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ABSTRACT: In tropical countries, low seed setting is a major problem when cultivating lotus (Nelumbo nucifera Gaertn.).
This study determined seed setting in six wild lotus cultivars: Sai Rung (SR), Sam Roi Yot (SY), Klong Yong, Puttha
Monthon (PM), Rachine (RC), and Nakhon Sawan (NW). In nature, the seed-setting rates range from 52-78%. From a
stigma removal study, only a 53% seed-setting rate by self-pollination was recorded in the SR cultivar. This result was
similar to the seed setting of self-pollinated PM, although high viability of PM pollen from day 2 full bloom flowers was
observed. Self-incompatibility was studied in RC and NW cultivars. The indices of self-incompatibility of RC and NW were
both 96% indicating that self-incompatibly affects low seed setting in these two cultivars. The results showed that the low
seed-setting rate also came from seed abortion. A high value of self-incompatibility was observed in RC and NW cultivars,

but not in the other cultivars studied.
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INTRODUCTION

Lotus (Nelumbo nucifera Gaertn.) is an aquatic plant
which is widely grown in East and South-East Asian
countries where it has been used for food and
medicine for millennia. The seeds are ingredients in
several Thai dishes. The petals, stamen, torus, and
embryo are used in traditional medicines due to their
potential for cooling and healing. The flowers are also
decorative 2.

Low seed setting is a problem in growing lotus>*.
Seed setting is limited by pollination mechanisms,
such as the abundance of pollinators®> and pollen
viability*®. As lotus pollinator in tropical areas are
abundant, pollen viability is the next factor to be
considered as a cause of low seed setting. Pollen
viability corresponds to the ability of pollen to transfer
the male gamete to the embryo sac’. A low pollen
viability reduces the germination rate and lowers the
seed setting rate®°. Apart from pollen viability,
stigma receptivity, and self-incompatibility are also
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factors that could affect the seed-setting rate ' !1.

Self-incompatibility is caused by the interaction
between pollen and stigma containing a similar ge-
netic pattern; this is a mechanism that prevents in-
breeding in plants'®!'. The mechanism often co-
exists with protogyny, where the stigma develops
faster than the anther, or with protandry, where the
anther develops faster than the stigma'?>7'®,  This
sequential hermaphroditism of dichogamous type of
flower ensures that the stigma receives pollen from
other flowers rather than its own. Out-crossing pro-
motes seed setting in many plant species '* but has not
been reported in lotus.

Three forms of self-incompatibility!” were con-
sidered in this study. Sporophytic self-incompatibility
occurs where the phenotype of the pollen is deter-
mined by the pollen coat which is the sporophytic
or diploid part'®. In this form of self-incompatibil-
ity, pollen germination is inhibited as soon as the
pollen falls onto the stigma. Gametophytic self-
incompatibility occurs where the phenotype of the
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Fig. 1 Different blooming stages of flowers at (a) 2 days pre-bloom, (b) 1 day pre-bloom, (c) day 1 of full bloom, and

(d) day 2 of full bloom.

pollen is determined by its own gametophytic haploid
genotype. Self-pollen can germinate but the pollen
is shortly inhibited by stigma tissue. Cryptic self-
incompatibility occurs where stigmatic or stylar tissue
promotes germination of cross pollen grains more than
self ones 1.

Not only does self-incompatibility affect seed
setting but once fertilization has occurred, post em-
bryonic suppression also influences seed formation. If
self-fertilization occurs, the embryo development will
be further inhibited by this suppression and the seed
becomes aborted or retarded '°. However, in lotus it is
unknown whether the low seed-setting rate is caused
by self-incompatibility.

This work investigates factors affecting the viabil-
ity and germination of pollen and self-incompatibility
in several lotus cultivars. The basic knowledge gained
about pollen viability and self-incompatibility might
lead to modifications in lotus breeding programs or
changes in lotus cultivation.

MATERIALS AND METHODS
Natural pollination study

In this experiment, the study of natural seed setting
was carried out using four wild lotus cultivars: Sai
Rung (SR) 14°01’ N, 100° 25’ E, Sam Roi Yot (SY)

12°13’ N, 99° 54’ E, Klong Yong (KY) 13°59'N,
100° 23’ E, and Puttha Monthon (PM) 13°47’N, 100°
20’ E. The four cultivars were grown in a natural lotus
field in the central part of Thailand. Mature pods were
collected, and the number of pistils and mature seeds
counted to determine the seed-setting rate.

Stigma removal and seed setting

To determine whether the pollen was viable and could
germinate a tube to fertilize eggs, an artificial self-
pollination experiment was conducted in the SR cul-
tivar. The flowers were divided into four blooming
stages: 2 days pre-bloom, 1 day pre-bloom, day 1 of
full bloom, and day 2 of full bloom (Fig. 1). Flowers
at 2 days pre-bloom were bagged with cheese cloth
and were used as maternal parents (six replications).
When the maternal plants reached day 1 of the full
bloom stage, the flowers were emasculated for hand
pollination which took place at 09:00. The pollen
donors were chosen from the flowers of day 2 of
the full bloom because of the pollen shading. After
pollination, the stigmas were excised along with the
style at 0, 1, 3, and 9 h (Fig.2). The cut pistils
were allowed to develop into seeds for two weeks
and then the developed seeds were counted and clas-
sified according to their developmental stage into four

(@) (b) o0¢ Pollen grain
Stigma W
& Pollen tube
Ovary
Egg
Torus (pod)
Ovule
Excised
stigma Ovary
and style

Fig. 2 Schematic diagram showing (a) the torus of lotus and (b) styles were excised after 1, 3, and 9 h of hand pollination.
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subcategories: fully developed, stunted, aborted, and
unfertilized.

Pollen viability at different blooming stages

To determine the viability of pollen at four different
stages of blooming, the PM cultivar was chosen as ma-
ternal and paternal parents for self-pollination (Fig. 1).
As maternal parents, the flowers of 2 days pre-bloom
were bagged before artificial pollination. As the
paternal parent, the PM pollen was gathered 2 days
later from four different blooming stages at 09:00 and
were used immediately for artificial pollination.

The pollen samples were stained with 0.01%
fluorescein diacetate (FDA) in acetone®. The stained
pollen was observed under a fluorescence microscope
(Zeiss Axioskop mc80, Germany). The number of
pollen grains was randomly counted from three ob-
jective fields under the microscope and the number
of viable grains was compared to the total count.
Viable pollen grains were observed as bright green
fluorescence?'. The remaining pollen samples were
pollinated to the flowers of day 1 of the full bloom.
Thirty flowers were used for each treatment. Two
weeks after pollination, pods were collected and the
developed seeds were counted.

Pollen germination between self- and
cross-pollination in vivo

To compare pollen germination between self- and
cross-pollination, two wild cultivars of red-flowered
lotus were used in this study: Rachine (RC) and
Nakhon Sawan (NW), which were naturally grown
at 12°57'N, 99°58'E and 15°42’N, 100° 10" E,
respectively. These two cultivars were collected and
planted at Rajamangala University of Technology,
Pathum Thani, Thailand. They were used mainly as
a source of lotus seed by local farmers. RC was used
as maternal and paternal parents for self-pollination.
For cross-pollination, RC was used as the maternal
parent and NW was used as the paternal parent, and
vice versa. Flowers of day 1 of the full bloom were
used as maternal parents and flowers of day 2 of the
full bloom were used as paternal parents.

The maternal flowers of 2 days pre-bloom were
covered with cheese cloth bags to prevent natural
cross-pollination®. On the next 2 days (as day 1 of the
full bloom), these maternal flowers were emasculated
and pollinated with pollen from the paternal parents.
Thirty stigmas were taken from six flowers to observe
pollen germination. They were fixed in 70% FAA
solution and stained with 0.01% aniline blue dye to
identify pollen tube germination under a fluorescent
microscope (Zeiss, Axioskop mc80, Germany). The
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pollen grains visible in three random objective fields
under the microscope were counted and the number
of germinated grains was compared to the total count.
The walls of the pollen tubes contain callose?? which
selectively takes up aniline and emits a bright yellow-
green light? as the outline of the pollen tubes. The
non-germinated grains were slightly stained.

Self-incompatibility test

To compare seed setting between self- and cross-pol-
lination, different cross combinations were used: RC
(@) X RC ("), RC (9) X NW ("), NW () x NW ("),
and NW (@) X RC (d"). For each combination, thirty
flowers were used as maternal plants. After pollina-
tion, the flowers were allowed to develop seeds. In the
field, open pollination (OP) flowers were allowed to
pollinate naturally. The index of self-incompatibility
(ISI) was calculated using the formula documented by
Horsley and Johnson?*: ISI = 100(V.—V;)/V., where
Vs and V. are the number of seed setting per flower
from self- and cross-pollination, respectively. The
differences between the seed-setting rate per flower
in self- and cross-pollination combinations were anal-
ysed using Student’s ¢-test.

Statistical analysis

For natural pollination study, the experiment was
arranged in a completely randomized design with 4
treatments (cultivars), i.e., KY, PM, SY, and SR. There
were 8, 9, 11, and 23 replications for treatments 1,
2, 3, and 4, respectively. ANOVA was conducted
using IRRISTAT (version 4.3). Student’s t-test was
calculated based on unequal sample sizes and unequal
variances.

RESULTS
Natural pollination

In nature, the seed-setting rate of the four sacred
lotus cultivars ranged from (52 & 16)% to (78 £ 22)%
(Table 1). When compared to the PM and SY cul-
tivars, SR and KY produced the lowest and highest
percentage of seed setting, respectively. Notably, only
half of the number of pistils of SR developed into
mature seeds.

Stigma removal and seed setting

The difference in the seed-setting rate after stigma
removal at different times is shown in Fig. 3. In the
first hour after stigma removal, the seed-setting rate
was about 35% and reached the maximum rate of seed
setting (53%) at three hours after self-pollination.
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Table 1 Seed-setting rate per total number of pistils of lotus
cultivars grown naturally in different areas (mean £ SD).

Cultivar Number of pods ~ Seed-setting rate (%)"
Sai Rung 23 52+ 16°
Sam Roi Yot 11 66 + 22°
Klong Yong 8 78 +£22°
Puttha Monthon 9 72.3+7.0%

* Values followed by a different letter are significantly
different; p < 0.01 (Duncan’s New Multiple Range
Test).

Seed setting (%)
n W B o =] ~ =
8 8 8 &8 83 &8 8

°

o

0 1 3 9

Time after stigma removing (h)

Fig. 3 Percentage of seed setting of SR flowers pollinated
with self pollen and then stigmas were excised at different
times. Even though the stigmas were excised after the first
hour, fertilization was partially completed indicating that the
pollen was viable and could germinate and fertilize eggs.
The error bars indicate standard deviation from the mean
values.

Pollen viability at different blooming stages

Fig. 4b shows that the pollen from flowers of day 2
of full bloom gave the highest seed-setting rate after
being pollinated on day 1 of the full bloom. It was
clear that at this stage, the pollen was fully developed
and was ready to fertilize an egg. There was however
seed setting after pollination with the pollen from the
2 day and 1 day pre-bloom flowers indicating that
these pollen grains were able to fertilize eggs.

The pollen gathered from different blooming
stages of flowers was self-pollinated onto the stigmas
and observed for viability (Fig. 4a). The pollen grains
from un-bloomed (2 days pre-bloom and 1 day pre-
bloom) and bloomed (day 1 of the full bloom and
day 2 of the full bloom) flowers were viable based on
the FDA staining. However, the viability percentage
of the pollen from flowers of day 2 of the full bloom
was higher than that of the pollen from other stages of
blooming. Seed setting did not correlate with pollen
viability (Fig. 5).
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Fig. 4 (a) Percentage of seed setting and (b) pollen viability
on day 1 blooming flowers (as maternal parents) using
pollen from blooming stages at 2 days pre-bloom, 1 day
pre-bloom, day 1 of full bloom and day 2 of full bloom. The
results show that pollen grains from the 4 stages of flowering
are able to fertilize eggs. Bars indicate the percentile
difference between 25 and 75%.
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Fig. 5 Correlation between pollen viability and seed setting
of hand self-pollinated PM flowers indicating that the seed
setting did not relate to the increase in pollen viability.
The correlation coefficient () indicates that there is no
relationship between pollen viability and seed setting.

Pollen germination between self- and
cross-pollination in vivo

Pollen germination on the stigma surface is shown
in Fig. 6. A considerable number of pollen grains
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Fig. 6 Germinated pollen grains were stained with 0.01%
aniline blue on the stigma surface and viewed under a
fluorescence microscope.

germinated and their tubes had entered the style. The
rate of pollen germination on the stigma of the self-
pollinated RC flowers was significantly lower (< 1%)
than the rate of germination of cross pollen from NW
(p < 0.05) (Fig. 7). In both self- and cross-pollina-
tions, the germination rate reached the maximum at
two to three hours after pollination.

Self-incompatibility test

The index of self-incompatibility was calculated based
on the seed-setting rate of self- and cross-pollination.
This index showed that the RC and the NW cultivars
were highly self-incompatible (p < 0.01). These two
cultivars produced a low seed-setting rate after self-
pollination of 2.8 and 2%, respectively (Table 2). The
seed-setting rate after two weeks of self-pollination is
shown in Table 3. Among 97% of the undeveloped
pistils in RC, 56% of the seeds aborted (Fig. 8).
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Fig. 7 Percentage of pollen germination on RC stigmas (Q)
after self-pollination and cross-pollination with NW (o).
The cross-pollination increased the percentage of pollen
germination within 2 and 3 h after pollination. The error
bars indicate standard deviation from the mean values.

Table 3 Percentage of four seed types from two-week-old
pods of RC after self-pollination.

Seed type seed setting (%)
Fully developed 2.8
Undeveloped 97.2
Unfertilized 33.6
Aborted 56.3
Retarded 7.3
DISCUSSION

Natural pollination study

In this study, the seed-setting rate of the sacred lotus
varied from 52-78% under natural conditions, un-
like a previous report which gave a seed-setting rate
up to 90%3. The lotus seed-setting rate markedly
varied among cultivars»*. Many researchers have
indicated that the low seed setting in other plants
is caused by insufficient pollinators; i.e., pochote
(Pachira quinata)® , violet (Viola cornuta)*®, Chinese
plums (Prunus salicina)?’, and lotus (N. nucifera)3.

Table 2 The self-incompatibility index in RC and NW comparisons of the mean numbers of seed per flower from self- and

cross-pollination.

Cultivars Flowers pollinated Seed-setting rate (%) t-test ISI (%)
SP CP oP SP CP OP

RC (9) 30 30 100 2.8 69.2 434 Hok 96.0

NW (9) 30 30 100 2.3 50.8 61.6 ok 95.5

RC (") crossed with NW (@) and NW (d'Q) crossed with RC (@); SP = self-pollination; CP = cross-pollination;
OP = open pollination; ** = significant difference in seed-setting rate between self- and cross-pollination; p < 0.01

(Student’s t-test).
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Fig. 8 Four types of two-week-old seeds of lotus after self-

pollination: fully developed seed, stunted seed, aborted seed
and unfertilized seed. The unit is cm for the scale.

Either insufficient or ineffective pollinators lower the
number of pollen grains on the stigma'®2°, Seed set
is limited by the pollen shortage?®. A low number
of pollen grains on stigma limits the seed-setting
rate>>?° because it reduces the chance for a pollen
tube to fertilize an egg?®, especially in open polli-
nation?’. It was reported that lotus cultivars with a
high seed-setting rate were observed in regions where
pollinators were abundant?.

However, the current study showed a contrasting
result. Although the four cultivars were naturally
grown in places where Apis sp. and Trigona sp. were
abundantly found, low seed setting was observed.
Bees are the most effective pollinator for flowering
plants3®3! In the current study, bees were plentiful,
but the seed-setting rate was never over 78% (Table 1).
This indicates that not only the pollinator was an
important criterion for the seed-setting rate in lotus,
but also the interaction between pollen and pistil could
affect pollen germination and fertilization. Since
there was abundance of pollinators in the study areas,
the seed-setting rate was unlikely to be limited by
pollinators.

Stigma removal and seed setting

Approximately 35, 53, and 51% of the pistils devel-
oped into seeds even if the stigmas were cut within
1, 3, and 9 h after pollination, respectively (Fig. 3).
This indicated that there should be numerous viable
pollen grains that could germinate the tubes to fertilize
eggs. Nevertheless, not all pistils developed into
seeds indicating that self-incompatibility might exist
and affects the fertilization leading to the low number
of seed setting. The seed-setting rate could be an
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indicator to predict fertilization efficiency* % '!.

Pollen viability at different blooming stages

In this study, the pollen viability from the 2 day pre-
bloom flowers was very low (20%), indicating that
most pollen was immature. The low viability of the
pollen resulted in a low level of seed setting (35%).
The viability of pollen from the day 1 and day 2
full bloom flowers increased and led to an increase
in seed setting (Fig. 4). Similar results were found in
studies of pollen viability and seed set in sorghum32,
strawberry 33, and lotus*°.

Notably, the pollen of day 2 full bloom was fully
developed (88% viability) because it was in the shad-
ing stage of pollen under natural conditions, resulting
in an increased seed setting rate (53%). It is likely that
most pollen had the ability to germinate and invade
through the style and reach the ovary. This result is
similar to a cross-pollination study which illustrated
that the viability of pollen was around 20% but could
increase seed setting up to 18%*°.

Pollen germination between self- and
cross-pollination in vivo

Pollen germination rate increased at 2-3 h after pol-
lination. The cross-pollinated stigma allowed bet-
ter pollen germination than self-pollinated stigma.
NW cross pollen could therefore germinate at a
significantly higher rate than the RC self pollen
(p < 0.05) (Fig.7). This result indicates that in
lotus a low seed setting rate is related to self-in-
compatibility. Wang et al* and Teng et al® how-
ever showed that the maximum number of germi-
nated pollen of jinsenianhua x ginhuaihuadeng, and
ginhuaihuadeng X jinsenianhua lotus was highest at
4 h after pollination. Self-pollinated plants with a
low pollen germination rate have been reported in
other plants?”3*35. In Chaenomeles japonica self
pollen deterioration occurs and the pollen tubes stunt
at 3 days after pollination, whereas the cross pollen is
able to grow rapidly into the style. In the self pollen
case, the germinated tube arrest in the style, while the
cross pollen is able to grow successfully in the style3>.

Self-incompatibility test

The results of artificial pollination revealed that there
was self-incompatibility in RC and NW cultivars.
Both RC and NW showed similar self-incompatibility
(Table 2). The seed-setting rate in both cultivars was
higher after cross-pollination than in self-pollination
indicating that seed setting was limited by self-polli-
nation. For the SR and the PM cultivars, seed set-
ting by self-pollination was rather high (around 40%)
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(Fig. 3 and Fig. 4b, respectively) which indicated that
self-incompatibility did not have the same intensity
in other cultivars of lotus compare to NW and RC.
The result was similar to that of Mansur et al*® who
studied self-incompatibility in Huilli (Leucocoryne
sp.).

Lotus has a protogynous flower where its stigma
receptivity is one day earlier than the shading of the
anthers. Protogyny and protandry often co-exist with
self-incompatibility to prevent self-gamete fertiliza-
tion!% 12 Self-incompatibility occurs commonly in
many flowering plant species3®. The degree of self-in-
compatibility is illustrated by the index of self-incom-
patibility?*. Normally, in self-incompatible and self-
compatible plants, the index of self-incompatibility is
greater than 80% and less than 50%, respectively’.
In self-incompatible plants, self-pollination lowered
the seed-setting rate ' whereas cross-pollinated plants
gave a higher fruit setting rate 3363839 Manual self-
pollination did not increase the seed-setting rate due
to inbreeding depression>®3%40, Self-incompatibility
in Crape myrtle (Lagerstroemia spp.), inhibits pollen
tube elongation and fruit set*!.  Cross-pollinated
flowers of Bulnesia give a more than 35-fold higher
seed-setting rate than self-pollinated flowers*°. Cross-
pollination increases the rate of fertilization in Pseu-
dowintera asillaris*>. However, self-incompatibility
partially limits seed set in Flourensia cernua''.

In the current study, low seed setting was found
under natural conditions. The result is similar to the
artificial self pollination study which showed that the
pollen viability and pollen germination ability were
high, but the seed-setting rate never exceeded 53%
(Fig. 4b). Possibly, self-incompatibility inhibited the
growth of the pollen tube in the style and prevented
pollen nuclei from fertilizing the eggs*’. This self-
incompatibility lead to a low seed-setting rate. The
delay in pollination increased the abortion rate of
self-seed setting®*. The presence of 56% aborted
seed (Table 3 and Fig. 8) indicated that some post-
embryonic suppression existed and this could affect
the seed-setting rate. Embryo abortion has also been
reported in another study of lotus*. Seed abortion was
also obtained in self-pollination of Silene vulgaris'>

and in Capparis™®.

CONCLUSIONS

Pollen from un-bloomed flowers can be used for
fertilization. Both of the day 1 and day 2 full bloom
flowers were suitable to use as maternal parents. The
study of pollen viability and germination indicated
that the low seed-setting rate was involved with self-
incompatibility of lotus. Moreover, the results show
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that self-incompatibility did not exist in all lotus
cultivars.

The basic knowledge gained from this study is
useful for breeding programmes of lotus. From
the study it was found that pollen from un-bloomed
flowers can be used for fertilization and the time
required to achieve seed setting is 3 h. The RC and
NW wild cultivars, with each having a high index of
self-incompatibility, are not suitable to be grown as
a single cultivar. To increase cross-pollination and
seed setting, the different cultivars must be grown in
contiguous areas.
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