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Abstract The present study describes a novel thermo-
sensitive genic male sterile (TGMS) line, Qiong68ms. To
analyse the mode of fertility inheritance and tag the
TGMS gene, a set of F,, BC, and F,.; populations
derived from a cross between Qiong68ms and K12 were
evaluated for a period of 2 years. Classical genetic analy-
ses and QTL mapping using the mean restoration per-
centage of the F,.; populations revealed that the fertility
of Qiong68ms was likely to be governed by a single
recessive gene, which was named tms3; the tms3 gene was
mapped to a location between SSR markers umc2129
and umcl041, at a distance of 3.7 ¢cM form umc2129 and
1.5cM form umcl041. The molecular markers tightly
linked with tms3 gene will aid in the transfer of the
TGMS gene to various background inbred lines using
the MAS method.

Introduction

Male sterility has been observed in a wide variety of
plants, and is of clear importance for the utilization of
heterosis in crops, especially cytoplasmic male sterility
(CMS) and ecological male sterility (EMS). The first
photoperiod-temperature sensitive male sterile line,
Nongken58s, was identified in rice (Si and Deng 1986),
and, subsequently, thermo-sensitive genic male sterile
(TGMYS) lines have been discovered in multiple cereal
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crops, including rice (Wang et al. 1995), maize (He et al.
1995) and wheat (Xing et al. 2003).

The discovery and identification of the TGMS germ-
plasm has been vital for the “two-line” system of hybrid
seed production. For example, in rice, seven TGMS
genes, tmsl, tms2, tms3, tms4, tms5, ms-h and tms6(t)
have been identified and mapped onto chromosome 8§, 7,
6, 2, 2, 9, and 3 respectively (Wang et al. 1995, 2004;
Yamagushi et al. 1997; Subudhi et al. 1997; Dong et al.
2000; Jia et al. 2000; Wang 2001, 2003; Koh et al. 1999).
In maize, only one TGMS line, Qiong-6ms, has been
reported to date (He et al. 1995), and its fertility appears
to be controlled by two recessive duplicated genes, tmsl/
and tms2 (Fu et al. 2004). Qiong68ms is a novel TGMS
line discovered in maize that exhibits full sterility when
sown in the summer in the Henan and Hainan province
of China. In contrast, when planted in the spring in either
of these regions or in the winter in Hainan province, it
exhibits full restoration. In the present study, we evalu-
ated the mode of fertility inheritance in Qiong68ms, and
mapped the TGMS gene by using QTL mapping as well
as qualitative gene tagging method.

Materials and methods
Plant materials

Qiong68ms was acquired through the spontaneous
mutation of an elite inbred line designated as 414, which
was selected from a synthetic population including the
Chinese local germplasm, Tangsipingtou. The hybrid F;_
was derived from the crossing of Qiong68ms with K12,
an inbred line used broadly in China. The F, generation
was self-pollinated to produce the F, population, which
was subsequently backcrossed with the TGMS line to
produce the BC, population in the winter of 2002 in
Hainan province (Sanya, China). From the derived
lines, one set each of the F, and BC, populations was
used for field evaluation in the Henan province
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(Zhengzhou, China) in the summer of 2003. An addi-
tional F, population was self-pollinated to produce the
F,.; populations in the winter of 2003 in the Hainan
province. At that time, young leaves of the F, generation
were harvested for DNA extraction.

Field evaluation

The field studies were carried out during the summer of
2003 and 2004, at the farm of Henan Agricultural Uni-
versity (Zhengzhou, E113°42’, N34°48’). To evaluate the
mode of fertility inheritance of the TGMS line, two par-
ent lines, the F; hybrid of Qiong68ms and K12, the F,
and BC, population were investigated in the summer of
2003. The two parents and hybrid F, were sown in two
plots respectively, each plot was 4 m in length and con-
tained 15 plants. Seeds of the F, and BC, populations
were sown using the single-seed planting method in 11
and 8 plots respectively. In the summer of 2004, a total of
210 F,.; families as well as two parent lines were evalu-
ated; each F,.; family was sown in two plots containing a
total of 30 plants. Field conditions consistent with those
for normal maize production were employed.

The condition of the tassel for each plant in the field
was evaluated daily and scored according to the condi-
tion of the protruding anthers. The degree of fertility was
rated on a scale of 0-5 based on the percentage of
exserted anthers: (0) no anthers exserted, (1) less than 5%
anthers exserted, (2) 5-25% anthers exserted, (3) 25-50%
anthers exserted, (4) 51-75% anthers exserted, (5) more
than 75% anthers exserted. Simultaneously, the dehiscent
condition of the anthers was scored using a scale of I-II1,
where: (I) no dehiscent anthers, (II) few dehiscent
anthers; and (III) many normal dehiscent anthers. To
characterize the fertility of each plant, the combined
scores, 4/I11 and 5/111, were considered to be representa-
tive of a full restoration, whereas the combined scores, 0/
I and 1/1, were considered to be representative of sterility
(Ducick et al. 1961; Li et al. 1963). Additionally, the aver-
age of the restoration percentage for each F,., family was
calculated and used as input data for QTL mapping to
assess fertility of the TGMS line.

Genetic linkage construction and gene mapping

In total, 550 pairs of SSR markers were selected from the
maize genomic database (http://www.maizegdb.org) to
screen the polymorphism between two parent lines
Qiong68ms and K12. From these, 167 SSR markers had
distinct polymorphisms between the two parents, which
were amplified using the DNA from each individual of
the F, population. The genetic linkage maps were con-
structed using the Mapmakers 3.0 program at a LOD
threshold >3.0 (Lander et al. 1987).

Model 6 of the Zmapqtl module of QTL Cartogra-
pher 2.0 was used to identify potential QTLs (Zeng
1994), using scanning intervals of 2 ¢cM between markers
and putative QTLs with a windows size of 10 cM. The
number of marker cofactors for a background control

was determined using a forward-backward stepwise
regression with five controlling markers. A genome-wide
critical threshold value for the experiment wise type I
error rate («=0.05) was set for each trait independently
by 1,000 random permutations. The fine mapping of the
TGMS gene was analysed with JOINMAP Version 3.0
(Stam 1993).

Results

Temperature-dependent restoration and sterility of the
TGMS line, Qiong68ms

The fertility alteration temperature of the TGMS line
was evaluated in the Zhengzhou location with 11 sowing
stages from the spring to summer of 2003 and 2004
respectively, the interval time of two sowing stage was
7 days. Leafage in the fields was evaluated, fertility scores
of each plant were recorded and temperature measure-
ments were taken throughout the day (Tang et al. 2000);
from these data a correlation analysis between sterility
and temperature revealed that the fertility of Qiong68ms
was directly influenced by the daily maximum tempera-
ture (data not show). The fertility alteration temperature
was observed at 30-33°C when evaluating the spikelet
differentiation in the staminate inflorescence. When the
daily maximum temperature was higher than 33°C,
plants exhibited complete sterility, and pollen was typi-
cally absent. By contrast, when the daily maximum tem-
perature was below 30°C, plants exhibited complete
restoration and displayed normal pollen (Fig. 1). Simul-
taneously, pollen grains were sterility when anthers were
not exserted, and generally exhibited normal fertility
when the anthers were exserted; therefore the fertility
scores based upon the percentage of anther exsertion and
dehiscent anthers were used for the further genetic analy-
ses and gene mapping.

Genetic analyses

The TGMS line Qiong68ms exhibited complete sterility
in the summer of 2003 in the Zhenzhou location, whereas
the inbred line K12 expressed full restoration. The
hybrid F, obtained from the crossing of Qiong68ms and
K12 displayed a phenotype similar to the normal parent
K12. The fertility scores for the F, and BC, populations
are listed in Table 1. According to the criteria for resto-
ration and sterility, there were 96 fertile plants and 41
sterile plants among the 155 F, individuals. The segrega-
tion ratio followed a 3:1 theoretical ratio predicted by a
Chi-square test at a 0.05 significance level (Table 2).
There were 68 fertile plants and 52 sterile plants among
the 132 BC, individuals, and the segregation ratio fol-
lowed a 1:1 Mendelian ratio predicted by Chi-square test
at a significance level of P <0.05. Of the 210 F,.; families
evaluated in the summer of 2004, a total of 42 families
expressed full restoration, and 132 families exhibited
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Fig. 1 Thefertility performance
of the tassel and pollen at the
restoration and sterility stages.
a, b The performances of tassels
and pollens at the restoration
stages; ¢, d the performances of
tassels and pollens at the sterility
stages

Fig. 2 The SSR products
amplified by umc1042 in paren-
tal lines and some F, individu-
als. M Marker, P; Qiong68ms,
P, K12; S some F, sterile indi-
viduals, R some F, restoring
individuals
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Table 1 The number of each fertility score for the F, and BC, pop-
ulations which derived from the cross between Qiong68ms and K12

Populations Total The number of each fertility score

o/ 1T 2/ 211 3/1 3/11 4/1I1 5/111
Qiong68ms 30 28 2
K12 30 30
Qiong 30 30
68ms x K12
(Qiong 155 3 6 3 4 5 6 11 85
68ms x K12)F,
(Qiong 132 45 7 4 3 3 2 12 56

68ms x K12)BC,

fertility segregation following a 3:1 theoretical ratio.
Furthermore, 44 families represented full sterility, thus
the theoretical segregation ratio of 1:2:1 obtained by
Chi-square analysis was significant (P <0.05). These
findings indicate that the fertility of the TGMS line is
controlled by a recessive gene.
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Genetic linkage maps construction and QTL analysis

The genetic linkage maps for the F,.; populations were
constructed using 147 SSR markers, including 11 link-
ages, spanning a total of 2227.2cM with an average
spanning interval of 15.25 cM (data not show). Most of
the SSR markers were consistent with the maize linkage
maps of IBM (http://www. maizegdb.org).

The average restoration percentage for each F,.; fam-
ily varied from 0 to 100%. Only one QTL was detected
using the restoration percentage of the F,.; populations
as the input data, accounting for 64% fertile genotypic
variance. This QTL was localized to chromosome 2
between the SSR markers umc2402 and umc1042.

Fine mapping of the tms3 gene
The results from the classical genetic analyses and QTL

mapping of the entire genome demonstrated that fertility
in the TGMS line was likely to be controlled by a single
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Table 2 The fertility performance of the segregation populations evaluated in the field

Year Populations Total Fertile Sterile Fertility Observed  Theoretical 2 Probability
segregating
Plants/families Plants/families families ratio ratio
2003 (Qiong68ms x K12)F, 155 96 41 2.34:1 3:1 1.77 0.18
(Qiong68ms x K12)BC, 132 68 52 1.30:1 1:1 213 0.14
2004  (Qiong68ms x K12)F,.; 210 42 44 120 1:1.05:2.86 1:1:2 5.62  0.06

Note:?; gs=3-84, x%5,005= 599

gene, which was named #ms3. To fine-tag the gene respon-
sible for the TGMS phenotype, the genotype of each F,
individual was deduced by the fertility assessment of the
F,; populations. The amplifitd DNA patterns of
umcl042 for representative F, individuals are shown in
Fig. 2. Based on the genotype and marker results for the
F, populations, the TGMS-associated gene tms3 was
localized to chromosome 2, and tightly linked with the
SSR markers umc2402 and umcl042. The genetic dis-
tances between tms3 and SSR markers umc2129 and
umc1042 were 3.7 and 1.5 cM, respectively (Fig. 3).

Discussion

To date, only two TGMS lines have been described in
the literature. The TGMS line Qiong-6ms (He et al. 1995,
1998a, b) is primarily influenced by temperature (Tang
et al. 2000), and controlled by two duplicated recessive
genes (Fu etal. 2004). The TGMS line Qiong68ms,
described in the present study, exhibits fertility that is
influenced by temperature and appears to be governed
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Fig. 3 The Tms3/tms3 location on chromosome 2

by a single recessive gene. When compared to Qiong-
6ms, Qiong68ms demonstrates a simple inheritance pat-
tern and a stable fertility alteration temperature, thus the
discovery of the TGMS line Qiong68ms may facilitate
the application of two-line systems in maize hybrid seed
production. Furthermore, molecular makers which
tightly linked with 7ms3 can be used in TGMS line selec-
tion by means of the MAS method.

The CMS system, also known as the three-line system,
is the most widely used system for producing F, hybrids
in rice, maize and rape. However, this technique is
labour-intensive because the CMS lines require specific
maintenance and restorer lines (Lopez and Virmani
2000). In contrast, the ecological genic male sterile lines
present significant advantages not only as male-sterile
lines but also as maintainer lines and a wide spectrum of
restorer lines (Xing et al. 2003; Wang et al. 2003), and all
of which lack an abnormal cytoplasm effect. In maize,
the utilization of TGMS lines provides the additional
advantage of avoiding the potential risk of leaf spot
caused by some varieties of Helminthosporium that infect
the special sterile cytoplasm in the three line seed pro-
duction system (Hooker et al. 1970).

Maintaining 100% male sterility in TGMS lines is
vital to the success of the two-line seed production sys-
tem. However, various challenges have arisen, some of
which encompass characteristics that are inherent to the
TGMS lines, including sterile stability, fertility alteration
and the number of controlling genes. Other challenges
are ecological and more difficult to control, including
fluctuations in temperature and day/night illumination;
all of these factors can directly influence the fertility of
the TGMS lines. To avoid risks posed by the above-
named factors, the TGMS line should possess a lower
critical temperature, and be controlled by a single gene.
In addition, a suitable ecological environment should be
identified for each TGMS line.
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