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Abstract

At the Agricultural Genetics Institute (AGI), Hanoi, Vietnam, a number of
thermo-sensitive genie male sterility (TGMS) homozygous rice lines have been
developed by means of experimental mutagenesis followed by anther culture
techniques. One of them (TGMS-1 indica mutant line) was used in this research.
The critical temperature (at the period from pollen mother cell formation to the
beginning of meiotic division) for TGMS-1 sterility was 24-25°C, below which
the plants were fertile and above which the plants became sterile. Segregation
analysis showed that the TGMS trait of the TGMS-1 mutant line was controlled
by a single recessive gene.
An F2 mapping population from a cross between TGMS-1 mutant line and CHI
(a fertile indica line) was developed for tagging and mapping the TGMS gene.
From survey of 200 AFLP primer combinations in a bulked segregant analysis,
4 AFLP markers (E2/M5-200, E3/M16-400, E5/M12-600 and E5/M12-200)
linked to TGMS-1 gene were identified and cloned. All except E2/M5-200 were
found to be low-copy number sequences. The marker E5/M12-600 showed
polymorphism in RFLP analysis and was closely linked to the TGMS gene at a
distance of 3.3cM. This marker was subsequently mapped on chromosome 2
using doubled-haploid mapping populations derived from the crosses
IR64xAzucena and CT9993xIR62666. Linkage of microsatellite marker RM27
with the TGMS gene further confirmed its location on chromosome 2. The
closest marker, E5/M12-600, was sequenced so that a PCR marker can be
developed for the use in marker-assisted breeding.
The application of TGMS genes to the commercial two-line hybrid rice breeding
system was discussed.

Introduction

Hybrid rice is one of the most significant advances in agriculture today. According to
FAO data, the area under hybrid rice in 1990 was 10 percent of the world rice area but it
produced 20 percent of the total rice production. From this we can roughly calculate that, if
conventional rice were completely replaced by hybrid rice, the total rice production in the
world be doubled and could meet the food requirements of one billion more people.
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insulting the starvation problems affecting humankind (Yuan et al., 1995). The application of
genetic male sterility in hybrid rice production has the potential to increase rice yield
significantly. The discovery and application of conditional genie male sterile rice brought a
new break-through to hybrid rice breeding. Two types of genie male sterile rice have been
discovered and have been successfully developed in China. They are photoperiod-sensitive
genie male sterile (PGMS) and thermo-sensitive genie male sterile (TGMS) rice. The genes
controlling these two types of rice genie male sterility are called PGMS genes and TGMS
genes, respectively. Since the conventional three-line system for producing hybrid rice is
time-consuming and costly, a two-line system using either PGMS or TGMS rice has been
developed.

The pollen fertility of TGMS rice is regulated by temperature. Most TGMS lines are
sterile at a high temperature (>25°C), but fertile at lower temperatures (Sun et al. 1989).
Therefore, TGMS plants 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 of the two-line hybrid breeding system using TGMS rice as compared
to the conventional three-line CMS system. First, as indicated above, because TGMS rice
can be used both as a sterile line and a maintainer line, the development of female (or seed)
parent will be simplified. Secondly, 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
(male parent) to produce fertile Fl hybrids. A restorer line can easily be obtained among the
wide range of germplasm available, therefore, the deliberative efforts of developing the
restorer lines in the traditional three-line method are also eliminated. Thirdly, the negative
effects caused by a restricted sterile cytoplasm source is avoided. These advantages make the
two-line hybrid breeding system developed from TGMS rice simpler and more economical
than the widely used three-line system. Its application in hybrid rice production will greatly
reduce the cost in labour, time and resources (Wang et al., 1995). Therefore, Chinese,
Japanese and IRRI scientists have been obtaining and using TGMS lines. However, little is
known about the molecular genetics of PGMS and TGMS genes. Using bulked extremes and
recessive class to map genes for photoperiod-sensitive genie male sterility in rice was
reported by Zhang et al. (1994). Tagging and mapping the TGMS gene in rice (Oryza sativa)
was first reported by Wang et al. (1995). Molecular mapping of a thermosensitive genetic
male sterility gene in rice using bulked segregant analysis was second reported by Subudhi et
al. (1997).

Currently the Agricultural Genetics Institute (AGI), Hanoi, Vietnam is participating in
a government-sponsored research project on hybrid rice. We have obtained some India rice
mutants of TGMS. All of them are fertile at temperature under 25°C and sterile at
temperature above 25°C. Some of them are promising for hybrid seed production. In this
paper, we report the tagging and mapping of the TGMS gene from TGMS-1 mutant line
developed at Vietnam using AFLP, RFLP, and SSR techniques combined with bulked
segregant analysis. This is a first step toward to developing PCR markers for marker-assisted
selection in the commercial two-line hybrid rice production system.

Materials and Methods
Characterization, segregation analysis and plenotyplng of the TGMS-1 line

The TGMS-1 mutant line was obtained by gamma irradiation on a Vietnamese indica
rice cultivar "Chiem Bau" at the Agricultural Genetics Institute in Hanoi. An F2 population
developed from a cross between an indica TGMS-1 mutant line and an indica fertile
doubled-haploid CHI line was used for tagging and mapping the TGMS gene.
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To determine pollen and spikelet fertility, twenty to thirty florets were sampled at
anthesis from primary panicles and fixed in 70% ethanol for examination of pollen fertility
using a 1% iodine/potassium iodine solution. All round, dark-browned stained pollen grains
were scored as normal fertile, and irregular-shaped, yellowish or light brown colored pollen
grains were scored as sterile. Two hundred to three hundred pollen grains from three
randomly chosen fields on each slide were evaluated. The filled and unfilled spikelets were
counted and spikelet fertility was calculated as number of filled grains divided by the total
number of grains. Plants with less than 5% stained pollen and/or seed set were considered
sterile, whereas plants having more than 50% stained pollen and/or seed set were classified
as fertile.

The segregation analysis of TGMS expression was conducted on the F2 population, in 3
replications (with 428, 460 and 409 plants, respectively) at the day-time temperature higher
than critical (>25°C) during panicle initiation stage. Chi-square test was performed to
determine the goodness of fit to 3:1 ratio.

A mapping population consisting of 114 F2 lines was used to tag and map the TGMS
gene. Leaves of all the 114 F2 individual plants were cut, lyophilized and stored in a freezer
for the use in next DNA experiments. The phenotyping experiment was carried out for 114
F2 individual plants (and the both parents) at greenhouse of Agricultural Genetics Institute,
Hanoi, Vietnam. The temperature of greenhouse at that time was 26-35°C in the day and 22-
25°C at night.

For segregation analysis and phenotyping experiment, the sterile and fertile individuals
were identified based on pollen and spikelet fertility determined as described above.

DNA extraction and AFLP analysis
DNA from each F2 individuals along with both parents was extracted following the

method of McCouch et al. (1988). For each sample, the DNA concentration was determined
using spectrophotometer 160U (SHIMADZU Corporation, Japan) and combined with
running in 0.8% agarose gel along with samples of known concentration of genomic DNA,
The DNA were cut with EcoRI and Msel restriction endonucleases followed by liagation
with EcoRI and Msel adapters.

Bulked segregant analysis (Michelmore et al., 1991) was performed in conjunction with
AFLP technique (Vos et al.1995) with some modification. The bulks were made by pooling
equal amount of 20 pre-amplified DNAs obtained from fertile plants (Bulk-F) and 20 pre-
amplified DNAs obtained from sterile plant (Bulk-S) of this mapping population. Two bulk
samples along with the parent were then subjected to AFLP analysis. Amplified Fragment
Length Polymorphism (AFLP) was carried out with two oligonucleotide primers, one
corresponding to EcoRI-end and the other corresponding to Msel-end. A total of 200 primer
combinations (Operon Technology Inc., Alameda, California) with different number of
selective nucleotides were used to amplify AFLP bands. One of the two primer was end

labeled, using EcoRI primer, [y- P]-ATP and T4 polynucleotide kinase. The AFLP reactions
with primers having two or three selective nucleotides were performed in 12-fil reaction
volume. The AFLP reaction products were mixed with an equal volume of formamide dye
(98% formamide, lOmM EDTA, pH 8.0, and bromophenol blue and xylene cyanol as
tracking dyes). The mixtures was denatured for 10 min at 94°C and then quickly cooled in
ice. All the PCR reactions were carried out in a PE-9600 thermocycler (Perkin Elemer Corp.,
Norwalk, Conn., USA). Each sample (3.5-4 fil) was loaded on a 4.5% denaturing
polyacrylamide gel, run in lxTRIS-borate EDTA electrophoresis buffer. Then the gel was
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dried for 2 h before subjecting it to autoradiography. The primer combinations showing
putatively linked AFLP fragments were then tested with whole F2 population.

Isolation, cloning and sequencing of AFLP fragments
To isolate the putatively linked AFLP fragments, the X-ray film was sticked with the

dried polyacrylamide gels in four corners by tapes during this film is exposing. The position
of an AFLP fragment on the dried polyacrylamide gel was determined by making four
corners of the dried gels on the autoradiogram with needles. The autoradiogram was aligned
with gel to isolate the AFLP fragment of interest. After that the AFLP fragments were eluted
in 100 \il sterile water for 15 min at 100°C. Some 5-10 nl of the elute were re-amplified with
the same primer combinations and reaction conditions that had revealed the putative AFLP
fragments linked to the TGMS gene. After separating on 2% agarose gel, the fragment with
the correct size was eluted using Qiagen gel extraction kit (Qiagen, Hilder, Germany)
according to the supplier instructions and then cloned into pGEM-T-Easy Vector Systems
(Promega). Each selected clone with expected insert size was checked by Southern
hybridization to confirm that the clones corresponded to the fragments of interest. The clones
of putative AFLP markers were sequenced by the dideoxy chain-termination method using
the sequenase cycle sequencing kit (Amersham).

RFLP analysis
In order to confirm the putative linkage between the TGMS gene and putative AFLP

markers (the AFLP fragments: E2/M5-200, E3/M16-400, E5/M12-600, and E10/M12-200),
the AFLP blots of F2 individuals and parents were hybridized with the AFLP fragments
(used as probes). The AFLP blots were prepared from selected amplification products using
the same primer combinations and reaction conditions that had revealed the putative AFLP
markers linked to the TGMS gene. All the AFLP fragments linked to the TGMS gene were
also hybridized to genomic DNA blots of parents after digesting with 17 different enzymes
EcoRL EcoRV, Hindm, Dral, Xbal, PstI, Apal, KpnL Xhol, BamHL BglL BgllL Pvul, Smal,
Sad, Seal, and MM). Co-segregation in the F2 population was confirmed with enzymes that
showed polymorphism between the two parents.

Populations used for mapping AFLPs
A doubled haploid (DH) population consisting of 135 lines developed in IRRI from the

cross "IR-64xAzucena" was used as mapping population for which an RFLP framework map
has been developed (Huang et al., 1994). Parental survey blots were made, digesting with the
same 17 enzymes described above using E3/M16-400, E5/M12-600 and E10/M12-200
markers linked to the TGMS gene as probes. Those probe/enzyme combinations showing
polymorphism between the parents were used to survey the available 70 lines of the DH
population. In the same way, another DH mapping population from the cross CT-9993xIR-
62266 (Zheng et al., 1998) was also used for mapping the AFLP fragments.

Linkage analysis
After AFLP markers mapped on the chromosome, a number of RFLP markers and

micrpsatellite markers from this region were used for a parental polymorphism survey. SSR
analysis was performed for the five microsatellite markers RM8, RM27, RM29, RM53 and
RM262 using 50 ng of genomic DNA of F2 individuals from bulk-F, bulk-S, and parents
(Panaud et al., 1996). Subsequently, the whole F2 population was surveyed for microsatellite
and AFLP markers showing polymorphism between parents. The phenotype, RFLP, AFLP,
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and SSR data were combined for linkage analysis using the MAPMAKER program (Lander
et al. 1987) and a partial linkage map of the region of the chromosome surrounding the
TGMS gene was constructed using Kosambi mapping function (Kosambi, 1944).

Results

Segregation of the TGMS gene in the Fz generation
The segregation analysis of TGMS expression was conducted on the F2 generation, in 3

replications (in 1996,1997 and 1998 with 428, 460 and 409 plants, respectively) at the day-
time temperature higher than critical (>25°C) during panicle initiation stage (Table 1). The
segregation of fertile to sterile plants in the F2 generation followed 3:1 ratio, indicating the
monogenic recessive nature of the TGMS gene.

Table 1. Number of fertile and sterile F2 individuals at temperature higher than critical
(>25°C)

Year

1996

1997

1998

Total
number of

plants

428

460

409

Number of
fertile plants

315

350

298

Number of
sterile plants

113

110

111

Theoretical
segregation

ratio

3:1

3:1

3:1

x2

(3:1)

0.34

0.28

1.02

P-value

0.50<P<0.80

0.50<P<0.80

0.20<P<0.50

Identification of AFLP markers linked to TGMS gene
Bulked segregant analysis was employed to identify AFLP markers linked to the

TGMS gene. A total 200 AFLP primer combinations were used to screen the polymorphism
between the two bulks and two parental DNA samples. Four markers (E2/M5-200, E3/M16-
400, E5/M12-600 and E10/M12-200) were polymorphic between both the bulks as well as
the parents. Those AFLP markers were named by using the name of enzyme combination,
the primer combination and molecular weight of the AFLP fragment. Co-segregation
analysis with AFLP techniques using 124 F2 individual progenies was performed.

Cloning and sequencing of AFLPs linked to TGMS gene
To facilitate for later analysis of the TGMS gene, four AFLP markers were cloned. The

identities of the cloned AFLP markers were verified by Southern hybridization of the cloned
fragments to the selective amplification product of individuals that segregated for that
particular AFLP band. This hybridization verification confirmed that the fragments cloned
was correct and was linked to the TGMS gene.

E5/M12-600 AFLP fragment was sequenced. The sequence data revealed the presence
of a selective amplification primer sequence, thereby confirming the correctness of the
fragment. The DNA sequence of this marker has been deposited in GenBank under
Accession No. AF070954.

- 185 -



JAERI-Conf 2001-003

Linkage confirmation
In order to further confirm the linkage between four putative AFLP markers and the

TGMS gene, those markers were radio-labeled and hybridized to blots containing two
parents DNA that digested with 17 enzymes. Out of them, E3/M16-200, E5/M12-600 and
E10/M12-200 were single copy and E2/M5-200 contained repeated sequences, but only
E5/M12-600 shown polymorphism between parents with Apal-enzyme. Then co-segregation
analysis was confirmed. The distance between the TGMS gene and E5/M12-600 was
estimated to be 3.3cM based on the recombination data observed from this F2 population.
This result was in agreement with that obtained from AFLP analysis and co-segregation data
using AFLP and RFLP blots (Fig.l).

Chromosomal location of TGMS gene
To determine the chromosome location of the TGMS gene, the polymorphic AFLP

fragments were mapped using the doubled haploid JR64xAzucena mapping population.
E5/M12-600 marker detected polymorphism between parents of mapping population with
PstI and EcoRI enzymes while no polymorphism was observed for E3/M16-400, and
E10/M12-200 markers. The 70 selected doubled haploid lines of this mapping population
were surveyed using PstI and EcoRI enzymes. Both combinations E5/M12-600-probe/PstI-
enzyme/EcoRI-enzyme showed the segregation in normal Mendelian fashion. E5/M12-600
marker was mapped on chromosome 2 near the marker RG437 at distance 9.1 and then re-
mapped with a DHL mapping population from the cross CT-9993xIR-62266. It was
confirmed that E5/M12-600 marker was also located on the same region of chromosome 2.

To further confirm the chromosomal location of the TGMS gene, 6 selected RFLP
markers (RG437, RZ643, RG157, RZ599, RG171 and RG83) (Causse et al.1994) and 5
microsatellite markers (RM8, RM27, RM28, RM53 and RM262) (Chen et al. 1997) closely
linked to E5/M12-600 on chromosome 2 were used for a parental polymorphism survey. One
microsatellite (RM27) showed co-segregation with the TGMS gene. All above evident leads
to conclusion that the TGMS gene must be located on chromosome 2 in TGMS-1 mutant
line (Fig.2).

Discussion

The most important point in the practical utilization of TGMS lines is that the male
sterility-inducing critical temperature must be relatively low, especially for temperate zones.
In tropical and subtropical areas, TGMS lines are more useful than PGMS lines (Yuan et al.
1995). The recent development of molecular marker technology makes it possible to map
genes of agronomic importance included PGMS and TGMS genes. Therefore, tagging and
mapping of rice TGMS genes with molecular markers will have a significant impact on
hybrid rice breeding. Subsequently, TGMS genes can be isolated for direct transfer to other
rice cultivars for hybrid breeding,
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F2 fertile F2 sterile

Flg.l. Confirmation of linkage of E5/M12-600 to the TGMS
gene by Southern analysis

E2/M5-

9 . •

- - RM27

1 9 ' E5/M12-
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24
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Fig.2. A partial linkage map of the region surrounding the
new TGMS gene tms4(t)on chromosome 2. Four AFLP and one
microsatellite markers are shown in the map
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During commercial hybrid rice production one of the most important aspects is not
only to increase yield but also improve quality of hybrid seeds, in terms of germination,
viability, genetically and physical purity, longevity, etc. of hybrid seeds. This is a function of
parent involved in hybrids. So, the identification of molecular markers which are closely
linked to TGMS genes significantly represents an important step towards to transferring the
TGMS genes to selected desirable cultivars through marker assisted selection, in order to
obtain new TGMS lines which are suitable for commercial two-line hybrid rice production.
For a trait like TGMS that is controlled by single recessive gene, it is difficult to identify in
the field condition using conventional approaches. Marker-assisted selection will facilitate
early selection with greater accuracy.

In this study, we have identified 4 AFLP markers linked to the TGMS gene. One of
them, E5/M12-600, was sequenced. Locus specific PCR primer could be designed to
generate specific amplicon polymorphism for marker-assisted two-line hybrid rice breeding.

Before we the started AFLP analysis, 200 RAPD primers were surveyed. But no
linkage was found between RAPD markers and the TGMS gene. Our results in mapping the
TGMS gene, as well as those of others clearly demonstrates the power of bulk segregant
analysis coupled with AFLP technology. The E2/M5-200 contaminated by repetitive
sequences. So it is difficult to map it by RFLP techniques. But we mapped this marker using
AFLP marker as anchor marker. The AFLP blots were used in this study allow us confirm
quickly and precisely the linkage between the TGMS gene and putative AFLP markers. This
also proves the power of AFLP technology.

So far, two different rice TGMS genes have been mapped. One of them (tmsl) was
mapped on chromosome 8 (Wang et al.1995). Another one (tms3(t) was mapped on
chromosome 6 (Subudhi et al. 1997).They are non-allelic together. Based on our study, the
TGMS gene of TGMS-1 mutant line is also non allelic to both of tmsl from China and
tms3(t) from IRRL It is clearly that the new TGMS gene of TGMS-1 mutant line from
Vietnam is different from any TGMS genes having been mapped. This new TGMS gene is
tentatively designated as tms4(t).
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