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High temperature-induced triploid production
during embryo sac development in Populus
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Abstract

Triploid breeding plays an important role in cultivar
improvement in the genus Populus L. A novel approach
for triploid production with colchicine during embryo sac
development was reported recently by Wang et al.
(2010). In the present investigation, female catkins of
Populus pseudo-simonii X P. nigra “Zheyin3# during
embryo sac development were exposed to high tempera-
ture to assess the effectiveness of high temperature for
induction of triploid production. In the progeny, 45
triploids were determined by both flow cytometric analy-
sis and somatic chromosome counting. The period
66—72 h after pollination was the most suitable for high
temperature-induced triploid production during embryo
sac development in the Zheyin3#. Cytological analysis
showed that the frequency of eight-nucleate embryo sacs
rose at an increased rate during 66-78 h after pollina-
tion, which suggested that the third mitosis during
embryo sac development could be the optimal stage for
high temperature-induced triploid production. The high-
est frequency of triploid production was 40%, which was
obtained in the 44°C for 2 h treatment 72 h after polli-
nation. In view of both triploid number and production
efficiency, treatments with 41°C for 4—6 h or with 44°C
for 2 h during 66—72 h after pollination were both effec-
tive for triploid induction in ‘Zheyin3#. Statistical
analysis showed that the growth of triploids and
diploids was not significantly different. However, highly
significant differences were observed for all leaf charac-
teristics. Finally, the significance of high temperature
treatment in Populus triploid breeding programs is dis-
cussed.
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Introduction

In China, poplar plantations cover more than 7
million hm? lands and make a significant contribution to
the wood industry (FANG, 2008). Some allotriploid
poplars, such as P. X canadensis ‘1-214’, P. X eura-
mericana ‘Zhonglin-46’, P. X canadensis ‘Sacrau 79,
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P. X euramericana ‘Wuhei-1’, P. X liaohenica, P. X lang-
fangensis-3 and triploid clones of P. tomentosa (ZHU et
al., 1995; ZHANG et al., 2004, 2005), have been wildly
used for plantations in China, owing to their favourable
growth and pulpwood characteristics. Therefore, triploid
breeding plays an important role in cultivar improve-
ment in the genus Populus L.

To produce triploid Populus, many methods have been
developed, such as crossing diploid plants with triploids
or tetraploids (WINTON and EINSPAHR, 1970; HARDER et
al., 1976; BAUMEISTER, 1980; EINSPAHR, 1984), utilization
of spontaneous or induced diploid (2n) pollen (JOHNSSON
and EKLUNDH, 1940; SEITZ, 1954; MANzOS, 1960; MASH-
KINA et al., 1989; ZHU et al., 1995; KANG et al., 2000b),
and hybridization with artificial 2n female gametes (L1
et al., 2008; WANG et al., 2010), but, most of these tech-
niques are not efficient for triploid production. WANG et
al. (2010) reported a novel method for triploid induction
by treatment of developing embryo sacs with colchicine
solution, which showed high triploid production efficien-
cy (66.7%). However, seed production was affected
because of the toxicity of colchicine and just 23 triploid
hybrids were obtained. Furthermore, application of
colchicine treatments is complicated and time-consum-
ing. Therefore, an alternative agent for triploid induc-
tion during embryo sac development is required.

High temperature, as a physical mutagenic agent, is
often applied to induce polyploid in plants and animals
(RANDOLPH, 1932; MASHKINA et al., 1989; KaNG et al.,
2000a; ZHANG et al., 2002; NOMURA et al., 2004; YANG
and Guo, 2006; WANG et al., 2012). In Populus, 2n pollen
was induced successfully with high temperature by
MASHKINA et al. (1989) and KANG et al. (2000a), and the
frequency of artificial 2n pollen exceeded 80%. In this
investigation, female catkins of P. pseudo-simonii X P.
nigra “Zheyin3# during embryo sac development were
exposed to high temperature, in order to assess the
effectiveness of high temperature treatment for triploid
induction in Populus.

Materials and Methods
Plant materials

Floral branches of P. pseudo-simonii X P. nigra
“Zheyin3# (female parent, 2n = 2x = 38) were collected
from a plantation in Tongliao city (Inner Mongolia
Autonomous Region, People’s Republic of China). Floral
branches of P. X beijingensis (male parent, 2n = 2x = 38)
were collected on the campus of Beijing Forestry Univer-
sity. The branches were water-cultured in a greenhouse
(10-20°C) for subsequent use.
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Treatment with high temperature

According to WANG et al. (2010), stigma receptivity of
“Zheyin3# catkins can be evaluated through their length
and developmental status. When female catkins of
“Zheyin3# attained optimal receptivity, they were polli-
nated with fresh pollen of P. X beijingensis. At 36—78 h
after pollination, the catkins were exposed to 38°C,
41°C or 44°C in a thermo chamber for 2h, 4 h or 6 h. In
all treatments, the relative humidity in the thermo
chamber was set as 50%. Before treatment, three
female catkins were fixed with FAA (70 % ethanol: acetic
acid: 40 % formaldehyde, 90:5:5) for further determina-
tion of embryo sac development and a total of 24 catkins
were collected. Untreated catkins were set as a control.

After treatment, the catkins were water-cultured in
the greenhouse until seed maturation. Subsequently,
seeds were harvested and germinated in soil. When the
seedlings grew to about 30 cm in height, they were
transplanted to the field, following which the ploidy
level of each seedling was determined.

Cytological observation of embryo sac development

After removal of the fixed female catkins from the fix-
tive, 10 ovaries were randomly excised from each catkin
for cytological analysis. A total of 240 ovaries were col-
lected. The ovaries were embedded in paraffin and sec-
tions of 8—10 um thickness were cut. The sections were
stained with iron-hematoxylin and observed with an
Olympus BX51 microscope.

Determination of ploidy level

Flow cytometry was first used to screen putative poly-
ploids in progeny. Young leaves from the seedlings were
chopped on ice in modified Galbraith’s buffer (45 mM
MgCl,-6H,0, 20 mM MOPS, 30 mM sodium citrate,
0.5% Triton X-100, 1% PVP-10, pH 7.0) using a sharp
razor blade following the method of GALBRAITH et al.
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(1983). The nuclear suspension was filtered through a
40-um nylon mesh to remove large debris. Nuclei were
stained with 50 ug mL™! propidium iodide with 50 ng
mL-! RNase. After incubation on ice for 30 min in dark,
samples were analyzed with a BD FACSCalibur flow
cytometer. A known diploid plant from the progeny was
analyzed as internal criteria.

After flow cytometric analysis, the ploidy levels of all
putative triploid plants were confirmed by somatic chro-
mosome counting. Stem tips were removed from the
seedlings and pretreated with a saturated solution of
paradichlorobenzene for 4 h at 25°C. Subsequently, the
materials were fixed in fresh Farmer’s solution (ethanol:
acetic acid, 3:1) for 24 h at 4°C, and then hydrolyzed in
38% HCI: ethanol (1:1) for 25 min at room temperature.
After washing in distilled water three times for 15 min
each, the hydrolyzed materials were squashed in carbol
fuchsin solution. Chromosome counts for at least 20
cells with a well-spread metaphase per seedling were
observed using an Olympus BX51 microscope.

Leaf analysis and growth measurement of seedlings

All triploid and 50 randomly selected diploid seedlings
were used to analyze differences in morphological and
growth characteristics, including leaf area, leaf length
(including petiole) and width, leaf shape index
(length/width), number of sawteeth on the leaf margin,
stem height, and basal diameter of seedlings. For leaf
analysis, the seventh, eighth and ninth mature leaves
from the shoot tip were selected for measurement with a
LI-3000A portable leaf area meter (LI-COR, USA). The
average area, length, width, shape index and number of
marginal sawteeth of leaves of each plant were calculat-
ed. After the seedlings stopped growing in early winter,
stem height and basal diameter of the plants were mea-
sured in the experimental field. The data were analyzed
with unpaired ¢-tests.

Figure 1. — Comparison of normal pollinated and high-temperature-treated female catkins of P. pseudo-
simonii X P. nigra Zheyin3#.

a. Normally developed pollinated female catkin; b. Aborted high-temperature treated catkin; c¢. Surviving high-

temperature-treated catkin.
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Results
Effect of high temperature on female catkins

High temperature damaged the development of female
catkins. Compared with untreated catkins (Fig. Ia), the
peduncle of treated catkins turned to brown and its pis-
tils and ovaries became shrivelled. With increased tem-
perature, the number of mature seeds decreased. Some
catkins even died (Fig. 1b) owing to excessive injury
induced by high temperature, which resulted in no seed
production in some treatments. Treatments with 44°C
and 6 h duration usually injured catkins more severely
than that with 38°C and 2 h duration. However, most
catkins still survived even though some ovaries were
aborted (Fig. Ic).

Triploid production induced by high temperature

In the offspring with 1908 seedlings, 45 triploids were
determined by flow cytometric analysis and somatic
chromosome counting (Fig. 2). No triploids were found
in the control group, which suggested that neither
spontaneous 2n eggs formed nor natural 2n eggs or 2n
pollen take part in fertilization under a standard tem-
perature.

Treatment of pollinated female catkins 36-78 h after
pollination with high temperature induced triploid pro-
duction (Table 1). However, the efficiency of triploid pro-
duction differed among the treatments. In treatments
66—72 h after pollination, 30 triploid hybrids were
obtained, which accounted for 66.7 % of the total triploid
number. Thus, female catkins 66—72 h after pollination
could be the most suitable for triploid production with
high temperature. The highest frequency of triploid pro-
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duction was 40%, which was observed in the 44°C for
2h treatment 72 h after pollination. Although 100%
triploid production was obtained in the 41°C for 6 h
treatment 60 h after pollination, only one seedling sur-
vived and thus the frequency might be unrepresenta-
tive.

The efficiency of triploid production was associated
with the temperature and duration of treatment. With
increased temperature and duration of treatment, the
triploid production efficiency was increased. Taking the
treatments 72 h after pollination as an example, when
temperature was elevated from 38°C to 44°C, the fre-
quency of triploid production increased from 2.35% to
40.00%; when the duration of treatment was extended
from 2 h to 6 h in treatments with 41°C, the triploid
production efficiency was doubled. However, a higher
temperature or duration of treatment was not more
effective owing to excessive induction of injury. There-
fore, in terms of both triploid number and production
efficiency, we considered treatment with 41°C for 4—6 h
or with 44°C for 2 h were the most effective for triploid
induction.

Effective treatment stage for high temperature-induced
triploid production

The embryo sac development of ‘Zheyin3# was of the
typical Polygonum type. The functional megaspore
formed a 7-celled mature embryo sac via three rounds of
mitotic divisions (Fig. 3). Although asynchronous
embryo sac development was observed, the predominant
developmental stage successively changed from a two-
nucleate sac to an eight-nucleate sac with time after pol-
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Figure 2. — Ploidy level determination of offspring.

Flow cytometric analysis of a diploid plant (a), a triploid plant (b) and mixed
nuclei of the former diploid and triploid plants (c); d. Somatic chromosomes

of a triploid plant with 2n = 3x = 57.
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Table 1. — Triploid production resulting from high-temperature-induced chromosome
doubling in the embryo sacs of P. pseudo-simonii X P. nigra ‘Zheyin3#’.

Hours after ~ Temperature of Durationof  No.of  No.of No.of Rate of

pollination treatment (°C) treatment (h)  seeds  seedlings triploids triploids (%)

2 239 89 0 0
38 4 155 70 0 0
6 96 41 0 0
2 16 15 2 13.33
36 41 4 29 5 0 0
6 22 13 1 7.69
2 14 3 0 0
44 4 12 0 — —
6 0 — — —
2 103 43 0 0
38 4 55 11 0 0
6 31 12 0 0
2 19 7 1 14.29
42 41 4 16 9 0 0
6 6 1 0 0
2 10 1 0 0
44 4 47 10 1 10.00
6 0 — — —
48 2 154 102 0 0
38 4 51 24 0 0
6 52 17 0 0
2 44 30 1 333
41 4 54 10 0 0
6 59 8 1 12.50
44 2 0 — — —
4 0 — - —
6 0 — — —
2 46 16 0 0
38 4 128 41 0 0
6 73 45 0 0
2 76 38 1 2.63
54 41 4 33 3 0 0
6 43 10 0 0
2 10 0 — _
44 4 32 1 0 0
6 0 — — —
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Table 1. — Continued.
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113 1 0 0
38 114 23 1 4.35
100 20 0 0
86 6 0 0
60 41 50 17 1 5.82
91 1 1 100.00
0 — _ —
44 0 — — —
0 _ _ _
263 52 0 0
38 219 67 1 1.49
77 31 0 0
75 12 0 0
66 41 104 46 5 10.87
87 53 11 20.75
13 3 1 33.33
44 0 — — —
0 — _ —
330 173 1 0.58
38 130 47 0 0
131 85 2 2.35
53 28 2 7.14
72 41 58 30 2 6.67
112 21 3 14.29
27 5 2 40.00
44 2 0 — —
0 — — —
240 93 0 0
38 82 58 0 0
146 62 1 1.61
187 37 0 0
78 41 153 42 2 4.76
60 2 0 0
69 4 1 25.00
44 0 — — —
7 0 — —
Control 398 214 0 0
Total 5302 1908 45
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Figure 3. — Embryo sac development of P. pseudo-simonii X P. nigra ‘Zheyin3#. The chalazal end is

at the top in all figures. Bars = 10 pm.
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a. Uni-nucleate embryo sac with three degenerated megaspores; b. Two-nucleate embryo sac;
c. Four-nucleate embryo sac; d and e. Serial sections showing mature embryo sac with a 7-celled, 8

nucleate structure.

Table 2. — Analysis of embryo sac development stages after pollination in P. pseudo-simonii X

P, nigra ‘Zheyin3#.

Percentage of each stage (%)

Hours
Eight-nucleate
after Uni-nucleate Two-nucleate Four-nucleate
Tetrad and mature Fertilization
pollination embryo sac embryo sac embryo sac
embryo sac
36 1.55 10.08 27.13 32.56 28.68
42 7.94 32.54 28.57 30.95
48 1.98 10.89 28.71 30.69 27.72
54 8.51 24.47 36.17 30.85
60 8.82 17.65 41.18 32.35
66 6.93 16.83 35.64 40.59
72 13.18 35.66 48.84 2.33
78 11.65 30.10 55.34 291

lination (Table 2). In catkins between 66 h and 78 h
after pollination, the frequency of eight-nucleate embryo
sacs rose at an increased rate, which indicated more
four-nucleate sacs developed into eight-nucleate sacs in
this period. Therefore, the third mitotic division during
embryo sac development could be the optimal stage for
triploid induction with high temperature.

Comparative growth and morphology of triploid and
diploid seedlings

The range of variation for all characters was large
among individuals of the same ploidy level (Table 3),
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which indicated character segregation was common in
the F, generation. Unpaired ¢-tests revealed that
the stem height and basal diameter of triploids and
diploids did not differ significantly (¢ = 0.2667,
P=0.7903 and ¢=1.5482, P =0.1256, respectively).
However, all of the leaf characteristics, i.e. the leaf
area, leaf length and width, leaf shape index and the
number of marginal sawteeth, were highly significantly
different between triploids and diploids (¢ = 3.6451,
P =0.0004; t=2.9979, P =0.0035; t =4.2461,
P =0.0001; ¢=3.1601, P =0.0022; and ¢=4.1308,
P =0.0001, respectively).
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Table 3. — Comparison of growth and leaf characteristics of triploid and diploid offspring of (P.
pseudo-simonii X P. nigra Zheyin3#) X P. X beijingensis.

Triploids Diploids
Characters t-value P-value
Range Mean + SE Range Mean = SE
Stem height (cm) 64.0-312.0 191.2+8.1 62.0-298.7 188.4+6.4 0.2667 0.7903
Basal diameter
(cm) 0.65-2.53 1.66 = 0.07 0.83-2.85 1.53 +0.05 1.5482 0.1256
cm
Leaf area (cm?) 38.99-228.97  121.02 +6.45 33.60-175.07 90.86+5.29  3.6451**  0.0004
Leaf length (cm) 10.71-25.33 18.47+0.54 9.84-21.42 16.31+0.48  2.9979**  0.0035
Leaf width (cm) 7.50-19.94 13.48 +0.38 5.84-17.44 11.21+0.37  4.2461**  0.0001
Leaf shape index
. 1.13-1.70 1.38+0.02 1.15-1.96 1.47+0.02 3.1601*%*  0.0022
(length/width)
Number of leaf
60.00-134.67 85.42+2.54 62.33-159.67 102.13 +£3.08  4.1308**  0.0001
sawtooth

™ Significant difference between triploids and diploids at P = 0.01 in unpaired ¢-test.

Discussion

Selection of mutagenic agents is important for poly-
ploid breeding programs in plants. Colchicine is the
most popular anti-microtubule agent for polyploid
induction in plants (YEMETS and BLUME, 2008). In previ-
ous studies on sexual polyploidization of plants,
colchicine was used successfully to induce 2n pollen and
2n eggs (JOHNSSON and EXLUNDH, 1940; LEBEDEFF, 1940;
KANG et al., 1999; GU and Luo, 2003; WU et al., 2007; L1
et al., 2008; WANG et al., 2010). However, novel muta-
genic agents, such as trifluralin, oryzalin, temperature
and nitrous oxide, were applied to induce 2n gamete for-
mation (MASHKINA et al., 1989; NEGRI and LEMMI, 1998;
Kato, 1999; KANG et al., 2000a; HUANG et al., 2002;
ZHANG et al., 2002; BARBA-GONZALEZ et al., 2006; AKUTSA
et al., 2007; DEWITTE et al., 2010; WANG et al., 2012),
owing to the high cost and toxicity of colchicine. High
temperature, as an atoxic physical agent, is especially
favourable for polyploid breeding because of its opera-
tional advantages and uniformity of treatments. MASH-
KINA et al. (1989) and KANG et al. (2000a) induced more
than 80% artificial 2n pollen with high temperature in
P. alba and P. tomentosa X P. bolleana respectively. In
our study, 45 triploid hybrids were produced, suggesting
that high temperature treatment is effective for triploid
production during embryo sac development of Populus.

The mechanism of high-temperature-induced 2n
pollen formation has been studied frequently, owing to
the ease of observation of male gamete development.
High temperature treatment usually results in meiotic
abnormalities, including synapsis failure, chromosome
stickiness and laggards (MALIK, 1960; HAN et al., 1996).
In Populus and Rosa, KANG et al. (2000a) and PECRIX
et al. (2011) respectively found that high-temperature-
induced spindle misorientations in the second meiotic
division led to production of dyads and triads, which
developed into 2n pollen grains. Moreover, high temper-
ature could inhibit cell plate formation, which caused
aberrant cytokinesis (KaNG et al., 2000a). However,
because abnormal development of female gametes with-
in the ovules is difficult to monitor, the mechanisms
responsible for high-temperature-induced 2n egg forma-
tion remain uncertain.
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In general, the effective stages for gamete chromo-
some doubling differ between colchicine and high-tem-
perature treatment. In 2n pollen induction of Populus,
the pachytene stage during microsporogenesis is the
most suitable stage for colchicine treatment (KANG et
al., 1999), whereas the optimal stage for high-tempera-
ture treatment was diakinesis (KANG et al., 2000a),
which is later than pachytene. In the present study, the
third mitotic division during embryo sac development
was concluded to be the optimal stage for high-tempera-
ture-induced triploid production, which identical to that
with colchicine treatment (WANG et al., 2010). However,
the period for efficient triploid production with high
temperature (66—72 h after pollination) is slightly later
than that with colchicine (54-66 h after pollination),
possibly because diffusion of colchicine solution inside
the ovule is slower than the conduction of heat.

So far, although 2n eggs were induced by treatment of
developing embryo sacs both with colchicine and high
temperature, subsequent development of the treated
embryo sacs remains elusive. Recently, FRIEDMAN and
WiLLiaAMS (2004) discovered that the female gameto-
phyte in the earliest flowering plants probably was not
of the Polygonum type but rather was four-celled and
four-nucleate at maturity, which suggests that four-
nucleate embryo sacs might possess the capability for
fertilization. In studies of 2n egg induction during
embryo sac development, the third mitotic division dur-
ing embryo sac development was inhibited, which
resulted in production of embryo sacs with 2n eggs. The
2n eggs either take part in fertilization directly or
undergo an additional mitotic division, which should be
investigated further by cytological analysis.

Irrespective of treatment with either colchicine or
high temperature, 2n eggs produced by treatment of
developing embryo sacs are homozygous owing to inhibi-
tion of mitotic division. The significance of homozygous
2n eggs in plant breeding programs, including genetic
research and new germplasm production, was discussed
by WANG et al. (2010). The triploids produced by WANG
et al. (2010) and in this study provided new germplasm
for both cultivar selection and genetic improvement of
Populus.
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In previous studies on polyploid induction, polyploids
derived from somatic chromosome doubling usually
show superior characteristics over their diploid counter-
parts, such as larger leaves and flowers (GU et al., 2005;
ALLUM et al., 2007). In addition to environmental fac-
tors, polyploid phenotypes depend on genomic structure
and polyploidy effects. Since somatic chromosome dou-
bling does not change the genomic structure, the pheno-
typic variation should be attributable to additional
copies of existing genes and their functional diversifica-
tion. In this investigation, sexual polyploidization
involved in 2n egg induction during embryo sac develop-
ment produced a triploid population. The genomic struc-
ture of these triploids differed both among each triploid
and with their diploid parents owing to genetic recombi-
nation, and consequently the average growth of the
triploid population was not significantly different from
that of the diploid population. However, some superior
individuals that exhibit both heterosis and ploidy vigor
could be screened, so it is necessary to conduct further
genetic tests of the triploid population.
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