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Abstract

Second-generation hybrid rice breeding, using two-line systems also called Environment-sensitive Genic Male Sterility (EGMS), represents
a significant advancement in hybrid rice. By eliminating the need for a maintainer line, this method simplifies hybrid seed production and
reduces associated costs, thereby offering promising solutions for yield improvement and food security. EGMS encompasses various
systems, including Temperature-sensitive (TGMS), Reverse TGMS (RTGMS), Photoperiod-sensitive (PGMS), Photoperiod and Temperature-
sensitive (PTGMS) and Humidity-sensitive (HGMS), each of which is regulated by specific environmental cues. This review highlights the
evolution, genes associated with and classification of EGMS systems, as well as their roles in hybrid rice production. The different methods
of production and selection of location for the EGMS lines are also discussed. Advances in biotechnology, such as CRISPR/Cas9 gene
editing, mutation breeding and speed breeding, have significantly improved the stability, adaptability and faster development of EGMS
lines. Furthermore, gene pyramiding and marker-assisted selection (MAS) enhance trait integration, facilitating the creation of hybrids
with superior agronomic traits, disease resistance and environmental stress tolerance. India’s contributions in two-line breeding,
especially the development of several TGMS lines suitable for regional climatic conditions, demonstrate the potential of TGMS in hybrid
rice technology. This will help meet the demands of a growing population while enhancing climate resilience.
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Introduction tropical areas with limited land and water resources, to fulfil the
rising demands of food. According to FAOQ, rice hybrids yield 20 %
more than cultivated varieties. It also offers a faster growth rate,
better agronomic and floral traits, multiple resistance and
adaptability, which have expanded hybrid rice to cover over half
of the total rice-growing areas (3).

The population of the world is predicted to increase at a rate of
2.3 billion people from 2009 to 2050, reaching 9.1 billion. More
than half of this population, especially in South-Eastern Asia,
relies on rice for their staple consumption. Rice is cultivated on
more than 160 million hectares worldwide, with annual global
production exceeding 750 million metric tons of paddy rice, as Rice is a self-fertilizing, short-day plant that requires male
reported by the Food and Agriculture Organization in 2023. Asia -sterile lines (MS) to produce hybrid seeds in the breeding
dominates global rice production, accounting for over 90 % of ~ Program. Rice hybrids are broadly developed using either the
both area and output, with China and India being the top three-line or the two-line breeding systems. The most used male
producers. Despite changes in people’s eating habits over time, sterility system, followed by the three-line breeding (cytoplasmic
there is an increasing demand for rice and its byproducts. One of ~ Male sterility - CMS) system, is two-line breeding/environmental
the most effective strategies to enhance yield potential has been ~ Sensitive genetic male sterility (EGMS) (4). Recently, genetic
the development and adoption of hybrid rice, which exploits ~ €ngineering (5) and apomictic methods (6) have also gained
heterosis or hybrid vigour to produce superior-performing attention to produce MS lines. The three-line system involves a
varieties. Thus, hybrid rice has a significant role in increasing ~ CYtoplasmic male sterile (CMS) line, a maintainer line and a
yield potential and ensuring food security. Research on hybrid restorer line. MS lines from CMS result from the interaction of the
rice began in China during the early 1970s, led by Yuan Long Ping nuclear and cytoplasmic genes, making them sterile (S) lines,
and later spread to India (1), Philippines and other tropical which are stable. While effective, this method is limited by the

countries (2). Hybrid rice technology is crucial, particularly in complex process of maintaining sterility and restoring fertility. In
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contrast, EGMS is a cause of mutated nuclear genes that are
sensitive to environmental changes. These lines require specific
environmental conditions to produce MS lines. When the
environment is favorable, EGMS lines have several advantages
over CMS lines; it does not require a maintainer line and can cross
with a wide range of genotypes as restorers. The two-line hybrid
system marks a new generation of hybrid rice called the second-
generation hybrid rice. Sterility in EGMS lines occurs during the
early reproductive stage/booting stage of plant due to the loss of
viability of pollen/pollen abortion (7), even with a normal pistil.
They can revert to normal fertile plants under a fertility-favoring
environment due to the suppression of sterility-inducing genes.
This flexibility simplifies hybrid seed production, enhances the
exploitation of heterosis and broadens the genetic base for hybrid
combinations (8). These MS plants can be effectively used as ‘S’
lines in the development of two-line hybrids by crossing with a
desirable pollen parent. Fig. Lillustrates the development of a two-
line hybrid using the EGMS system.

For the successful development of two-line hybrids and
multiplication of seeds, it is essential to understand environmental
cues like temperature, light hours, humidity, etc., which have a
direct effect on sterility expression. Several genes responsible for
sterility, induced by the environment, have been discovered,
characterized and successfully exploited in EGMS hybrid production.
However, the actual molecular and physiological mechanisms have
not been achieved. Advances in molecular biology, genomics and
gene editing technologies will greatly accelerate the identification
and manipulation of such genes, allowing for the precise
development of stable and efficient EGMS lines. Techniques like
CRISPR/Cas9 have been successfully applied to edit the genes
responsible for sterility (9) to create new TGMS lines. Additionally,
molecular marker-assisted selection (MAS), transcriptomic profiling
and genome-wide association studies (GWAS) will enhance the
understanding of the genetic networks underlying male sterility.
Integration of these biotechnological tools with conventional
breeding can significantly lead to a new era of two-line hybrid rice
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systems. This review highlights the genetic control, advances in
EGMS breeding and its breeding prospects to understand its scope
for future research.

The classification of the EGMS system in rice

The classification of EGMS lines in rice is primarily based on the
environmental factors that trigger male sterility. EGMS lines are
crucial for two-line hybrid rice breeding systems, as they eliminate
the need for a maintainer line. The types of EGMS are photoperiod-
sensitive genic male sterile (PGMS) lines, reverse PGMS lines,
thermo-sensitive genic male sterile (TGMS) lines, Reverse TGMS
lines, humidity-sensitive genic male sterility (HGMS) and photo-
thermo-sensitive genic male sterile (PTGMS) lines. Selection and
usage of a particular type depend on the environmental conditions
of the region. This classification aids breeders in selecting suitable
EGMS lines according to the specific environmental conditions of
their target cultivation regions, ultimately enhancing the efficiency
and adaptability of hybrid rice production. Fig. 2 gives the
classification of the EGMS system in rice.

Temperature-sensitive genic male sterility (TGMS)

Temperature changes influence the sterility/fertility phase in this
type. At low temperatures, the pollen is fertile and shows sterility
at higher temperatures. This makes seed production in TGMS
lines possible only in low-temperature regions. Generally, the
TGMS lines remain sterile at a day/night temperature of >30 °C/
>24 °C and they can revert to fertility at a day/night temperature
of <24°C/>18 °C (10). The first stable TGMS line, AnnongS-1, was a
spontaneous mutant (11) derived from the F; population of Chao
-40 and shows complete pollen sterility at 33-37 °C (12). The
genes for the TGMS trait are expressed differently at various
temperatures.

The anthers that produce pollen develop normally up to
a certain temperature threshold. When the temperature exceeds
this critical threshold, the TGMS genes are activated. The
temperature above which the pollen becomes sterile is known as
the critical sterility point (CSP) (13) and it varies for each TGMS
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Fig. 1. The development of a two-line hybrid using the EGMS system.
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Fig. 2. Classification of the EGMS system in rice.

line. The gene responsible for sterility was found to be recessive
and sterility occurs due to the abnormal chromosome segregation
disrupting normal meiosis. This leads to non-functional pollen
grains or pollen abortion. Increased temperatures also harm
functional tapetal cells (14, 15). These cells are generally involved in
pollen adherence and providing nutrients for germination. In India,
TGMS lines were developed at IRRI by transferring the sterility gene
from japonica TGMS mutant Norin PL 12 into indica lines (16). The
varied agro-climatic conditions of India make it a prominent region
for the development of TGMS hybrids.

Reverse temperature sensitive genic male sterility (RTGMS)

Few TGMS lines showed sterility at lower temperatures, which
paved the way to discover the RTGMS lines of rice. RTGMS is the
reverse of the TGMS lines, wherein the plants are sterile under
low temperatures and fertile in high temperatures (17). The first
RTGMS line J207S (18) developed in China showed sterility when
the temperature was less than 31 °C and fertility when above 31 °C.
This type of MS line can be technically used for hybrid production
in low-temperature regions and the multiplication of seeds can be
done at higher temperature regimes. But in tropical crops like rice,
hybrid production using this type of MS line becomes quite
difficult, since it requires a threshold temperature for flowering.

The sterility in the reverse TGMS japonica line, DiannongS
-1 Xuan, was also found to be controlled by a recessive gene,
rtmsI-D, located on chromosome 10 (19). Another gene, rtms10,
was mapped on chromosome 10 in YannongsS (YnS) (20), which
produced abnormal pollens at low temperatures. These genes,
in contrast to TGMS in rice, cause pollen abortion at lower
temperatures, resulting in sterility of RTGMS lines.

Photoperiod-sensitive genic male sterility (PGMS)

PGMS in rice was discovered in 1973 by Professor Shi Ming Song in
Hubei, China. It is the first type of second-generation hybrid
discovered where the length of the day has an important impact. It
was found that when the day length is greater than 13.75 hr, the lines
are sterile and when less than 13 hr, the lines are fertile. PGMS is a

condition where the male gametes/pollen become sterile during the
long-day conditions and become fertile when under short-day
conditions. The first PGMS line identified in rice was from a japonica
cultivar, Nongken58 and was named Nongken58S in China (21). It
shows sterility when the day length is 13.75 to 14.00 hours per day
with light intensity of 5 to 50 lux (22) and vice versa. This type of
PGMS s referred to as the long-photoperiod sensitive type.

PGMS can also be classified as short-photoperiod sensitive
type (reverse PGMS) (23), which is the reverse of the PGMS of rice,
where the plant is sterile when under short-day conditions.
Nongken58 and Peiai64S are the commercially exploited PGMS
lines for hybrid rice breeding. The most critical stage for PGMS lines
in rice is the two to three-leaf stage, before heading, the right stage
for microsporogenesis. By altering the photoperiod to longer day
length conditions, the heading stage (critical fertility point), the
PGMS lines would become sterile (24). Defective exine and intine
pollen layers were found in the sterile PGMS line ZAU115106, along
with an abnormal and sometimes missing nucleus (25). It is
because the functional nucleus carrying the fertility genes is
damaged due to the light hour changes. The major loci controlling
PGMS in the japonica variety are pms1 (26), pms2 and pms4 (27).
These genes are widely exploited to produce successful PGMS lines
in hybrid rice breeding.

Photo-thermo sensitive genic male sterility (PTGMS)

Both photoperiod and temperature influence this type of EGMS
system. The alteration in fertility/sterility is due to the interaction
between temperature and photoperiod (22). Temperature is one
of the important factors as these lines are completely sterile or
fertile in a particular range of temperature, i.e., greater than 30 °C/
less than 24 °C, respectively, even though there is no influence by the
photoperiod. However, photoperiod affects the lines between 24 °C
and 32 °C, i.e,, the longer the photoperiod, the greater the male
sterility at a lower temperature and the shorter the photoperiod, the
greater the male sterility at high temperatures (12).

In the PGMS mutant NK58S, it was found that the male

Plant Science Today, ISSN 2348-1900 (online)




SANJUNAET AL

sterile or fertile conditions were due to the combined influence of
temperature and photoperiod (28) and rather than the influence of
altered photoperiod. The most sensitive period for PTGMS lines is
during the development of the panicle, i.e., from the differentiation
of the secondary branch to the PMC formation. In this period, a day
length greater than 14 hr and a light intensity of at least 50 lux can
cause sterility in NK58S, while normal fertility happens with a day
length shorter than 13.75 hr (29). Like the gene pms3 controlling
PGMS in rice (30), a gene ptgms2-1 was found to control PTGMS in
rice line in Guangzhan63S (31). Huhan74S, a new PTGMS line with
a critical fertility alteration at 23 °C was developed, which is found
to have resistance to drought and rice blast, by integrating blast-
resistant genes into Huhan1$ (32), hence can be effectively utilized
for developing climate-resilient hybrids.

Humidity-sensitive genic male sterility (HGMS)

HGMS is a condition wherein male gamete development is
affected by variable humidity conditions, where pollen aborts at a
low humidity and remains fertile at a higher humidity. Here,
relative humidity (RH) is the prime factor that influences the
production of fertile or sterile male gametes (32). This type of MS
system was first observed in Arabidopsis thaliana in 2003 (34). Itis
the only method of producing a two-line rice hybrid that is not
influenced by the temperature and photoperiodic system (12).
Mutant lines show full sterility when RH lies below 60 % and are
fertile when RH exceeds 80 % (33). This type of sterility system can
be used in regions with RH of less than 60 % (34), where the lines
remain MS that can be crossed with a desirable male parent.

The sterility was due to abnormal pollen germination and
adherence caused by abnormal trypsin structure. This issue occurs
in two HGMS OsCER1Cas lines that result in male sterility (35). The
gene hms1 helped in the synthesis of C26 and C28 very long chain
fatty acids that produce bacula and tryptamine in pollen walls.
This reduces the pollen adhesion and germination on stigmas,
contributing to HGMS conditions (37). Research findings show that
mutant with OsGL1-4 affects pollen adhesion and the water
retention potential. This will be helpful in the development of the
HGMS lines (35) suitable for humidity-favoring regions. The rice
lines Zhonghual1l (ZH11) and Nipponbare also exhibit HGMS (35,
37) and OsCER1, 0sOSC12 and OsHMS1 are some of the genes that
contribute to HGMS conditions (34-36).

Evolution of two-line hybrids

The emergence of EGMS hybrids began in 1973 when a spontaneous
mutant NK58S was identified in segregating generations of a
Jjaponica rice variety Nongken58. Further studies showed that NK58S
was thermo-sensitive in addition to photosensitivity, which led to the
discovery of TGMS lines in rice. The japonica two-line rice hybrids,
7001S/Xiushui 04 and 7001S/Wanhui, significantly increased rice
production in China during the 1980s (38). Eventually, collaborative
research to develop the two-line hybrid exploitation of PGMS/TGMS
lines was initiated in China in 1987. The TGMS traits in AnnongS-1, a
spontaneous mutant of indlica rice Annong, were later reported.

Extensive research was undertaken in the TGMS line
Pei’ai64S (PA64S), which was discovered after introgression and
backcrossing of NK64S in an indica background (20), which led to
the development of hybrids with superior performance. China’s
contribution to hybrid rice over the past 60 years, advanced two-
line hybrid breeding technology and broadened its research
prospects through technical extension and commercialization of
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hybrid rice globally (39). The intensive research on two-line
breeding in rice not only improved China’s self-sufficiency in food
grain production but also helped global food security and future
research (37). India, next to China, contributed significantly to the
field of research on hybrid rice in the world, using both three-line
and two-line hybrids (10). Using modern breeding and molecular
techniques has led to the development of many new EGMS
sources with great potential. Table 1 shows the timeline of the
evolution of EGMS systems in hybrid rice breeding.

Advantages and disadvantages of EGMS

The two-line hybrids show superior performance qualitatively
and quantitatively in terms of yield, grain quality, etc. It has been
found that it gives 10-20 % higher yield than the inbred varieties
(8). Moreover, the hybrid seed multiplication is simple and saves
labour costs and breeding cycles (12). In the CMS system, the
sterility-inducing cytoplasm may have adverse effects on the
hybrids, which leads to the development of undesirable
characters. But a second-generation hybrid rice system has no
such effects (8) and it does not require a specific restorer line, as it
can be easily crossed with almost all rice genotypes. These features
lead to increased breeding efficiency, especially for heterosis at the
subspecies level of indica and japonica rice (12). It is an ideal
method for the development of indica/japonica hybrids where
identification of the restoreris difficult.

Any genetic background can inherit the EGMS genes, which
broadens the diversity of the female parental lines. Its characters
can be explored and exploited under varying climatic conditions
(54), especially in favorable environments. Some TGMS lines are
also resistant to biotic and abiotic stressors like drought, blast and
bacterial blight (48, 49). Similarly, other desirable traits for quality
and yield can also be integrated with TGMS traits through
introgression or gene pyramiding.

However, long-term maintenance of EGMS lines without
controlled conditions may result in instability, potentially leading to
reduced sterility expression. These lines are highly sensitive to
environmental factors like temperature, photoperiod and humidity;,
even slight deviations can trigger partial fertility restoration, thereby
compromising seed purity (55). With increasing climate variability,
unpredictable weather poses a significant risk to EGMS-based
systems due to their dependence on precise environmental cues for
sterility expression. Despite their utility in simplifying hybrid
breeding by eliminating the need for a maintainer line, these
limitations are to be considered for improved stability and
adaptability in future EGMS lines.

Selection of location

The breeding of EGMS lines and the production of hybrid seeds
depend on the location and the weather/climate of the region. For
hybrid seed production of a TGMS line, a region/location with a
critical fertility temperature (CFT) point is critical. The CFT is the
critical temperature during the sensitive stage of a TGMS line,
which results in complete/partial fertility. It allows the TGMS line to
produce fertile and partially fertile pollen grains. This temperature
range ensures optimal flowering and seed development. It allows
the TGMS line to produce fertile and partially fertile pollen grains.
Identification of such locations plays a major role in successful
hybrid seed production in TGMS breeding.

Similarly, the ideal location for self-pollinated TGMS lines/
S lines in rice is determined by critical sterility temperature (CST).

https://plantsciencetoday.online
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Table 1. Timeline of the evolution of two-line breeding in rice

Year Event Details Type of EGMS  Reference
e Nongken58S was identified in China by Professor Shi Ming Song as a
1973 Identification of Nongken58S spontaneous mutant derived from the japonica rice variety Nongken58 PGMS (40)
AnnongS-1 was identified as a spontaneous mutant from the indica rice
1987 Development AnnongS-1 cultivar ‘Annong 1’ PTGMS (41)
Exploitation of two-line A collaborative research project was initiated in China
1987 systpem of breeding in rice involving the MS lines to devet:?ep)egiclfghybrids using two-line hybrid PGMS/TGMS (42)
. PA64S was developed by introgressing the PGMS trait from NK58S into
1991 Devgé?’g?gigt(g'zggsl\/)ls in an indica rice background, resulting in a line whose sterility is TGMS (38)
predominantly governed by temperature
Identification of reverse A spontaneous mutant exhibiting reverse behaviour of TGMS was
1999 thermo-sensitive genic male discovered in a farmer's field which exhibited fertility at temperature RTGMS (43)
sterility (RTGMS) in rice >30 °C and sterility at temperature <24 °C
2001 Recognition of two-line Pei’ai64S, won China’s National Science and Technology Progress TGMS (44)
hybrids Award in 2001
. . The gene responsible for sterility in the TGMS line AnnongS-1, tms5 was
2003 Fine mapp;;%;)fthe gene mapped on chromosome 2. STS marker C365-1 and CAPs marker G227- TGMS (45)
1 were used to map the gene
A new TGMS line, TS6 was identified at Tamil Nadu Agricultural
2004 New TGMS line identification University, Coimbatore and was found to be sterile for 78 consecutive TGMS (46)
days at 32-35 °C maximum and 22-23 °C minimum temperatures
2005 . - Using microsatellite markers, three genes, tms2, tms5 and tgms were
First gene pyramiding inserted in SA2 by gene pyramiding TGMS (47)
2012 Mapping of PTGMS gene  PMS3, a key gene controlling PTGMS, was fine mapped to chromosome PTGMS (28)
(pms3) 12 inrice
Establishing tms5 as the key Researchers identified tms5 codes for a encoding a ribonuclease critical
2014 gene controlling thermo-  for processing UbL40 mRNAs during pollen development. The mutation TGMS (11)
sensitive genic male sterility in tms5 results in the accumulation of unprocessed mRNA under high-
(TGMS) in rice temperature conditions, leading to male sterility
: Integration of EGMS systems  Development of EGMS lines resistant to diseases like blast and false )
2014-2022 with climate-resilient traits smut and drought thus breeding for climate resilient rice All (32,48-52)
Gene pyramiding to improve Using NIL-C5S and Chuang5S (C5S) as recurrent parents, three genes
2023 rice blast resistance with (Pigm + Pi48 + Pi49) were inserted to develop lines, which showed P/TGMS (53)

higher yields

resistance to rice blast without reduction in yield

The CST is the temperature below which these lines changes into
fertile from sterile conditions (56). For seed multiplication of
TGMS lines, a region with a temperature consistently below the
CST of the specific TGMS line during the flowering period is
required. Unlike CGMS, seed multiplication in TGMS lines does not
require maintainer lines, relying instead on the CST of the location,
which is the main advantage. Similarly, locations with suitable day
lengths should be selected for the hybrid development using a
PGMS line.

Many rice varieties show different temperatures for sterility
regulation, especially for japonica rice, which has a wider range of
sterility temperatures (57). All these differences have led to the
exploitation of climate-resilient male sterile lines. The identification
of these critical locations helps in characterizing TGMS lines for
their morphological, physiological and yield-related traits in both
sterility and fertility-favouring environments. For instance, TGMS
red rice better suitable to Kerala’s climatic conditions was
developed through introgression and backcrossing, using a stable
TGMS line EC720903, which was imported from the International
Rice Research Station (IRRI), Philippines (58). Similarly, some
identified TGMS lines were found to have superior and stable
performance in Coimbatore and Kerala’s environmental
conditions (59-61). Genetic diversity and characterization of the
TGMS lines under a sterile conducive environment at Coimbatore
were reported (62, 63). In Tamil Nadu, which is pioneering in TGMS,
Coimbatore, Trichy, Sathyamangalam and Madurai are identified
as the best locations for TGMS seed multiplication (10, 63), as these

regions have a mean temperature high enough to cause sterility.
For now, the hybrid seed multiplication is convenient only in the
low temperature zone at Gudalur in Tamil Nadu (64).

The identification of the critical locations also helps in
characterizing the EGMS lines for their morphological, physiological
and yield-related traits in that location. Like TGMS, PGMS and HGMS
in rice also requires regions with a particular critical day length and
RH respectively, for its sterility expression. Rice breeding using PGMS
is well-suited for temperate countries with significant day length
variation and distinct seasons, such as China, India and Japan (64).

Genetic control of EGMS lines

Most of the TGMS lines are influenced by a monogenic recessive
allele. The TGMS traits in Norin PL12 and IR32364S were found to
be controlled by a recessive allele (65). A single recessive gene
(tms5) was responsible for the sterility in the first TGMS line,
AnnongS and its derivatives, AnnongS-1 and Y58S. The gene was
genetically mapped to chromosome 2 (66). Later, using SSR
markers, the complete mapping of the tms5 gene was
established (66, 67). Reciprocal crosses to Nongken58S also
showed that male sterility may be caused by a single recessive
gene (12, 68). However, studies on allelic relationships showed
that the TGMS genes of Norin PL12 and the mutants of IR32364S
were not the same. Wild rice and landraces serve as a hub for
several genes inducing sterility, which can be exploited using
modern biotechnological methods. The introgressed lines were
used to identify the traits for yield, low-temperature tolerance
and drought stress to detect favorable genes from common wild
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rice (69). Later, the TGMS trait, governed by several genes, was
reported.

The identified tms5 gene is responsible for the production
of UbomRNAs (11) expressed in the pollen mother cell (70) and the
increased production causes male sterility by producing defective
pollen. It was also found that RNA polymerase subunit is directed by
DNA, along with HSPs and kinases (71) are also involved in the
alteration of fertility in rice. The pollen was not produced when the
temperature was greater than 30 °C and at 28 °C abortive pollen was
produced in Zhedal3S. At this point, there was degeneration of the
tapetum and the microspore mother cells, which led to the
production of small whitish anthers. In the TGMS-CO27 male sterile
line, the TGMS conditions were caused by co-suppression of the
ogUgpl gene (72), which is responsible for UDP glucose
pyrophosphorylation. In UPRI 95-140, two non-allelic TGMS genes
tms6(t) and tms7(t) were found to be responsible for sterility, which
were mapped on chromosomes 3 and 7, respectively.

TGMS line 5460S, developed in China, has the tmsI allele
on the sixth chromosome, whereas in Norin PL 12, it is designated
as tms2 (73). On studying the allelic relationships of other TGMS
lines, a new non-allelic TGMS trait, tms4, in SA2, a sodium azide-
induced TGMS mutant (74, 75) was discovered. Varying alterations
of sterility and fertility were observed on the transfer of the Norin
PL 12 gene (tms2) into IRRI cultivars such as IR6949S, IR68945S and
IR68294S, which indicated that these altered conditions are
responsible for changes in the expression of the TGMS trait in
various genetic backgrounds (8). Among them, tms5 is a key gene
regulating thermosensitive sterility in many TGMS lines.

The key genes regulating PGMS and PTGMS in rice include
pmsl and its allelic variant pmsI(t) on chromosome 7, ptgms2-1 on
chromosome 2 and pms3 on chromosome 12 (31, 36, 76, 77); these
genes are associated with the induction of male sterility under
longer day lengths. Another genetic locus conferring the PGMS
trait in Mian 9S was mapped on chromosome 4 and is called pms4
(78). Likewise, genes like rpms1 and rpms2 were found to be
responsible for the RPGMS trait in rice (79). These genes regulate
the expression of certain factors that are specific to the tapetal cells
and influence pollen development. Under long photoperiods,
epigenetic modifications and inactivation of fertility-restoring
genes lead to abnormal microspore development, leading to

Table 2. Some of the important genes associated with EGMS in rice

pollen abortion, ensuring complete male sterility. However, under
short photoperiods, the expression of fertility-restoring factors is
upregulated, enabling normal anther dehiscence and viable pollen
formation in PGMS lines.

Few novel genes controlling RTGMS in rice, namely rtms1,
rtms1-D and rtms10, induce sterility at lower temperatures (19, 20,
80). Among them rtms10 gene in YannongS was found to be semi-
dominant, shifting its sterility behaviour with increasing ambient
temperature. The region occupied by rtms1-Dis more specifically
defined than rtmsl and gives a better precision of the gene.
However, interestingly, all the genes governing RTGMS in rice were
mapped on chromosome 10, which indicates that the trait is
localized on that chromosome. Though it was found that the
genetic control of HGMS in rice was due to hms1 (37), the literature
available regarding its mechanism and mapping is less. Table 2
gives the important genes associated with EGMS in rice.

Breeding of two-line hybrids
Pedigree selection

Pedigree selection is the most used breeding method for
developing EGMS lines. It helps in the identification of a EGMS
mutant, which can be utilised for breeding programmes. For
example, the temperate japonica TGMS mutant Norin PL 12 was
one such mutant identified (16) and was utilized for crossing with
other rice genotypes (indica or tropical japonica). In this method,
the selection of plants in the segregating population that show
EGMS traits under a specific environmental condition is followed
by continuous crossing and selection until stable EGMS lines are
identified. Further, the identified EGMS lines are characterized in
sterility-favoring environments for agro-morphological, molecular
and floral traits. The seed multiplication of EGMS lines is taken up
under fertility-favoring environments. The stable EGMS lines with
good floral traits are used for two-line hybrid seed production. A
summary of the steps involved in the process is given in Fig, 3. This
method is simple and conventionally used to produce EGMS lines.

Introgression

The introduction of sterility genes can be an alternative method for
the integration of the EGMS trait in two-line breeding. A07 is one such
TGMS line, which was used as a donor for introgressive hybridization
of the tms5 gene (64) into environmentally adapted materials by
backcrossing twice and selection of progenies for the gene tms5 at

Gene Source Chromosome Markers Trait Reference
pmsl 32001S 7 RG477 and R1807 PGMS (26)
pms1(t) Pei'ai64S 7 RM21242 and YF11 PGMS (76)
pms3 Nongken58S 12 R2708 and C751 PGMS (77)
pms4 Mian 9S 4 RM6659 and RM1305 PGMS (78)
ptgms2-1 Guangzhan63S 2 RM12521 and RM12823 P/TGMS (31)
rpmsl YiD1S 8 RM22980 and RM23017 RPGMS (79)
rpms2 YiD1S 9 RM23898 and YDS926 RPGMS (79)
tmsl 5460S 8 RM12713 and RM12722 TGMS (81)
tms2 Norin PL12 7 RM12713 and RM 12722 TGMS (73, 82)
tms3 IR32364S 6 OFP18 and OPAC3 TGMS (83, 84)
tms4 TGMS-VN1 2 E2/M5-600, E3/M16-400, E5/M12-600 and E5/M12-200 TGMS (74)
Annongs-1 2 4039-1 and 4039-2 (45, 66, 85)
tms5 1035 2 RM22 and RG257 TGMS (86)
TNAU60S 2 RM12713 and RM12722 (81)
tms8 F61 11 RM21 and RM224 TGMS (87)
tms9 Zhuls 2 Indel 37 and Indel 57 TGMS (88)
tms9-1 HengnongS-1 9 dCAPS marker TGMS (89)
rtmsli J207S 10 RM239 and RG257 RTGMS (19)
rtms10 YannongS 10 ID13116 and ID1318 RTGMS (20)
rtms1-D Diannong S-1 xuan 10 RM25271 and RM25289 RTGMS (80)
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Fig. 3. Steps involved in the pedigree method of breeding in EGMS.

IRRI, Philippines. The transfer of the tms5 gene into a well-developed
genetic background is found to be possible by using SNP markers
that help to identify target genes and select resembling individuals.
Leaf blast-resistant TGMS lines were developed by incorporating the
durable and broad-spectrum gene Pi2 in China. As a result, four lines
carrying the resistance to blast gene Pi2 were developed from C815S
and VE6219. These new lines showed a blast-resistant frequency
equivalent to that of the donor parent VE6219, making them
valuable for blast control in hybrid rice production (48). This method
along with MAS will serve as a precise method of breeding EGMS
lines with the sterility inducing genes.

Mutation

Mutation breeding is a process where mutations are induced in
the genetic material of a plant to create new genetic variations
using physical, chemical, or biological mutagens. Mutation
breeding helps to broaden the diversity and introduction of new
alleles into the gene pool, along with the rapid development of
lines compared to conventional breeding methods. For example,
the TGMS lines TS6 and CBTS0282 were subjected to gamma
radiation of 300 and 350 Gy and an EMS concentration of 0.5 % and
0.6 % to induce mutation, which can be used to develop rice
hybrids (90). Though it allows precise targeting of specific EGMS
traits, screening of large populations and unpredictable outcomes
are also expected, which can lead to unstable mutants.

CRISPR/Cas9 editing system

CRISPR-Cas9 is a tool that has transformed the field of genetic
engineering by enabling precise DNA modifications, which have
opened new possibilities in research, especially in agriculture.
The CRISPR/Cas9 editing system allows for targeted genome
editing through a complex of Cas9 endonuclease and guide RNA,
providing a simple and efficient technique compared to other
genome engineering technologies. Simultaneous mutagenesis of
three genes (OsPi21, OsXa5 and OsBADH2) into an elite TGMS
variety, Zhi5012S, was done using CRISPR/Cas9 (91). The resulting
sterile lines showed popcorn-like fragrance and improved
resistance to blast and bacterial blight. Using CRISPR/Cas9,
mutation was also produced in the Zhongjiazaol7 background,

which gave rise to two TGMS mutants, tms5-1 and tms5-2. These
mutants lack any residual T-DNA (92) and exhibit TGMS, which is
important for two-line hybrid rice breeding.

Using CRISPR/Cas9, mutations were induced in Pinzhan
material for the genes tms5, Pi21 and Xa13. A multiplex gene
editing method was used to find the triple mutants for the genes
that had TGMS characteristics, along with blast and blight
resistance in rice. This method can be a promising method in
producing stress-resilient EGMS hybrids that gives a better yield.

Rapid generation advancement of TGMS lines

For the development of population in rapid generation advance
(RGA), the selection is delayed until the Fs generation, unlike the
pedigree method. This population is grown in structures like
greenhouses or on seedling trays with less spacing and limited
inputs, where higher temperatures limit root growth, leading to
early flowering and maturity, which shortens crop duration. This
method is advantageous for developing EGMS lines due to its
controlled and stable conditions. It also allows for higher genetic
gain by handling many populations with wide variation (92).

This method can be used to conserve time and limit the
costs incurred. Under controlled conditions, it also hastens the
fixation of new lines by single-seed descent from a mixed (93).
Doubled haploids are used to speed up the fixation and have
been successful in TGMS lines A36, A07, A37 and A32 (94) from
the mutant segregants. This will further help the researchers in
exploiting the EGMS traits for better hybrid production.

Gene pyramiding method

Gene pyramiding in plant breeding involves incorporating multiple
desired genes into a single genetic background to enhance its
resistance or tolerance to various diseases/stresses. This process
requires successive rounds of crossing and selection to
accumulate the desired genes in a single genetic background.
Using this method, EGMS lines with additional superior traits,
which will have cumulative effects such as resistance to biotic
stress and abiotic stress, good floral traits, along with increased
yield, can be developed. Using backcross breeding and gene
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pyramiding along with molecular MAS, Hua1228S (PTGMS line)
was developed in China, carrying Pi2, Xa7 and tms5 genes, which
showed leaf and neck blast resistance at higher levels (49). Two
genes, Pi2 from VE6219 (rice blast resistant) and Xa23 from HBQ810
(bacterial blight genes), were introgressed into a TGMS line
Guangzhan63-4S by marker-assisted pyramiding, which led to the
development of a blast and bight resistant Hua1015S, a pyramided
line (95). The newly developed TGMS line Hual015S and its derived
hybrids showed resistance to both rice blast and bacterial blight (94).
Pyramiding of three thermosensitive genetic male sterility (TGMS)
genes, tgms, tms2 and tms5, was also done using linked
microsatellite markers (47). Gene pyramiding is considered a
promising method in the development of climate-resilient hybrids,
which will help in coping with the environmental stressors.

Growth of two-line breeding in India

Among the different types, TGMS system is widely exploited in
India. Diverse agro climatic conditions, altitude variations, large
rice cultivation areas, high demand for rice and the economic,
market and practical advantages offered by TGMS technology
make it highly conducive for the Indian subcontinent. TGMS
hybrids in India are mainly cultivated in the northern states like
Chhattisgarh, Punjab and Haryana (10). ICAR has done intensive
research in two-line breeding and characterized several TGMS
lines over the past decade. It has done molecular characterization
and evaluation of six TGMS lines viz., DRR-5S, DRR-1S, IR73834-21S
IR73827-23S, UPRI-95-140S and UPRI-95-167S (96), which showed
significant genetic diversity and potential for high heterosis in
hybrids, which can be selected as potential parents. The
development of these lines has contributed to the advancement of
rice breeding programs, particularly in regions with variable
temperatures that are conducive to the expression of TGMS traits.

In Tamil Nadu, the Paddy Breeding Station has made
significant contributions in the field of two-line breeding and
released TGMS lines TNAU19S, TNAU45S, TNAU60S, TNAU95S
and TNAU39S which were stable, showing complete pollen sterility
with good floral traits (10). These identified TGMS lines were further
characterized (96, 97) for floral and morphological traits, which are
used as promising ‘S’ lines in the production of two-line hybrids.
TNAU 60S was identified from PKM3 (98) as a spontaneous mutant
with desirable sterility and floral characters, it was found to be a
promising TGMS for the development of rice hybrids. Another
spontaneous mutant of RP 2161-106-1-1 called TS6 was identified,
which is found to be successful in breeding programmes. The
TGMS lines, TNAU 45S, TNAU 95S and TNAU 39S showed desirable
floral and morphological traits like stable sterility in pollens, wide-
opening glumes and exerted stigmas (61). A total of 119 TGMS rice
lines were characterized for yield and floral attributes in both
sterility and fertility-favoring environments of Coimbatore and
Gudalur, respectively (62, 64). The hybrid CORH5 was the first two-
line rice hybrid, released by TNAU, Coimbatore in 2024. The
parentage of this hybrid CORH5 is TNAU 60S and CBSN 405. A

Table 3. Some of the important hybrid rice sources developed in India
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private seed company, Savannah Private Limited, has also
released two-line rice hybrids, namely SAVA-124 and SAVA-134, for
commercial cultivation (10).

Many TGMS lines with desirable traits suitable for several
regions of India have been developed. The variability of the
genes governing and the floral traits of the identified TGMS lines
implies the broad genetic background of the TGMS trait. Despite
the stable pollen sterility, the performance of these lines in
different conditions varies. This might be due to varying
environmental conditions, the influence of the other genes and
the combining ability of the line. Table 3 shows some of the
important TGMS lines developed in India (64).

Conclusion

The development of two-line breeding for rice has improved yield
and stress resistance because of the discovery of several TGMS
sources. Farmers now have access to superior hybrid rice varieties,
which not only meet the growing food demands but also provide
better economic returns due to high yield and adaptability. The
two-line hybrids show multiple stress resistance and adapt well to
the local conditions, enhancing hybrid rice production, offering
significant advantages in terms of yield potential and adaptability.
It helps to overcome the bottlenecks of the three-line rice breeding
systems and shows successful results in breeding programmes.
Modern methods like mutation breeding, gene pyramiding, RGA
and CRISPR-Cas9 have helped in achieving the stability of TGMS
lines. These advancements will pave the way for the development
of a new generation rice hybrids with superior performance, not
only in India but also globally. Further morphological and
molecular characterization of identified TGMS lines will help
researchers for a better understanding of TGMS traits and further
exploitation. As the demand for food security continues to rise
globally, the integration of molecular tools into two-line breeding
systems holds great promise for creating high-yielding, resilient
rice varieties, thereby contributing to sustainable agriculture and
meeting future food challenges.

Future Research Priorities

Discovering and utilizing new genes for male sterility that
respond to temperature and photoperiod changes can help to
create better hybrids with desirable characteristics. The success
of two-line hybrids depends on stable pollen sterility, which is a
major problem of concern due to environmental fluctuations.
Understanding the genetic control of the TGMS trait will aid in
the exploitation of the TGMS trait to develop stable sterile lines.
The PGMS gene from NK58 in japonica rice does not produce
stable offspring. However, when it is transferred to PA64S in
indica rice, it shows a TGMS trait (12). Various gene editing tools
and modern techniques can be utilized for this purpose, which
can lead to a new hybrid rice breeding,

Name of the line Ecospecies Gene origin Place of development References
JP38,JP2 indica Spontaneous mutant IARI (64)

TS6, TNAU 60S, TNAU 45S, TS29 indica Spontaneous mutant TNAU (10,13,81,97)
TNAU 27S, TNAU 19S, TGMS 94S, TGMS 93S, TGMS 92S, TGMS

91S, TGMS 825, TGMS 81S, TGMS 74S, TNAU 39S, TNAU 458, indica Selection TNAU (13, 81, 99, 100)
TNAU 95S, TS0912, TS0925, TNAU 39S, TNAU 60S

SA2,F61 indica Induced mutation (C) India IARI (64)
JP8-1A-12 indica Breeding population, India IARI (64)

JP 24A indica India IARI (64)
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Plants can be tested in different locations with different
temperatures and day lengths to discover the novel lines. No
specific restorers are required, so inter-subspecies crosses can be
done to widen the genetic diversity of the parents for two-line
breeding. This method can also produce hybrids with higher
yields than the current commercial varieties. This hybrid may
also possess resistance to biotic and abiotic stress, like diseases,
pests, salinity, etc. MAS can speed up the process of breeding by
allowing early selection of desirable traits in plant development.
Gene pyramiding aids in introgressing multiple desirable traits
into an elite cultivar for the development of stable climate-
resilient hybrids.

Advancing two-line hybrid breeding in India requires an
integrated approach of traditional breeding techniques with
modemn biotechnological and genomic tools like CRISPR-Cas9 gene
editing. Speed breeding can be effectively utilised to reduce the
breeding duration for the rapid development of such hybrids.
Research should focus on genetic, environmental and socio-economic
factors that will be critical to developing high-yielding, resilient and
sustainable two-line hybrids. These hybrids should be suited to the
diverse conditions of Indian as well as global agriculture.
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