stands. Verified individuals 
were phenotypically classified according to the require-
ments of the forestry regulations, and a representative 
group of grey poplars previously genotyped by selected 
nuclear microsatellites (Pokorná et al. 2018) was subse-
quently used for establishing a clone collection.
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Fig. 1. Sampling of grey poplar (Populus × canescens Aiton Sm.) individuals near Dyjákovice village (South Moravia, Czech 
Republic).
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2.3. Generative propagation

Seeds were collected from branches of seven adult plus 
trees (TPE1, TPE12, TPE15, TPE22, TPE25, TPE61 and 
TPE62) verified as the identical genotype (Pokorná et 
al. 2018). In female clones were characterized qualita-
tive and quantitative traits at the end of April 2016 and 
seeds were stored at 1–2 °C for short-term storage or at 
–18 °C for long-term storage. The germination rate of the 
seeds reached 90%. Seeds were sown following stand-
ards used for poplars on the surface of peat in QuickPot 
T60 planters in a greenhouse at the end of May 2016 
(Čížková 2011) in a forest nursery (StromBarnet Ltd., 
Czech Republic). Finally, seedlings were transplanted 
into 1-litre pots after two weeks and planted under pest 
control conditions with regular foliar nutrition. Seedlings 
were suitable for reforestation after five months, with an 
average height of 0.8 m.

2.4.	Vegetative propagation by cuttings

Rooting ability of grey poplar was tested on axial woody 
cuttings, originating from adult trees but due to their very 
low rooting ability we rejuvenilized plant material by in 
vitro technology and a one-year micropropagated plantlets 
were used for the classic cutting method. Seven genetically 
identical female clones (TPE18, TPE69, TPE77, TPE88, 
TPE122, TPE155 and TPE168) were tested. Dormant 
plant material was cut in the beginning of March and 
stored in a cold place at 2 °C. Cuttings 0.1 m in lenght 
were placed in wet substrate mixed as peat and perlite at a 
ratio 8 : 2 in a greenhouse at the end of March. Two alterna-
tives, with and without 0.1% indole-3-butyric acid (IBA) 
stimulation, with 26 cuttings in three biological replica-
tions for each variant, were compared. Statistically signifi-
cant differences of rooting ability between the untreated 
and treated plants with 0.1% IBA within each clone were 
estimated according to chi-square test, (P < 0.05).

2.5.	Vegetative propagation by in vitro cultures

The collection of grey poplar explants was established 
from dormant buds of 155 selected individuals. The 
micropropagation of grey poplar and the rooting and 
acclimatization of explants were performed according 
to Malá et al. (2006) and Pokorná et al. (2017).

2.6.	Cold hardening of grey poplar explants

An in vitro grown culture of grey poplar (Populus × cane-
scens Aiton Sm.) TPE111 characterized with highly 

occuring genotype in our study population was estab-
lished in enriched MS medium as previously described by 
Žižková et al. (2017). Explants were maintained at 24 °C 
with a 16 h/8 h light photoperiod with a light intensity 
of 30 μmol m–2 s–1 and periodically subcultured (every 
4 weeks). In vitro cultures were divided into two groups 
(control and cold hardening) according to their cultiva-
tion temperatures. The control represented in vitro shoots 
cultivated at 24 °C while cold-hardened shoots were culti-
vated at 6 °C. Both groups of explants were cultivated for 
6 weeks under the same photoperiod and light intensity 
as is mentioned above.

2.7.	RNA extraction and gene expression  
analysis in grey poplar explants 

Total RNA was extracted from homogenized grey pop-
lar explants (control and cold hardening) individually 
(100 mg FW) using an RNeasy Plant Mini Kit (Qia-
gen, Hilden, Germany) according to the manufactur-
er’s instructions. Extracted RNA was quantified and 
checked for quality on a MaestroNano Pro spectropho-
tometer (MaestroGen, Las Vegas, NV, USA). Samples 
were treated with an RNase-Free DNase I Kit (Norgen 
Biotek) to remove genomic DNA contamination. Ali-
quots of RNA (2,000 ng) from at least three biological 
replicates were reverse-transcribed to cDNA with the 
Transcriptor First Strand cDNA Synthesis Kit (Roche, 
Switzerland) and oligo-dT18 primers (IDT Integrated 
DNA Technologies) in a total volume of 13 µl accord-
ing to the manufacturer’s instructions. Diluted cDNA 
samples at a volume of 2.5 µl each were used for qRT-
PCRs containing 5 µl of FastStart Essential DNA Green 
Master (Roche, Switzerland), 2.5 µM of each primer and 
1.5 µl of ultra-purified water. qRT-PCR analyses were 
performed to evaluate the expression of four target genes 
(CDC2 – cell cycle division 2, Chitin2 – endochitinase 2, 
GST – glutathione S-transferase and PhotII – photosys-
tem II) and two reference genes, Actin2 and ubiquitin 7 
(UBQ7), as reported previously for the poplar species 
Komárková et al. (2020) and Pettengill et al. (2012). 
Each of the cDNA samples was run in at least two tech-
nical replications on a LightCycler 96 (Roche, Switzer-
land) with the following cycling conditions: preincuba-
tion for 120 s at 95 °C, followed by amplification for 45 
cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 
10 s. The melting curve was assessed at 95 °C for 10 s, 
followed by 65 °C for 60 s and 97 °C for 1 s. Quantifi-
cation of gene expression was performed according to 
the ∆Ct method with Ct values normalized for Actin2 
and UBQ7 (Vandesompele et al. 2002). Statistically sig-
nificant differences between the controls and the cold-
hardened samples were estimated according to unpaired 
Student’s t test, (P < 0.05).



Table 1. Phenotypic classification of selected grey poplar (Populus × canescens Aitom. Sm.) individuals in the Lužný forest. Trunk 
shape: 1 – straight, 2 – slightly curved, 3 – strongly curved; trunk cleaning: 1 – excellent, 2 – good, 3 – poorly; crown shape: 1 – 
oval, 2 – egg shape, 3 – conical, 4 – spindle, 5 – reverse oval, 6 – umbrella shape, 7 – cylindrical, 8 – spherical, 9 – flag shape; crown 
length: 1 – short, 2 – medium, 3 – long.

Figure (clone) Sex Height (m) Dbh (cm) Trunk shape Trunk cleaning Crown shape Crown length
2D (TPE107)
2E (TPE108)
2A (TPE133)
2B (TPE135)
2C (TPE163)
2F (TPE151)
2G (TPE149)
2H (TPE194)

f
f
f
f
f
f

m
m

31
28.5
26
27
25
24
23
23

70
70
65
67
58
55
48
36

1
1
1
1
1
1
1
1

1
1
1
1
1
2
1
1

8
8
8
8
1
8
1
8

1
1
1
1
1
1
1
1
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crowns with a branching angle of 30° (e.g., Fig. 2A–2F, 
Table 1); male clones were not very different, with 
almost all trees characterized by very thin round crowns 
and straight stems with a few lateral branches (Fig. 2G 
and 2H, Table 1). The other individuals of female sex, 
e.g. TPE107, had round, short, dense crown with fine 
branchiness, and TPE108 had repeated fork branchiness 
in long crown, whereas TPE151 was very similar to male 
phenotypes (Fig. 2D–2F, Table 1). Phenotypes of selected 
plus trees, such as long, straight, naturally pruned stems, 
regular short crowns, prevailing thin branches and 
branching angles of 45–60°, were found in several grey 
poplar individuals, which were subsequently selected for 
further vegetative and generative reproduction.

3. Results

3.1.	Phenotypic traits of grey poplar 
individuals in the Lužný forest

In a unique population of grey poplar (Fig. 1) character-
ized by desirable phenotypic traits (Fig. 2), we determined 
several quantitative parameters according to Novotný 
et al. (2021) and Nanson (2001) to describe 155 individu-
als (120 females and 35 males) in more details. Among 
grey poplars of female sex, the phenotype of selected 
plus trees prevailed in 113 individuals (determined as 
genetically uniform by Pokorná et al. 2018) character-
ized by a high density of thicker branches in narrow oval 

Fig. 2. Individuals of grey poplar (Populus × canescens Aitom. Sm.) located in Dyjákovice village, Czech Republic. Grey poplars 
of female sex, TPE133 (2A), TPE135 (2B), TPE163 (2C), TPE107 (2D), TPE108 (2E), TPE151 (2F) and grey poplars of male 
sex, TPE149 (2G) and TPE194 (2H).



Table 2. Grey poplar seedlings used for reforestation at several 
localities in the Czech Republic.

Year Number of 
seedlings

Forest service Location

2017

1,100
2,000

133
600

Židlochovice
Židlochovice

Znojmo
Znojmo

Valtice
Velký Dvůr
Jaroslavice

Višňová
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Grey poplar clones selected for establishing a clone col-
lection (Table 4) in the category Qualified are genetically 
distinct, which has been confirmed by analyses using 
14 polymorphic SSR markers in previous study (Pokorná 
et al. 2018).

3.2.	Generative propagation of grey poplar

Seeds from genetically identical grey poplars (TPE1, 
TPE12, TPE15, TPE22, TPE25, TPE61 and TPE62) of 
female sex with desirable qualitative as well as quanti-
tative traits were used for the generative reproduction 
method. Overall, more than 10,000 seedlings of grey pop-
lars (Fig. 3) were obtained in the forest nursery (Strom-
Barnet Ltd., Czech Republic).

Seedlings were deemed suitable for reforestation after 
five months of cultivation in pots with regular foliar nutri-
tion and pest control. Finally, grey poplar seedlings with 
an average height of 0.8 m were used as an alternative 
tree species for reforestation after ash dieback in several 
localities (Table 2) under the control of Forest Service 
Židlochovice and Znojmo.

Fig. 3. Generative propagation of grey poplar (Populus × cane-
scens Aiton Sm.) selected genotypes (female sex) in the forest 
nursery (StromBarnet Ltd., Czech Republic).

Fig. 4. Vegetative reproduction of grey poplar (Populus × cane-
scens Aiton Sm.) by axial woody cuttings. Cutting with grow-
ing shoot (A) and root formation on cutting (B).

3.3.	Vegetative propagation  
of grey poplar by cuttings

To obtain young plants of selected grey poplar plus 
trees, we used axial woody cuttings for grey poplar 
reproduction. We found a very low root formation abil-
ity in cuttings originating from grey poplar adult trees; 
therefore, we used younger plant materials for vegetative 
propagation. In cuttings from genetically identical female 
individuals (TPE18, TPE69, TPE77, TPE88, TPE122, 
TPE155 and TPE168) transferred into the substrate, we 
observed the formation of sprouting buds (after approxi-
mately 4 weeks) followed by growing shoots reaching up 
to 10–12 cm over 3 weeks (Fig. 4A). After treating cut-
tings with 0.1% IBA, we evaluated the effect of synthetic 
auxin on root formation (Fig. 4B).

Our results show that the rooting ability of grey pop-
lar cuttings, even of identical genotypes, substantially 
varied in both untreated and treated cuttings (Fig. 5). 
We observed better root formation in the TPE77 and 
TPE122 clones in the untreated cuttings than in the 
TPE18, TPE69, TPE88 and TPE168 clones treated 
with 0.1% IBA. The effect of synthetic auxin on rooting 
ability in grey poplar cuttings reached 56.4% to 100%, 
whereas we detected maximum rooting ability (100%) 
in clones TPE69 and TPE88 (Fig. 5). Interestingly, no 
effect of 0.1% IBA was observed in clone TPE155 (Fig. 5). 
Although we observed different effects on root formation 
in untreated as well as treated plants with 0.1% IBA, no 
statistically significant differences within each clone of 
grey poplar (identical clones of female sex) were found.



Table 3. Number of grey poplar (Populus × canescens Aiton Sm.) plants propagated in vitro. Grey poplar explants marked with the 
same colour are identical clones and without colour are marked genetically nonidentical individuals.

Sex Genotype Number  
of plantable plants Sex Genotype Number  

of plantable plants Sex Genotype Number  
of plantable plants

female TPE 3
TPE 7

TPE 16
TPE 18
TPE 19
TPE 22
TPE 23
TPE 33
TPE 47
TPE 48
TPE 52
TPE 56
TPE 67
TPE 68
TPE 69
TPE 71
TPE 75
TPE 77
TPE 78
TPE 83

23
8

13
16
19

9
5

18
11
12
10

7
15

3
18

4
6

17
21

7

female TPE 84
TPE 85
TPE 86
TPE 88
TPE 89

TPE 109
TPE 111
TPE 113
TPE 120
TPE 122
TPE 124
TPE 133
TPE 135
TPE 136
TPE 137
TPE 155
TPE 157
TPE 159
TPE 163
TPE 165

7
13
15
31
14

8
17
23
29
36
26

5
20
19
35
24

9
29
11
23

female TPE 166
TPE 168
TPE 169
TPE 170
TPE 174
TPE 187
TPE 190
TPE 196
TPE107
TPE108
TPE199
TPE200

20
26

1
14

8
25
15
20
23

5
4

16
male TPE162

TPE191
TPE125
TPE192
TPE167
TPE186
TPE188
TPE193

6
7

24
19
19

6
21
25
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Fig. 5. Rooting ability in grey poplar (Populus × canescens 
Aiton Sm.) axial woody cuttings of the identical genotype of 
female sex.

3.4.	Ex situ preservation of grey poplar 
clones by use of in vitro culture

To preserve the unique phenotypic traits of the grey pop-
lar population and ensure the efficient reproduction of 
selected plus trees for subsequent plantings, a method 
for effective micropropagation was developed and used 
(Pokorná et al. 2017; Žižková et al. 2017). In total, we 
tested six different genotypes of female sex and twenty 
seven different genotypes of male sex for multiplication 
ability and ability to establish roots. Comparison of female 
and male genotypes revealed more successful induction 
of organogenesis, multiplication and root formation abil-
ity in female than in male genotypes. Reproductive suc-
cess in females reached 83.3% (detected in five different 
genotypes) opposite to much lower multiplication ability 
in males reaching 25.9% (detected only in seven different 
genotypes; Table 3).

For the other selected grey poplar individuals, based on 
the frequency of microcut formation and their rooting 
ability, we recorded considerable differences during the 
cultivation period (Table 3). The most adapted rooting 
microcuts to semisterile conditions were obtained from 
mostly identical clones of female sex, comprising a total 
of 765 plantable plants (Table 3). In total, we obtained 
940 plantlets that were subsequently transferred into 
the greenhouse and, after two weeks, into a half-shade 
flower bed. Healthy and appropriately developing plants 
were moved into larger pots and ultimately used (430 of 
them) for reforestation at the locality in Znojmo, forest 
area Lechovice (CZ).

3.5.	Establishing clone collection

To preserve desirable qualitative traits and support 
genetic diversity in the prevailing clonal population of 
grey poplars, 15 genotypes of both males and females 
(10 and 5, respectively) were selected as plus trees based 
on their phenotypic traits and genetic analyses and were 
approved as sources of reproductive material in the cat-
egory Qualified for the collection of both vegetative and 
reproductive material (Table 4). Seeds from these differ-
ent genotypes with selected plus tree parameters were 
deemed suitable for generative propagation, especially 
by Lesy ČR, s. p. (Czech State Forest) as an owner. In 
addition, all 15 selected genotypes were used for estab-
lishing clone collection in the category Qualified, which 
is located in Kostelany nad Moravou (Czech Republic, 
Fig. 6) and represents plants propagated by vegetative 
methods (micropropagation and grafting; Table 4). 
Based on our previous experiences with micropropa-
gation of different grey poplar genotypes of both sexes 



Table 4. Phenotypic classification of clonal components used for grey poplar (Populus × canescens Aitom. Sm.) clone collection. 
Trunk shape: 1 – straight, 2 – slightly curved, 3 – strongly curved; trunk cleaning: 1 – excellent, 2 – good, 3 – poorly; crown shape: 
1 – oval, 2 – egg shape, 3 – conical, 4 – spindle, 5 – reverse oval, 6 – umbrella shape, 7 – cylindrical, 8 – spherical, 9 – flag shape; 
crown length: 1 – short, 2 – medium, 3 – long.

Clone Sex Height (m) DBH (cm) Trunk shape Trunk cleaning Crown shape Crown length
TPE101
TPE102
TPE103
TPE107
TPE108
TPE127
TPE130
TPE132
TPE150
TPE151
TPE164
TPE169
TPE186
TPE194
TPE199

m
m
m
f
f

m
m
m
m
f

m
f

m
m
f

25
26
28.5
31
28.5
25
25
28
25
24
26
24
30
23
35

52
47
55
70
70
39
37
55
58
55
66
44
53
36

103

2
2
1
1
1
1
1
2
1
1
1
1
2
1
1

1
1
1
1
1
1
1
1
1
2
1
1
1
1
1

8
8
1
8
8
6
5
8
8
8
8
1
1
8
8

1
1
1
1
2
1
1
2
1
1
1
1
1
1
1
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(Table 3), we used younger plant material from grey pop-
lar clones for induction of organogenesis that was finally 
much more successful. This clone collection will serve as 
a stool bed for the vegetative reproduction of grey poplar.

3.6.	Gene expression changes in grey poplar 
explants precultured at low temperature 
during cryopreservation

The most prevailing grey poplar genotype with pheno-
typic traits of plus trees from Dyjákovice village was 

previously selected for long-term storage at –196 °C. 
To characterize the physiological state of plants at the 
molecular level, we focused on genes associated with cel-
lular processes and followed their responses to cold hard-
ening during grey poplar explant acclimatization. Our 
results showed that cold hardening significantly down-
regulated CDC2 and Phot II, genes associated with cell 
cycle progression, in comparison to control conditions. 
In contrast, Chitin2, which is involved in carbohydrate 
metabolism and polysaccharide degradation, and GST, 
a gene induced by stress conditions, were upregulated 
19- and 3-fold, respectively (Fig. 7). Our preliminary data 
suggest that cold hardening significantly affects plant 
physiological processes at the molecular level.

4. Discussion

Floodplain forests, as one of the most endangered eco-
systems in Europe, have recently been impacted by the 
fungal pathogens Phytophtora sp. and Hymenoscyphus 
fraxineus (chalara) in withering stands of ash (Fraxinus 
sp.). Grey poplar (Populus × canescens Aiton Sm.) can 
be used as a well-adapted tree species for the reforesta-
tion of floodplain forest ecosystems (Brown et al. 1997). 
A unique population of grey poplar characterized by 
desirable phenotypic traits was investigated as a potential 
source of forest reproductive material. We characterized 
the phenotypic traits of both male and female individu-
als (35 and 120, respectively). The observed phenotypic 
variation in selected plus trees (Fig. 2, Table 1) could be 
strongly influenced by genetic and environmental factors, 
as reported previously Smith et al. (2011) for quaking 
aspen (Populus tremuloides Michx.) clones. Similarly, 
Xue et al. (2019) demonstrated biological adaptation by 
modelling general forms of phenotypic responses to envi-
ronmental conditions and described how traits of organ-
isms or behaviours could depend on the environment. We 

Fig. 6. Clone collection established in Kostelany nad Moravou 
(Czech Republic).



152

E. Pokorná et al. / Cent. Eur. For. J. 70 (2024) 144–155

characterized the variability in trunk shape and cleaning 
among genetically uniform grey poplar individuals (pre-
viously published Pokorná et al. 2018), which may be 
related to site quality, as published Barnes (1969).

The method of plant tissue in vitro culture, which ena-
bles a fast and efficient propagation of poplars (Pokorná 
et al. 2017; Žižková et al. 2017) and was used for pres-
ervation of 155 selected plus trees of grey poplar indi-
viduals revealed differences in the ability to proliferate 
and induce organogenesis from dormant buds (Table 3). 
Currently, several protocols for micropropagation and 
regeneration of Populus species are practised and it is well 
known that the success of micropropagation is genotype-
specific, even within the same species (Douglas 1984; 
Confalonieri et al. 2003). According to ability to form 
roots in grey poplar explants, we vegetatively propagated 
by micropropagation and grafting, 15 selected genotypes 
(Table 4), both male and female, to serve as a source of 
qualified reproductive material for forest owners. Plant-
lets that were fully acclimated in greenhouse and natural 
conditions were subsequently transferred to the Koste-
lany nad Moravou locality (Fig. 6). Consistently with our 
aim of study, Keserű et al. (2015) preserved selected plus 
trees of poplar clones and provided a published selective 

Fig. 7. Modulation of relative gene expression profiles during cold hardening treatment (6 weeks) in grey poplar (Populus × ca-
nescens Aiton Sm.) explants compared to the control. Data are expressed as the mean value ± SD (n = 4) of the transcript levels 
of each target gene. Asterisks indicate significantly differentially regulated transcripts compared to control conditions (Student’s 
t test, P < 0.05).

breeding micropropagation method for poplars. Simi-
larly, several authors demonstrated a successful produc-
tion of viable plants from dormant buds of diverse forest 
tree species through in vitro techniques with their sub-
sequent planting in demonstration plots (Cvrčková et al. 
2007; Dostál et al. 2011, 2016; Komárková et al. 2022). 
Growth and morphological parameters were followed 
by Cvrčková et al. (2007) and Dostál et al. (2011 and 
2016) in demonstration plots, who revealed that vegeta-
tively propagated plantlets and generatively propagated 
plants have comparable characteristics, suggesting that 
micropropagation of forest tree species is a very effective 
method for ensuring high-quality reproductive materi-
als for plantings. In addition, we showed that vegetative 
propagation by axial woody cuttings (Fig. 4 and Fig. 5) is 
a practical method of reproduction of selected grey poplar 
genotypes recommended for forest nurseries, which can 
maintain a poplar stool bed as a source of fresh cuttings. 
On the other hand, generative reproduction originating 
from grey poplar seeds was a very effective method for 
large-scale production of seedlings (Fig. 3, Table 2), but 
differences in the genetic structure of offspring due to 
the splitting of hybrid parents and pollination conditions 
must be taken into account.
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practical plantations of neglected tree species by forest 
owners.
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