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Abstract One of the difficult problems in hybrid
rice seed production is the low outcrossing frequency
and requirement for much labor to produce hybrid
seeds. In order to simplify the process of hybrid rice
seed production, herbicide-resistant photoperiod sen-
sitive genic male sterile (HRPGMS) rice was utilized
in this study. The herbicide resistance gene bar was
transferred into the photoperiod sensitive genic male
sterile (PGMS) rice 920S by Agrobacterium-medi-
ated transformation and the HRPGMS line
YA3530ms with good agronomic characteristics
was bred by applying conventional pedigree breeding
technique. The seeds of HRPGMS and pollen parent
were mixed with the ratio of 4:1 in weight, and were
sowed in seedling box. The mixed seedlings of
HRPGMS and pollen parent grown for 30 days were
transplanted by the small transplanting machine in
the field. The herbicide glufosinate ammonium was
sprayed at 7 days after flowering to kill all the plants
of pollen parent, whereas hybrid seeds were
harvested from the survived HRPGMS parent at
maturity. The outcrossing frequency of HRPGMS
line from two combinations in 2002 and from five
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combinations in 2004 were compared with a control
cultivated by the conventional 2-line system. As the
result, the mean outcrossing frequency in HRPGMS
of the treatments were 10.6-24.5% compared with
5.5% in PGMS of the control in 2002, and that were
24.7-32.0% compared with 7.5% in the control in
2004. Consequently, using HRPGMS in two-line
system was proved to be a new method that would
simplify the process of hybrid rice seed production
and to increase outcrossing frequency without any
artificial supplementary pollination processes.

Keywords Genic male sterility - Herbicide
resistance - Hybrid seed production - Two-line
system - Rice - Hybrid rice - Seed production -
Breeding technique

Introduction

Hybrid rice was reported to outyield inbred varieties
by 15-20% (Virmani 2003; Yuan 2003). Hybrid rice
has been utilized in China and other Asian countries
for more than 20 years. However, the process of
hybrid rice seed production is complicated and the
rate of natural outcrossing in hybrid seed production
fields is relatively low and artificial processes are
essential to increase the outcrossing frequency.
Hybrid rice seed production involves the use of the
3- or 2-line system (Mao and Virmani 2003; Mou
et al. 2003; Rongbai and Pandey 2002; Rutger 2001;
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Virmani et al. 1982; Yuan and Virmani 1988). In the
3-line system, the cytoplasmic male sterile (CMS),
maintainer and restorer lines are used. In 2-line
system, the photoperiod sensitive genic male sterile
(PGMS) or thermo-sensitive genic male sterile
(TGMS) and pollen parent, should be sown, trans-
planted and harvested separately from alternating
blocks. The additional artificial processes such as
spraying gibberellic acid (GAj), driving rod, rope
pulling and/or utilizing motorized pollinator are
essential to increase the outcrossing frequency
(Jagadeeswari et al. 2004; Molina et al. 2003; Pandey
et al. 2003; Suralta and Robles 2004; Zeng et al.
1999). The outcrossing frequency of the normal rice
is lower than 0.5% in natural condition and that of the
male sterile rice planted together with the pollen
parent is 5.0-7.5% under natural conditions with no
artificial treatments (Kim 2003). This level of
outcrossing is insufficient for commercial hybrid
seed production. Therefore, some of the artificial
processes mentioned above are utilized. Outcrossing
frequency in hybrid seed production can be increased
up to 30% by using the artificial processes (Mao and
Virmani 2003). However, these processes require
much labor to produce sufficient hybrid seed in rice.
So, hybrid rice is commercialized only in the
countries where the labor cost is low.

Recent advances in plant cellular and molecular
biology have greatly simplified the development of
herbicide resistance in a wide range of crops. The
ease with which theses genetic manipulations can be
made opened up a range of new applications for
herbicide resistance in crop protection, agronomic
practice and seed production (Conner and Field
1995). It was demonstrated that using triazine resis-
tance as a genetic markers offered new opportunity
for hybrid seed production in Brassica (Conner and
Christey 1997). Currently, the transgenic or naturally
mutated herbicide-resistant rice were applied for
hybrid rice seed production. The herbicide-resistant
transgenic rice was used as the pollen parent in
hybrid rice seed production process and the false
hybrid seeds could be eliminated by testing herbicide
resistance in F; seedlings (Xiao et al. 2005; Zhou
et al. 2006). Zhang et al. (2002) found a herbicide
(bentazon) sensitive mutant TGMS and the selfed
seeds could be eliminated by spraying the herbicide
bentazon at F; seedlings.

@ Springer

Here we report a new method of hybrid rice seed
production using the transgenic herbicide-resistant
photoperiod sensitive genic male sterile (HRPGMS)
as female parent. The objective of this study is to
simplify the process of hybrid rice seed production
and to increase outcrossing frequency in producing
hybrid rice seeds without artificial supplementary
pollination processes.

Materials and methods
Transformation of herbicide resistance

The herbicide resistance gene bar was transferred to a
PGMS line 920S by Agrobacterium-mediated trans-
formation. The callus induced from scutellum of the
mature seed of a PGMS line 920S was co-cultivated
with the Agrobacterium tumefacience LBA4404
containing the herbicide resistance gene bar. The
E. coli strain DH10B was used as recipient of
pCAMBIA3300 vector containing the bar gene
resistant to the herbicide glufosinate ammonium.
Vector construction and rice transformation followed
the procedures described by Lee (1999). Regenerated
plantlets carrying pPCAMBIA3300 vector were trans-
ferred onto hormone-free MS media to allow further
root development at 25°C under continuous illumi-
nation. When transgenic plants had grown to about
10 cm height with a healthy root system, they were
transferred to soil and grown in greenhouse.

Breeding HRPGMS with improved agronomic
characteristics

The original transgenic HRPGMS line TR 18
obtained from transformation of the PGMS 920S
was male sterile but its agronomic characteristics
were poor for use as a breeding line. The original
HRPGMS line TR 18 was crossed with the Korean
rice variety Dongjinbyeo and the HRPGMS line
YA3530ms with good agronomic characteristics was
bred by applying conventional pedigree breeding
technique. The field tests at Gyeongsan (35.9°N,
128.6°E, 58 masl.) in Korea showed that, HRPGMS
YA3530ms heading in the summer (during June to
July) was predominantly sterile with seed set of about
1%, while its panicles heading in autumn (from late
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of August to September) exhibited to be fertile with
seed set from 30 to 50%. Normally, PGMS 920S
heading in the summer was nearly completely sterile
with seed set less than 3%.

Hybrid seed production using HRPGMS

We tried to produce hybrid rice seed following the
process suggested in Fig. 1 and 2. The seeds of
HRPGMS YA3530ms and two pollen parents
Hwayeongbyeo and Ilpumbyeo, in 2002, and those
of YA3530ms and five pollen parents Ilpumbyeo,
Donganbyeo, Mangeumbyeo, Surabyeo, and Hwa-
nambyeo, in 2004, were mixed with the ratio of four
HRPGMS versus one pollen parent in weight,
respectively. The mixed seeds were sowed in
seedling box and were treated in following the
ordinary seed growing process. The mixed seedlings
grown 30 days were transplanted by using the
transplanting machine (Daedong DP450). In control
treatment, seeds of PGMS 920S and pollen parent
Hwayeongbyeo was sowed separately in seedling box
and was transplanted separately by hand with eight
rows of PGMS 920S and two rows of the pollen
parent. The experimental plot size was 10 m?> per
treatment and was arranged with the randomized
complete block design with three replications. The
commercial herbicide glufosinate ammonium solu-
tion (diluted to 540 ppm) was sprayed to the mixed
cultivation plots at 7 days after flowering. At maturity
stage, the seeds of different treatments in the mixed
cultivation plots and the control plot (PGMS line) in
1 m* each were harvested. Seed set frequency of
maternal parents in HRPGMS YA3530ms and PGMS
920S was evaluated from 100 panicles sampled
randomly in each plot.

F, seed purity test

The seeds of different treatments harvested from the
experimental plots in 2002 were directly seeded to
test seed purity of the hybrids. Five hundred seed
from each experiment plot were tested for F; seed
purity. For the mixed cultivation plots, the herbicide
glufosinate ammonium solution was applied to the
young F; seedlings at five-leaf stage to identify the
herbicide-sensitive plants from any surviving pollen
parents. At heading and maturity stages, plant
uniformity and the agronomic performances
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= =
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Fig. 1 A new two-line system of hybrid rice seed production
using the HRPGMS line; the seeds of HRPGMS and pollen
parent will be mixed with the ratio of 4:1 in weight, and sowed
in seedling box. The seedlings will be transplanted in field by
transplanting machine, and the herbicide will be applied to kill
the pollen parent after pollination. The hybrid seeds from the
survived HRPGMS line will be harvested and any remaining
selfed-pollinated seed derived from the pollen parent elimi-
nated by sensitivity to the herbicide

Pollination

including plant height, heading date and seed set
frequency of F; plants in different treatments from
the mixed cultivation plots and the control plot were
investigated.

Results and discussion

Elimination of pollen parent by herbicide
treatment

The pollen parent in the mixed cultivation plots died

within 1 week after spraying the herbicide and the
HRPGMS plants survived well (Fig. 3). Because the
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Fig. 2 Diagram of planting
methods of the conventional
two- or three-line system in
hybrid rice seed production
(upper) and that of the new
two-line system using the
HRPGMS suggested in this
study (lower)

O: HRPGMS, @: pollen parent

herbicide was sprayed at 7 days after flowering, most
of the spikelets in the panicles of pollen parent died
before the milky stage. However, it should be
recognized that, if the timing of the herbicide
application was delayed, some early flowering pan-
icles of pollen parent would reach the milky stage and
the seeds would have the ability for germination after
harvest, even though they may have withered before
harvest. In contrast, if the timing of the herbicide

Fig. 3 Plant performance following a field herbicide treatment
after pollination. The brown colored plants are the pollen
parent eliminated by herbicide and the green plants are
surviving HRPGMS plants. The seeds harvested from the
surviving HRPGMS plants are F, hybrid seeds
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application was too early the yield of hybrid seeds
would be decreased due to reduced pollen dehis-
cence.

Xiao et al. (2005) and Zhang et al. (2002) used the
herbicide-resistant pollen parent in hybrid rice seed
production in two-line system, and the selfed seeds of
male sterile line would be removed from hybrid by
spraying herbicide in F; seedlings. They used the
herbicide-resistant line as pollen parent to identify the
selfed seeds after production of hybrid seeds. We
used the herbicide-resistant male sterile line to
simplify the seed production process. Similarly,
hybrid seed purity would be improved by removing
the selfed seeds of the pollen parent by herbicide
application to F; seedlings in this two-line system
with HRPGMS. In fact, various innovative methods
for hybrid seed production using herbicide resistance
as genetic markers have been designed (Conner and
Field 1995). Conner and Christey (1997) also
successfully developed new approach for hybrid seed
production in Brassica by using triazine-resistant,
CMS lines for ‘female’ parents of F; hybrid seed,
showing that non-hybrids of triazine-sensitive broc-
coli (Brassica oleraea L. var. italica) progeny could
easily be eliminated by a seed treatment with triazine
application.



Euphytica (2007) 156:297-303

301

Seed set frequency

Without artificial supplementary pollination, the
mean seed set frequency on the HRPGMS in the
experimental plot of mixed cultivation of the
HRPGMS YA3530ms and Hwayeongbyeo, and of
YA3530ms and Ilpumbyeo were 11 and 25%,
respectively, while that from the PGMS of the control
plot was 5% in 2002 (Table 1). In 2004, the mean
seed setting percent in the plot YA3530ms and
Ilpumbyeo was 32%, YA3530ms and Donganbyeo
27%, YA3530ms and Mangeumbyeo 25%,
YA3530ms and Surabyeo 27%, and YA3530ms and
Hwanambyeo 26%, while that of control plot was 8%
(Table 2). The seed set frequency of the HRPGMS
line pollinated from mix-planted pollen parent was
substantially higher than that from PGMS planted
separately in control plot in 2002 and 2004. The
combination HRPGMS YA3530ms and Ilpumbyeo
and the control PGMS 920S and Hwayeongbyeo
were tested two times in 2002 and 2004. The
outcrossing frequency of the two combinations in
2004 were higher than those in 2002, respectively.
This variation might be caused by differences in
heading date between the two parents resulting from
changes in the environment between 2002 and 2004.

Hybrid rice seed production was usually carried
out by separate planting and separate harvesting of
the CMS and restorer pollen parent in the three-line
system, and by those of PGMS or TGMS and pollen
parent in two-line system (Virmani 2003; Yuan
2003). These materials were mostly planted by hand
and require considerable work and labor for hybrid
rice seed production. The new method suggested in

Table 1 Seed set frequency in the mix-planted plots with the
HRPGMS YA3530ms and two pollen parents Ilpumbyeo and
Hwayeongbyeo, and that of the control plot planted separately
with the PGMS 920S and the pollen parent Hwayeongbyeo, in
year 2002

Combinations Seed set frequency (%)

Male sterility Pollen parent Mean* Range

YA3530ms Ilpumbyeo 24.5° 11.0-35.8
YA3530ms Hwayeongbyeo  10.6° 6.8-15.9
920S (control)  Hwayeongbyeo  5.0° 1.0-13.8

* Means followed by the different letters within column are
significantly different at 1% level by Duncan’s multiple range
test

Table 2 Seed set frequency of the mix-planted plots with the
HRPGMS YA3530ms and five pollen parents Ilpumbyeo,
Donganbyeo, Mangeumbyeo, Surabyeo, and Hwayeongbyeo
and that of the control plot planted separately with the PGMS
920S and the pollen parent Hwayeongbyeo, in year 2004

Combinations Seed set frequency (%)

Male sterility Pollen parent Mean Range
YA3530ms Ilpumbyeo 32.0* 11.2-52.8
YA3530ms Donganbyeo 26.8° 10.3-42.3
YA3530ms Mangeumbyeo 24.7° 6.1-43.3
YA3530ms Surabyeo 26.7° 5.6-43.6
YA3530ms Hwanambyeo 26.3° 7.2-454
9208 (control) ~ Hwayeongbyeo ~ 7.5¢ 4.7-15.7

* Means followed by the different letters within column are
significantly different at 1% level by Duncan’s multiple range
test

our study could simplify the process of hybrid rice
seed production. The outcrossing frequency obtained
in the new method without artificial supplementary
pollination processes was almost same as that
obtained in the conventional two-line or three-line
system with application of some artificial processes.
This can be attributed to the close proximity of the
male sterile and pollen parents resulting from the
mixed field planting. The former methods relied on
planting the male sterile and pollen parents in
alternating field blocks requiring pollen dispersal
over greater distances. We have observed that
synchronization of heading in the HRPGMS and
pollen parents, and determining the optimal time for
herbicide application were the key points in imple-
menting the new method.

A common problem during F; hybrid seed pro-
duction is inadequate pollen transfer, resulting in
poor yield of hybrid seed by the ‘female’ parent. In
other crops, it has been noted that the transfer of
pollen from ‘male’ parent to the ‘female’ parent can
be substantially improved if the distance between the
two parents can be reduced. If the ‘female’ parent has
a genetic marker for herbicide resistance, the ‘male’
and ‘female’ parents could be grown as a random
mixture, rather than as separate alternating blocks in
the field, resulting more efficient pollen transfer, and
therefore higher yield and more economical produc-
tion of hybrid seed. As mentioned in the previous
study (Conner and Christey 1997), the atriazine
resistant, CMS Brassica plants could be grown as a
random mixture with a male parent, thereby allowing
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more effective pollen transfer for greater efficiency of
hybrid seed production.

Seed purity of F;

The seeds harvested from the experimental plots of
different treatments and the control in 2002 were
grown to test hybrid seed purity. Judging from the
frequency of herbicide resistance and the morpho-
logical traits of the F; plants, on an average, 96 and
95% of the seeds from HRPGMS mixture cultivation
plots (combinations of YA3530ms/Ilpumbyeo and
YA3530ms/Hwayeongbyeo) and 95% from PGMS
plants in the control plot (920S/Hwayeongbyeo) were
hybrid seeds. Other seeds were rare selfed seed set
from the male sterile parents (YA3530ms, 920S) or
rare selfed seed harvested from the herbicide-sensi-
tive pollen parents (Ilpumbyeo and Hwayeongbyeo)
that were not completely eliminated by the herbicide
application in the field (Table 3). This result implied
that the seed harvested from these mixed population
would consist of hybrid seed from the ‘female’
parents, which is herbicide-resistant, and non-hybrid
seed resulting from self pollination of ‘male’ parent,
which is herbicide-sensitive (Conner and Christey
1997).

A common requirement for the commercial pro-
duction of hybrid crops is seed purity of hybrids. One
major problem arising during hybrid seed production
is pollen contamination. The development of herbi-
cide-resistant plants provided ideal lines for ‘female’
parents of F; of hybrid seed. When randomly planted
with a small proportion of herbicide-sensitive pollen
donor, it has been supposed that the non-hybrid seed

Table 3 Seed purity of the F; hybrid seed produced from the
plot mixed planted with the HRPGMS YA3530ms and two
pollen parents Ilpumbyeo and Hwayeongbyeo, and that from
the control plot planted separately with the PGMS 920S and
the pollen parent Hwayeongbyeo in 2002

Combinations Seed purity of F; hybrid
(%)

Male sterility ~ Pollen parent Mean* Range

YA3530ms Ilpumbyeo 95.2 ns 84.6-97.5

YA3530ms Hwayeongbyeo  95.7 85.3-99.6

920S(control) Hwayeongbyeo  95.3 85.5-98.7

* Means followed by ns are not significantly different at 5%
level by Duncan’s multiple range test
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resulting from the self pollination of pollen parent
could be prevented from developing by spraying out
the pollen parent after flowering, but before seed set.
However, the complete elimination of such seeds
cannot be guaranteed due to difficulties in attaining
uniform herbicide application over all individuals in a
population. Alternatively, we can overcome these
issues by treating the F; seed with the herbicide to
eliminate one source of contaminating seed. Conner
and Christey (1997) demonstrated a simple seed
treatment for the effective elimination of triazine-
sensitive brassica progeny.

For utilization of this new method in commercial
hybrid rice seed production the following problems
should be considered: improving hybrid seed purity
by using the stable HRPGMS as female parent,
deciding the best time of herbicide spray by testing
amount of outcross and survived seeds from the
pollen parent, and synchronizing of heading stage of
the HRPGMS and pollen parent by checking the data
of heading in 2 or 3 years before using.
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