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Abstract
Rice blast, caused by the fungal pathogen Magnaporthe oryzae, is one of the most 
destructive diseases of rice worldwide. The utilization of host resistance (R) genes in 
rice breeding program is considered as the most economical, effective, environment-
friendly strategy for rice blast control. The R gene Pigm, shows high, broad-spectrum 
and durable resistance to rice blast. Here, we report the successful integration of Pigm 
into Longke638S (LK638S), an elite thermo-sensitive genic male sterile (TGMS) 
line in hybrid rice production in China. The integration significantly enhanced the 
blast resistance of LK638S and the derived hybrid varieties demonstrated exceptional 
performance in both yield and blast resistance. The improved line Longzhen36S 
(LZ36S), which recovered 91.84% of the recurrent parent genome. LZ36S exhibited 
a high blast resistance frequency of 96.4% against 28 blast isolates. Furthermore, the 
LZ36S-derived hybrids exhibited enhanced resistance to both seedling and panicle 
blast compared to LK638S-derived hybrids carrying the heterozygous Pi2 gene, all 
without yield penalty. A total of ninety LK638S derived hybrid varieties have been 
state or provincial approved and certified with an annual promoting area exceed 
964.0 thousand hectares. The LZ36S-derived hybrids can serve as improved ver-
sions with enhanced blast resistance, making them viable replacements for LK638S-
derived hybrids in commercial production. Moreover, sixteen LZ36S-derived hybrid 
varieties, all possessing moderate (MR) or high (R) level blast resistance, along with 
excellent yield and grain quality, have been state or provincial approved and certifi-
cated. These LZ36S-derived hybrids show great potential for rapid commercializa-
tion, with promoting area of ~ 200 thousand hectares by 2023.
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Introduction

Rice (Oryza sativa L.) is the staple food for about half of over three billion peo-
ple, particularly in Asia. Over the past five decades, rice production has been 
almost doubled due to the introduction of the semi-dwarf gene sd1, exploitation 
of hybrid rice, improvement in cultivation management, and utilization of fertiliz-
ers and fungicides. To meet the growing demand of an expanding human popula-
tion, there is a pressing need for a continuous increase in rice production. How-
ever, rice production faces substantial challenges due to constraints in farmland 
availability, water availability, soil fertility, climate change impacts, as well as 
pests and diseases (Takeda et  al. 2008). In particular, rice blast, caused by the 
fungus Magnaporthe oryzae, is the most destructive disease that severely threats 
global rice production. It has been reported that rice blast disease can cause 
an annual grain yield loss ranging from 10 to 30%, and in some cases, it can 
even result in a total loss of yield reaching up to 100% during disease epidemics 
(Skamnioti and Gurr 2009).

Development of resistant cultivars carrying R genes has been proved to be 
the most effective, economic and environmentally-friendly strategy to control 
rice blast (Zeigler et al. 1994). More than 100 R genes and over 350 quantitative 
trait loci (QTLs) associated with blast resistance have been identified (Tanweer 
et al. 2015; Wang et al. 2017). Among them, over 40 R genes have been isolated 
from different rice germplasm, most of which encode nucleotide-binding domain 
leucine-rich repeat (NLR) proteins, except Pid2, pi21 and Ptr (Chen et al. 2006; 
Fukuoka et al. 2009; Zhao et al. 2018; Fan et al. 2024; Jiang et al., 2024). Inter-
estingly, 12 Pi genes, including 6 cloned ones Pi9, Pi2, Piz-t, Pi50, Pigm and 
Pizh, are located at the Pi2/9/Pigm locus (Qu et al. 2006; Zhou et al. 2006; Wang 
et al. 2012; Su et al. 2015; Deng et al. 2017; Wei et al. 2019; Xie et al. 2019). 
These Pi genes have been reported to confer broad-spectrum resistance to diverse 
rice blast isolates. Pigm was identified from a Chinese indica variety Gumei 4 
(GM4), which has been used as a blast resistance donor for more than 50 years, 
and it is considered the most broad-spectrum Pi gene identified so far (Deng et al. 
2017). There is a cluster of NLR genes at Pigm locus, in which PigmR is respon-
sible for the resistance and PigmS suppresses resistance by attenuating the PigmR 
homodimerization. Moreover, PigmR and PigmS also have an opposite role on 
grain yield. PigmR decreases the grain weight leading to yield penalty, but PigmS 
increases the seed setting leading to increased yield. The expression of PigmS is 
epigenetically regulated, which balances the blast resistance and grain yield with 
PigmR. Further investigation indicated that PigmR directly interacts with the new 
RRM-domain transcription factor family PIBP1 to promote their nuclear accu-
mulation to activate defense genes (Zhai et al. 2019). PigmR and allele NLRs also 
safeguard ethylene biosynthesis to synchronize pattern- and effector-triggered 
immunity (PTI and ETI) to ensure broad-spectrum blast resistance (Zhai et  al. 
2022).

Hybrid rice cultivation, adopted by over 40 countries, has made a significant 
contribution to global food security by substantially increasing rice production 
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(Yuan 2014). Three-line and two-line hybrid rice system were developed in 1974 
and 1995, respectively. The two-line hybrid rice system, including photoperiod-
sensitive genic male-sterile (PGMS) and thermo-sensitive genic male-sterile 
(TGMS) based system, has comparative advantages over the three-line hybrid 
rice system, such as easy male sterile line multiplication, no restriction with 
regard to the restorer line, easy use of inter-subspecific heterosis and lower cost 
(Ma and Yuan  2015). Longke638S (LK638S), which was developed in 2014, is 
an elite TGMS line known for its broad ecological adaptability, and desirable 
traits such as good t plant architecture, high outcrossing rate, strong combining 
ability and superior grain quality. So far, a total of ninety-four LK638S-derived 
hybrid rice varieties have been national-approved and certificated. According 
to the National Agricultural Technology Extension Center statistics, the promo-
tion area of eighteen main LK638S-derived hybrid varieties has got to 913,000 
hectares and 801,000 hectares in 2022 and 2023, respectively. Of the LK638S-
derived hybrid varieties, Longliangyou-Huazhan (LLYHZ) got through all of the 
four state regional trials (the middle and lower reaches of Yangtze River, upper 
reaches of Yangtze River, South China, and Wuling Mountainous area) with an 
average increased yield 7.3%, and certificated by the national new variety exami-
nation and approval committee (NNVEAC). Since its initial certification in 2015, 
LLYHZ has emerged as one of the top three widely cultivated hybrid rice varie-
ties in China, with annual promotion areas of more than 510,518 hectares dur-
ing 2018–2023. However, LK638S exhibits only moderate blast resistance, which 
hinders its extensive application in hybrid varieties development with high cli-
mate-resilient and disease-proof. Therefore, enhancing the blast resistance of 
LK638S is crucial for its further exploiting in hybrid rice production in China.

In this study, we integrated the broad-spectrum blast resistance locus Pigm into 
the LK638S through backcross and molecular marker-assisted selection (MAS). Our 
objective is to further enhance the blast resistance of LK638S and its derived hybrid 
varieties, thereby ensuring reliable rice production. The improved LK638S, named 
as Longzhen36S (LZ36S), and its derived hybrids exhibited enhanced blast resist-
ance in both in-door and open-nursery. A total of sixteen LZ36S-derived hybrids 
varieties with enhanced blast resistance ability have been national or provincial 
approved and certificated during 2020–2023. LZ36S and its derived hybrids varie-
ties exhibited great potential in hybrid rice production.

Materials and methods

Plant materials

LK638S, an elite and widely used indica-type TGMS line of China, was used as 
the recurrent parent. GM4, an indica rice variety containing Pigm, was used as the 
donor. Thirteen restorer lines and two varieties as controls were used for phenotype 
analysis of derived hybrids (Supplementary Table  S1). In addition, 28 varieties 
including GM4 were used for testing the specificity of the newly developed marker.
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Allele‑specific markers and genotyping

The genomic sequences of Pi2/9/Pigm locus in different cultivars were retrieved 
from GenBank database of the National Center for Biotechnology Information 
(www.​ncbi.​nlm.​nih.​gov/) and Gramene (http://​www.​grame​ne.​org/) using the acces-
sion numbers presented in previous papers (Zhou et  al. 2007; Deng et  al. 2017). 
DNA sequences were aligned using Clustal Omega (https://​www.​ebi.​ac.​uk/​Tools/​
msa/​clust​alo/). According to the multiple sequence alignment, a candidate single 
nucleotide polymorphism (SNP), which can distinguish between Pigm and non-
Pigm alleles, was identified. Based on this unique polymorphism, a Pigm-specific 
marker PIGM was developed for tracking the Pigm gene. In order to differentiate 
functional and nonfunctional Hd1 allele, a marker HD1 targeting the InDel polymor-
phism between GM4 and LK638S was developed. All the primers used in this study 
were listed in Additional file 2: Table S2. Leaf tissues were collected and DNA was 
extracted from ground tissues according to the protocol described by Murray and 
Thomson with minor modification (Murray and Thompson    1980). The total vol-
ume of the polymerase chain reaction (PCR) reaction was 10 µL, containing 1 µL 
of 10 × PCR buffer, 0.1 mM dNTPs, 0.1 µM of primer pairs, 0.1 U Taq DNA poly-
merase, 25 ng template DNA. Thermal cycles were programmed as follows: 94 °C, 
3 min; 35 cycles of 95 °C for 30 s; 55 °C for 40 s; and 72 °C for 40 s, concluding 
with 72 °C for 5 min. The PCR products were electrophoresed in 4% agarose gel 
(Amresco, USA) stained with ethidium bromide and visualized using GelDocXR 
(Bio-Rad, USA).

Marker‑assisted breeding strategy

The procedure of introgression of Pigm into LK638S is illustrated in Fig.  1. The 
recurrent parent LK638S was crossed as female parent with the donor, GM4. Dur-
ing the backcrossing process, selected individuals heterozygous at Pigm locus were 
backcrossed to LK638S. The allele-specific marker PIGM and HD1were used to 
select plants carrying Pigm and Hd1 locus in backcross populations, respectively. 
BC3F1 plants were selected using both PIGM and HD1 markers for the plants with 
Pigm and nonfunctional Hd1. The selected plants were selfed and backcrossed 
again. After continuous pedigree selection combined with marker-assisted selection, 
a newly-developed TGMS line carrying Pigm and nonfunctional Hd1 was obtained.

Evaluation of rice blast resistance

Field evaluation of leaf and neck blast resistance was performed from April to 
November in the blast nursery of Daweishan, Hunan Province, China. A rand-
omized complete block design was used in which 30 seedlings of each tested rice 
lines were transplanted in single-row plots with three replications. The highly 
susceptible varieties Xiangaizao7 were planted on the plot borders. Disease 

http://www.ncbi.nlm.nih.gov/
http://www.gramene.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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reactions were scored using a 0–9 scale for disease severity according to the 
standard evaluation system (2002). Scores 0–3 were considered resistant (R), 4–5 
as moderately resistant (MR) and 6–9 as susceptible (S).

Twenty-eight M. oryzae isolates, collected from 7 provinces of China, French 
Guyana and South Korea, were used for inoculation experiments in greenhouse. 
Two-week-old seedlings (3–4 leaves) for each line were sprayed with 20 ml of the 
spore suspension at a concentration of 5 × 105 spores mL−1, and then were moved 
into a chamber with 95% humidity under dark conditions at 27 °C for 24 h. After 
24 h, the inoculated plants were maintained in the same room and the conditions 
were changed to provide 12 h light/12 h dark and 85% humidity for 6 days for dis-
ease development. The disease reactions were scored at 7 days post inoculation 

Fig. 1   Development of a Pigm allele-specific marker. a Identification of a candidate single nucleotide 
polymorphism (red arrows) at Pigm locus, which can differentiate Pigm allele and non-Pigm allele 
for marker development. b Schematic representation of the allele-specific PCR primer design. Primer 
PIGM-1F and PIGM-2R forms a perfect match with both Pigm and non-Pigm allele. c PCR amplifica-
tion patterns of the InDel marker PIGM that differentiates Pigm allele and non-Pigm allele in 33 varieties



	 Molecular Breeding (2025) 45:3535  Page 6 of 22

with a 0 to 5 scale rating system. Scores 0–2 were considered resistant (R) and 
3–5 as susceptible (S).

Fertility‑sterility alteration test

Seeds were sowed in the paddy field at the end of May of 2016. Seedlings were then 
transferred to teen plastic buckets with 5 plants in each bucket during their five-leaf 
stage. During pollen formation stage, two seedling buckets were placed successively 
in 21  °C, 22  °C, 23  °C, 24  °C, and 25  °C water for 6  days, respectively. Subse-
quently, the pollen sterility of each panicle was recorded according to the classifica-
tion of pollen morphology upon IK-I staining of pollen grains (Xu et al. 2002).

Evaluation of agronomic traits and grain quality

Agronomic traits of LZ36S, LK638S and their derived hybrids were evaluated in 
the paddy field, during the summer season of 2019 at the breeding station of Yahua 
Seeds Science Academy, Ningxiang (N28°16′, E112°41′), Hunan Province, China. 
Each plot was comprised of eight rows with 10 plants per row at planting density 
of 17 cm between plants and 20 cm between rows. Five individuals in the middle of 
each plot were taken for measurements of agronomic traits, including days to head-
ing (DTH), days to maturity (DTM), plant height (PH), panicle number (PN), pani-
cle length (PL), number of grains per panicle (NGP), spikelet fertility (SF), thou-
sand-grains weight (TGW), grain length (GL), grain width (GW) and grain yield 
(GY). Grain yield per plot was evaluated by harvesting the grains from 20 plants in 
the central row of each plot. One hundred fully filled dehulled grains were randomly 
selected to determine grain length, grain width, length to width ratio (LWR), head 
rice rate (HRR) and chalkiness rate (CR) using the Wanshen SC-E rice appearance 
quality detection analyzer (Hangzhou, China). The amylose content (AC), gel con-
sistency (GC) and alkali spreading value (ASV) were also measured according to 
national or agricultural industry standard of the People’s Republic of China (NY/T 
2639, NY/T 83–2017, GB/T 22294).

Genetic background analysis based on whole‑genome SNP array

Genomic DNA was prepared using the CTAB method as described by Murray and 
Thomson (Murray and Thompson 1980). A 1.2 K multiplex-PCR panel, which was 
based on GBTS platform from MolBreeding Biotechnol (http://​www.​molbr​eeding.​
com), was employed for background genotyping. A total of 48 SSR makers were 
also used in background genotyping, following the protocol of the identification of 
rice varieties by SSR marker method (NY/T 1433–2014).

Results

Allele-specific marker development of Pigm.

http://www.molbreeding.com
http://www.molbreeding.com
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By conducting multiple sequence alignment of the Pi2/9/Pigm locus in various 
cultivars including GM4(Pigm), LK638S, 75–1–127(Pi9), C101A51(Pi2), Nippon-
bare and 93–11, we discovered a single nucleotide polymorphism (SNP) located at 
the 5’ side of the locus, which has the potential to distinguish between Pigm and 
non-Pigm allele. Confronting two-pair primers targeted the region containing the 
identified SNP were designed to develop a marker PIGM (Supplementary Table S2). 
To assess the specificity of the PIGM marker, we analyzed 33 rice varieties. PCR 
results confirmed that only GM4 exhibited amplification of a 621  bp fragment, 
while the remaining 27 varieties lacking the Pigm allele displayed a 448 bp frag-
ment (Fig. 1). Therefore, this functional allele-specific PCR-gel-based marker can be 
used for Pigm allele identification in rice breeding pipeline.

Introgression of Pigm by MAS

Pigm was transferred into an elite TGMS line LK638S by advanced-backcrossing 
combined with MAS. As shown in the schematic flow (Fig. 2), the donor GM4 har-
boring Pigm was used for backcrossing with the recurrent female parent LK638S. In 
the backcross generation, the F1 plants showing male-sterile and harboring heterozy-
gous Pigm gene were ratooned and transferred in water incubation with controlled 
temperature to produce pollens for the backcrossing process. Male-sterile plants 

Fig. 2   Detailed scheme for introgression of Pigm into LK638S through marker-assisted selection (MAS), 
resistance selection (RS) and phenotypic selection (PS)
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with homozygous Pigm were selected in BC3F2, BC8F2 and BC9F2 populations and 
ratooned in water incubation to obtain next generation seeds by selfing. This pro-
cedure was repeated to obtain advanced generations including BC3F12, BC8F8 and 
BC9F4. Blast resistance was evaluated in the Daweishan blast nursery (Liuyang 
county, Huan province, China), while phenotyping, including evaluation of fertility 
and agronomic performance, was conducted at each generation to select plants with 
desirable phenotypes. Finally, a total of 13 elite male sterile lines with homozygous 
Pigm were selected from the BC8F8 population, along with 4 lines from the BC9F4 
population in 2018. In addition, 10 lines from BC3F12 were also included for further 
experimentation.

Genetic linkage‑drag between blast resistance and photosensitivity

During the introgression of blast resistance gene Pigm by MAS, we observed that 
a delayed heading phenotype in the sterile plants carrying Pigm. Furthermore, we 
noticed that the majority of hybrids derived from the improved lines as female par-
ents exhibited photoperiod sensitive, resulting in failure to head during rice-crop-
ping season at Changsha (Hunan province, China). To figure out this particular phe-
nomenon, we conducted genome sequencing of the region surrounding Pigm, and 
discovered that the CCT domain-containing protein gene Hd1 is situated approxi-
mately 181.5 kb away from Pigm. Hd1 is known to regulate the heading date in a 
photoperiod sensitivity manner (Yano et al. 2000). By comparing the Hd1 sequences 
of LK638S and GM4, we observed that LK638S carried a loss-of-function allele of 
Hd1, while GM4 possessed the wild type (functional) Hd1 allele. This indicates that 
the genetic linkage-drag between blast resistance and photoperiod sensitivity may be 
a result of the genetic linkage between Pigm and Hd1. To develop a desired photo-
period insensitive variety, it is indeed possible to eliminate this genetic linkage.

We designed functional molecular markers of Hd1 based on a 4-bp InDel vari-
ation in CCT domain for MAS selection (Supplementary Fig. S1; Supplementary 
Table S2). In BC4F1 population, ~ 5000 plants were genotyped with the molecular 
markers of Pigm and Hd1, and nine recombinants with heterozygous Pigm and 
homozygous Hd1LK638S were identified. Top three recombinants exhibiting pheno-
types more similar to LK638S were selected for further backcrossing with LK638S. 
The lines with Hd1638S-Pigm exhibited a significant reduction in days to heading 
(DTH) compared to those harbouring Hd1GM4-Pigm (Table 1).

Evaluation of blast resistance in natural nursery and inoculation

The seedling blast resistance of the newly developed TGMS lines and two parents 
were evaluated in natural nursery and greenhouse conditions, respectively. The 
newly improved lines and donor GM4 showed stable and high-level seedling blast 
resistance without any typical lesions in the blast nursery trails for three consecu-
tive years (2016–2018). In contrast, the parental line LK638S displayed suscep-
tible to rice blast (Table 1). In the greenhouse, we inoculated the improved lines 
and parents with 28 isolates collected from different regions of China, French, 
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Guyana and South Korea. CO39 (susceptible control) and LK638S showed resist-
ance frequency of 0% and 57.1%, respectively, indicating the presence of other 
blast resistance gene(s) in LK638S. The donor GM4 was immune to all of the 
28 isolates. The 12 newly developed TGMS lines showed significantly enhanced 

Table 1   Blast resistance and heading date of selected improved lines and parents

DTH Days to heading; BR Leaf blast resistance over multiple years at the Daweishan blast nursery

Cultivar/breeding lines Generation Haplotype DTH BR

LK638S Recurrent parent Hd1638S 94 S
GM4 Donor parent Hd1GM4-Pigm 87 R
X5-4–1021 BC2F13 Hd1GM4-Pigm 103 R
X5-4–768 BC2F13 Hd1GM4-Pigm 102 R
X7-7–1024 BC2F13 Hd1GM4-Pigm 101 R
X7-7–1031 BC2F13 Hd1GM4-Pigm 102 R
D23-924 BC2F13 Hd1GM4-Pigm 103 R
D23-933 BC2F13 Hd1GM4-Pigm 102 R
D5-123 BC3F12 Hd1GM4-Pigm 102 R
D5-141 BC3F12 Hd1GM4-Pigm 101 R
D5-205 BC3F12 Hd1GM4-Pigm 102 R
D5-269 BC3F12 Hd1GM4-Pigm 101 R
D5-333 BC3F12 Hd1GM4-Pigm 101 R
D5-397 BC3F12 Hd1GM4-Pigm 103 R
D5-425 BC3F12 Hd1GM4-Pigm 102 R
D5-461 BC3F12 Hd1GM4-Pigm 101 R
D5-478 BC3F12 Hd1GM4-Pigm 101 R
D5-487 BC3F12 Hd1GM4-Pigm 102 R
LP3-6–904-2 BC8F8 Hd1638S-Pigm 91 R
LP3-3–829-1 BC8F8 Hd1638S-Pigm 84 R
LP3-6–900 BC8F8 Hd1638S-Pigm 92 R
LP3-6–901-1 BC8F8 Hd1638S-Pigm 93 R
LP3-6–902-2 BC8F8 Hd1638S-Pigm 91 R
LP3-5–820 BC8F8 Hd1638S-Pigm 95 R
LP3-6–901-2 BC8F8 Hd1638S-Pigm 90 R
LP3-6–896-1 BC8F8 Hd1638S-Pigm 92 R
LP3-3–832-1 BC8F8 Hd1638S-Pigm 85 R
LP3-6–805-2 BC8F8 Hd1638S-Pigm 92 R
LP3-6–902-2 BC8F8 Hd1638S-Pigm 92 R
LP3-6–902-4 BC8F8 Hd1638S-Pigm 92 R
LP3-6–899-1 BC8F8 Hd1638S-Pigm 91 R
A145-5–1 BC9F4 Hd1638S-Pigm 91 R
A145-5–4 BC9F4 Hd1638S-Pigm 96 R
A145-5–6 BC9F4 Hd1638S-Pigm 93 R
A145-5–8 BC9F4 Hd1638S-Pigm 93 R
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blast resistance, with frequencies ranging from 92.9% to 96.4% (Supplementary 
Table S3).

Assessment of fertility‑sterility alternation characterization and agronomic traits

The fertility-sterility alternation of the 12 improved TGMS lines and the recurrent 
parent LK638S was assessed in a water-filled concrete tank with controlled water 
temperature. The experiment was conducted in August 2019, with daily mean water 
temperatures (DWT) set at 21  °C, 22  °C, 23  °C, 24  °C, and 25  °C. The results 
showed that both the improved TGMS lines and LK638S exhibited complete male 
sterility, with 100% pollen sterility observed when the daily mean water temperature 
(DWT) reached 23 °C. Partial fertility was observed under 22 °C (Table 2). The pol-
len fertility-sterility alternation pattern of the improved TGMS lines was similar to 
that of the recurrent parent LK638S, with the critical temperature point for fertility-
sterility alternation occurring between 22 °C and 23 °C of DWT.

Twelve newly developed TGMS lines were also evaluated for their agronomic 
traits at Changsha (China) in the summer of 2019. The results showed no significant 
differences for all tested traits between newly developed TGMS lines and LK638S 
(Supplementary Table S4; Fig. S2).

Genomic evaluation of improved TGMS lines

A 1.1 K multiplex-PCR panel, based on the GBTS platform, was used for genomic 
background genotyping of the newly improved TGMS lines. Of the 1125 SNP mark-
ers covering 12 chromosomes, 264 SNPs showing polymorphism between the donor 
GM4 and recipient LK638S were used for genomic recovery analysis of improved 

Table 2   Fertility-sterility 
alteration behavior of improved 
lines and the recurrent parent 
under five different temperature 
regimes

Cultivar/lines Pollen sterility (%)

21℃/6d 22℃/6d 23℃/6d 24℃/6d 25℃/6d

LK638S 58.03 90.94 100.00 100.00 100.00
LP3-3–829-1 41.80 85.00 100.00 100.00 100.00
LP3-3–832-1 44.20 84.40 100.00 100.00 100.00
LP3-6–805-3 54.00 89.70 100.00 100.00 100.00
LP3-6–896-1 52.30 89.50 100.00 100.00 100.00
LP3-6–899-1 52.80 87.90 100.00 100.00 100.00
LP3-6–901-2 52.48 88.19 100.00 100.00 100.00
LP3-6–902-4 53.77 89.51 100.00 100.00 100.00
LP3-6–904-2 54.30 90.09 100.00 100.00 100.00
A145-5–1 54.80 89.23 100.00 100.00 100.00
A145-5–4 54.70 89.11 100.00 100.00 100.00
A145-5–6 55.17 89.07 100.00 100.00 100.00
A145-5–8 55.44 89.31 100.00 100.00 100.00
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TGMS lines. The newly improved TGMS lines showed a high genome recovery 
rate of the recurrent parent at 89.58%—95.83% with the introgression harbouring 
Pigm of approximately 1.92–8.52 Mb (Supplementary Table S5). Additionally, the 
genetic background of the newly improved TGMS lines were also evaluated with 48 
SSR makers, which are commonly used for the rice varieties identification accord-
ing to the Agricultural industry standard of the People’s Republic of China (NY/T 
1433–2014). The results revealed only 0–3 polymorphisms between the improved 
lines and the parent LK638S (Supplementary Table S5).

For further verification, whole-genome resequencing data were generated for 
GM4, LK638S, LP3-6–899-1 and LP3-6–902-4 with an average minimum cover-
age of 26.0X, resulting in a total of 3,272,591 SNPs for background genotyping of 
LP3-6–899-1 and LP3-6–902-4. A graphical genotype map was constructed and 
assumed that the introgressed chromosome segment containing the Pigm locus of 
LP3-6–899-1 and LP3-6–902-4 were approximately 7.2 and 8.1  Mb, respectively, 
with a genome recovery rate of 92.07% and 91.84% for the recurrent parent (Sup-
plementary Fig. S3; Supplementary Table S5).

Evaluation of blast resistance and agronomic traits of LZ36S derived hybrids

Based on the comprehensive evaluation of blast resistance, fertility-sterility alterna-
tion characterization, agronomic traits, combining ability and genetic background 
profiling of the newly improved TGMS lines, the improved line F3-6–902-4 was 
selected for further breeding application and named LZ36S (Fig.  3a). LZ36S and 
LK638S were used as female parents to produce hybrid F1 seeds with 13 male 
parents. All male parents, except for R1988, harbour Pi2 allele. All 13 hybrids of 
LK638S have been national certificated as new hybrid rice varieties and promoted 
extensively in Sothern-China. Such as, Longliangyou-Huazhan (LK638S/Huazhan), 
a hybrid rice variety with wide-adaptability, has been national approved in all the 
major rice cropping region of Southern-China and can be cropped as middle-season 
rice in the whole Yangtze River region and the Wuling mountain area, as well as 
late-season rice in south China. Field blast resistance of the 26 hybrids was assessed 
in the Daweishan blast nursery with high blast disease pressure in 2019. The 
LZ36S-dericed hybrids all displayed improved seedling and panicle blast resistance 
compared to the corresponding control hybrid of LK638S with same male parents 
(Table 3; Fig. 3b). It is also verified that, due to the difference in resistance spectra 
between Pigm and Pi2 (Deng et al. 2017; Liu et al. 2002), and the ability of hybrid 
rice to aggregate two alleles from the same gene cluster, the broad-spectrum resist-
ance of hybrid rice be further enhanced by aggregating and utilizing Pigm and Pi2 
(Table 3; Fig. 3b).

Yield performance of the hybrids of LZ36S and LK638S was field-trailed at the 
Guanshan experimental station under blast-control condition and the Daweishan 
blast nursery under open-field blast infection condition in 2019. The results showed 
that the average yield of the LZ36S-derived hybrids was 10.95 t/ha under blast-con-
trol condition, slightly lower than the yield (11.00 t/ha) of LK638S-derived hybrids. 
However, under open-field blast infection condition, the yield performance of the 
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LZ36S-derived hybrids was significantly improved, the average yield increased by 
15.53% compared with that of LK638S-derived hybrids. We analysed six agronomic 
traits (DTM, PH, PNH, NGP, SF and TGW) of the hybrids trailed in the Guanshan 
experimental station. Compared with LK638S-derived hybrids, LZ36S-derived 
hybrids exhibited decrease in DTM, PNH, and NGH by an average of −0.13%, 
−3.46%, and −3.53% respectively. While, PH, SF and TGW increased 0.88%, 
0.06% and 0.64%, respectively (Supplementary Table S6). These results indicated 
that the hybrids with the more major blast resistance gene allele (Pigm) possessed 
higher stable production capacity and no or minimal penalty on yield, although 
the hybrids also harbored another major broad-spectrum blast resistance allele of 
Pi2. This also highlights the effectiveness of utilizing double alleles of one favora-
ble R gene present in both parental lines through hybrid rice system. From 2020 to 
2023, a total of nineteen LZ36S-derived hybrid varieties, all exhibiting MR or R 
blast, and even HR resistance ability, along with favorable yield and grain quality 
performance, have been national or/and provincial approved and certificated (Sup-
plementary Tables  S7-S8). In 2024, the promoting area of LZ36S-derived hybrid 

Fig. 3   Blast resistance reaction of selected improved lines and parents (a), Longliangy1206 and Zhen-
liangy1206 (b) in open-field blast nursery
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varieties is expected to 320 thousand hectares, and Zhenlaingyou8612 (LZ36S/
R8612) exceeded 200 thousand hectares.

Discussion

The development of rice varieties with durable and broad-spectrum resistance is of 
utmost crucial in combating diseases, ensuring food security and sustainable rice 
production. Between 2001 to 2020, a total of 1849 indica hybrid varieties were 
national approved and certificated. However, only 260 varieties of these varieties 
(14.1%) showed resistant or moderate-resistant to blast in new variety trial. This 
highlights the urgent demand to enhance blast resistance in hybrid rice varieties.

LK638S is a highly valuable TGMS line developed by Yuan Longping High-
Tech, demonstrating significant commercial potential. Since its release in 2014, a 
total of ninety LK638S-derived new hybrid varieties have been approved and certifi-
cated. However, along with its commercialization, LK638S, despite initially display-
ing moderate resistance to blast, has shown declining blast resistance in recent years. 
This greatly threats its utilization in hybrid rice production. Improving LK638S with 
enhanced blast resistance is thus a priority breeding program. Practically, it is often 
difficult to transfer blast resistance genes from donor germplasm into an elite mod-
ern variety by conventional breeding methods due to the unexpected linkage-drags. 
MAS breeding offers a highly efficient measure that enables precise transfer and 
pyramiding of target genes. In this study, we effectively introduced a broad-spec-
trum and durable blast resistance gene Pigm into an elite TGMS line LK638S using 
MAS. This was achieved through the precise selection with functional molecular 
markers and genomic background selection extensively with SNP chip and SSR 
markers. This breeding procedure ensures a high level of recurrent parent genome 
recovery while incorporating the desired traits.

During the improvement of LK638S, an unexpected linkage-drag between 
Pigm and heading date was observed. The improved lines with Pigm showed 
delayed heading and most derived hybrids exhibited photoperiod sensitivity, 
resulting in delayed or absent heading during rice-cropping season. Through 
comprehensive genetic and genomic analysis revealed that the functional allele 
of Hd1 adjacent to Pigm in GM4 as the cause of this delayed heading drag, while 
LK638S carried a loss-of-function allele of Hd1. To overcome this unexpected 
linkage-drag, we employed MAS and a large segregating population to break 
down the tight linkage-drag of Pigm and Hd1 within 200  kb. This resulted in 
the development of a new elite line LZ638S, which not only possesses high blast 
resistance but also exhibits a desirable heading date. By successfully removing 
the linkage-drag, LZ638S-derived hybrids offer enhanced blast resistance and 
maintain normal heading during the rice-cropping season in Changsha. LK638S 
likely carries at least four other blast resistance genes, such as Pia, Piz, Pid2 and 
Pid3 (unpublished data), which provide moderate blast resistance with a fre-
quency of 57.1%. In contrast, the newly developed TGMS lines showed signifi-
cantly improved blast resistance in open-field blast nursery and resistance fre-
quency with 92.9% to 96.4% of 28 isolates in in-door inoculation. Four improved 
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TGMS lines, LP3-6–896-1, LP3-6–899-1, LP3-6–902-4 and LP36904-2, exhib-
ited the most favourable comprehensive performance with fertility-sterility alter-
nation temperature between 22 °C to 23 °C and similar or improved agronomic 
traits compared with the recurrent parent LK638S. LZ36S harbours Hd1638S-Pig-
mGM4 of 8.1 Mb and with genome recovery rate of 91.84%. The hybrid varieties of 
LZ36S have the potential to serve as updated versions of blast resistance hybrid 
varieties, replacing current hybrid varieties of LK638S. This indicates that com-
bining different favourable resistance alleles from both parents through molecu-
lar design is a practical approach to pyramid multiple desirable alleles and fur-
ther enhance the blast resistance of a hybrid variety. Currently, a total of 16 new 
hybrid varieties of LZ36S with high blast resistance, favorable yield and grain 
quality performance have been approved and certificated. One such new variety, 
Zhenlaingyou8612 (LZ36S/R8612) approved in 2020, has reached an expected 
promotion exceeding 200,000 hectares by 2024. Another one, Zhenlaingy-
ouYuzhan (LZ36S/Yuzhan), received approval in 2021, and its promotion area 
is expected to exceed 50,000 hectares in 2024. The promotion area for LZ36S 
hybrid varieties should further ensuring rice production in the future. This study 
further demonstrates that MAS breeding can effectively enhance the efficiency 
of gene aggregation in varieties improvement, particularly when genes are linked 
with unfavorable alleles. Moreover, it underscores the breeding value of Pigm.

Conclusions

To further improve blast resistance of the elite TGMS line LK638S and its derived 
hybrid rice varieties, LZ36S with Pigm introgression was developed by advanced 
backcrossing, marker-assisted and phenotypic selection. During the development 
of LZ36S, a genetic linkage-drag between blast resistance and photosensitivity was 
identified, which is caused by the Hd1 gene. By incorporating the Hd1638S-Pigm 
allele, LZ36S shows high and broad-spectrum resistance to rice blast while main-
taining normal heading performance. Blast resistance of the LZ36S-derived new 
hybrids is thereby improved. Currently, sixteen LZ36S-derived new hybrid varieties, 
all with MR or R levels of blast resistance, have been certificated and demonstrated 
great potential for commercialization.
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