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Abstract

Polyploid breeding has the potential to
increase the economic secondary metabolites of
Eucommia ulmoides. However, pollination with
induced ploidy-mixed pollen has failed to pro-
duce polyploids (GAO, 2006). In this investiga-
tion, the morphological characterization and in
vitro germination of heat-induced ploidy-mixed
pollen of E. ulmoides were analysed to deter-
mine why there is no polyploid production.
Heat-treated pollen grains were easily distin-
guished as large and small according to their
length. The large pollen grains were signifi-
cantly longer than both untreated and heat-
treated small samples, suggesting that they
were probably 2n pollen. Rather than the three
germinal pores in small pollen, the large grains
typically had four pores and, in some cases,

shallow furrows, which might affect their ger-
mination. Although the maximal germination
rates of the treated small and large pollen were
not significantly different, the large pollen ger-
minated tardily during the early stages of incu-
bation. The small pollen maintained its growth
during the incubation, but the tube growth of
large pollen almost stopped after 24 h incuba-
tion. Both vegetative and generative nuclei in
the large pollen moved into tubes later than in
small pollen and the frequency of mitosis in
generative nuclei of large pollen was low. There-
fore, the tardy germination, poor tube growth,
and weak activity of both vegetative and gener-
ative nuclei probably caused the poor competi-
tion of large pollen in certation. Finally,
techniques to increase the competition of high-
ploidy pollen and the prospect of 2n female
gamete induction in the polyploid breeding pro-
gram of E. ulmoides are discussed.
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Introduction

Eucommia ulmoides Oliver (2n =2x = 34), an
endangered deciduous tree species distributed
in central and eastern China, is an important
economic resource for the herbal medicine and
the organic chemical industry (YAO et al., 2012).
Some phytochemicals of E. ulmoides leaves have
been demonstrated to exhibit a wide range of
biological activities, such as antioxidant activity,
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glycation inhibitory activity and anti-obesity
activity (DAI et al., 2013). In addition,
E. ulmoides is one of the best-known trans-poly-
isoprene rubber producers, contributing to the
raw materials used in golf balls, dental supplies
and submarine cables, rather than the synthetic
rubber derived from fossil fuels (NAKAZAWA et
al., 2013). Varieties with fast growth, high back
yield and good adaptation have recently been
obtained though selection from natural
resources in China (DU et al., 2013, 2014). How-
ever, the effect of selective breeding is restricted
by the scarce wild population of E. ulmoides
(YAO et al., 2012). Moreover, gains in organism
growth and the yield of economic secondary
metabolites due to heterosis derived from
intraspecific hybridisation of E. ulmoides is
probably limited, because it is the only extant
species of Eucommiaceae (ZHOU, 1993). 

An increase in the concentration of secondary
metabolites is one of the most valuable effects of
polyploidisation (DHAWAN and LAVANIA, 1996).
NAKADOZONO et al. (2007) induced 15 tetraploids
through seed submerging in colchicine solution.
Although some metabolites changed due to
chromosome doubling, no significant changes
were found in association with the increase of
ploidy level in terms of the content and molecu-
lar weight distribution of the rubber. To produce
triploids of E. ulmoides through unilateral
 sexual polyploidization, GAO et al. (2004, 2009)
treated the male flowers using both colchicine
and high temperatures, and obtained 49.5%
and 70.2% 2n pollen respectively. However, pol-
lination with induced mixed pollen containing a
high percentage 2n grains failed to produce
polyploidy progeny (GAO, 2006).

The mode of hybridisation between n eggs and
2n pollen is considered to be uncommon in ori-
gin of polyploids, because 2n pollen does not
compete well with n pollen (HARLAN and DE

WET, 1975). In white poplar, KANG and ZHU
(1997) found that 2n pollen grains germinated
tardily and abnormally compared to normal n
pollen, which resulted in poor competition in
fertilization of 2n pollen. A similar tardy germi-
nation and low germination rate of high ploidy
pollen were reported in blueberry and citrus
(VORSA and ORTIZ, 1992; ALEZA et al., 2012).
However, VAN BREUKELEN (1982) reported that
2x pollen of Solanum tuberosum grew faster
that x pollen in styles, leading to a larger num-
ber of ovules fertilised by 2x pollen. In Lotus
tenuis, 2n pollen also germinated well, although

branched pollen tubes were observed (RIM and
BEUSELINCK, 1996). For E. ulmoides, the germi-
nation characteristics of 2n pollen are still
unclear, limiting our understanding of the
effects of certation.

In the present study, we investigated the rea-
son for the lack of polyploid production after
pollination with ploidy-mixed pollen. The mor-
phological variation of heat-treated pollen
grains E. ulmoides was analysed by light and
scanning electron microscopes (SEM) and the
germination characteristics of different pollen,
including germination rate, tube growth and
nucleus development, were compared by in vitro
tests. 

Materials and Methods

Plant materials

Normal untreated pollen was collected from a
male plant of E. ulmoides growing at the cam-
pus of Beijing Forestry University. Ploidy-mixed
pollen, with approximately 45% 2n pollen, was
obtained by heat shock treatment in the same
plant according to GAO et al. (2009), who found
that the 45–47°C for 3–4 h is suitable for 2n
pollen induction of E. ulmoides. Briefly, the
male flower buds were collected from the plant
for meiosis observation every 3 hours. When
pollen mother cells developed into diakinesis,
flower branches were exposed to a temperature
of 46°C for 4 h using a patent device (KANG et
al., 2007). The pollen samples were collected
when maturity and used for morphological
observation and were germinated immediately.

Morphological observation of pollen grains

The morphology of pollen was examined using
both light and SEM. For light microscopic
observation, pollen samples were stained with
2% aceto-carmine on a slide to indicate the dif-
ference in pollen size. Because it is difficult to
ensure the orientation of pollen axis on the
aceto-carmine stained slides, the measurements
of pollen length and width were conducted
based on SEM photographs. For SEM examina-
tion, air-dried pollen was mounted directly on
aluminum holders using one-sided sticky tape,
and sputter-coated with Au/Pd. The photomicro-
graphs were captured using a Hitachi S-3400N
II SEM. The length and width of 100 untreated
grains and 184 heat-treated grains were meas-
ured randomly by reference to scales. 
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In vitro germination and analysis of pollen

Following YOU et al. (2014), freshly collected
pollen samples were cultured at a concentration
of 0.25 mg·mL–1 in a liquid medium containing
200 g·L–1 sucrose, 30 mg·L–1 boron acid and
10 mg·L–1 calcium nitrate (pH 6.8) with 100
rpm rotation at 26°C to examine the germina-
tion characteristics. 

After fixation in 4% paraformaldehyde, the
samples were observed at 2, 4, 6, 8, 12, 18, 24,
32, 40 and 48 h after culturing (HAC) to deter-
mine any changes in germination rate and tube
length. Pollen grains with tubes longer than
their diameters were considered to have germi-
nated (ABDELGADIR et al., 2012). At least 300
pollen grains were observed in each observation
to analyze the germination rate. The length of
the tube was measured from the germinal pore
to the top of the tube using an ocular microme-
ter. Fixed pollen tubes were stained with  
4’,6-diamidino-2-phenylindole (DAPI) to deter-
mine the position and development of pollen
nuclei. More than 50 tubes were randomly
selected to measure the tube length and deter-
mine the nucleus location in each observation.

Statistical analysis

Analyses of variance (ANOVA) among
untreated pollen, induced small pollen and
induced large pollen were performed on pollen
length, germination rate and tube length, and
the means were compared using a protected

least significant difference (LSD, P<0.05). Prior
to analysis, the germination rate data were
transformed by the arcsine of the square root of
p/100. The mean widths of untreated and
induced pollen were compared using an
unpaired t-test. Pearson’s correlation coefficient
was calculated for the relationship between
pollen length and width. All statistical analyses
were performed using SPSS software (version
18.0). 

Results

Morphological variation of between untreated
and heat-treated pollen

The 2n pollen grains were larger than normal
haploid pollen grains (Fig. 1a). The SEM analy-
sis showed that both untreated pollen and the
small pollen grains in heat-treated pollen had
three germinal pores (Fig. 1, panels b and c,
respectively), but the 2n pollen had four pores
(Fig. 1d). In addition, the germinal furrows
became shallow in some large pollen grains
(Fig. 1e).

The length of heat-treated pollen grains var-
ied from 24.97 to 39.25 µm, with an average of
31.89 µm (±3.76), while the length of untreated
grains ranged from 26.05 to 35.20 µm, with a
mean of 31.67 µm (±1.53). Histograms of the
distribution of pollen length showed that the
length of untreated pollen followed an approxi-
mate Gaussian frequency distribution, but the

Figure 1. – Morphology of untreated pollen and heat-treated pollen in
Eucommia ulmoides.
a. Heat-treated pollen grains under a light microscope showing the difference
in size. b. Untreated pollen grain under SEM with three germinal pores. 
c. Treated small grain with three pores. d. Treated large grain with four
pores. e. Treated large grain showing shallow furrows. Bars are equal to 20
µm in (a) and to 10 µm in (b)– (e).
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length of the heat-treated pollen had a bimodal
frequency distribution (Fig. 2a), suggesting a
divergence of ploidy level. We divided the
treated pollen grains into small and large
groups, with a threshold of 32 µm, which was
the lowest position between the two peaks. The
mean pollen length for the treated small pollen
grains and large grains was 28.68 µm (±1.44)
and 35.63 µm (±1.62), respectively. The ANOVA
revealed a significant difference in length
between the untreated pollen, treated small
pollen and treated large pollen (P<0.0001). The
length of the treated large pollen was signifi-
cantly larger than that of the untreated pollen
(P<0.0001) and the length of treated small
pollen was significantly smaller than that of the
untreated pollen (P<0.0001).

The width of the untreated pollen and heat-
treated pollen arranged from 20.17 to 25.29 µm
(mean=22.63±1.00 µm) and from 17.48 to 30.52
µm (mean=21.85±2.15 µm), respectively, which
suggested that the high-temperature treatment
increased the variation in pollen width. The
unpaired t-test indicated a significant difference
between the mean widths of untreated and
heat-treated pollen (t=4.1870, P<0.0001). The
width of both the untreated and treated pollen
followed approximate Gaussian frequency dis-
tributions (Fig. 2b), suggesting that exposure to
high temperature did not diverge the width of
pollen grains. The width of treated pollen grains
was strongly correlated with the length
(r=0.5396, P<0.0001), indicating that the large
pollen grain probably also had a large width. 

Figure 2. – Frequency distributions of the length and width of
untreated and heat-treated pollen grains.
a. Frequency distributions of untreated and heat-treated pollen
length. b. Frequency distributions of untreated and heat-treated
pollen width.
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Germination characteristics of different sized
pollen

Untreated pollen, and heat-treated small and
large pollen were all able to germinate in vitro
(Figs. 3a and b), but their germination rates
were different (Fig. 3c). The germination rate of
the untreated pollen reached 17.50 ± 0.82%
within the first 2 h of culturing and increased
sharply before 6 HAC. Nearly 38% of the
untreated pollen grains germinated after incu-
bation for 6 h. The percentage germinating con-
tinued to gradually increase and reached a
maximum of 48.59 ± 2.18% at 48 HAC. In con-
trast, although the heat-treated small and large
pollen had similar germination rates (Fig. 3a),
both were significantly lower than the germina-
tion rate of the untreated pollen, suggesting the
low germination potential for heat-treated
pollen. Just a few treated small pollen grains
(0.70 ± 0.09%) and no large pollen were germi-
nated at 2 HAC. Before 18 HAC, the germina-

tion rate of treated small pollen was signifi-
cantly higher than that of the large pollen, indi-
cating that the large pollen germinated tardily
during the early stages of incubation. The maxi-
mal germination percentage was 20.01 ± 0.80%
for the treated small pollen and 20.00 ± 1.92%
for the large pollen, and this difference was no
significant. In addition, the germination rates
of both the treated small and large pollen
increased sharply within the first 8 h incuba-
tion, which was later than for the untreated
pollen, suggesting that the heat-treated pollen
germinated more slowly than the untreated
pollen. 

The tubes of the untreated pollen were, on
average, longer than those of the heat-treated
pollen (Fig. 3d). Although the tube lengths of
the treated small pollen were shorter than
those of the untreated pollen, their development
was similar (Fig. 3d) with rapid growth after 24
h incubation. The tube length of the untreated

Figure 3. – Germination characteristics of untreated, and heat-treated
small and large pollen.
a. Germinating untreated pollen grains. b. Germinating treated small
and large (arrow) pollen grains. c. The change in germination rate of
pollen with incubation time. d. The change of pollen tube length with
incubation time. Bars in (a) and (b) are equal to 50 µm. The lower cases
in (c) and (d) represent significant differences among untreated pollen,
treated small pollen and large pollen for the same incubation time
according to a Least Significant Difference (LSD) test (P<0.01). The
first, second and third lines of lower cases in (c) and (d) are correspon-
ding to untreated pollen, treated small pollen and large pollen, respec-
tively. Error bars indicate standard error.
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pollen and treated small pollen reached
363.14 ± 30.51 µm and 311.84 ± 18.51 µm after
48 h incubation. In contrast, the tube length of
the large pollen remained constant at nearly
200 µm, which was significantly lower than
that of both untreated pollen and treated small
pollen, suggesting that the tubes of the large
pollen did not grow well in the late period of
germination.

Development and movement of pollen nuclei

Both small and large pollen of Eucommia
ulmoides are two-celled, with no mitosis occur-
ring in the generative nucleus (Figs. 4a and b).
Generally, the vegetative nucleus entered into
the pollen tube ahead of the generative nucleus
(Figs. 4c and d), but tubes where the generative
nucleus entered first were also observed 
(Fig. 4e). For untreated pollen, both vegetative
and generative nuclei entered into the tube
 rapidly within the first 4 h incubation (Figs. 4g

and h). When the untreated pollen germinated
after 18 h, all of the vegetative nuclei were in
the tubes of germinated grains. All generative
nuclei entered the tubes of germinated pollen
grains at 40 HAC. Compared to the untreated
pollen, the vegetative and generative nuclei of
both heat-treated small and large pollen grains
always moved more slowly (Figs. 4g and h). 
The treated small pollen grains moved their
nuclei into the tubes after 2 h incubation.
Although the vegetative nuclei of the treated
small pollen could completely enter into the
tube, the frequency of tubes with generative
nuclei did not reach 100% until 48 HAC. 
The treated large pollen began to move their
nuclei into tubes later (after 4 h incubation).
Within 48 h incubation, the maximal frequen-
cies of tubes with vegetative and generative
nuclei in the large pollen were 87.27% and
80.00% respectively, suggesting that not all
nuclei of the large pollen were able to move into
the tubes. 

Figure 4. – Movement and development of nuclei of untreated pollen, heat-treated small pollen and
large pollen in different incubation time. 
a. Vegetative and generative nuclei in untreated pollen grains. b. Nuclei in treated small and large
(arrow) pollen grains. c. Vegetative nucleus ahead of generative nucleus in a pollen tube. d. The
nuclei in the tube of large pollen. e. Generative nucleus ahead of vegetative nucleus in a pollen tube.
f. Sperms developed from a generative nucleus after mitosis in a tube. g. The changing frequency of
vegetative nuclei in tubes with incubation time. h. The changing frequency of generative nuclei in
tubes with incubation time. i. The changing frequency of generative nuclei carried out mitosis with
incubation time. Bars in (a)– (f) are equal to 20 µm.
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Mitosis of the generative nucleus followed,
forming sperms in the tube (Fig. 4f). Almost all
pollen samples began the mitosis of generative
nuclei after 8 h incubation (Fig. 4i). However,
not all germinated grains completed the mito-
sis. The maximal frequency of tubes completing
mitosis in untreated pollen samples was
65.04%, which was higher than in both heat-
treated small and large pollen (60.71% and
42.37% respectively), suggesting that the gener-
ative nuclei of the heat-treated pollen did not
divide well. 

Discussion

Unreduced pollen production has received
substantial attention with regard to sexual
polyploidisation because of its easy detection by
size. Cell size increases with increasing DNA
content (BRETAGNOLLE and THOMPSON, 1995).
For species with spherical pollen grains, the
pollen diameter can be used directly to estimate
the production of 2n pollen (ORTIZ, 1997; FALIS-
TOCCO et al., 1995; MASHKINA et al., 1989). How-
ever, E. ulmoides have olivary pollen grains
with a polar and equatorial axis. In our study,
although the width (equatorial diameter) of the
heat-treated pollen approximately followed a
Gaussian frequency distribution, the pollen
length (polar axis) conformed to a bimodal fre-
quency distribution. This is consistent with the
frequency distribution of the pollen diameter in
unreduced pollen producers (TONDINI et al.,
1993; WANG et al., 2010a), suggesting that the
high-temperature treatment resulted in the
divergence of pollen size and production of 2n
pollen grains. In E. ulmoides, the length of
pollen grains could be considered to be a crite-
rion for distinguishing pollen with a high ploidy
level, which is also possible in oat (KATSIOTIS

and FORSBERG, 1995). The range of both lengths
and widths of the treated pollen was wider than
for the untreated pollen, suggesting that the
heat stress might lead to meiotic cytokinesis
defects (OKAZAKI et al., 2005; PÉCRIX et al.,
2011). 

The number of germinal pores in pollen grains
usually increases with changes in the ploidy
level (CRAMER, 1999). In Trifolium, diploid
plants produce almost exclusively pollen grains
with three pores, but the pollen grains of chro-
mosome-doubled plants predominantly have
more than three germinal pores (NAJC̆EVSKA

and SPECKMANN, 1968). CRAMER (1999) reported

that diploid plants of Geranium have 1 to 3
pollen germinal pores (mean = 2.1), while
tetraploid plants have 3 to 5 (mean = 3.8). In
this study, all of the small pollen grains of
E. ulmoides had three germinal pores. However,
the 2n pollen grains typically possessed four
pores. Shallow germinal furrows were observed
in some large pollen grains. Therefore, the vari-
ation in the number of germinal pores could
also be used as an indicator to distinguish the
production of 2n pollen (CRAMER, 1999). The
variation in germinal pores might affect the
germination of pollen grains. 

In Populus, 2n pollen germinated tardily and
abnormally, resulting in the rare production of
triploids after pollination using pollen with a
high frequency of 2n pollen (KANG and ZHU,
1997). In our investigation, the germination
rates of both heat-treated small and large
pollen of E. ulmoides were lower than the nor-
mal untreated pollen, suggesting that high-tem-
perature treatment during meiosis could
decrease the viability of pollen (PÉCRIX et al.,
2011). Although the maximal germination rates
of the treated small and large pollen were not
significantly different, the large pollen germi-
nated tardily in early incubation stages, sug-
gesting the tardy germination of 2n pollen
(KANG and ZHU, 1997). The small pollen main-
tained its growth during incubation, but the
growth of the pollen tubes of 2n pollen almost
stopped after 24 h incubation, indicating that
the tubes of 2n pollen grains did not grow as
well as those of n pollen. Both vegetative and
generative nuclei in the large pollen moved into
tubes later than in the small pollen, and not all
of the nuclei in large pollen could enter the
tubes. The frequency of generative nuclei con-
ducting mitosis in large pollen was also lower
than in the small pollen. This implies that the
activities of vegetative and generative nuclei in
2n pollen might be weaker than in n pollen.
Therefore, the tardy germination, poor tube
growth, and weak activity of the vegetative and
generative nuclei caused the poor competition of
2n pollen in certation, resulting in the lack of
polyploid production after pollination with
induced ploidy-mixed pollen in E. ulmoides
(GAO, 2006). 

Although competition in the fertilisation of
unreduced pollen is low in many plants (HAR-
LAN and DE WET, 1975; KANG and ZHU, 1997;
VORSA and ORTIZ, 1992; ALEZA et al., 2012),
some methods have been developed to enhance
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the efficiency of sexual polyploidisation in unre-
duced pollen. Unreduced pollen grains could be
mechanically sieved through a nylon mesh to
achieve an enrichment based on the difference
in the size between normal and unreduced
pollen (EIJLANDER, 1988; TAKAMURA and MIYA-
JIMA, 2002; OKAZAKI et al., 2005; SUGIURA et al.,
2000; ZHANG et al., 1997). Velocity sedimenta-
tion has been also used to separate large and
small pollen effectively from a heterogeneous
mixture of potato (SIMON and SANFORD, 1990).
KANG et al. (2000) found a difference in the
radio-sensitivity of pollen with different ploidy
levels in white poplar, and confirmed that treat-
ment with the correct dosage of 60Co �-ray radi-
ation could either kill small pollen or reduce
their activity, but large pollen remained active.
The frequency of triploid production increased
to 12.9% though pollination with the radiated
ploidy-mixed pollen (KANG et al., 2000). In addi-
tion, in vitro pollination has been performed
with selected unreduced pollen grains in poplar
of section Populus to successfully produce
triploids (EWALD and Ulrich, 2012). These meth-
ods should be used in further studies of sexual
polyploidization in E. ulmoides, to overcome the
poor competition of induced 2n pollen. However,
in vitro pollination might be unfeasible because
of the long time for seed maturity (approxi-
mately 6 months) in E. ulmoides. 

Recently, hybridisation with induced 2n
female gametes was confirmed to be an efficient
approach for polyploid production (LAI et al.,
2015; LI et al., 2008; WANG et al., 2010b, 2012a,
b; WU et al., 2007; XI et al., 2014), because com-
petition from normal female gametes could be
avoided. It should be noted that WANG et al.
(2012b) obtained 146 triploids with high triploid
production rate (60%), through high-tempera-
ture treatments during megasporogenesis in
Populus, which exhibited a high efficiency of
polyploid production. Both colchicine and high
temperature were successfully used in the
induction of 2n female gametes, but the high-
temperature treatment had more potential, due
to its atoxic, economic and procedural advan-
tages (WANG et al., 2012a, b). The colchicine or
high-temperature treatment could be conducted
during megasporogenesis and embryo sac devel-
opment (LI et al., 2008; WANG et al., 2010b,
2012a, b). The 2n female gametes characterised
by first meiotic division restitution (FDR), sec-
ond meiotic division restitution (SDR) and post
meiotic restitution (PMR) could be induced,
depending on the stages of cell development in

the enforced treatment (WANG et al., 2010b,
2012a). Different types of 2n gametes can trans-
mit different levels of parental heterozygosity to
the progeny (MENDIBURU and PELOQUIN, 1977;
BASTIAANSSEN et al., 1998), and have important
roles in the improvement of economic traits and
genetic studies in crops and trees. Therefore,
induction of 2n female gametes should be
included in the polyploid breeding program of
E. ulmoides, and different methods should be
used to produce polyploids.
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Individual, fruit, and annual variation in 
correlated mating in a Genipa americana population
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Abstract

In this paper, we use six microsatellite loci to
examine a spatially isolated population of
Genipa americana in relation to mating system
variation at the level of individual and among
and within fruits, over two reproductive events.
For our analysis, we sampled hierarchically
among and within fruits open-pollinated seeds
collected from 13 seed trees during the repro-
ductive event in 2010 and 12 seed trees in 2011.
The rate of mating among relatives (1–  ts) was

significantly greater than zero and different
between the investigated reproductive events,
indicating that some seeds are inbred. The esti-
mate of fixation index (Fo) was significantly
higher than zero for seeds from both reproduc-
tive events (2010: Fo = 0.258; 2011: Fo = 0.294),
confirming that seeds present inbreeding, prob-
ably originated from mating among full-sibs.
The multilocus paternity correlation within
fruits (rp(w)) and among fruits (rp(a)) varied
among seed trees and reproductive events. The
rp(w) was significantly higher than rp(a) in both
reproductive events, suggesting that it is more
likely to find full-sibs within fruits (2010:
36.4%; 2011: 72.4%), than among fruits (2010:
18.9%; 2011: 12.8%). Due to the presence of
inbreeding, mating among relatives and corre-
lated mating, the within families coancestry
coefficient (�) was higher and the variance
effective size (Ne) lower than expected in open-
pollinated families from panmictic populations
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