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a b s t r a c t

Thermosensitive genic male sterility (TGMS) has been widely used in two-line hybrid rice breeding. Due
to hybrid seed production being highly affected by changeable environments, its application scope is
limited to some extent. Thus, it is of great importance to identify potential TGMS genes in specific rice
varieties. Here, Diannong S-1 xuan (DNS-1X), a reverse TGMS (RTGMS) japonica male sterile line, was
identified from Diannong S-1. Genetic analysis showed that male sterility was tightly controlled by a
single recessive gene, which was supported by the phenotype of the F1 and F2:3 populations derived from
the cross between DNS-1X and Yunjing 26 (YJ26). Combining simple sequence repeat (SSR) markers and
bulked segregation analysis (BSA), we identified a 215 kb region on chromosome 10 as a candidate
reverse TGMS region, which was designated as rtms1-D. It was narrower than the previously reported
RTGMS genes rtms1 and tms6(t). The fertility conversion detected in the natural environment showed
that DNS-1X was sterile below 28e30 �C; otherwise, it was fertile. Histological analysis further indicated
that the pollen abortion was occurred in the young microspore stage. This study will provide new re-
sources for two-line hybrid rice and pave the way for molecular breeding of RTGMS lines.

Copyright © 2021 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rice (Oryza sativa L.), as one of the most important food crops
worldwide, fulfills half of the food demand for the world's popu-
lation (Qi et al., 2012). With the incessantly growing population and
shortage of cultivated land, food security is becoming increasingly
important (Alexandratos and Bruinsma, 2012). Researchers and
breeders have conducted extensive studies to improve rice yield by
utilizing heterosis in rice. Hybrid rice has become one of the best
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strategies to overcome the current challenges for rice production,
which accounted for more than half of China's main rice production
area (Yuan, 1986; Wang, 2020). The yield of hybrid rice has
improved by 20e30% compared with the best semi-dwarf inbred
varieties since the 1970s (Wang and Wang, 2017).

The three-line hybrid system, including sterile lines, maintainer
lines and restorer lines, is the predominant strategy for rice hy-
bridization. However, the unitary cytosterility system may make
hybrid crops more vulnerable to destructive diseases or insects.
Due to the high cost of seeds produced by complex breeding pro-
cedures, such as long cycles and low efficiency, the planting area
and yield improvement per unit area of three-line hybrid rice are
relatively limited (Yuan, 1990, 1998). Yuan proposed the develop-
ment of two-line and even one-line hybrids in rice breeding (Yuan,
1997). The utilization of heterosis in rice breeding will be easier to
operate and more efficient compared with the three-line systems.

Nongken 58, a male sterile rice variety altered fertility
depending on day length and variable temperature, was first
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
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discovered in 1973. Since then, the development of two-line hybrid
rice has been exploited in China (Shi, 1985). Recently, one-line
hybrid using parthenogenetic line has also been tentatively pro-
posed to best utilize heterosis. Hybrid seeds could be obtained by
asexual reproduction without double fertilization. Unfortunately,
the seed setting rate of these lines is relatively low, and most of the
embryos are tetraploid. There remains much work to be done to
realize the practical application of one-line hybrid (Wang et al.,
2019; Khanday et al., 2019), and the two-line approach is still the
main way to produce hybrid seeds at present.

The two-line system, which is performed without a maintainer
line, is convenient, less time-consuming and great potential to
reduce the price of hybrid seeds. Hybrid seed production without
cytoplasmic sterility is a simpler method that could effectively
avoid the potential threat of negative cytoplasmic effects (Yuan,
1990). Photosensitive genic male sterility (PGMS) and thermo-
sensitive genic male sterility (TGMS) are two main types of re-
sources used in two-line system. TGMS is considered more useful
than PGMS under tropical conditions, where the day length dif-
ferences are marginal (Virmani, 1996). Therefore, breeders prefer to
use TGMS lines in hybrid rice via this system. The fertility of these
lines is mainly controlled by recessive nuclear genes, which allows
them to be used in hybrid rice production. Several recessive TGMS
genes, including tms (Kadirimangalam et al., 2019; Khlaimongkhon
et al., 2019), tms4 (Dong et al., 2000), tms5 (Wang et al., 2003; Jiang
et al., 2006), tms8 (Hussain et al., 2012) and tms9-1 (Qi et al., 2014),
have been extensively studied. In addition to these recessive genes,
the dominant genes in PingXiang and the 8987 male-sterile line
have also been proven to play a critical role in TGMS (Huang et al.,
2007; Deng and Zhou, 1994).

Most TGMS lines are sterile when the temperature is high
(>25 �C) but fertile at lower temperatures, which severely restricts
their applicable region. In field practice, TGMS rice sterile at a lower
temperature and its fertility controlled by recessive genes will have
wide application potential. Reverse thermosensitive genic male
sterile (RTGMS) lines ideally fulfill these requirements (Jia et al.,
2001; Liu et al., 2010). RTGMS rice materials, which are fertile at
high environmental temperatures and sterile at low temperatures,
were first discovered in China in the 1980s. In particular, J207S was
fertile or sterile when the temperature was higher or lower than
31 �C, respectively (Jia et al., 2001). The fertility transition of G20S
occurred at approximately 29.5 �C (Liu et al., 2010). Genetic analysis
showed that the fertility of J207S and G20S was also controlled by
recessive genes, which were separately identified as rtms1 and
tms6(t) via molecular mapping. Both genes were mapped to an
overlapping region on chromosome 10, and rtms1 contained
tms6(t) (Jia et al., 2001; Liu et al., 2010). However, cloning and
functional analyses of RTGMS genes are largely scarce.

In this study, a RTGMS line, Diannong S-1 xuan (DNS-1X), was
identified. The critical temperature for the fertility transition
detected in the natural environment showed that the pollen was
sterile below 28e30 �C. Phenotype analysis confirmed that fertility
was controlled by a recessive gene. Moreover, we fine mapped the
candidate region containing the rtms1-D gene by BSA and molec-
ular mapping techniques. Our results will broaden the utilization of
TGMS rice resources and provide insights into analysis of the
function of RTGMS genes.

2. Materials and methods

2.1. Plant materials

Diannong S-1 was kindly provided by Yunnan Agriculture Uni-
versity and has been described previously (Rong, 1994; Jiang et al.,
1997). Yunjing 26 (YJ26), a japonica rice variety, was provided by
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the Japonica Rice Breeding Center of Yunnan Academy of Agricul-
tural Sciences. Diannong S-1 xuan (DNS-1X) is a new and stable
RTGMS sterile line which was bred by purification and selection of
Diannong S-1 for several generations. The F1 and F2:3 genetic
populations and BC2F4:5 near-isogenic lines (NILs) derived from a
cross between the donor YJ26 and recipient DNS-1X were used in
this study. All materials were planted twice per year in a paddy field
at the breeding bases of Xishuangbanna Tropical Botanical Garden,
Chinese Academy of Sciences, Mengla, Yunnan Province, China. The
heading dates of the two crop seasons were in early May and late
October. Breeding practice showed that the RTGMS sterile line
DNS-1X presented a sterile phenotype in these two periods. NILs
were sown every 10 days to investigate fertility conversion in 2020.

2.2. Identification of pollen fertility and phenotypic characterization

The materials planted at the Sanya breeding base (Sanya,
Hainan) and Xishuangbanna breeding base (Jinghong, Yunnan)
were investigated for the indicated times. During heading, florets in
the upper middle section of flowering primary panicles, twenty per
plant, were sampled and fixed with 75% alcohol. Anthers of three
florets were randomly selected from the sampled florets and
squashed in 0.01 g/mL iodine and iodine-potassium solution (I2-KI)
for staining the pollen grains. The pollen grains that were round,
dark and uniformly stained were considered fertile. In contrast, the
pollen grains that exhibited unstained spherical or shriveled shapes
or pale coloration were considered sterile. Investigation of pollen
fertility was carried out under a Carl Zeiss microscope (Carl Zeiss,
Germany) at 10 � magnification. The pollen fertility of each plant
was measured for three repetitions. Moreover, the morphology of
anthers and pollen grains was photographed by an OLYMPUS SZX16
stereoscope microscope (Olympus, Japan) and a ZEISS EVO LS10
scanning electron microscope (Carl Zeiss, Germany), respectively.

2.3. Determination of agronomic traits of NILs

The seeds of the NILs and receptor parent YJ26 were soaked for
36 h, induced to germinate in a growth chamber at 28 �C, and
subsequently sown on seedbeds; the seedlings were transplanted
at the four-leaf stage with 5 rows per plot and 12 plants per row.
The density was 25 cm� 20 cm between plants. The pollen fertility
of 10 individuals randomly selected from each population was
investigated at the heading stage and at the mature stage. Agro-
nomic traits, including plant height, panicle length, number of
primary branches, number of secondary branches, effective tiller
number, grain number per panicle, grain length and grain width,
were measured.

2.4. Histological characterization of DNS-1X

For histological analysis, the fertile (YJ26) and sterile (BC2F5
sterile NILs) anthers of eight panicle development stages were
sampled and fixed in 50% (v/v) FAA before made into semithin
transverse sections (Feng et al., 2001), all anther samples were
collected in early May of 2021. The fertility of NILs was determined
by I2-KI staining the mature pollen grains, ensure that the NILs was
sterile. After the samples were vacuum infiltrated, semithin sec-
tions were performed as described previously (Zhao et al., 2020).
Images were photographed using a Nikon Eclipse E100 microscope
(Nikon, Japan).

2.5. BSA

Healthy leaves of 100 fertile and sterile individuals were
collected from the F2 population. The materials were quickly frozen
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with liquid nitrogen and then stored at�80 �C. The genomic DNA of
all samples was extracted according to a previously described
method (Murray and Thompson, 1980). Three mixed DNA pools
(R01-DNS-1X, R02-fertile pool, and R03-sterile pool) were con-
structed for BSA. The FP (fertile pool) and SP (sterile pool) were
made by mixing equal amounts of DNA from fertile and sterile
samples, respectively. BSA was performed by OE Biotech Co., Ltd
(Shanghai, China), and the analysis was performed according to a
previous report (Takagi et al., 2013). The SNP-index of the two
extreme trait pools and parents was calculated by genome
sequencing. 1 Mb was used as the window, and a 10 kb walk was
used to count the average value of all SNP-index when positioning.
The coverage depths of the highbulk and lowbulk were tested by
binomial distribution, and the 95% and 99% confidence intervals
were calculated statistically. The fitting line (shown in red) outside
of the confidence line on the chromosome (where the SNP index
was close to 1) was considered to be the possible phenotypically
linked region.

2.6. Identification of genotype by SSR markers

Genomic DNA was extracted from fresh leaves as described
above. Based on the results of BSA, a total of 191 reported SSR
markers on chromosome 10 were used to test the parental poly-
morphisms (Sasaki, 2005). Four markers with polymorphisms be-
tween the parents were used to investigate the genotypes of 792 F2
individuals (DNS-1X � YJ26). For fine mapping, several new SSR
markers were designed based on the reference genome of Nippo-
bare, and markers with polymorphisms were used. PCRs with a
total volume of 20 mL contained 10 mL 2 � Taq Master Mix (Novo-
protein Scientific Inc.),1 mL forward primer (10mol/mL), 1 mL reverse
primer (10 mol/mL), 2 mL DNA samples and 6 mL ddH2O. The PCR
cycling conditions were as following: 95 �C for 5 min; 26 cycles of
30 s at 95 �C, 30 s at 60 �C, and 30 s at 72 �C; and finally, 72 �C for
2 min. Polyacrylamide gel electrophoresis (PAGE) with silver
staining was used to detect the PCR products.

2.7. Identification of the critical temperature for the fertility
transition

To determine the critical temperature for the fertility transition,
we collected meteorological data, including temperature, sunshine
hours and relative humidity in 2020, from the National Forest
Ecosystem Research Station at Xishuangbanna, a location near the
experimental breeding base, and further analyzed the correlation
between the fertility transition and these environmental factors.
The influence of meteorological factors on pollen fertility from 1 to
26 days before heading was evaluated (Rangaswamy, 1993).

2.8. Statistical analysis

SPSS v.20 software (IBM) was used to analyze agronomic trait
and fertility data. The c2 test was applied to determine the segre-
gation ratio of fertility. Student's t-tests were used to determine
significant differences, with * and ** indicating significant differ-
ences at P < 0.05 and P < 0.01, respectively.

3. Results

3.1. Pollen fertility of DNS-1X under different temperatures

We first investigated the effect of temperature on the pollen
fertility of DNS-1X, and found that pollen fertility was indeed
affected by ambient temperature. From late February to early
March in Sanya, Hainan, DNS-1X initiated panicle development at
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an average maximum temperature of 26 �C. The anthers were
shrunken and the filaments were abnormally long, resulting in
complete male sterility (Fig. 1AeE, G). The pollen grains were
irregular and unstained with I2-KI solution (Fig. 1J, K), resulting in
no seeds setting in the panicles (Fig. 1A, B). However, the average
maximum temperature was 35 �C in June in Xishuangbanna, and
the initiation of panicle development presented normal and full
anthers, short filaments, spherical and darkly stained pollen grains
and normal seed set (Fig. 1AeE, F, H, I). These results indicated that
DNS-1X was a potential RTGMS line.

3.2. Inheritance of fertility and its effect on agronomic traits in
DNS-1X

To determine the genetic basis of sterility genes, we investigated
the fertility of the F2 population derived from a cross between YJ26
as the donor and DNS-1X as the recipient. The pollen fertility and
natural seed-setting rates of 1040 F2 individuals both showed
obvious bimodal distributions (Fig. 2). There was a significant
positive correlation between pollen fertility and the seed setting
rate (r¼ 0.71). The c2 tests showed that the break point occurred at
37.5% pollen fertility and a 28.13% seed setting rate and that the
fertile and sterile types were fitted to a ratio of 3:1 (P > 0.05)
(Table 1), suggesting that the sterility of DNS-1X was controlled by
a single recessive gene. We further investigated the phenotypes of
sterile and fertile NILs (BC2F4) in which there was no significant
difference in plant height and grain size. However, the number of
effective tillers of fertile NILs was significantly lower than that of
sterile NILs, and the primary branching and number of grains per
panicle of fertile plants were significantly higher than those of
sterile plants (Table 2). The results indicated that the sterility gene
in DNS-1X affected fertility conversion as well as some key agro-
nomic traits.

3.3. Histological analyses of DNS-1X

Employing histological semithin transverse sectioning, we
cytologically characterized male reproductive development in
fertile (YJ26) and NILs sterile plants (Fig. 3). According to the pre-
vious classification of pollen growth, we tentatively characterized
the sections into eight stages (Feng et al., 2001). During early
development, from the early premeiosis stage to the young
microspore stage, MMCs of both fertile and sterile anthers went
through normal meiosis and tetrad period (Fig. 3AeD and IeL).
Normal anther parietal cells including epidermis, endothecium,
middle layer, and band-type-shape tapetum could all be found both
in fertile (Fig. 3AeD) and sterile anthers (Fig. 3IeL). Obvious dif-
ferences were observed during the start of the young microspore
stage, inwhich tapetal layer cells of fertile pollen became degrading
(Fig. 3E). In contrast, the sterile anthers still had visible tapetum
(Fig. 3M). From the vacuolated pollen stage to the mature pollen
stage, the tapetum of fertile anther gradually degenerated and
vacuolated microspores went through mitosis, turning to mature
pollen grains with fully accumulated nutrients on the surface
(Fig. 3FeH). However, the sterile anther middle layer cells were still
visible with intact tapetum.Meanwhile, pollens were shrunken and
lacked starch granules (Fig. 3NeP). In conclusion, the pollen abor-
tion of DNS-1X occurred in the young microspore stage.

3.4. Mapping the sterility gene in DNS-1X by BSA

We selected individuals with extreme phenotypes as two mixed
pools (fertile pool and sterile pool) from the F2 population for BSA.
Three mixed DNA pools (R01-parent DNS-1X, R02-fertile pool, and
R03-sterile pool) were constructed and used for DNA sequencing. A



Fig. 1. Phenotype and morphology comparison of anthers and pollen fertility of DNS-1X under high- and low-temperature conditions. (A) Morphology of sterile and fertility
restorer plant from Hainan and Xishuangbanna, respectively. Scale bars, 20 cm. Stereoscope microscope of fertile and sterile plants spikelet (B and C), and anther (D and E) during
heading date. Scale bars, 5 cm (B) and 2 mm (D and E). The morphology of anthers (F and G), pollens (I and J) and the I2-KI (H and K) staining of fertile and sterile pollens. Plants
were grown at 35 �C (F, I, H) or 26 �C (G, J, K). Scale bars, 200 mm, 35 � (F and G); 10 mm, 2000 � (I and J); and 100 mm, 100 � (H and K).
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total of 55.51 Gb of clean data were filtered from the raw data:
quantification of the data showed a Q20 � 97.71% and a
Q30 � 94.06%, and the GC content was 43.18%e43.82% across all
three mixed samples (Table S1). The read depth of the parental pool
(R01) was 43.5 � , and the depths of the two offspring pools (R02)
and (R03) were 47.7� and 42.5� , respectively (Table S2). When the
pooled samples were aligned to the reference genome, we identified
approximately 1.09 million, 1.30 million, and 1.32 million single
216
nucleotide polymorphisms (SNPs) in the three pools (R01eR03);
among them, there were 0.22 million, 0.24 million and 0.25 million
CDS mutations. There were more than 0.19 million, 0.24 million, and
0.24 million indels in the genomes of the pools; among them, 0.22
million, 0.24 million and 0.25 million CDS mutations were identified
(Fig. S1). The transition of G > A and C > T was the main type of SNP
mutation in each sample (Figs. S2 and S3). The DSNP-index and
DInDel-index were calculated and visualized (Fig. 4A,B). There was a



Fig. 2. The distribution of pollen fertility in F2 population and seed-setting rate. Distribution of pollen fertility (A) and seed-setting rate of 1040 plants in the F2 population (B) in a
cross between DNS-1X and YJ26 grown in 2019.

Table 1
Genetic analysis of F2.

Type Total Fertility Sterility Ratio c2 (3:1) P value (0.05) Correlation

Pollen 1040 788 252 3.13:1 0.29 0.57 0.71**
Seed 1040 755 285 2.65:1 3.08 0.07

Note: The fertile and sterile pollens of in F2 progenies segregated in the ratio of 3:1. The asterisk indicates significant difference (**P < 0.01).

Table 2
Results of agronomic traits of the fertile and sterile NILs plant under normal field
conditions.

Traits Fertile Sterile

Plant height (cm) 66.06 ± 4.51 65.30 ± 6.17
Effective tiller 11.30 ± 3.60** 18.45 ± 6.44
Panicle length (cm) 16.38 ± 1.57 15.57 ± 1.26
Primary branching 8.20 ± 1.06* 7.40 ± 1.27
The secondary branch 25.00 ± 6.77 22.40 ± 6.72
Number of grain per ear 108.35 ± 24.19* 86.00 ± 24.12
Grain length (mm) 6.41 ± 0.47 6.40 ± 1.59
Grain width (mm) 2.95 ± 0.12 2.91 ± 0.71
Grain length to width ratio 2.23 ± 0.13 2.11 ± 0.53

The asterisk indicates significant difference (*P < 0.05, **P < 0.01).
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9.99 Mb region on chromosome 10 that exceeded the threshold
value 99%. This region contains 1163 genes. This result indicated that
the genes responsible for fertility in DNS-1Xmight be located within
this 9.99 Mb region on chromosome 10.
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3.5. Fine mapping of the rtms1-D gene

To further narrow the candidate region, 191 SSR markers were
selected to screen for polymorphisms in the putative region.
Among them, 4 SSR markers (RM25213, RM25271, RM25289 and
RM25308) showing polymorphisms were used to perform genetic
linkage analysis and mapping of 829 F2 individuals. The sterility
gene was mapped between RM25271 and RM25289 (Fig. 5A). For
fine mapping of the sterility gene, we developed new SSR markers
to screen recombinants in F3:4 segregating populations (Table S3).
By comparing the phenotype and genotype of recombinants, we
narrowed the sterile gene of DNS-1X to a 215 kb interval between
markers DN32-3 and RM25289 on chromosome 10 (Fig. 5B) that
contained 30 candidate genes (Table S4). The fine mapping region
was narrower than that for the two previously reported reverse
thermosensitive genic male sterile genes rtms1 and tms6(t) (Jia
et al., 2001; Liu et al., 2010); all three regions overlapped on
chromosome 10. We designated the newly identified region rtms1-
D (Fig. 5C).



Fig. 3. Histological comparison of fertile and sterile anthers at eight developmental stages. A to H, transverse section analysis of fertile anthers; I to P, transverse section analysis of
sterile anthers; A and I, the early premeiosis stage; B and J, the MMC stage; C and K, the late meiosis stage; D and L, the tetrad stage; E and M, the young microspore stage; F and N,
the vacuolated pollen stage; G and O, the pollen mitosis stage; H and P, the mature pollen stage; BP: bicellular; DMsp: degraded microspore; E: epidermis; En: endothecium; MC:
meiotic cell; MMC: microspore mother cell; ML: middle layer; MP: mature pollen; Msp: microspore; SC: sporogenous cell; SPC: secondary parietal cell; T: tapetum; Tds: tetrads; F:
fertile anther of YJ26; S: sterile anther of BC2F5. Bars ¼ 40 mm.
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3.6. Critical temperature for the fertility transition in DNS-1X

A previous study showed that the fertility transition of TGMS
lines was mainly attributed to temperature, and sometimes light,
humidity, solar radiation, rainfall and other factors (Liu et al., 1997).
Therefore, we analyzed the correlations between temperature,
sunshine hours and humidity with the fertility of DNS-1X. The re-
sults demonstrated that the fertility of DNS-1X was obviously
affected by temperature but not sunshine hours or relative hu-
midity (Table 3). In addition, understanding the critical thermo-
sensitive period of fertility alternation will help to manipulate the
optimal sowing time for TGMS line reproduction and hybrid seed
218
production (Latha and Thiyagarajan, 2010). Panicle development
from first bract primordium differentiation to pollen maturation
took approximately 26 days (Rangaswamy, 1993). To determine the
critical temperature, the distribution of pollen fertility at both the
fertile and sterile phases and the corresponding maximum tem-
perature were charted. The results showed that the pollen was
completely sterile when the temperature was lower than 28 �C,
whereas approximately 80% of the pollen was fertile when the
temperature was higher than 30 �C (Fig. 6). We suggested that the
critical temperature for fertility conversionwas 28e30 �C, implying
that DNS-1X will be suitable for two-line seed production and for
planting in a wider area.



Fig. 4. Bulked segregation analysis (BSA) of SNP. (A) SNP-index; (B) InDel-index; Note: Green and blue dots represent SNP-index or DSNP-index value; The red line: the SNP-index or
DSNP-index after fitted; The purple line: the 95% confidence line; The orange yellow line: the 99% confidence line; SNP-index (highbulk): the linkage map of mutant offspring; SNP-
index (lowbulk): the linkage map of wild offspring; DSNP-index: the linkage map of this population.
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4. Discussion

Heterosis, with a priority for male sterility, has been extensively
applied in crop breeding. Its advantage lies in the fact that the
hybrids are superior to their parental inbred lines, with an
increased growth rate, a larger body size and higher yields (Shull
et al., 1908; Kempe and Gils, 2011). TGMS lines have shown great
potential in two-line hybrid rice breeding due to their great po-
tential genetic characteristics. Previous studies demonstrated that
tms1 was mapped to chromosome 8 (Wang et al., 1995), and tms2
was located in a 1.7 cM interval between RFLP markers R643A and
R1440 on chromosome 7 (Yamaguchi et al., 1997). Subudhi et al.
(1997) mapped tms3 between OPAC3640 and OPAA7550 on chro-
mosome 6. tms5 was located in a 181 kb region on chromosome 2
between markers RMAN7 and RMAN54 (Jiang et al., 2006; Wang
et al., 2003). These TGMS lines will facilitate the production of
two-line hybrids.

In addition toTGMS, reverse TGMSwill broaden the use of TGMS
rice. In 2001, a RTGMS gene rtms1 in rice J207S was identified on
219
chromosome 10 between markers RM239 and RG257 with genetic
distances of 3.6 cM and 4.0 cM, respectively (Jia et al., 2001).
Moreover, molecular mapping of the gene that controls the fertility
transition of the sterile line G20S revealed a recessive gene tms6(t),
which was fine mapped to an interval of 1455 kb on chromosome
10; this gene is closely linked with molecular markers RM3152 and
RM4455 at distances of 3.0 cM and 1.1 cM, respectively (Liu et al.,
2010). Although they overlap on chromosome 10, rtms1 and
tms6(t) have different critical temperatures for fertility conversion.

In the current study, we reported a new RTGMS line, DNS-1X,
which was sterile at low temperatures but fertile at high temper-
atures, presenting the same characteristics as rtms1 and tms6(t).
Other environmental cues, such as sunshine hours and humidity,
have no effect on the sterility of DNS-1X. Histological analyses
showed the pollen abortion of DNS-1X occurred in the young
microspore stage. The critical temperature for fertility conversion
for DNS-1X is 28e30 �C, indicating that DNS-1X has great potential
in hybrid breeding. Especially in the low latitude plateau of Yunnan,
China, hybrid rice seeds can be produced in large areas at middle



Fig. 5. Fine mapping of the rtms1-D gene. (A) The result of mapping in F2 population. (B) Verification of homozygous recombinants in F3 and F4. &, *, and # represent the plant
number, genetic distance (cM) of markers on the chromosome, and phenotype, respectively; the data in the brackets indicate the plants number of sterile or fertile genotype; S:
sterile plant; F: fertile plant. (C) Comparison of the mapping region with the previously reported regions.

Table 3
The correlation coefficient between pollen sterility and temperature over a period of 26 days before heading.

Parameter Mean maximum temperature Mean minimum temperature Mean temperature Relative humidity Sunshine hours

Pollen fertility rates 0.56** 0.64** 0.61** 0.24 �0.18

The asterisk indicates significant difference (**P < 0.01).
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and high altitudes, while male sterile lines can be produced in low
hot valleys and at low altitudes in the south. The sterility gene was
mapped on chromosome 10 between DN32-3 and RM25289 at a
distance of 215 kb. This candidate region was narrower than that
reported for rtms1 and tms6(t), indicating that the chromosome
segment is closely related to fertility. As previous reports have not
cloned or analyzed the functions of specific candidate genes, it
could not be determined whether these three genes are the same
gene. However, our phenotype observations further suggested that
fertility is tightly controlled by a single recessive gene. DNS-1 was
sterile at 24 �C, but the inheritance pattern presented single
Fig. 6. The observations of critical sterility and fertility temperatures in 2020.
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recessive gene segregation (Rong, 1994). In the process of breeding
the sterile line DNS-1X, we found that the fertility transformation
of its recipient DNS-1 presented continuous segregation. After
continuous selection for several generations, the sterile line DNS-
1X with stable fertility and a narrow fertile transformation crit-
ical temperature of 28e30 �C was bred, implying that the genes
mediating the fertility of DNS-1 might be gene clusters and that
different combinations presented different fertility transitions.
However, the underlying mechanism will be elucidated with
further cloning and analysis of the function of rtms1-D.

Although numerous P/TGMS and RTGMS loci have been found
and located in specific candidate regions, the gene sequences and
underlying mechanisms are still largely unknown. Recent studies
have demonstrated that TGMS traits are mediated at the tran-
scriptional level. TMS5 encodes the gene Os02g0214300 (RNase ZS1),
which causes the TGMS trait through a loss of RNase ZS1 function.
RNase ZS1 processes the mRNAs of three ubiquitin fusion ribosomal
protein L40 (UbL40) genes into multiple fragments in vitro and
in vivo. The tms5 mutants showed increased levels of UbL40 mRNAs
under high temperature (>28 �C), and overexpression of UbL40
mRNAs caused defective pollen production andmale sterility (Zhou
et al., 2014). Moreover, the pollen fertility in rice is also regulated by
long noncoding RNAs and phased small-interfering RNAs, as well as
the material composition of the pollen coat (Fan et al., 2016; Jiang
et al., 2020; Ding et al., 2012; Chen et al., 2007; Wang et al.,
2020; Xue et al., 2018). Whether RTGMS line fertility is regulated
at the transcriptional level needs to be further investigated.

Identifying a new gene locus regulating RTGMS and uncovering
its underlying molecular mechanism will greatly promote large
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scale applications of two-line hybrid systems in rice breeding. Thus,
further study is needed to investigate the candidate rtms1-D genes
and their roles in regulating RTGMS. Together with the previously
reported RTGMS lines, our reported line will provide beneficial
support for using these RTGMS resources for rice breeding.
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