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effect, S and s are genetic and environmental compo-
nents of the competition effect, e is the residual, repre-
senting environmental variation between clones of the
same genotype. Summations are over the four neigh-
bours of the tree. The brackets group genetic and non-
genetic terms of the equation. In Model I, where only a
genetic and a residual effect are fitted, the genetic effect
is equivalent to (D + � S), where � S is the sum of neigh-
bour genetic competition effects, whereas performance
in monoculture is determined by the value of D + 4S,
where S is the tree’s own genetic competition compo-
nent. 

Equation (1) represents a random effects model. The
only non-standard feature is the fact that each measure-
ment is affected by more than one competition effect. To
deal with the genetic competition term, for example, we
‘overlay’ the effects of four factors, each of which repre-
sents the genotype of one neighbour (e.g., north, east,
south and west of the target tree). There is an analogy
with the analysis of a diallel cross experiment, where
the value of each cross is the sum of two line effects, one
from the male and one from the female parent.

As already mentioned, we allow for covariances
between D and S, and between d and s. Environmental
covariances between d and s have been discussed above.
The covariance between D and S (the direct and compe-
tition effects for the same tree) is �SD. This is also the
covariance between S and D for two trees of the same
genotype. Using standard results on resemblance
between relatives, the covariance between D for a tree of
one genotype and S for tree of a different genotype is
(1/2) �SD if the two genotypes belong to the same family
(see page 4 for details of the family structure), and is
otherwise zero. Similar results are obtained for covari-
ances between values of D or S for two trees by replac-
ing �SD by �2

D or �2
S.

These covariance structures are easily included in the
mixed model, either by including additional random
effects (family, genotype) in the model, or more directly
by calculating a relationship matrix for the 48 genotypes
and using the so-called ‘animal’ model. 

A useful reference for the mixed and animal models is
LYNCH and WALSH (1998).

Abstract

Induction of 2n pollen is a required technique for culti-
vating polyploid via sexual polyploidy. Orthogonal
design or Taguchi Design was applied to select the best
treatment process of 2n pollen induction in Populus �
popularis from different levels of the meiosis stage of

male flower buds, colchicine concentration, times of
injection, and interval between injections. Flow cytome-
try and chromosome counting were used to identify the
triploids from the offspring of P. � euramericana. (Dode)
Guinier pollinated with induced pollen of P. � popularis.
The results showed that high 2n pollen rate can be
achieved by selecting the flower buds during diakinesis
stage in meiosis, and then injecting 0.6% colchicine 4
times with 2 hours interval. The 2n pollen rate reached
62.10% by this process, and two triploids were obtained,
which indicates that it is possible for cultivating
triploids via 2n pollen induction by colchicine treatment
in poplar. Results and protocol related to 2n pollen
induction, polyploid identification and effect of 2n pollen
in this study might be applicable in polyploidy breeding
in section Aigeiros and Tacamahaca of poplar. 

Key words: 2n pollen, poplar, polyploid breeding, colchicine,
Orthogonal design.

Introduction

Polyploidy (having three or more complete sets of
chromosomes) is considered to be a major pathway for
plant evolution and can result in reproductive isolation
and abrupt speciation (RAMSY and SCHEMSKE, 1998;
SOLTIS et al., 2004; WENDEL, 2000). The effects of poly-
ploidy on plant traits are also important to tree or plant
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breeders. Ploidy levels can influence plant vigor, gene
expression, and crossability (NI et al., 2009; RANNEY,
2006). The induction of artificial polyploids has been
 utilized in the development of allopolyploids to restore
fertility in sterile hybrids, enhance crossability and fer-
tility of progeny, create seedless triploids, produce novel
gene combinations, and increase the expression and
diversity of secondary metabolites (CHEN and NI, 2006;
CONTRERAS et al., 2007; OLSEN et al., 2006; WENDEL,
2000). 

Triploid poplar clones, derived from 2n gametes, in
section Populus and in section Aigeiros display faster
growth over the normal diploids and are widely used in
poplar plantation (ZHU et al., 1995; ZHANG et al., 2004;
KANG et al., 2006). 2n pollen is a basic material for
poplar sexual polyploidization. However, the natural
occurrence rate of 2n pollen in poplar is very low, which
is normally under 5%. Thus, artificial induction of 2n
pollen is an essential technique for poplar polyploidy
breeding. 2n pollen can be induced by physical factors
such as temperature, radial ray, and ultrasonic. High
temperature is the widest application factor among
them. MASHKINA (1989) treated poplar and pine male
flower buds at prophase I during meiosis with 38–40°C
about 2h, gained 2n pollen 94.4% and 84.1%, respective-
ly. 2n pollen also can be induced by chemical agents
such as colchicine, oryzalin, and trifluralin (HUANG,
2002). Colchicine was first discovered as an effective cell
division inhibitor in 1937 and has been utilized for a
long time (EIGSTI and DUSTIN, 1955; HANCOCK, 1997;
KANG et al., 2006). Most inductions of 2n pollen in
poplar focus on the species in section Populus (HUANG et
al., 2002) while few in other four sections in poplar
genus. P. � popularis are the hybrid offspring of P.
simonii � (P. pyramidalis + Salix matsudana mixed
pollen) that were cultivated by the Chinese Academy of
Forestry. Salix pollen was used as mentor pollen. They
are widely planted in semiarid area in north China and
display high resistance against cold and drought but
slow growth. The objective of this paper was to explore
the technique of 2n pollen induction and seek for the
approach for polyploid cultivation of P. � popularis in
order to enhance its growth for the future biomass pro-
duction. This work may offer a start point for polyploidy
breeding in section Aigeiros and Tacamahaca of poplar. 

Materials and Methods

Plant materials 

One male tree (P) of P. � popularis was used as pater-
nal parent and 2n pollen induction in this study. One
female trees (A) of Populus � euramericana. (Dode)
Guinier was used as maternal parent. Controlled polli-
nations were performed on detached floral branches in
greenhouse. Hybrids were produced using pollen radia-
tion (2100 Rad, 339.7 Rad/min) (KANG et al., 2000a;
ZHANG et al., 2009) in order to slow down the speed of 1n
pollen germination and multiple pollinations. Young
embryos of the hybrids were excised 25 to 35 d after the
first pollination and cultured on the 1⁄2 MS medium (half
strength of MS macro nutrients, and other ingredients
were no changed) with 30g/l sucrose and 7g/l agar. Two
months later, hybrid plants were transplanted to the
greenhouse and three weeks later they were transplant-
ed to the field.

2n pollen induction

Flower buds during prophase I in meiosis process
were selected for 2n pollen induction experiment. Dur-
ing prophase I, there was almost no the phenotypical
development of floral bud, so the amount of liquid is
roughly 50µl/time/floral bud and the bud was impreg-
nated with colchicine liquid. Different concentration
colchicine liquids were injected in the flower buds at
varied times and intervals. The experiment design was
Orthogonal Design or Taguchi Design L9(3

4), 4 factors
were meiosis phase of flower buds, concentration of
colchicine liquid, times of injection, and interval
between two injections. Each factor was arranged 3 lev-
els. For the first factor, 3 levels were leptotene,
pachytene, and diakinesis. The 3 levels for the second
factor were 0.2%, 0.4%, and 0.6%; for the third factor
were 3, 4 and 5 times; for the final factor were 2h, 3h,
and 4h. Untreated flower buds were used as control.

The 2n pollen rate was the number of large pollen
grains (d>40µm) /400 observed pollen grain under the
microscope, replicated 5 times. A total about of 2000
pollen grains were used for the calculation.

Pollen weight per catkin was the average pollen
weight collected from 5 to 10 catkins for each of 9 treat-
ments and the control.

Figure 1. – Comparison of n and 2n pollen from. P. � popularis. (a) Before induction; (b) After induc-
tion by colchicine.

a) b)
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Comparative pollen weight was pollen weight per
catkin for each treatment/pollen weight per catkin for
the control.

2n pollen rates were evaluated by analysis of variance
with the statistical program Orthogonality Experiment
Assistant II Version 3.1 and q test or S-N-K test accord-
ing to Forestry Experimental Design (XU and HUANG,
1995; VUCHKOV and BOYADJIEVA, 2001). 

Flow cytometry analyses

A polyploid scan was made for all 16 hybrid offspring
derived from A � P using flow cytometric analysis.
Crude nuclei were prepared from about 500mg of fully
expanded field-grown leaves by chopping each sample
30s with a sharp razor blade in 1 ml extraction buffer
(DPOOLEZ̆EL et al., 1989). A 1.0 ml extraction buffer was
added and gently blended for about 2 minute. The nuclei
suspension was then filtered in a 50µm nylon filter. The
crude nuclei were sediment by a 5-min centrifugation of
the filtrate at 800 rpm. The pellet was resuspended in 1
ml of 50µg/ml propidium iodide (PI)/Triton X-100 stain-

ing solution with RNaseA (DARYNKIEWICZ and JUAN,
2001) for at least 30 min in the dark. The samples were
then analyzed on a FACSCalibur Flow Cytometer (BD
Biosciences, USA) with an argon laser emitting at 488
nm for excitation of propidium iodide. The mean nuclear
DNA content of each plant sample was based on 10,000
scanned nuclei. A chromosome number and 2C DNA con-
tent known as diploid poplar tree 61# (2� =38 and 2C
DNA=1.01 pg) was used as an internal criterion. For
each putative polyploid tree, the sample was indepen-
dently characterized three times. Only measurements
with coefficients of variation smaller than 8% were
accepted. The polyploidy levels of the hybrid offspring
were inferred by comparing the DNA content of the sam-
ple with the internal diploid. 

Chromosome counting

The fresh root apical meristem tissues from water cul-
tured cuttings for each of the 2 putative polyploidy trees
were collected for somatic chromosome counts. Conven-
tional squashes of root tip somatic cells were used under

Table 1. – The 2n pollen ratio of P. � popularis by colchicine induction.

* Note: 2n pollen rate of untreated buds was 1.25%; Pollen weight per catkin of untreated control was 40 mg.
a,b following the figures in the same columns means significantly differences at P<0.05 by q test or S-N-K test.

Table 2. – Variance analysis of 2n pollen ratio of P. � popularis by colchicine induction.

* Note: significantly differences at P<0.05.
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a light microscope equipped with a digital camera sys-
tem. The somatic cell squashes were prepared from root
apical meristem tissues as described by LI (1996) with
minor modifications. Briefly, actively growing root tips
were cut and placed into a saturated solution of 1,4-
dichlorobenzene for 3 h at room temperature to shorten
chromosomes. Then the pretreated root tips were fixed
in 3:1 ethanol-acetic acid solution for 24 h at room tem-
perature. The fixed root tips were washed in flowing
deionized water for 10 min, then digested in cytolase
(95% ethanol :hydrochloric acid=1:1) solution at 30°C
for 5 to 10 min. Chromosomes were stained with Carbor
fuchsin. Thirty cell nuclei per individual were analyzed
for chromosome counting. 

Results

2n pollen induction

2n pollen was obviously increased in treated buds
comparison to untreated control buds (Figure 1)
although the control had 1.25% 2n pollen and varied in
size. Flower buds with 9 varied treatments showed dif-
ferent 2n pollen rate (Table 1). The result of variance
analysis (Table 2) for every factor showed that only the
difference among colchicine concentration levels was sig-
nificant. Further q test showed that only 0.6% colchicine
had significant difference from 0.2%. The best inducing
factors combination selected by this Orthogonal Design
experiment was diakinesis, 0.6% colchicine, 4 times of
injection and 2 hours interval. This means that high 2n
pollen rate can be achieved by selecting the flower buds
during diakinesis stage in meiosis, then injecting 0.6%
colchicine 4 times with 2 hours interval.  

Triploid detection 

Two triploids 65# (3�) and 73# (3�) were gained in
the total 16 offspring of A � P by flow cytometer scan
(Figure 2a,b) and further proved by chromosome count-
ing (Figure 3b, c). The DNA content values of 65# was
the 2C value=1.37+ 0.02 pg (the second value is the
standard deviation), 73# 2C value=1.59+0.19pg and

the internal criterion 61# 2C value=1.01 pg. It is hard
to obtain an unambiguous picture of all the chromo-
somes of a poplar. The chromosome counting results of
average chromosome number from 30 nuclei per individ-
ual were for 65#, 2n=55, for 73#, 2n=56, and for the

Figure 2. – The DNA content of triploids pollinated with 2n pollen of P. � popularis. (a) Flow cytometry of nuclear
DNA content of triploid hybrid 65# and diploid control [left gray peak for control (2�), right white peak for 
65# (3�)]; (b) Flow cytometry of nuclear DNA content of triploid hybrid 73# and diploid control [left black peak 
for control (2�), right gray peak for 73# (3�)].

Figure 3. – The chromosomes of triploid hybrids poplar and
their diploid control. (a) Diploid 61# (2�); (b) Triploid 65# (3�);
(c) Triploid 73# (3�).
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diploid control 61#, 2n=36; The maximal chromosome
number for those three individuals were: for 65#,
2n=57, for 73#, 2n=57, and for the diploid control 61#,
2n=38.

As shown in Fig. 2a,b, 65# (3�) and 73# (3�) had
about 1.5 times more DNA content than 61# (2�),
respectively. They also had about 1.5 times chromo-
somes contrast to 61# (2�) (Figure 3a,b, c).

Discussion

The technique of 2n pollen induction

The technique of 2n pollen induction is a systematic
process involved in several key points. The first factor is
the concentration of colchicine. It has significant influ-
ence in the 2n pollen induction, as showed in Table 1, at
high level (0.4% and 0.6%) over the low level (0.2%).
The second is meiosis stage of flower buds. Prophase I is
an important stage for induction. We got little 2n pollen
rate and almost as the same as control but the released
pollen weight was dramatically dropped in comparison
to the control when the flower buds were induced in
other stage (data not shown). So, the observation of
flower buds development is pivotal work. The judgment
of prophase I of bud can either directly be observed by
microscope or indirectly be judged by the colour of
anther or both. The whole meiosis process developed in
3 days in green house, Prophase I normally keep two
days. According to our experience, apical part of anther
developed slowly than middle and basal parts, middle
and basal parts almost develpoed as the same speed. So,
we observed the middle anthers of bud by microscope
only to judge the leptotene, pachytene, and diakinesis
stage. The apical part was scissored out with bract
together. This was not only good for keeping buds in the
right stage but also good for injection to escape the bract
glue to stick the needle. anther from green to yellow is
at the prophase I stage. If it turns to light red or even
deep red, it develops in to metaphase I or anaphase I.
This is different from P. tomentosa (KANG et al., 2000b).
Its catkin grows out of bract and anther turns light red
at prophase I stage while the catkin of P. � popularis is
wrapped in the bract at this stage. This is similar to
P.ussuriensis (QI et al., 2009). Its catkin also is wrapped
in the bract but the anther color is green at prophase I
stage. Within prophase I, the efficiency of induction is
obviously high in pachytene and diakinesis over in lep-
totene although the difference does not reach at the sig-
nificant level in statistics. One of the advantages of
Orthogonal design is to select a best combination of dif-
ferent level of every factor. In our experiment, the best
inducing combination is diakinesis, 0.6% colchicine, 4
times of injection with 2h interval. Following this
process, we induced P. � popularis in 2004, 2005 and
2006 and got 59.37%, 42.9%, and 73.95% 2n pollen,
respectively. The efficiency of the process is stable and
high.

Comparison of the methods for polyploid identification
in poplar

Identification of polyploid is an important hinge for
polyploidy breeding. Short or long breeding cycle mostly

depends on if polyploid can be identified quickly and
accurately or not. So, the selection of identification
methods is worth to carefully think about. All the meth-
ods can be divided into four types: morphological mark-
ers, chromosome counting, DNA content flow cytometer,
and codominant DNA molecular markers. Morphological
markers include leaf color (BRADSHAW and STETTLER,
1993), leaf or whole tree size (NILSSON-EHLE, 1936;
MÜNTZING, 1936), and chloroplast number in the guard
cell of stomata (EWALD et al., 2009). Chromosome count-
ing is the direct evidence for polyploid identification but
it is a time consuming and labour intensive work. Flow
cytometric analysis is quick and accurate but it requires
a special equipment and cost. Codominant DNA molecu-
lar markers can only distinguish part of the polyploid
(ZHANG et al., 2009). Concerning the use of the morpho-
logical markers which were mentioned it has to be
added that not all markers are of comparable impor-
tance. Leaf colour, size and shape are no reliable mark-
ers especially as it concerns hybrids of wide origin. It is
the same with growth: among many fast growing plant
there are triploids, but not all triploids are fast growing.
Of course breeders are only interested in the fast grow-
ing ones. Flow cytometry is relatively cheap concerning
the running costs, but it has some critical points. Never-
theless with internal standards, as it was shown here, it
allows a fast and reliable determination of ploidy levels.
Our results indicate that a good process of polyploid con-
firmation is using morphological markers such as
chloroplast number first for a large scale pre-screening,
then doing the further confirm test by flow cytometry or
chromosome counting in a narrow scope. 

Effect of 2n pollen in polyploidy breeding 

2n pollen as an essential material for sexual poly-
ploidy can produce polyploidy without cytochimeras like
somatic induction and unstable performance. Triploids
P. tomentosa derived from 2n pollen have stable fast
growing character (ZHU et al., 1995) and are 2 to 3 times
volume as the diploid control at 8 years old. 2n pollen
can be used to overcome the hybrid barrier between
 different ploidy levels plant species. Cultivated potato
(4x) crossed the 2n pollen of wild potato (2x) to increase
the resistance (WATANABE et al., 1992). The basic effect
of 2n pollen is to cultivate polyploid and this has a sig-
nificant impact in the recently enhanced activities
aimed at biomass production because of the characters
of polyploid such as fast growth, high resistance, sterile
of odd ploidy plant, more metabolic production and so
on. So, induction of 2n pollen to cultivate polyploid in
poplar could apply polyploidy and hybrid vigor simul-
taneity in one breeding program and has a prospective
future. 

In conclusion, it is possible for cultivating triploids via
2n pollen induction by colchicine treatment in poplar.
The key points for 2n pollen induction in P. � popularis
are colchicine concentration and meiosis stage of flower
buds. Stable and high efficiency of 2n pollen inducing
technique may accelerate the polyploidy breeding of
poplar. The performance of triploids need further 
field test to select the applied clones for biomass produc-
tion.   
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