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Abstract The thermo-sensititve genic male-sterile
(TGMS) gene in rice can alter fertility in response to
temperature and is useful in the two-line system of
hybrid rice production. However, little is known about
the TGMS gene at the molecular level. The objective of
this study was to identify molecular markers tightly
linked with the TGMS gene and to map the gene onto a
specific rice chromosome. Bulked segregant analysis of
an F, population from 5460s (a TGMS mutant
line) x ‘Hong Wan 52’ was used to identify RAPD
markers linked to the rice TGMS gene. Four hundred
RAPD primers were screened for polymorphisms be-
tween the parents and between two bulks representing
fertile and sterile plants; of these, 4 primers produced
polymorphic products. Most of the polymorphic frag-
ments contained repetitive sequences. Only one single-
copy sequence fragment was found, a 1.2-kb fragment
amplified by primer OPB-19 and subsequently named
TGMS1.2. TGMS1.2 was mapped on chromosome 8
with a RIL population and confirmed by remapping
with a DHL population. Segregation analysis using
TGMS1.2 as a probe indicated that TGMS1.2 both
consegregated and was lined with the TGMS gene in
this population. It is located about 6.7 ¢cM from the
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TGMS gene. As TGMS1.2 is linked to the TGMS gene,
the TGMS gene must be located on chromosome 8.
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Introduction

Rice is a staple food for about half the world’s popula-
tion. The rapidly increasing demand for rice and the
continuous decrease in rice-growing areas have resulted
in searches to improve rice production. The use of
hybrid rice has proved to be an effective and economical
way to increase rice production output. It is easy to
obtain about a 10% higher yield just by growing hybrid
rice instead of the common rice varieties. As the widely
used three-line system for producing hybrid rice is ex-
tremely time-consuming and costly, a two-line system
using either photoperiod-sensitive genic male-sterile
(PGMS) or thermo-sensitive genic male-sterile (TGMS)
rices has been developed. This system has become a
simple and efficient breeding method for producing
hybrid rice (Yuan 1993). However, little is known about
these two genes at the molecular level, which subse-
quently limits their widely application.

The pollen fertility of TGMS rice is regulated by
temperature. It is completely sterile at a high tempera-
ture, but fertile at lower temperatures (Sun et al. 1989).
Therefore, TGMS plants can be used to produce hybrid
seeds by interplanting them with normal fertile lines
under high temperatures and allowing them to repro-
duce by selfing under low temperatures. Thus, it can
be used not only as a male-sterile line, but also as
a maintainer line, thereby providing the opportunity
to produce hybrid rice by the two-line system. There
are many advantages to using the two-line system
developed with TGMS rice rather than the commonly
used three-line system. First, because TGMS rice can be
used as both a sterile line and a maintainer line, the
expressly developed maintainer line is no longer needed.
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Second, TGMS rice has a broad spectrum of fertility
restoration; almost all of the Indica rice and most of the
Japonica rice can be used as its pollen-donor to produce
fertile F| hybrids. A restorer line can easily be obtained
among the wide range of germ plasms available, there-
fore, the deliberative efforts of developing the restorer
lines in the traditional three-lines method are also elim-
inated. Third, the performance of TGMS hybrid rice
does not suffer from the adverse effects of male-sterile
cytoplasm such as that commonly happens in the three-
line hybrids. These advantages make the two-line sys-
tem developed from TGMS rice simpler and more econ-
omical than the widely used three-line system., Its appli-
cation in hybrid rice production will greatly reduce the
cost in labour, time and resources. As a result, great
economic benefits will be achieved.

Rice has a relatively small genome and well-develop-
ed linkage maps (Tanksley et al. 1992; Kurata et al.
1994). In addition, the rice transformation system is
well-developed and successful. Previous research has
indicated that the fertility of TGMS rice is controlled by
one Mendelian locus (Yang et al. 1992).Therefore, it
should not be very difficult to develop new TGMS lines
by transferring the TGMS gene to selected desirable
cultivars.

If the rice TGMS gene is cloned and transferred into
other crops, it will greatly advance the theoretical re-
search and practical application of hybrid rice produc-
tion for even the entire field of crop breeding. But we
have to map the TGMS gene onto a specific chromo-
some before it can be cloned.

The objective of the research presented here was to
tag the rice TGMS gene with random amplified poly-
morphic DNA (RAPD) and restriction fragment length
polymorphism (RFLP) markers using bulked segregant
analysis and to map the TGMS gene onto a specific rice
chromosome.

Materials and methods
Plant materials

In order to identify RAPD markers linked to the TGMS gene, an F,
population was developed from a single cross between 5460s (TGMS
mutant line) and ‘Hong Wan 52’ (normal fertile line). The original ',
population consisted of 200 individuals. Fertility determination re-
sults indicated that the fertility segregation in this F, population was
controlled by one major locus, with fertility segregation fitting the
Mendelian 3:1 ratio as a recessive gene.

Bulk generation

Bulk generation was based on the method described by Michelmore
et al. (1991). Rice genomic DNA was isolated from fresh leaves frozen
in liquid nitrogen according to McCouch et al. (1988). Two DNA bulks,
each containing equal amounts of genomic DNA from each of the 15
individuals, were used for RAPD analysis to identify polymorphisms.
These two DNA bulks were constructed on the basis of their fertility.
The character differentiating the two bulks was that the individuals in
one bulk were all extremely fertile, while those in the other were all
extremely sterile. In the fertile bulk, each individuals had less than

40% abortive pollen and above 50% seed set. In the sterile bulk, the
corresponding percentages were above 95% and below 4%.

RAPD analysis

Genomic DNAs were used as templates for polymerase chain reac-
tion (PCR} amplification as described by Williams et al. (1991) and
modified specially for rice in our laboratory (Li et al. 1993). A single
10-mer oligonucleotide primer (Operon Technologies, Almeda, Ca-
1if.) was used in each PCR amplification. The PCR amplification was
performed in 25-pl volumes containing 25ng of template DNA,
10mM Tris HCL, pH 8.3, 50 mM KC1, 2.0 mM MgCl,, 0.01% gelatin,
100uM of each dNTP, 15ng of primer and 1 unit of Tag DNA
polymerase (Perkin Elmer Cetus). The reaction mixture was overlaid
with 25 ul of mineral oil. Amplification was carried out in a Perkin
Elmer Cetus DNA thermal cycler for 40 cycles after predenaturing for
3 min at 94 °C. Each cycle consisted of 1 min at 94°C, 1 min at 36 °C
and 2min at 72°C. The 40 cycles were followed by a 10min final
extension at 72 °C. Amplification products were resolved by elec-
trophoresis in 1.4% agarose gel and visualized by ethidium bromide
staining.

Cloning of polymorphic fragments

Polymorphic DNA bands of interest resolved by agarose gel clec-
trophoresis were purified with a GeneClean™ kit (Bio-101, La Jolla,
Calif.) as recommended by the manufacturer. The purified products
were then cloned with a Sureclone™ ligation kit from Pharmacia
(Piscataway, N.J.) according to the provided instructions.

Linkage analysis

The RAPD marker TGMS1.2 was mapped in the F, RIL population
from the cross of ‘CO39” x ‘Moroberckan’ using the programme
MAPMAKER (Lander et al. 1987). Previously mapped loci (Wang et
al. 1994) were used as anchor loci to determine chromosomal loca-
tion. The mapping result was reconfirmed with a doubled haploid line
(DHL) mapping population from the cross ‘Azucena’ x ‘IR64".

Results and discussion
Screening RAPD markers linked to the TGMS gene

Bulked segregant analysis was employed to identify
RAPD markers linked to the rice TGMS gene. A total of
400 primers were screened for their polymorphism be-
tween the two bulked and two parental DNA samples
(‘Hang Wan 52" and 5460s). Of these, 4 primers amplified
polymorphic products that were present in one bulk but
not in the other. Figure 1la shows the amplification results
with primer OPB-19. Results of other primers were not
shown because their amplification products proved to
be repetitive sequences. The polymorphic product am-
plified by OPB-19 was present in the sterile bulk and
sterile parent 5460s, but not in the fertile bulk and fertile
parent ‘Hong Wan 52°. The polymorphic product ampli-
fied by OPB-19 was named as OPB-19,,,,.

The polymorphism identified with OPB-19 by bulk-
ed segregant analysis was further confirmed by ampli-
fication on the F, individuals template DNAs. OPB-
19,,40 Was present in 13 and absent in 2 of the 15 sterile
F, plants. In some sterile F, plants it was very weak. It
was absent in all of the fertile F, plants (Fig. 1b).
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Copy-number determination and cloning of
the polymorphic amplification product

In order to find single-copy sequence fragments, OPB-
195,00 Was radiolabeled and hybridized to filters con-
taining the two parental DNAs digested with different
restriction enzymes. Hybridization results indicated
that OPB-19,,,, was a low-copy sequence fragment; all
of the other polymorphic amplification products con-
tained repetitive sequences. OPB-19,,,, was cloned and
subcloned into pUC18. The subcloned 1.2-kb insert
DNA proved to be a single-copy sequence fragment and
was named TGMS1.2. Further, it was used as probe in
TGMS gene mapping.

Cosegregation between the TGMS1.2
marker and the TGMS gene

In order to confirm the putative linkage between the
TGMS gene and TGMS1.2, and to convert it to RFLP
marker, we further analysed its parents by Southern
blotting. More than 30 restriction enzymes were tested;
only 1 RFLP was found when the parental DNAs were
digested with Sacl. Then, cosegregation analysis was
performed. TGMS1.2 was found to be cosegregated
with and linked to the TGMS gene. Cosegregation
datafor TGMS1.2is shown in Fig. 2. Two recombinants
were found. The genetic distance between the TGMS1.2
and TGMS genes was estimated to be 6.7cM based
on the recombination data observed from this F, popu-
lation. This result was in agreement with that obtained

Fig.2 Hybridization of labeled
TGMSI1.2 to a Southern blot

Fig. 1a,b Polymorphisms detected with OPB-19 between the
two DNA bulks (a) and in the F, population (b) M Molecular
weight marker (BstEII digested Lambda DNA), PI normal fertile
parent ‘Hong Wan 52°, P2 male-sterile parent 5460s, Bl bulked
DNAs from fertile (F) F, inidividuals, B2 bulked DNAs from
sterile (S) F, individuals. Putative recombinant invididuals are
indicated by an asterisk. Arrow indicates the amplified polymorphic
product

from RAPD analysis in the F, population. The two
putative recombinant individuals detected in RAPD
analysis and in cosegregation analysis were the
same ones. The F, population used in this research
was developed from populations showing extreme char-
acters, which 18 a more effective and efficient method
for finding linked molecular markers than the use
of ordinary F, individuals. However, it may not ideal
for calculating the recombination ratios between
the TGMS gene and the linked molecular markers.
Therefore, a larger F, population developed from
ordinary F, individuals is still necessary for a further
accurate calculation of the recombination distance. Itis
still not yet clear on which side of TGMS1.2 the TGMS
gene is located. Through F, segregation analysis with
more flanking markers of TGMS1.2 will give us a
satisfactory answer to this question. This is being per-
formed now.

Mapping TGMS1.2 onto a specific chromosome

To map the rice TGMS gene onto a specific chromo-
some, our strategy was to use the anchor loci to map the

F2

containing F, individual DNAs
digested with Sacl. P1 ‘Hong
Wan 52, P2 5460s, F fertile, S
sterile, I ‘Hong Wan 52’
genotype, 2 heterozygote, 3
5460s genotype. Putative
recombinant individuals are
indicated by an asterisk
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RAPD markers onto a specific rice RFLP linkage group
with an F,-RIL population of ‘CO39’ x ‘Mo-
roberekan’. The previously mapped RFLP loci in the
population serve as the anchor loci. The dataset consis-
ted of 147 RFLP loci mapped with 282 RI lines of the
cross ‘CO39” x ‘Moroberekan’ developed by Wang et
al. (1994). Because this population is skewed toward the
female parent ‘CO39’, we started with a subset of RI
lines of this population. A total of 55 RI lines were
selected, all of which have roughly an equal percentage
of alleles from each parent at most of the 147 loci.

TGMS1.2 was labeled with [3*P] by the random
primer labeling procedure and hybridized to the
BamHI- or EcoRV-digested DNAs from the 55 RI lines.
Data from TGMS1.2 was added to the dataset of 147
loci from 55 RI lines and analysed with MAP-
MAKER/EXP (IBM v.3.0) with the linkage criteria of
minimum LOD score = 3.0 and maximum recombina-
tion fraction =40%. TGMS1.2 was grouped with
RG333, RZ562 and RG978. TGMS1.2 was located be-
tween RZ562 and RG978, linked to RZ562 by 12.6cM
and linked to RG978 by 12.7cM. The hybridization
data of TGMS1.2 was further analysed with MAP-
MAKER (Mac v.2.0) with the linkage criteria of mini-
mum LOD score = 5.0 and max recombination frac-
tion = 40%; TGMS1.2 was also grouped with RG333,
RZ562 and RG978. Both analyses showed that the best
order was RG333-RZ562-TGMS1.2-RG978. It has
been reported that RG333, RZ562 and RG978 are on
linkage group 8 (chromosome 8) (Wang et al. 1994),
therefore, the TGMS gene must be located on chromo-
some 8. Later, TGMS1.2 was remapped at the Interna-
tional Rice Research Institute with a DHL mapping
population from the cross ‘Azucena’ x ‘TR64. It was
confirmed that TGMSI1.2 was located on the same
region of chromosome 8 (Fig. 3).

This is the first report on rice TGMS gene mapping.
The screened molecular markers will be very useful for
monitoring the TGMS gene transfer in rice breeding
and in TGMS gene isolation by means of map-based
cloning,.

Fig. 3 RFLP map of rice L RG20
chromosome 8 showing the i
location of TGMS1.2 and its
linked markers. The genetic 29.7
distance between the loci are :
shown in cM
== RG333
32 X Rz562
12.6
T TGMS1.2
12.7
-~ RG978
8.0
=+ RG1
7.6
-+ RZ66
7.2
T RG136
9.3
-+ RZ649

Many studies have indicated that RAPD analysisis a
powerful approach by which to find DNA polymor-
phisms. Our results indicate that RAPD analysis in
combination with bulked segregant analysis of F, popu-
lations provides a highly efficient strategy to tag target
genes. RAPD and bulked segregant analysis can be used
as the initial method for tagging the interested gene, and
then the obtained polymorphic RAPD products will be
mapped relative to the molecular markers with known
map position. This will permit the rapid mapping of a
target gene. Because higher plants contain significant
amounts of repeat sequences, the difficulty in this kind of
research is to find single-copy sequence markers from
the identified polymorphic products.
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