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Abstract

Enriched diploid pollen was applied for in vitro polli-
nations and crossbreeding in the greenhouse to produce
high performance triploid aspen and aspen hybrids for
cultivation in medium rotation plantations. In addition

to crossings within the section Populus, intersectional
crossbreeding was performed to combine benefits of
intersectional hybridization with those derived from
triploidisation.
Both the enrichment of diploid pollen by size fraction-

ation of naturally unreduced pollen and heat treatment
of microspore mother cells resulted in a distinct increase
of diploid pollen. Using this pollen, six triploid plants
were obtained from in vitro pollinations and twenty
from crossbreeding in the greenhouse. The triploid
plants displayed a high variability in growth perfor-
mance. Two clones from in vitro pollination and five
from crossbreeding in the greenhouse were chosen to
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estimate growth characteristics. A first assessment of
clone performance in an outdoor container test con -
ducted over one growing season revealed two triploid
clones with a same stem height and a significantly
increased basal stem diameter in comparison to the 
fast-growing triploid reference clone “Astria”. Cross-
breeding experiments also resulted in two fast-growing
mixoploid clones, which have already been stable for
several years. 
All in all, in this study, crossbreeding using enriched

diploid pollen is proved to be a reliable and applicable
approach for an effective breeding of triploid poplars.

Key words: Populus spp., triploid, in vitro pollination, intersec-
tional crossbreeding, diploid pollen.

Introduction

Poplars are cultivated extensively in the Northern
Hemisphere because of their fast growth, high adapt-
ability and flexibility and widely used wood for industri-
al timber, fibre and lumber. Moreover, poplars and their
hybrids are considered to be the premier woody perenni-
al candidate for bioenergy feedstock production (DE LA
TORRE UGARTE et al., 2003; PERLACK et al., 2005). They
offer several agronomic and logistical advantages, e.g.:
(i) Poplars are the fastest growing tree species within
the temperate zone with biomass growth rates of cur-
rent varieties approximating 10–15 dry Mg ha–1 yr–1 on
four year rotations (STANTON et al., 2002; RIEMEN -
SCHNEIDER et al., 2001). (ii) Biomass can be stored on the
stump and regenerated by coppicing, minimizing the
investment in storage facilities (WRIGHT, 1994). (iii) The
net effect of poplar cropping systems on greenhouse gas
emissions compares very favourably to those of other
cellulosic crops owing to their less frequent tillage and
cutting cycles (ADLER et al., 2007).

The genus Populus is made up of six sections, three of
which – Aigeiros (cottonwoods), Tacamahaca (balsam
poplars), and Populus (white poplars and aspens) – are
especially important for biomass production in temper-
ate regions and account for nearly the world’s entire
applied breeding work (STANTON et al., 2010, JANSSEN et
al., 2012). Recently, many efforts have been made to
breed poplars with higher growth potential and resis-
tance against abiotic and biotic stress factors for bio-
mass plantations. One promising approach for the
improvement of poplars is the breeding of rapid-growing
triploid clones showing appropriate resistance and toler-
ance characteristics. Natural or induced triploid aspen
and poplars often have certain growth and fiber charac-
teristics that are superior to diploid forms (SCHLARBAUM,
1991). The first naturally occurring triploid aspen
(P. tremula, section Populus, former Leuce) was discov-
ered in Sweden in 1934 (NILSSON-EHLE, 1936) and
described as a tree of larger-than-normal size with
large, dark-green leaves (giant form). MÜNTZING (1936)
confirmed the triploid state by chromosome counts. In
North America, the large size and apparent rapid
growth of natural triploids attracted the attention of
breeders and lead investigators to search for triploid
fast-growing aspen. The first North American triploid
quaking aspen (P. tremuloides) were found in northeast-
ern Minnesota (VAN BUIJTENEN et al., 1957; EINSPAHR et

al., 1963) and later in Utah (EVERY and WIENS, 1971). In
recent studies, high rates of triploidy (up to 69% of
genets) were demonstrated in P. tremuloides across the
western USA (MOCK et al., 2012). Natural well-growing
triploids of Populus tomentosa were first discovered in
China (ZHU et al., 1998; YAO and PU, 1998). 

With the discovery and subsequent evaluation of good-
quality, rapid growing triploid trees, there was an
increasing interest in methods suitable and effective for
breeding of commercially usable triploid clones which
can be applied for the paper and wood industry
(EINSPAHR and WINTON, 1976; EINSPAHR, 1984). Research
in polyploidy gained in importance as a promising
improvement tool, especially in aspen breeding, and dif-
ferent methods of polyploidy-breeding have been tested
over the years:

Tetraploid-diploid crosses

By crossing artificially produced tetraploid with
diploid trees, fast-growing triploids could be obtained
from different tree species, and this strategy seemed to
be very promising, especially for aspen (BAUMEISTER,
1980). Triploid hybrid aspen were produced in numbers
for the first time in 1958 by crossing highly selected
diploid female P. tremuloides clones with a single male
tetraploid P. tremula of Swedish origin. The growth rate
of these hybrids was significantly higher compared with
native aspen, and the trees had higher wood density,
longer fiber length, and improved pulp properties
(EINSPAHR, 1984). By crossing a tetraploid P. tremula
with pollen of a diploid Canadian P. tremuloides, the
fast-growing triploid hybrid aspen clone “Astria” was
produced (BAUMEISTER, 1980). This clone has proven suc-
cessful over a long time and is still grown today, espe-
cially in maxi-rotation plantations.

A controlled production of valuable tetraploid plants
as parent for breeding of triploids can be achieved by the
application of the alkaloid colchicine, which disrupts
mitosis by binding to tubulin, resulting in cells with
doubled number of chromosomes. Colchicine has been
used for the production of tetraploids in different woody
plants (VÄINÖLÄ, 2000; LIU et al., 2007; TANG et al.,
2010). For poplar, tetraploid induction using colchicine
treatment has been reported for the sections Populus
(EWALD et al., 2009) and Tacamahaca (CAI and KANG,
2011). 

Use of diploid gametes

Naturally occurring triploids result from the fertiliza-
tion of normal haploids (n) with unreduced, diploid (2n)
gametes (HEILBORN 1934; HARLAN and DE WET, 1975).
The frequency of spontaneous production of unreduced
gametes in natural plant populations may be influenced
by genetic and environmental variables (SAX, 1936;
SKIEBE, 1965; HARLAN and DE WET, 1975; KANG, 2002).
The most common method of breeding triploid plants is
the application of spontaneous or induced diploid pollen.
In the genus Populus, spontaneous occuring 2n pollen
has been found in P. tremula (MÜNTZING, 1936), P. nigra
(KANG, 2002) and P. tomentosa (ZHU et al., 1998), how -
ever, the natural occurrence rate of diploid pollen in
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poplar is generally low (below 5%, XI et al., 2011). There
have been many reports on the artificial induction of
diploid pollen in various tree species by treating their
male generative buds with different agents such as high
temperature, colchicine and N2O (reviewed in DEWITTE
et al., 2012). For poplars, the artificial induction of
diploid pollen is an essential technique for polyploid
breeding. JOHNSSON and ECKLUNDH (1940) first induced
diploid pollen of P. tremula and P. tremuloides using
colchicine and produced triploid plants by pollinating
female catkins of diploid plants with artificially induced
2n pollen. MASHKINA et al. (1989) investigated mecha-
nisms of 2n pollen formation in different Populus
species exposed to 38–40°C during microsporogenesis.
Triploids have also been induced by chromosome dou-
bling of pollen of Chinese white poplar (P. tomentosa)
and P. tomentosa x P. bolleana using colchicine and
other chemical agents (ZHU et al., 1997; KANG et al.,
1999; KANG et al., 2006). Whereas most inductions of 2n
pollen in poplar focused on the species in section Popu-
lus, XI et al. (2011) induced diploid pollen in P. x popu-
laris using colchicine and opened the way for polyploidy
breeding in sections Aigeiros and Tacamahaca.

Reports on triploid production via induction of 2n eggs
are rare in Populus, because it is difficult to determine
the exact stage of megasporogenesis, which processes
inside of ovules of a whole flower (WANG et al., 2010).
However, based on the analysis of the temporal relation-
ship between megasporogenesis and microspore develop-
ment which allowed the optimal time for colchicine
treatment to be determined, LI et al. (2008) obtained up
to 16.7% triploid plants by inducing unreduced megas-
pores at the prophase of the first meiotic division in
P. alba x P. glandulosa. Diploid eggs were also induced
by treatment of developing embryo sacs both with
colchicine and high temperature. A method for 2n egg
induction by treatment of developing embryo sacs with
colchicine and alternatively with high temperatures was
described for P. pseudosimonii x P. nigra (WANG et al.,
2010 and 2012).

If diploid pollen is planned for use in ploidy breeding,
it must be correctly identified. Detection can follow with
flow cytometric detection of pollen DNA content, analy-
ses of the microsporogenesis, ploidy analysis of the prog-
eny and pollen size measurement (BRETAGNOLLE and
THOMPSON, 1995). Because the diameter of pollen grains
may become larger due to the doubling of chromosome
numbers, pollen size has been widely used as an indica-
tor of 2n male gametes (VEILLEUX et al., 1982; ORJEDA et
al., 1990; ORTIZ, 1997). Based on this approach, in differ-
ent poplar species diploid pollen grains could be distin-
guished from haploid pollen by microscopic screening
(MASHKINA et al., 1989; KANG and ZHU, 1997; ZHU et al.,
1998; ZHANG and KANG, 2010).

All in all, several tools seem possible for a successful
breeding of triploid plants. However, beside the difficul-
ties in obtaining triploid plants it should be pointed out
that fast-growing trees are often triploid, but only a
range of triploids are fast-growing. Therefore, the pro-
duction of triploids needs to be combined with a suitable
selection of clones with the requested properties.

The aim of this study was to establish reliable and
applicable methods to both the breeding and the selec-
tion of high performance triploid aspen, aspen hybrids
and poplar clones with favourable growth suitable for
cultivation in medium rotation plantations. In order to
produce triploid trees, pollen with a higher proportion of
diploid pollen grains was obtained by size fractionating
of native pollen and artificial induction of unreduced
gametes. The enriched diploid pollen was applied for in
vitro pollination and crossbreeding in the greenhouse.
Intersectional crossings were included to improve
growth performance, resistance and tolerance character-
istics. Selection of triploids with improved growth char-
acteristics was performed under outdoor conditions.

Materials and Methods

Plant material

As female parents the P. tremula clone L 316 and the
P. tremula x P. tremuloides clones L 40, L 328, L 290 and
ARB 4 were used. The P. deltoides clone S 39 (section
Aigeiros) was included for the intersectional crosses
(LIESEBACH et al., 2011). 

As male partners, the P. tremula clones L 2, L 311,
L 9, the P. tremula x P. tremuloides clone ARB 2M, 
the grey poplar clones L 449 and L 454
(Populus x canescens), the clone “Androscoggin” (P. max-
imowiczii x P. trichocarpa) of section Tacamahaca and
the P. deltoides clone S 13 belonging to section Aigeiros
were used. Additionally, pollen of P. simonii clone Sim1
(section Tacamahaca) was applied, which was obtained
from Prof. Yang (Hebei Agricultural University, China)
and originates from the Tongliao Research Institute
(Inner Mongolia). All clones used for crossbreeding are
diploid. The crossing combinations performed in this
study are listed in Tables 2 and 3, respectively.

For evaluation of growth characteristics under out-
door conditions, the fast-growing diploid P. tremula
clones Brauna 11 and L 291, and the P. tremula x
P. tremuloides clone Esch 5 were used as a reference
(clone collection Thünen Institute for Forest Genetics).
These clones were selected according to growth and
stem straightness and tested over many years on differ-
ent trial plots. Additionally, the triploid clone “Astria”
(P. tremula x P. tremuloides), the performance of which
has been proven successfully over a long time in
 Germany (BAUMEISTER, 1980), was included as reference
clone. 

Measurement of pollen grain diameter

Pollen grains were placed on a microscope slide and
stained with 2% aceto-carmine solution allowing better
measurement ability in a swollen state. The diameter of
pollen grains was determined under the light micro-
scope BH2-RFCA (Olympus) using Imaging Software
Cell B (Olympus). At least 150 pollen grains of all male
clones used in this study were measured to estimate
mean diameter. Test of normal distribution of unreduced
haploid pollen grain diameter by the Shapiro-Wilk nor-
mality test failed for three of the nine plant clones stud-
ied. Therefore, differences between the clones were test-
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ed by the Kruskal-Wallis Analysis followed by post-hoc
determination of mutual differences (pgirmess package
of R statistical software vers. 2.15.3 (R Core Team,
2013)).

We calculated the ratio of the diameter of diploid and
haploid pollen starting from the assumption that pollen
grains have a spherical shape and a division of the
pollen mother cell leads to either two or four pollen cells.
Based on a given and fixed volume of the pollen mother
cell, the volume of diploid pollen is double that of hap-
loid pollen cells which results in a ratio of 1.26:1 for the
diameter of diploid vs. haploid pollen. Mean diameter of
haploid pollen grains was multiplied with this factor to
obtain the putative mean size of diploid pollen.

Enrichment of natural occurring diploid pollen

Unreduced diploid pollen, which is larger in size than
normal haploid pollen, was enriched from natural pollen
mixtures from single trees by fractionation using a
vibratory sieve shaker containing a combination of dif-
ferent metal sieves as described by EWALD and
ULRICH (2012). For plants with smaller pollen (diame-
ter below 38 µm for the calculated size of 2n pollen),
fractions ranging from 32 to 45 µm were collected and
for plants with larger pollen fractions of 36 to 45 µm
(Table 1). These fractions were assumed as enriched
diploid pollen and used for crossings to produce triploid
plants.

Induction of unreduced diploid pollen

Heat treatment of microspore mother cells (MMCs)
and chromosome doubling using colchicine were per-
formed to induce the production of unreduced diploid
pollen. The prophase I of meiosis (diakinesis for temper-
ature and pachytene for colchicine treatment) was found
to be the optimal stage of microsporogenesis in Populus
tomentosa x P. bolleana (KANG et al., 1999, 2000a).
Branches from male clones were placed in vessels with
tap water in the greenhouse. We checked at least five
catkins (middle part of the catkin) to estimate their
stage of development when the flower buds opened and
one fifth to one fourth of the bud was out of the bud
bracts. The anthers were dissected from the buds and
squashed in a droplet of aceto-carmine solution (2%)
onto a microscope slide. Developing MMCs were
analysed in detail for their sporad stage under a micro-
scope. Heat and colchicine treatment were applied when
most of MMCs in one flower started to lose their angles
and become round (pachytene).

For heat treatment, branches with male flowers of
clones L 2 (Table 2) and L 9 (Table 3) were incubated at
38°C for three hours at the early phase of meiosis
(prophase I) to induce diploid pollen grains according to
MASHKINA et al. (1989). 

For colchicine induction of pollen chromosome dou-
bling, the colchicine solution (0.1%) was injected into
the branches directly under the flowers. The solution
was stained with Coomassie’s blue to trace the uptake of
the solution by the plant into the flower axis.

For both methods the branches were cultured after-
wards until complete pollen development was observed.

After the release, the pollen grains were collected, air
dried for two days (HERMANN, 1976) and stored at 4°C
above silica gel under vacuum or frozen at –20°C under
vacuum.

In vitro pollination using selected pollen

In vitro pollination allowing the targeted application
of single, selected pollen grains under dry conditions
was applied as described by EWALD and ULRICH (2012).
Briefly, ovaries with receptive stigmata were prepared
from the female flowers and placed in petri dishes with
basal salt medium (SCHENK and HILDEBRANDT, 1972)
under the stereo-zoom microscope. About 100 ovaries
were prepared for each crossing (Table 2). Using a single
hair from a Chinese paint brush, a few pollen grains
from the sieved pollen fractions with enriched diploid
pollen were carefully transferred onto the stigma. In
this way, an additional size-selection of pollen was per-
formed under the microscope during the in vitro pollina-
tion by picking the larger pollen grains from the sieve-
selected fractions. About two weeks after pollination, the
ovaries containing developing seeds were opened using a
micro scalpel and the zygotic embryos were extracted.
Embryos were germinated on nutrient medium until it
was possible to transfer them in sterile vermiculite satu-
rated with basal salt medium and later to propagation
soil. Triploid plants were selected after 8 weeks by flow
cytometry (see below).

Pollination with selected pollen in the greenhouse

For crossings in the greenhouse (listed in Table 3),
which were carried out during the winter months of the
respective years, the female clones were placed in ves-
sels with tap water in greenhouse cabins to force flower
development. The flowers were observed continuously
until the optimal development for pollination was
reached. The pollination was performed using sieved
fractions from native, heat-treated or colchicine-induced
pollen (Table 3) immediately after sampling or after
storage at –20°C under vacuum. Pollinated flowers were
checked continuously for their development. Female
inflorescences were fully developed after about two
weeks and the seeds were harvested after their release.

In spring of the following year, the seeds were sown in
mini-greenhouses on vermiculite saturated with a basal
salt medium (SCHENK and HILDEBRANDT, 1972) and
placed under a light regime of 16 h white light and
23°C. After about 8 weeks, the seedlings were trans-
ferred to propagation soil in Quickpot containers and
grown in the greenhouse with additional light. Approxi-
mately three months after sowing, the selection of
triploids was performed by flow cytometry (see below).
Triploid seedlings found were transplanted into contain-
ers for further growing and subsequently transferred
into the nursery. The best performing plants concerning
shoot height and basal stem diameter (BSD) were micro-
propagated for outdoor testing.

Flow cytometry for analysis of ploidy level

We used flow cytometry to select triploid plants from
the in vitro pollination and crossbreeding in the green-
house. Approximately 0.5 cm2 leaf tissue was used for

Ulrich et. al.·Silvae Genetica (2014) 63-1/2, 47-58

DOI:10.1515/sg-2014-0008 
edited by Thünen Institute of Forest Genetics



 51

the preparation and staining of nuclei suspension with
the CyStainUV preciseP reagent kit (Partec GmbH,
Münster, Germany) according to the manufacturer’s
instructions. For ploidy assessment, the fluorescence of
stained nuclear DNA was analysed with a CyFlow
ploidy analyser (Partec GmbH) according to EWALD et al.
(2009). Samples were analysed in comparison with
material from diploid, triploid (clone “Astria”) or
tetraploid control plants as an internal standard to con-
firm ploidy level.

In vitro propagation of plants for the outdoor tests

Triploid plants derived from in vitro pollinations were
propagated in vitro on a modified Linsmaier-Skoog
medium (LINSMAIER and SKOOG, 1965) for maintenance
and as plant material for the outdoor tests. The cultures
were kept at 23°C with a 16 h photoperiod supplied by
warm-white fluorescent light at 30–40 µE m–2 s–1. From
the triploid and mixoploid seedlings derived from polli-
nations in the greenhouse, plantlets were re-established
in vitro and maintained on an appropriate regeneration
medium. All clones to be compared in the outdoor test
were propagated in a similar manner and at a similar
time to have the same preconditions and age.

Container test for estimation of growth properties

For a fast estimation of the growth properties of the
triploid clones in comparison to other aspen and poplar
clones, in vitro propagated plants were transferred to
Quickpot containers (containing 12 plants) with propa-
gation soil at the end of March 2012. Several years of
experience demonstrate the suitability of container tests
for an initial evaluation of clone performance (stem
height and BSD after one growth period). Additionally, a
subsequent transplanting to the field is possible for fur-
ther testing. 

Plants were grown in the greenhouse under additional
light and transferred to the nursery in May. The final
height and BSD was measured at the end of September,
about 6 months after planting. Forty-eight individuals
were tested for each clone. The Shapiro-Wilk normality
test failed; accordingly, significance of differences was
tested by the Kruskal-Wallis Analysis followed by post-
hoc determination of mutual differences (R statistical
software).

Results and Discussion

Enrichment and induction of unreduced diploid pollen

For all male clones used in the crossings, the average
size of native pollen was determined microscopically.
The mean diameters of the haploid pollen of the differ-
ent clones ranged from 28.8 to 34.5 µm (Table 1). The
clones belonging to section Populus revealed large clone
specificity with significant differences between several
clones, e.g., P. x canescens L 454 vs. P. tremula L 2 and
L 9 but also vs. P. x canescens L 449. The diameter of
pollen grains of P. deltoides S 13 (32.7 µm), belonging to
section Aigeiros, was significantly different from
P. simonii Sim1 and clone “Androscoggin”, both belong-
ing to section Tacamahaca. However, differences in
pollen size are not generally associated with species or
section assignment.

Based on the assumption that diploid pollen grains
are generated by a disturbed meiosis (formation of only
two instead of four pollen cells), diploid spherical pollen
cells should have a double volume and therefore, accord-
ing to mathematical calculation, a 1.26-fold diameter.
This assumption is supported by results of DE STORME
and GEELEN (2011), which revealed a ratio of 1:1.28 for
haploid vs. diploid Arabidopsis pollen (21.5:27.5 µm)
after measuring. Accordingly, the diploid pollen of aspen

Table 1. – Pollen sizes of aspen- and poplar clones used as male partners.

** Diameter is given as mean±standard error of mean. Different letters indicate significant differences
between the clones (p<0.05).

** The diameter of diploid pollen was calculated by multiplying the haploid pollen diameter by the factor
of 1.26.
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and poplar clones should have a mean diameter ranging
from 36.2 to 43.4 µm, depending on the size of haploid
pollen (Table 1). To enrich spontaneous induced diploid
pollen from natural pollen mixtures, sieve fractions from
32–45 µm were used for pollen smaller in diameter
(below 38 µm for the assumed size of diploid pollen), for
example from clone “Androscoggin” and P. tremula L 2,
and sieve fractions from 36–45 µm for larger pollen
(e.g., from P. deltoides S 13 and L 454). 

The frequency distribution of pollen grain diameter 
of a pollen fraction resulted from sieving using micro
sieves (32–45 µm) in comparison to native pollen is
exemplarily presented for the clone “Androscoggin” in
Figure 1. Sieving resulted in a distinct shift of the fre-
quency distribution to larger pollen with a clear increase
of size classes of 33 µm and above. As the putative size
of the diploid pollen of this clone was calculated with
36.22 µm, diploid pollen was obviously enriched. Pro-
ceeding from the assumption that the majority of diploid
pollen has the size of 36.22 ± 2 µm, the proportion of
diploid pollen was increased from 4.6% to 19.7% by
sieving.

Another approach to enhance the amount of diploid
pollen is the artificial induction of unreduced diploid
pollen by heat-treatment or colchicine application. Gen-
eration of diploid pollen was induced by heat-treatment
at 38°C for three hours at the early phase of meiosis. In
the two male P. tremula clones L 2 and L 9, the propor-
tion of large putative diploid pollen grains was consider-
ably increased after treatment. A microscopic compari-
son of the pollen sizes obtained after heat-treatment is
demonstrated in Fig. 2 exemplarily for clone L 9. Two
clearly different size classes are visible which corre-
spond to haploid and diploid pollen. The frequency dis-
tribution of pollen grain diameter for the P. tremula
clone L 9 after treatment at 38°C compared to untreated
pollen is shown in Fig. 3. Heat treatment resulted in a
formation of two clear maxima. The first peak repre-

senting the haploid pollen shows a small shift in grain
diameter as compared to the untreated pollen. The sec-
ond peak in the histogram of the treated sample repre-
sents the unreduced diploid pollen. The size ratio of
pollen grain diameter of both maxima corresponded well
with the calculated ratio of 1:1.26 for haploid (1n) to
diploid (2n) pollen. For a further enrichment of the heat-
induced diploid pollen grains, the pollen sample was
sieved to separate the fraction of 36–45 µm.

Heat treatment of pollen mother cells could be effec-
tively applied just in two cases, for the P. tremula clones
L 9 and L 2. For the other male clones, this method was

Figure 1. – Enrichment of diploid pollen grains from native pollen of the
clone “Androscoggin” using a vibratory sieve shaker. The grey columns
represent the pollen fraction resulted from sieving using metal sieves
with mesh sizes of 32 and 45 µm containing enriched unreduced diploid
pollen. The white columns indicate the untreated pollen.

Figure 2. – Aceto-carmine stained pollen grains of the P. tremu-
la clone L 9 after heat treatment for three hours at 38°C at the
early phase of meiosis. “2n” indicates the unreduced and “n”
the reduced pollen.
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not successful or it was only possible to generate a very
low amount of diploid pollen. The pitfalls of this tech-
nique are a number of factors important for an effective
induction of pollen chromosome doubling and the pollen
release afterwards, such as the optimal time of induc-
tion (state of meiosis), duration of treatment and tem-
perature used for induction (MASHKINA et al., 1989;
KANG et al., 1999; ZHANG and LI, 1992). Additional prob-
lems arise from the different behaviour of germination
between haploid and diploid pollen. 

Production of triploid plants using in vitro pollination

In vitro pollination using enriched diploid pollen was
carried out in a period of four years (Table 2). Altogeth-
er, six crossing combinations were performed; five using
enriched spontaneous induced 2n pollen from natural
pollen mixtures and one using heat-induced 2n pollen
(Table 2). In total, six triploid clones were generated
from single plants selected from these experiments.
Three of them, “Tripi”, “Trio” and L 328 x L 449 No. 1
could be propagated successfully in vitro. The first two
clones were chosen for the container test in the nursery
(see below). The triploid plants derived from the other
crossings were very small, in the case of ARB 4 x
ARB 2M possibly caused by inbreeding. Therefore, prop-
agation in tissue cultures did not seem to be very
promising. In general, the recovery of triploid plants
was relatively low using the in vitro technique. The per-
centage of triploid plants per total number of ovaries
used ranged from 0.4% to 1%. Maybe the efficiency of
the method could be enhanced by further increasing the
amount of diploid pollen grains in the pollen mixtures
used for the experiments. Since the in vitro pollination
is also very elaborate it should be applied mainly for
special crossings, for example, if the quantity of pollen is
limited. Furthermore, the method may be helpful for
crossings with incompatible partners requiring embryo
rescue under continuous observation.

Production of triploid plants by crossbreeding 
in the greenhouse

Out of the seven crossings with enriched diploid pollen
performed in the greenhouse, five triploid offspring
 individuals derived from aspen and fifteen triploids
from intersectional poplar crosses could be produced
(Table 3). In 2011, three triploid plants (No. 3, 38, 277)
were selected from the 400 seedlings resulted from
crossing of the P. tremula x P. tremuloides clone L 40
with P. tremula L 311 (Table 3). All of these plants
showed a good growth performance five months after
sowing. They were established in vitro and propagated
for the outdoor container test (see below). In the follow-
ing year, two triploid plants were selected from 372
seedlings obtained after crossing L 40 with ARB 2M. 
In vitro cultures of both well growing plants were estab-
lished for propagation and later testing. 

Intersectional crossbreeding was performed to com-
bine benefits of intersectional hybridization with those
derived from triploidisation. A prerequisite for carrying
out intersectional crossbreeding is the selection of par-
ent clones with high performance and special character-
istics like excellent growth and resistance properties,
good rooting ability of cuttings and wood quality. The
two P. deltoides (Eastern cottonwood) clones, S 39 and
S 13, (section Aigeiros) and the P. tremula x P. tremu-
loides clone L 328 (section Populus) are characterised by
a high growth performance. The clone „Androscoggin“
(section Tacamahaca) possesses distinguished resis-
tance properties, and the clone P. simonii Sim1 is char-
acterised by a strong drought resistance and its excel-
lent rooting ability. 

The first intersectional crossing was performed using
L 328 and P. deltoides S 13 as parents. The poplar sec-
tions Populus and Aigeiros are generally considered to
be difficult to combine or even incompatible (ECKEN-
WALDER, 1996). However, use of hybrid aspen as the

Figure 3. – Frequency distribution of pollen grain diameter of the P. tremula clone L 9 after heat-treatment in comparison to
untreated pollen.
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female parent could result in a broader acceptance of
pollen from poplars of other sections as already suggest-
ed by RONALD (1982). Among the heterogeneous off-
spring individuals (27 plants) obtained from this cross-
ing, there was one triploid plant, but with only insuffi-
cient growth. The P. deltoides clone S 39 was used as
mother tree in two intersectional crossings with the
clones “Androscoggin” and P. simonii Sim1 (both belong-
ing to the section Tacamahaca) in two consecutive years.
From the 350 seedlings resulted from the first crossing,
four triploid plants could be selected in 2011. The two
largest triploid plants (No. 152 and No. 314) were estab-
lished in vitro and propagated for the container test (see
below). From the 343 seedlings obtained from the combi-
nation P. deltoides S 39 x P. simonii Sim1, ten triploid
plants were selected in 2012. The plants showed a very
different growth performance. Five months after sowing,
the largest two individuals had sprout heights of 45 and
48 cm, respectively, while the others ranged from 22 cm
to 35 cm. The six largest triploid plants were estab-
lished in vitro and propagated for later testing.

In general, the recovery of triploids obtained after
crossbreeding using enriched diploid pollen ranged from

0.5 to 3.7% per total number of plants tested by flow
cytometry and depended on the clone used. All in all,
crossbreeding using enriched diploid pollen seems to be
more effective than in vitro pollination. The total
amount of triploid plants that could be produced demon-
strate the suitability of this approach for breeding
triploids by crossing aspen as well as in intersectional
hybridizations.

In other studies, the proportion of artificially induced
diploid pollen could enrich up to 80% (ZHANG and LI,
1992; KANG et al., 1999), however, the rate of triploid
plants derived from the respective crossings was also
relatively low. In vivo germination performed in stigma-
ta revealed a later germination and slower pollen tube
growth of diploid pollen compared to haploid pollen, sug-
gesting a weaker fertilization ability of diploid pollen
(KANG and ZHU, 1997). KANG et al. (2000) used the high-
er radiation sensitivity of haploid pollen, but the results
were not yet satisfactory. It remains open, how higher
rates of triploid plants can be obtained in crossbreeding.

A problem in the vegetative propagation of aspen, espe-
cially the P. tremula clones, is the insufficient rooting
ability of hardwood cuttings compared to poplars of, for

Table 2. – In vitro pollination experiments.

Table 3. – Crossbreeding experiments in the greenhouse. 
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example, section Tacamahaca (OKORO and GRACE, 1976;
HARTMANN et al. 2002). In preliminary investigations, the
possibility of transferring rooting ability by crossing
aspen with poplar clones was shown on a diploid hybrid
plant derived from crossing P. tremula x P. tremuloides
L 290 x P. pseudosimonii Pps1 (Populus x Tacamahaca).
The clone was micropropagated, and cuttings obtained
from one-year-old plants could be rooted successfully
(data not shown). In this study, pollen of the Chinese
clone P. simonii Sim 1 was used in order to transfer the
excellent rooting ability from the section Tacamahaca to
triploid plants. This is of particular relevance for cultiva-
tion in medium rotation plantations especially under poor
soil conditions and limited water supply.

With the start of selecting triploids from crossbreeding
in the greenhouse in 2009, some plants with outstand-
ing growth of about 20% higher stem height compared
with the total progeny were found within the offspring
of the crossings of L 316 and L 290 with L 9 (Table 3).
Investigation by flow cytometry showed two fluorescence
signals, suggesting that these plants are mixoploid
(diploid-tetraploid), containing cells with different
ploidy levels (2n=38 and 4n=76) with predominantly
diploid cells. The origin of this ploidy level is not clear
yet, however it was stable over several years now. 

Mixoploidy is a well-known characteristic in which the
tissue is composed of cells with different ploidy level
(RANJBAR et al., 2011). The origin of mixoploids may
either be spontaneous or induced and it is often associ-
ated with the occurrence of polyploidy or hybridization
or with the impact of chemicals (PAGLIARINI, 2000). In
most cases, mixoploidy is caused by meiotic abnormali-
ties, but a clear explanation for the genesis and about
the nature of this condition can not be given yet. Some
studies suggested positive effects of mixoploidy on plant
growth and stress tolerance especially under extreme
conditions (KUNAKH et al., 2008; SIVOLAPOV and BLAGO-
DAVORA, 1994). 

Initial studies of growth performance of the 
triploid plants

In order to estimate the performance of the triploid
clones under outdoor conditions, selected clones generat-
ed in 2009–2011 were tested in a container test in com-
parison to aspen clones known for their high growth per-
formance. In total, two triploid clones from in vitro polli-
nation and five from crossbreeding in the greenhouse
were studied. Additionally, two mixoploid clones
obtained from crossings using induced diploid pollen of
P. tremula clone L 9 were included. As a reference, three

Figure 4. – Stem height (a) and basal stem diameter (b) of triploid and mixoploid clones obtained
from in vitro pollination and crossbreeding in the greenhouse in comparison to reference clones. The
hatched columns represent the triploid and the striped columns the mixoploid clones. Three 
fast-growing diploid aspen clones (white) and the triploid clone “Astria” were used as a reference.
Asterisk (*) mark statistically significant increases compared to the control „Astria“ (Dunn’s
method, p<0.05). Error bars indicate the standard error of means.
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diploid fast-growing aspen clones, as well as the triploid
clone “Astria”, were used.

Overall, the generated triploid plants showed a broad
variation in growth (Fig. 4). The clone “Trio”, derived
from in vitro pollination, had a stem height comparable
to the clone “Astria”. Moreover, the basal stem diameter
was significantly increased. Whereas the clone “Tripi”
did almost reach the height of the clone “Astria” in a
previous container test in 2010 (data not shown), it
brought a distinctly worse result in 2012. The lower per-
formance was probably caused by the increased suscep-
tibility of this clone to insect attacks and subsequent
fungal infections. Furthermore, the clone “Tripi” was
proved to be frost-sensitive (–25°C) in the first winter
period.

The best triploid clone from the crossbreeding in the
greenhouse up to now was L 40 x L 311 No. 3, which had
a significantly higher BSD in comparison to “Astria”
(Fig. 4b). The growth property of clone L 40 x L 311
No. 277, despite deriving from the same combination,
was poor. 

The two triploid plants from the intersectional cross-
ing S 39 x “Androscoggin” differed in their growth, but
both were only moderate in their properties. Apart from
the slow growth, the long growing cycle and their high
resistance to animal pests, compared with the other
clones, was remarkable.

The mixoploid clone L 290 x L 9 showed the best
results in the container test and had significantly
increased shoot height and BSD as compared to the con-
trol “Astria” (Fig. 4). Together with the other mixoploid
clone L 316 x L 9, they were also among the best grow-
ing clones in the previous container test in 2010 (data
not shown). Fast-growing mixoploid poplar plants were
already reported previously (SIVOLAPOV and BLAGO -
DAVORA, 1994). Whether the growth characteristics are
due to their mixoploid state is not yet clear, nor is how
long this state will be stable over time. 

All in all, the clones L 40 x L 311 No. 3 and No. 38
from crossbreeding in the greenhouse and the clone
“Trio”, which derived from the same combination but
was produced by in vitro pollination, displayed the best
growth performance of the generated triploid clones.
However, the results also showed that triploid plants
displayed a broad variation in their growth perfor-
mance. Even if they derive from the same combination
or crossbreeding, plants often showed very different
characteristics. Our results demonstrated that not every
triploid plant is a fast-growing plant, but among triploid
plants, individuals often show excellent growth charac-
teristics. This is in agreement with studies of ZHU et al.
(1997) on triploids of P. tomentosa, who selected three
fast-growing plants (increase of up to 255% compared to
the diploid control) out of twenty triploid clones
obtained after pollination with unreduced pollen. The
high variability in growth among our triploids proved
again that selection is a necessary tool for the genetic
improvement of triploid poplar collections. Selection
within triploid populations seems likely to be more effec-
tive than diploid selection because triploid populations
may contain extra genetic variation owing to dosage

effect from chromosome doubling, heterosis from
hybridization, accumulation of more polymicrogenes and
other factors (ZHU et al., 1997).

Not only the growth performance of triploid trees is
important but also other characteristics like wood quali-
ty, fibre length and amount of cellulose. Longer wood
fibre lengths of triploid in comparison to diploid trees,
which are especially important for the paper industry,
have been demonstrated in different poplar species (VAN
BUIJTENEN et al., 1958; BRADSHAW and STETTLER, 1993;
ZHU et al., 1998). 

Field trials need to be repeated in the next years with
the aim to prove the growth performance of these clones
over a longer period of time. Further work will be
focussed on testing other characteristics like fibre
length, frost resistance, tolerance against biotic and abi-
otic stress factors and transfer of rooting ability.

Conclusions 

This study showed that the pollination using pollen
fractions containing an increased proportion of diploid
pollen grains is suitable to produce triploid plants. Both
methods used for transfer of pollen, the in vitro pollina-
tion as well as crossbreeding in the greenhouse were
successful, but the second approach was more effective
and easier to apply. Due to the high variability of
triploid plants, the subsequent selection of suitable
clones is of crucial importance for the breeding of fast-
growing plants with improved characteristics. 

The production of triploid intersectional hybrids using
diploid pollen is aimed at the possibility to improve
resistance and tolerance characteristics and to transfer
the rooting capacity of shoot cuttings to the progeny in
combination with the properties of triploidisation.
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