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Abstract

Individuals of the genus Populus are mostly dioecious,
although deviations from strict dioecism occasionally
occur. The aim of this study was to determine whether
six, rare monoecious Populus nigra var. nigra trees,

identified in trial plots, were fertile and capable of sexu-
ally reproducing. Controlled pollinations were carried
out and compared with the results of open pollination.
Viable seeds were obtained from all combinations of pol-
lination possibilities, suggesting these monoecious trees
could be used as either male or female parent and were
self-fertile. However, no individuals produced by self-
pollination were found among the offspring from open-
pollinated, monoecious trees. The parentage of some of
the crosses was verified using microsatellite markers.
The germination energy (GE) and germination capacity
(GC) were in most cases higher for seeds produced from
controlled pollinations than from open pollination. Fur-
thermore, GE and GC were both higher when pollen
from the monoecious trees was used. An association
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between GE and GC rates on the one hand, and the pol-
lination method and year it took place on the other, was
found in most crosses made. This study extends knowl-
edge of the reproductive biology of P. nigra that could be
utilized in conservation genetic of this endangered allog-
amous species.

Key words: Black poplar; germination capacity; germination
energy; microsatellite markers; monoecism; paternity, con-
trolled pollination.

Introduction

Black poplar (Populus nigra L.) is a member of the
genus, Populus, that comprises 29 species (STETTLER et
al., 1996), most of which are native to the Northern
Hemisphere. Poplars are mostly dioecious and obligato-
ry outcrossers, with the exception of Populus lasiocarpa
Oliv., a monoecious, self-fertilizing species assigned to
the section Leucoides (FAO, 1980). 

Dioecism automatically ensures obligatory outcrossing
and so avoids the deleterious effects of inbreeding
depression, and at the same time promotes heterozygos-
ity, genetic variability, and genetic exchange, all of
which are advantageous for the long-term survival and
adaptation of a species (DELLAPORTA and CALDERON-
URREA, 1993). Gender variation has been described in
various different dioecious plant species (HUFF and WU,
1992; HUMEAU et al., 1999; HUMEAU et al., 2000; AGUIRRE

et al., 2007; I
·
SFENDIYAROĞLU and ÖZEKER, 2009) and the

occasional occurrence of monoecious trees has also been
reported in several different species of genus Populus
(CRONK, 2005), with deviations from strict dioecism
found in individual trees and catkins. These include:
Populus alba L. (ALBA et al., 2008) and Populus tremu-
loides Michx. (SANTAMOUR, 1956; LESTER, 1963) in the
section Leuce, Populus euphratica Olivier (ROTTENBERG,
2000) in the section Turanga, Populus trichocarpa Tor-
rey & A. Gray (STETTLER, 1971; SLAVOV et al., 2009) in
the section Tacamahaca, and Populus deltoides Bartr.
Ex Marsh. (CAMPO, 1963), Populus deltoides var. wis-
lizenii (ROWLAND et al., 2002), Populus nigra var. betuli-
folia (Pursh) Torr. (VON MELCHIOR, 1967) and Populus
nigra var. thevestina (Dode) Bean (JOVANOVIĆ and
TUCOVIĆ, 1962) in the section Aigeiros. No published
records of deviation from dioecism by Populus nigra var.
nigra have been found in the relevant literature, but
nevertheless during the course of other investigations
(specifically, sex determination in flowering plants,) it
was observed that monoecious individuals were present
in the trial plantations at our research institute.

The atypical monoecious flowers vary in their abun-
dance, sometimes occurring as occasional, isolated flow-
ers in a few, rare inflorescences, but in other instances
through-out some or even all of the catkins on a given

tree. They may re-occur year after year, or only in par-
ticular years, and their frequency may also vary
markedly from one year to another (STETTLER, 1971;
ROWLAND et al., 2002). It has also been reported that
pollen fertility and fruit production is poorer than for
ordinary unisexual individuals (ROTTENBERG, 2000).
Furthermore, these unusual flowers appear to be self-
compatible (VON MELCHIOR, 1967; ROWLAND et al., 2002). 

The exact causes of deviations from strict dioecism are
unknown (BRUNNER, 2010), but in the literature there
are various interpretations and theories, based on differ-
ent assumptions. Variation from strict dioecism occurs
more frequently in small fragmented or peripheral pop-
ulations than in un-disturbed central ones (HUFF and
WU, 1992; HUMEAU et al., 1999). Gender variation is
often explained as a reaction to ecological differences
and/or an environment (BARRETT, 1992; HUMEAU et al.,
2000; CASE and BARRETT, 2001; DELPH and WOLF, 2005).
JOVANOVIĆ and TUCOVIĆ (1962) explained them as
somatic mutations of adventitious buds, caused by some
kind of traumatic injury, and HESLOP-HARRISON (1924)
attributed hermaphrodite forms of Salix species to infes-
tations of Eriophyd mites.

The aim of this work was to find out whether monoe-
cious Populus nigra var. nigra trees were capable of sex-
ual reproduction, either by self-pollination using male
and female flowers occurring on the same tree or by
cross pollination with other trees using either the male
or female flowers. The results of this study will improve
knowledge of the reproductive biology of P. nigra var.
nigra that could be utilized in conservation genetic.

Material

In the course of the years 2009–2011, the sex of the
P. nigra var. nigra trees was determined in the stand
that is located in the grounds of the Silva Tarouca
Research Institute for Landscape and Ornamental Gar-
dening, in Central Bohemia (50°00'N, 14°33'E and 306
a.s.l) (Table 1). The stand was established using 1-year-
old seedlings, derived from both controlled and open
 pollination of relatives of three female trees (BENETKA

et al., 2008), in the spring of 2003. Plant spacing was
0.45 � 2 m.

Among 234 living trees, 6 monoecious trees (Me1, Me2,
Me3, Me4, Me5, Me6) were found, all of which were
healthy. All monoecious trees in the stand came from the
same mother tree, with the exception of tree Me2 (Table
1). Four of the monoecious trees (Me1, Me2, Me4 and
Me6) were derived from controlled pollinations using a
sibling male tree, another (Me5) from controlled pollina-
tion using a mixture of pollen from unrelated male
trees, and the last (Me3) from open pollination. Three

Table 1. – Summary of P. nigra sex distribution.
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different types of inflorescence were observed on these
trees: wholly female catkins, wholly male catkins, and
catkins bearing both male and female flowers (Figure 1).
There appeared to be no obvious pattern to their posi-
tioning, either within the catkins themselves or within
the tree.

The first two trees (Me1 and Me2) were found by
chance in 2009, when branches bearing flower buds
were taken to provide pollen for a breeding programme.
On the spur of the moment, it was decided to use the
branches of the Me1 tree for a self-pollination (i.e. self-
ing, Mex � Mex treatment) experiment, and afterwards
the sex of all the flowering trees in the stand were
assessed over a 3 year period. The seeds originated from
open pollination (Mex

OP treatment) of Me1 and Me2 trees
were also included to the experiment.

In the spring of 2010 the Me1 tree was used to make
four different crossings: (1) self-pollination (Mex � Mex
treatment), (2) crossing with a sibling male tree
(Mex � B treatment) and (3) crossing with a sibling
female tree (S � Mex treatment), (4) open pollination
(Mex

OP treatment). 

The Me2 tree did not blossom in this year, due to the
large number of branches removed in the previous year.

Three other monoecious trees were found (Me3, Me4 and
Me5) but due to the small number of flowers they car-
ried, only fruits derived from open pollination (Mex

OP

treatment) could be harvested.

In 2011, the same matings as in 2010 were made
when enough of both male and female flowers could be
found. Furthermore, crossings with only distantly relat-
ed or un-related trees (Mex � O treatment) were made
when possible, and another monoecious tree (Me6) was
found. In 2009, both the GE and GC of seeds derived
from Me6 open pollination (Mex

OP treatment) were inves-
tigated for another purpose.

Methods

The pollination process

Branches with flower buds were cut from selected
trees. For collecting pollen, the branches were put in a
glass containing tap water and then placed in separate
rooms at about 20°C. The pollen was then collected and,
after drying, stored in a refrigerator at 4°C.

The branches bearing female flowers to be pollinated
were also placed in water and then put in a greenhouse.
Flowering branches were isolated with paper bags

Figure 1. – Flowers from a monoecious black poplar tree: (a) female and male catkins on one monoecious tree branch; (b-e) female
and male flowers on one catkin [(b) just before flower opening; (c) opening (receptive) flowers; (d) fruits].
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before the stigmas became receptive. Pollination was
achieved by using a rubber balloon to blow pollen
through a small hole into the paper bags, with the hole
subsequently being sealed with a sticker. This procedure
was performed four times. The paper bags were taken
off four days after the first pollination.

As a comparison, several open-pollinated branches
from the respective monoecious trees were (randomly)
collected in the stand when the size of the fruits was
around 4 mm. The branches were placed in a glass with
tap water and put in the same greenhouse as the
branches used for the controlled pollination experi-
ments.

Seed collection

Unripe capsules from controlled- and open-pollinated
flowers were placed in sheer stiff muslin sacks just
before seed releasing (ca 20 days following pollination),
and the seeds which were subsequently released were
stored for three days to fully ripen. Then the seeds were
placed in sieves and separated from the silky hairs by a
jet of compressed air.

Trial evaluation

The seeds obtained were counted and subsequently
sown on the surface of wet peat in boxes, which were
then placed in a greenhouse with high humidity and a
temperature no higher than 20°C. The germination
energy and the germination capacity of each pollination
combination were then calculated.

Germination energy (GE) is defined as the percentage
of seeds germinating three days after sowing. Germina-
tion capacity (GC) is defined as the percentage of
seedlings with two foliage leaves ten days after sowing.
These parameters were calculated using a minimum of
100 seeds for each variant whenever possible. Since cap-
sules ripened progressively, it was necessary in some

cases to harvest seeds more than once from any given
branch, and in these instances the parameters of germi-
nation were calculated by using a weighted average.

Statistical analysis

The data were analysed using the statistical software
package Statistica 9.0 (STATSOFT, INC., 2009). The
associations between germination energy and capacity,
and the various types of pollinations, including different
years, were analysed using Pearson’s Chi-square test of
significance (� <0.05) and the strength of these associa-
tions was assessed using Cramer’s V coefficient.

Genetic analysis

Parentage was verified by taking fresh leaves from the
parent trees and 124 of the descendants derived from
the various different crossings. Fresh leaves were col-
lected from selected monoecious trees (Me1, Me2) to
detect mutation chimera (RUDRÍGUEZ LÓPEZ et al., 2004),
three from each cardinal point (W, S, E), and frozen in
liquid nitrogen. Genomic DNA was isolated from the leaf
samples using a DNeasy Plant Mini Kit (Qiagen), in line
with the manufacturer’s instructions. DNA concentra-
tion and purity were determined using a NanoDrop
Spectrophotometer (Thermo Scientific).

Eight simple sequence repeat (SSR) markers designed
for P. nigra species were used in this study, namely
WPMS04, WPMS07, WPMS09, WPMS12 (VAN DER

SCHOOT et al., 2000), WPMS14, WPMS16, WPMS20
(SMULDERS et al., 2001) and PMGC14 available from the
Poplar Molecular Genetics Cooperative database
(http://poplar2.cfr.washingthon.edu/pmgc).

PCR reactions were performed as described either in
VAN DER SCHOOT et al. (2000) (for WPMS04, WPMS07,
WPMS09, WPMS12 and PMGC14 markers) or in SMUL-
DERS et al. (2001) (for the rest of the markers). The
reverse primers were labelled with four different fluo-

NS = number of seeds, B = brother tree, O = other (distant relative or unrelated) tree, S = sister tree, x = index
number of monoecious tree, OP = open pollination.

Table 2. – Germination energy (GE) and germination capacity (GC) of progeny derived from different treatments
(pollination combinations) using monoecious P. nigra var. nigra trees, expressed as a percentage.
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rescent dyes (FAM, VIC, NED, PET). Four PCR prod-
ucts (four SSR loci with different dyes) were mixed with
deionized formamide and GeneScan 500 LIZ size stan-
dard (Applied Biosystems). Fragment analysis was done
in a genetic analyzer, ABI 310 (Applied Biosystems).

The genetic data obtained were processed with free-
ware Cervus 3.0 (KALINOWSKI et al., 2007). PCR product
sizes of three samples derived from the first two trees
observed to be monoecious (Me1, Me2) were used for
identity tests. The sizes of PCR products derived from
monoecious trees chosen at random were used to ana-
lyze the parentage of some of their descendants.

Results

Germination test

Percentages of both GE and GC for the progeny
derived from different pollination combinations using
monoecious P. nigra var. nigra trees are summarized in
Table 2.

In the first year of investigation (2009), seeds were
obtained from the single, self-pollinated monoecious tree
(Me1) and from both open-pollinated trees (Me1 and
Me2). The GE and GC percentages of seeds derived from
open pollination were quite low, ranging from 6.5% to
12%, and no seeds whatsoever produced by self-pollina-
tion germinated.

In the spring of 2010, the Me1 tree was used in four
different crossings. The most successful germination
results (80%) came from pollinating a female tree with
pollen from the Me1 tree, while half the seeds derived
from selfing germinated, and GE and GC values of 25%
and 20% respectively were obtained from seeds coming
from open pollination. Only a small number of seeds
germinated when tree Me1 was used as the female com-
ponent. For the other three monoecious trees (Me3, Me4
and Me5), only the seeds from open pollination were har-
vested due to the small number of flowers produced.
Germination rates in the different batches of seeds
showed wide variation, from 23 to 87% for GE and from
15 to 71% for GC.

In 2011, seeds from the different crosses were
obtained from all the monoecious trees, with the excep-
tion of the tree Me2 and another, Me6. Higher germina-
tion rates were obtained in the case of selfing (from 34%

to 77% for GE and from 28% to 71% for GC) in compari-
son with the open-pollinated mother trees (from 7% to
31% for GE and from 1% to 32% for GC).

Significant low or medium level associations between
the values of GE/GC for seed derived from specific
monoecious trees and pollination types were demon-
strated in most cases, i.e. GE/GC rates depended on the
type of pollination method employed. The strongest
associations (0.54–0.63) were found in trees Me1 and
Me5 in the years 2010 and 2011. Significant associations
were also found between the GE/GC rates for seed from
particular monoecious trees and the year of pollination
(Table 3). They were found mainly in the seeds obtained
from open-pollinated monoecious trees and those pro-
duced by selfing in the Me1 tree. In one fifth of the cross-
ings, that were carried out, insignificant weak associa-
tions (� = 0.01–0.11) were observed.

Genetic analysis

Three samples of fresh leaves collected from different
cardinal points of both Me1 and Me2 trees were
analysed. Based on genetic analysis using eight
microsatellite loci, it was concluded that the samples
within each tree were identical.

All SSR analyses confirmed the identity of both par-
ents in controlled pollination. No selfing could be
demonstrated in the progeny derived from open-polli-
nated monoecious trees (Table 4).

B = brother tree, S = sister tree, x = index number of monoecious tree, OP = open pollination.
Statistically significant associations revealed by Chi-square tests are shown in bold.

Table 3. – Cramer’s V coefficient for either germination energy (VGE) or germination capacity
(VGC) and either pollination treatment or year of pollination.

OP = open pollination.

Table 4. – Genetic analysis of arbitrarily chosen offspring
derived from different crossings.
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Discussion

The main aim of this study was to determine the fer-
tility of both the male and female flowers on six mature
monoecious Populus nigra L. var. nigra trees, using four
different crossing treatments. We obtained seeds from
almost of all of our crossings, i.e. selfing, monoecious
tree as either female or male parent, and open pollina-
tion of the respective monoecious tree. This is in con-
trast to VON MELCHIOR (1967) who found one monoecious
clone of Populus nigra var. betulifolia that had no fertile
pollen, but the second one could be used as either male
or female parent. Moreover, the second clone was self-
fertile, just as all the monoecious trees used in our study
were. Therefore it seems that the possibility of reproduc-
tive barriers existing to prevent selfing (both pre- and
post-fertilization) has been eliminated (STEBBINS, 1958).
Surprisingly, however, no spontaneous selfing was found
in the tested seedlings. Even though we only tested a
small number of seedlings, we expect that this could be
explained by the asynchronous flowering of the male
and female flowers and/or a preference for cross-pollina-
tion over self-pollination (BATEMAN, 1956; ECKERT and
BARRETT, 1994; ECKERT and ALLEN, 1997; MORAND-
PRIEUR et al., 2003). Moreover, selection among pollen
grains may be occurring as a result of influences arising
from both pollen donors and maternal plants (MARSHALL

et al., 2007).

The observed self-compatibility could be useful in a
P. nigra breeding progamme (BENETKA et al., 2012) for
establishing parent lines with greater homozygosity. If
these proved to be healthy and grew well, they could be
used in heterotic breeding, i.e. for obtaining higher-
yielding biomass plants. Also in fragmented populations
of P. nigra (LEFÈVRE et al., 1998; HEINZE and LEFÈVRE,
1999) where potential mates are rare, the possible pres-
ence of a monoecious black poplar tree with self-compat-
ibility could be advantageous, because just a single indi-
vidual would be able to sexually reproduce. On the other
hand, the self-compatibility of monoecious P. nigra trees
could be a disadvantage if there is higher probability of
inbreeding depression, when the descendants of such a
tree would be less competitive than those derived by
cross-fertilization.

The lower seed germination rates (0% to 80%) in this
study compared to those obtained by KARRENBERG and
SUTER (2003), who obtained more than 90% seed germi-
nation in P. nigra, could also be, aside from the conse-
quences of possibly different germination conditions, the
result of inbreeding depression, since the seeds were
obtained by repeated crossings between related trees.
Inbreeding depression could cause lower or even zero
seed germination due to the occurrence of homozygous,
lethally deleterious recessive alleles, which could be
manifested at any stage of the life cycle. Lethality is
likely to be concentrated in the embryo phase of develop-
ment in many predominantly outcrossing species
because it is here that, for the first time, essential genes
are expressed (HUSBAND and SCHEMSKE, 1996). The
seeds we obtained from monoecious trees germinated,
but it is possible that under field conditions seed germi-
nation could be poorer, due to fluctuating temperatures

and variations in the availability of water (KARRENBERG

and SUTER, 2003; GUILLOY-FROGET et al., 2002).

Germination differences between years in our study,
could also be caused by variations in external factors
which can influence the maternal plants during seed
ripening, especially temperature, water stress, day
length, sunlight quality (GUTTERMAN, 1993) and the
availability of nutrients (BEWLEY and BLACK, 1994;
BRADFORD and NONGAKI, 2007).

In this study, significant associations between GE/GC
and pollinating method or year were observed. More-
over, it seems (Table 2) that progeny arising from open
pollination using monoecious trees as the female part-
ner have a lower germination energy and capacity in
comparison to controlled pollinations where the monoe-
cious tree was used as the male partner. This could be
explained by differences in the receptivity of the female
flowers and/or the fertility of the pollen. Germination
rates were generally higher in seeds derived from con-
trolled pollination than in those from open pollination.
This contrasts with the observations of LIENERT and
 FISCHER (2004) who observed a progressive reduction in
seed production and germination rates when moving
from open pollination to cross-pollination (with one
pollen donor) and finally self-pollination, at least in the
case of proterandric Swertia perenis. Furthermore,
AGUIRRE et al. (2007) observed lower germination rates
in seeds from fruiting males and ROTTENBERG (2000)
reported significantly poorer pollen fertility and fruit set
for a P. euphartica bisexual individual compared to ordi-
nary individuals.

The causes of the observed deviations from dioecism
were not under investigation nevertheless it is very
unlikely that mutation is a cause of monoecism because
the results of our genetic analysis do not support this
hypothesis. However, it is possible that by using only
eight SSR loci and only two monoecious trees for genetic
analysis, the results could be distorted. We suppose that
crossings made between sibling trees could provide
 deviations from dioecism as variation from strict
 dioecism occurs more frequently in small fragmented
populations (HUFF and WU, 1992; HUMEAU et al., 1999).
Furthermore, almost all monoecious trees in this study
are descended from the same mother tree and therefore
it seems that abnormalities in flowering could be
 genetically determined and inherited, as previously
described by HUFF and WU (1992) and SANTAMOUR

(1956). 

In conclusion, it has been demonstrated that both
male and female flowers of monoecious P. nigra var.
nigra trees can be fertile, and furthermore that individ-
ual monoecious trees are self-compatible. The seeds
obtained successfully germinated, but the germination
rates varied, depending on the pollination method
employed. This new knowledge of the reproductive biolo-
gy could be applicable in conservation genetic and
P. nigra heterotic breeding. Further investigations will
be required to determine whether the seedlings will
grow to maturity and successfully reproduce them-
selves, and then what kind of flowers, male, female or
both, they will have.
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