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Improving the efficiency of hybrid combination preparation in rice
breeding by a modified flowering stimulant
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Abstract: The utilization of hybrid vigor is an important breakthrough in the history of rice breeding. To select the best
hybrid combinations, breeders manually perform extensive testing of hybridizations between restorer and sterile lines, which
is a laborious and time-consuming process. Here, we report that a modified flowering stimulant containing methyl jasmonate
(MeJA), 6-benzylamine adenine and Kkinetin effectively promotes the flowering and seed set of male-sterile rice lines.
Different concentrations of the ingredients were tested to identify an optimal formulation. Seed quality evaluation indicated
that hybrid seeds from plants sprayed with the flowering stimulant had a higher germination rate than seeds from plants
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prepared by glume-cutting.

In summary, the modified flowering stimulant described in this study may help reduce the labor

requirement associated with hybrid rice breeding and improve yield and efficiency.
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1 Introduction

Rice (Oryza sativa L.) is one of the most important food crops
worldwide and a staple food for more than half of the world’s
population. Breeding of high-yielding rice is crucial for meeting
the food demand of the increasing world population and increasing
consumption™™?.  In the past several decades, semi-dwarf breeding

and the utilization of heterosis have markedly improved rice yield®,

Hybrid rice is mainly based on the three-line and two-line
male-sterile systems.  The three-line male-sterile system is
comprised of a male-sterile line, maintainer line and restorer line.
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In hybrid rice varieties, the heterozygous first filial (F1) generation
exhibits a yield advantage of 10%-20% over the inbred parental
lines!®. In the process of rice breeding, elite hybrid rice varieties
are identified by testing thousands of hybridizations between
restorer and sterile lines. The conventional hybridization method
requires breeders to manually cut the spikelet glumes to pollinate
male-sterile lines, which is laborious and time consuming. To
overcome these disadvantages and improve efficiency, breeders
have developed several treatment methods. CO, can efficiently
induce the flowering of male-sterile lines in a short amount of time,
and this strategy has been utilized in rice hybridization!®".
However, it cannot be applied in paddy fields due to equipment
limitations. Jasmonate (JA) and methyl jasmonate (MeJA) are
well recognized lipid-derived stress hormones that function in a
remarkable number of plant developmental events, including
primary root growth, reproductive development and leaf
senescencel®®.  Previous research indicated that MeJA can induce
rice floret opening within approximately 30 min®”, and other
studies made important advancements in the application of MeJA
to induce substantial and rapid flowering of male-sterile lines™.
Although MeJA application obviously improves the efficiency of
rice hybridization™, MeJA is an abiotic stress-related
phytohormone with an important role in drought-induced grain
yield reduction®®.  As such, exogenous MeJA causes seeds to fall
off from the panicle after pollination, which strongly affects the
quantity and quality of hybrid seeds. In this study, an optimal
flowering stimulant formulation was identified to address the
problem of grain falling associated with exogenous MelA
application in rice. Specifically, 6-benzylamine adenine (6-BA)
and kinetin (KT) were incorporated into the formulation of the
flowering stimulant to mitigate the grain-shattering effect of MeJA.
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In brief, application of this modified flowering stimulant in hybrid
rice breeding may reduce grain shattering and help ensure high
hybrid seed quality and high work efficiency.

2 Materials and methods

2.1 Plant materials and growth conditions

In this study, the flowering stimulant solutions were tested
using a typical thermo-sensitive genic male-sterile (TGMS) line,
Jin-4155S (Hunan Yahua Seed Industry Research Institute, China),
and five cytoplasmic male-sterile (CMS) lines: Chuankang-606A
(Sichuan Academy of Agricultural Sciences, China), Quan-9311A
(Quanyin Hi-Tech Seed Industry Co. Ltd., Anhui, China),
Yixiang-1A (Yibin Academy of Agricultural Sciences, China),
Qingxiang-1A (Yufeng Seed Industry Co., Ltd., Sichuan, China)
and Chuannong-1A (cultivated by our group). All plants were
grown in the paddy fields of the Rice Research Institute of Sichuan
Agricultural University (Chengdu, China) or Lingshui (Hainan
Province, China) during the natural growing season.

2.2 Flowering stimulant preparation

Stock solution preparation: Tween-20 (20% V/V) was prepared
by diluting pure Tween-20 by 5 times with distilled water,
Tween-20 (20% V/V) solution storage at room temperature; 6-BA
(1 mg/mL) and KT (1 mg/mL) were prepared by dissolving 100 mg
regent to 10 mL distilled water contains few drops of hydrochloric
and increasing the volume of the solution to 100 mL after
dissolution, stock solutions were keep at 4°C. The different
stimulant formulations were obtained by diluting the stock
solutions to the desired final concentrations. It should be noted
that MeJA (4235 mmol/L, 1 g/mL) is insoluble in water, equal or
double volumes of ethyl alcohol was mixed with MeJA as
cosolvent before mixing with other stock solutions. Finally, the
flowering stimulant solutions were mixed uniformly by hand or by
vortexing.

2.3 Application of the flowering stimulant

The following steps were performed to apply the flowering
stimulant:

(1) Panicle selection and trimming. For each of the
male-sterile lines, mature panicles breaking out of the leaf sheath
were selected. Additionally, it was important to select panicles in
which the upper 1/3 to 1/4 of the spikelets had naturally flowered.
These flowered spikelets were cut off with scissors, and the
remaining branches were evenly dispersed by shaking to ensure
that the flowering stimulant could be uniformly sprayed onto the
surface of the remaining spikelets.

(2) Spraying of the flowering stimulant. The flowering
stimulant solutions were sprayed before flowering in the morning
or after flowering in the afternoon. After spraying the stimulant
onto the surface of the rice panicles and the hybrid, paper bags
were used to pack the panicles to prevent contact with pollens from
adjacent plants. The recommended volume of flowering stimulant
was 0.5-1.0 mL per bag.

(3) Pollination. The spikelets typically flowered 20-40 min
after being sprayed the flowering stimulant in the morning.
Standard methods were used to collect the paternal pollen for
pollination.

3 Results

3.1 Evaluation of different flowering stimulant solutions
Four flowering stimulant solutions were tested in this study
(Table 1). First, we assessed the ability of the different solutions

to induce flowering in CMS lines Quan-9311A and
Chuankang-606A. All four flowering stimulant solutions rapidly
and effectively induced spikelet flowering, confirming that MeJA
as an active ingredient can independently induce spikelet flowering
(Figure 1a, Figure S1A). Grain shattering was observed in
panicles sprayed with solutions | and Ill, and it occurred to a
greater extent in panicles sprayed with solution I (Figure 1b, Figure
S1B). The high concentration of exogenous MeJA in solution 111
led to low seed set (Figure 1c, Figure S1C). Accordingly, the
panicles sprayed with solutions Il and 1V had higher seed set and
lower grain shattering. The thousand fresh seed weight (TFSW)
of the hybrid seeds was measured 15 d after fertilization (DAF).
Compared to the hybrid seeds from plants prepared by
glume-cutting, the hybrid seeds from plants sprayed with the
flowering stimulant solutions were heavier and well filled.
However, solutions Il and 1V produced the heaviest and/or greatest
number of hybrid seeds, demonstrating that these formulations are
more suitable for hybrid seed production in hybrid rice breeding
(Figure 1d and 1e, Figure S1D and S1E). Considering the cost
and efficacy of the four different flowering stimulants, solution 11
was identified as the most economical and efficient for application
in hybrid rice crosses.

Table 1 Contents of the flowering stimulant solutions
Solution MeJA/mmol-L™  Tween-20/% (V/V) 6-BA/mg-L*  KT/mg-L*

I (CK) 1 0.01 0 0
1I 1 0.01 1 1
I 4 0.01 1 1
v 1 0.01 5 5

3.2 Application of the modified flowering stimulant in
different male-sterile lines

Two distinct male-sterile systems are utilized in hybrid rice
production: cytoplasmic male sterility (CMS) and environment-
conditioned genic male sterility (EGMS)™®,  Wild-abortive-type
(WA)-CMS lines are the most widely used lines. EGMS lines
include the photoperiod- and thermo-sensitive genic male-sterile
(PGMS and TGMS) linest™®”. The following analyses of
different male-sterile lines were performed using solution I,
hereafter referred to as the modified flowering stimulant. To
assess its broader applicability, the effects of the modified
flowering stimulant were analyzed in different types of male-sterile
lines: a typical TGMS line (Jin4155S) and three distinct CMS lines
(Qingxiang-1A, Yixiang-1A and Chuannong-1A). In each of
these lines, flowering was effectively induced by the modified
flowering stimulant within 30 min after spraying (Figure 2a to 2c).
Interestingly, we found that it was optimal to select panicles in
which the upper 1/3 to 1/4 of spikelets had flowered naturally,
regardless of how much of the panicle had emerged from the leaf
sheath. Otherwise, the flowering stimulant failed to effectively
induce the spikelets to open. The selection of panicles with some
natural spikelet flowering was particularly critical in ChuannonglA.
If a fully emerged panicle without natural flowering was used,
almost no spikelets were induced after spraying with the flowering
stimulant. In contrast, approximately 90% of the spikelets could
be quickly induced if panicles with some natural flowering (upper
1/3 to 1/4 of spikelets) were selected (Figure S2).
3.3 Application of the modified flowering stimulant produces
high quality hybrid seeds

To investigate the effect of the flowering stimulant on seed
quality, we compared the appearance and germination rates of
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hybrid seeds from plants prepared by glume-cutting (i.e., glumes
manually cut with scissors) and plants sprayed with the modified
flowering stimulant. The elite hybrid restorer line Shuhui498
(R498)!*8 and CMS line Chuannong1A were used for this analysis.
As shown in Figure 3a and Figure 3b, the hybrid seeds from the
manually prepared glume-cut plants were cone-shaped and infected
with fungi (Figure 3a). In comparison, the plants sprayed with the
flowering stimulant produced plump and light-colored hybrid seeds

(Figure 3b).  After harvesting and drying the seeds, the

germination rate of the hybrid seeds from the sprayed plants was
approximately 85% (Figure 3d and 3e). In contrast, only 50% to
60% of the hybrid seeds from the glume-cut plants germinated
under the same conditions (Figure 3c and 3e). In conclusion, the
hybrid seeds from plants sprayed with the flowering stimulant had
a higher germination rate and better quality than the seeds from
glume-cut plants.
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Note: (a) Spikelet flowering of Quan-9311A panicles after glume-cutting (GC) preparation or spraying with stimulant solutions I, II, 11l and V.  (b) Comparison

of panicles and the hybrid seeds 15 days after fertilization (DAF). Spraying with MeJA alone (solution 1) or a high concentration of MeJA (solution II1)
resulted in more severe grain shattering. (c) The hybrid seed number per panicle after glume-cutting or spraying with the flowering stimulant solutions. The
application of solution Il resulted in the largest number of hybrid seeds. (d) Comparison of 15 DAF caryopses. (e) Thousand fresh seed weight of hybrid
seeds after glume-cutting preparation or spraying with the flowering stimulant solutions. The caryopses resulting from treatment with the flowering stimulant

solutions were well filled.  Scale bars: 20 mm in (a); 5 mm in (b); 10 mm in (c-d).

Values in (e) are means + SD (n =3).

Figure 1 Effects of the flowering stimulant solutions on grain shattering and seed set in CMS line Quan-9311A

.
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Note: (a) The modified flowering stimulant (solution Il) induced flowering in different male-sterile lines. From leftto right in all panels: Jin-4155S,
Qingxiang-1A, Yixiang-1A, and Chuannong-1A. (b) Application of the modified flowering stimulant resulted in high seed set and minimal grain shattering in

the male-sterile lines.

(c) Hybrid seed yield per panicle of the male-sterile lines.

Scale bars: 20 mm in (a); 15 mm in (b); 10 mm in (c).

Figure 2 Application of the modified flowering stimulant in different male-sterile lines
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Note: (a-b) The appearance of mature hybrid seeds from glume-cut plants (a) and
from plants sprayed with the flowering stimulant solution (b). (c-d)

Germinated hybrid seeds from the glume-cut plants (c) and the sprayed plants (d);

note that the former were more susceptible to infection. (e) Hybrid seeds from
plants sprayed with the flowering stimulant solution had a higher germination
rate. Scale bars: 15 mm in (a-b); 10 mm in (c-d). Values in (e) are means +
SD (n =3).
Figure 3 Hybrid seeds from plants sprayed with the modified
flowering stimulant had a better appearance and a higher

germination rate than hybrid seeds from glume-cut plants
4 Discussion

Hybrid rice technology has been a key approach for increasing
rice production to meet the food demand of growing populations in
China and other countries. China has the world's largest
contingent of hybrid rice breeders, and there has been immense
progress in rice breeding over the last 30 years. To cultivate an
elite hybrid rice variety, breeders usually need to evaluate
thousands of heterozygous F1 hybrids from crosses between
restorer and sterile lines. The conventional preparation for these
crosses involves manually cutting small spikelet glume with
scissors, which requires skilled workers and is technically
challenging, laborious and time consuming. At the same time,
industrialization and urbanization have increased the risk of labor
shortages that would negatively impact hybrid rice cultivation.
Here, we developed a modified flowering stimulant that effectively
induces flowering in male-sterile lines. The application of this
flowering stimulant may simplify the preparation process required
for rice crosses and significantly improve work efficiency. In this
study, four flowering stimulant solutions were compared to

evaluate their potential for use in hybrid rice cultivation (Table 1).
Solution 11, containing MeJA, artificial cytokinins (6-BA and KT)
and Tween-20, had optimal effects on hybrid seed production and
was identified as the most economical and efficient stimulant
formulation (Figure 1 and Figure S1). MeJA is the active
ingredient that induces spikelet flowering™®*?, but it led to grain
shattering and immature seeds when applied alone or at a very high
concentration (Figure 1b and Figure S1B). These observations are
consistent with the characterization of MeJA as a stress
response-related  phytohormonef®*, Cytokinins are key
hormones that regulate many developmental and physiological
processes in plants®2” including shoot growth, fruit and seed
development and delay of senescence, in addition to their roles in
both abiotic and biotic stress responses. In wheat, the endogenous
cytokinin level sharply increases during the phase of rapid
endosperm nuclear and cell division in the developing grain, a
phase critical in establishing final sink size®Y. Similar findings
were reported in rice?*?! indicating that cytokinins are critical for
seed development and maturation. Meanwhile, the treatment of
young wheat seedlings with MeJA results in a rapid and transient
increase in the level of cytokinins, indicating that endogenous
cytokinins promote growth and have protective effects in response
to exogenous MeJA application®! . In this study, we found that
exogenous artificial cytokinins (6-BA and KT) effectively
mitigated the grain shattering caused by MeJA (Figure 1b, 1c and
le). Specifically, 6-benzylamine adenine (6-BA) and kinetin (KT)
with optimal concentration were incorporated into the formulation
of the flowering stimulant to mitigate the grain-shattering effect of
MeJA and help ensure high hybrid seed quality.

5 Conclusions

The key innovation of this research is the use of synthetic
cytokinins to antagonize or eliminate the adverse effects of MeJA
in rice. This strategy enhances the applicability of
MeJA-containing flowering stimulants for the preparation of rice
crosses in hybrid rice breeding. The application of this flowering
stimulant may simplify the preparation process required for rice
crosses and significantly improve work efficiency.
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