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Abstract The frequent fluctuations in global climate variability (GCV), decreases in 
farmland and irrigation water, soil degradation and erosion, and increasing fertilizer 
costs are the significant factors in declining rice productivity, mainly in Asia and Africa. 
Under GCV scenarios, it is a challenging task to meet the rice food demand of the grow-
ing population. Identifying green traits (tolerance of biotic and abiotic stresses, nutrient-
use efficiency, and nutritional grain quality) and stacking them in high-yielding elite 
genetic backgrounds is one promising approach to increase rice productivity. To this 
end, the Green Super Rice (GSR) breeding strategy helps to pool multi-stress-tolerance 
traits by stringent selection processes and to develop superior GSR cultivars within a 
short span of 4–5 years. In the crossing and selection process of GSR breeding, selective 
introgression lines (SILs) derived from sets of early backcross BC1F2 bulk populations 
through both target traits and non- target traits were selected. Genotyping of SILs with 
high-density SNP markers leads to the identification of a large number of SNP markers 
linked with the target green traits. The identified SILs with superior trait combinations 
were used for designed QTL pyramiding to combine different target green traits. The 
GSR breeding strategy also focused on nutrient- and water-use efficiency besides 
environment- friendly green features primarily to increase grain yield and income returns 
for resource-poor farmers. In this chapter, we have highlighted the GSR breeding strat-
egy and QTL introgression of green traits in rice. This breeding strategy has successfully 
dissected many complex traits and also released several multi-stress-tolerant varieties 
with high grain yield and productivity in the target regions of Asia and Africa.
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1  Introduction

Food security is a global challenge for plant researchers to increase crop productiv-
ity, especially under changing climatic conditions. Rice (Oryza sativa L.) is one of 
the staple food crops for more than half of the world population. More than 95% of 
global rice is produced and consumed by the top 10 rice-producing countries 
(Fig. 1). China consumes about 143 million metric tons (MMT), followed by India 
(103 MMT), with these being the two most populated countries (https://www.
statista.com). The rapid growth of population is estimated to reach 9.7 billion by 
2050, and this would have a direct bearing on the demand side of global food 
(United Nations 2019). Worldwide, more than 800 million people are affected by 
malnutrition, thus hindering sustainable development programs, and food demand 
is expected to increase by 59–98% by 2050 (Elferink and Schierhorn 2016). Apart 
from this great challenge, increased global climate variability (GCV) (abiotic 
stresses: drought, salinity, low/high temperature, submergence/flooding; and biotic 
stresses: blast, bacterial leaf blight, brown planthopper, etc.) and decreasing natural 
resources (NRS) (e.g., decreased availability of irrigation water, labor scarcity, ara-
ble land reduction, and soil nutrient deficiency and toxicity) are the foremost factors 
that slow the pace toward food security for the global population. As per the predic-
tion of the Intergovernmental Panel on Climate Change (IPCC), Earth’s global sur-
face temperature is expected to surge by 1.4–5.8 °C by 2100 (Fahad et al. 2019), 

Fig. 1 Estimated growth of population in the top 10 rice-producing countries
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thereby resulting in a decrease in precipitation in the subtropics and a possible rise 
in the frequent occurrences of extreme climatic events. However, these two major 
factors, GCV and NRS, would have direct or indirect effects on crop growth and 
significantly decrease crop yield (Pandey et al. 2017). Accordingly, more than 90% 
of arable lands are prone to one or more than two combinations of stresses, which 
cause up to 70% yield losses in the major food crops (Ray et al. 2015; Fahad et al. 
2017; Tigchelaar et al. 2018). To provide nutrition and food security by 2050, it has 
been projected that crop yield must be increased by 1%, 0.9%, and 1.6% annually 
for rice, wheat, and maize, respectively (Fischer and Edmeades 2010). Thus, current 
grain yield levels are insufficient to sustain the rapid growth of the human popula-
tion. The production of the principal crops (rice, maize, and wheat) has to increase 
by ~42%, ~67%, and ~38%, respectively, by 2050 to meet this demand (Ray et al. 
2013). As compared to cereals, rice is the only major staple food crop to have more 
nutritional and health benefits for increasing rice consumption; it also has sensitiv-
ity to the major biotic and abiotic stress factors. Therefore, to overcome the chal-
lenges of growing GCV and decreasing NRS, the development of superior rice 
cultivars with higher grain yield and multiple-stress tolerance is necessary to pro-
vide a kind of crop insurance besides increasing the income of poor farmers across 
mainly Asian and African countries.

Multiple abiotic stresses greatly influence crop productivity and have adverse 
effects on plant growth and development (Fahad et al. 2017; Cohen and Leach 2019). 
For example, drought is a major constraint in rice production and approximately 
42 million hectares of rice in Asia suffer significant yield losses from varying amounts 
of drought stress at the different crop growth stages (Saikumar et al. 2016; Sandhu and 
Kumar 2017; Mukamuhirwa et al. 2019). Besides drought, soil salinity and alkalinity 
are also devastating factors that cause significant yield losses of rice crops at the veg-
etative and reproductive stages. Globally, about 20% of the cultivable land and 33% 
of irrigated agricultural areas are afflicted by salinity stress (Shrivastava and Kumar 
2015). Thus, it is crucial to identify stress-tolerant rice varieties to maintain productiv-
ity and meet global food security needs. Beyond abiotic stresses, sustainable rice pro-
duction has become one of the top priorities in developing and adopting eco-friendly 
rice varieties with low input-use efficiency. In the majority of the developed countries, 
farmers have been using considerably more fertilizer to increase their crop yield. 
According to Cheng et al. (2007), rice production in China has to be increased by 14% 
by 2030 to meet the food requirements of its rapidly growing population. In Jiangsu 
Province, farmers are applying 300–350 kg N/ha to achieve high yield for rice crops 
(Sui et al. 2013), which is 90% more than the global average N application (Chen 
et al. 2014a) . The excess amounts of nutrient fertilizer also cause the accumulation of 
higher salt concentration in the soil. This further decreases water and nutrient absorp-
tion, leading to several changes in physiological processes as leaf dehydration 
decreases photosynthesis efficiency, decreases grain micronutrients, and also causes 
severe environmental pollution (Kreuzwieser and Gessler 2010; Panda et al. 2012; 
Guo et al. 2017; Ali et al. 2018b). Even in China, the excessive amounts of fertilizer 
application in paddy lands to boost yield are no longer a viable option, especially 
under increasing fertilizer costs. This is further driving the search for rice cultivars 
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with high nutrient-use efficiency that are required for sustainable rice production and 
increasing grain yield under optimal and suboptimal rates of fertilizer dosage. Thus, it 
is essential to develop rice varieties with high nutrient-use efficiency to maximize 
yield and productivity with the best agronomic management options such as judicious 
stage-specific dosages of fertilizer application. Further, it is essential to develop high-
yielding, multiple- stress- tolerant rice varieties with combinations of several green 
traits such as tolerance of/resistance to drought, salinity, high/low temperature, flood-
ing, blast, bacterial blight, tungro, brown planthopper, and stem borer, along with 
water-use efficiency. These multi-stress-tolerant varieties also need to meet market 
segment requirements such as duration, grain shape, and quality preferences. Recently, 
the incorporation of desirable nutrients for improved grain quality such as iron and 
zinc in multi-stress-tolerant cultivars has become necessary in rice improvement pro-
grams to ensure food security and overcome hidden hunger (Ali et  al. 2020; Yu 
et al. 2020).

2  Green Super Rice

During the past two decades, breeders and biotechnologists have been working on 
various biotic and abiotic stress tolerances with a focus on increasing crop yield. 
This is possible by modifying the plant architecture and introgressing the target 
traits into the desired background through conventional and marker-assisted breed-
ing approaches (Mehta et al. 2019; Oladosu et al. 2019; Gautam et al. 2020; Muthu 
et al. 2020). Complex abiotic stress tolerances such as drought and salinity tolerance 
are polygenic, and may have a negative association with grain yield components and 
might also interact with genetic and physiological mechanisms of similar traits 
(Guojun et al. 2009). Also, choosing the right donors for different target traits is 
challenging. In most cases, the abiotic stress-tolerant rice varieties are developed by 
crossing with tolerant landraces. However, concern exists regarding the difficulty in 
breaking undesirable linkages through conventional breeding approaches, which 
often represent a time-consuming process for selecting and fixing desirable lines, 
with limited success (Zhou et al. 2010; Wang et al. 2013). These developed tolerant 
rice varieties are low to moderate yielding under irrigated and rainfed conditions. In 
light of this apprehension, the Green Super Rice (GSR) breeding strategy began in 
2008 at IRRI to efficiently develop lines with multiple-stress tolerance and more 
nutrient- and water-use efficiency with high genetic gains for various targeted eco-
systems. The development of superior rice varieties with the GSR breeding approach 
under decreased rates of fertilizer, pesticide, and irrigation water, grown in marginal 
environments and producing fewer greenhouse gas emissions, and with improved 
grain nutrient elements (Zhang 2007; Wing et al. 2018), is described in Fig. 2. GSR 
breeding aims to develop stable high-yielding GSR rice varieties with several green 
traits suitable to be grown under lower input conditions in irrigated and rainfed 
areas of Asian and African countries.
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Integrating advanced genomics and stringent phenotypic selection in the GSR 
breeding strategy helped to identify promising rice varieties besides understanding 
the molecular genetics and physiological mechanisms underlying trait expression 
(Wing et al. 2018; Ali et al. 2020; Yu et al. 2020). This breeding strategy played a 
significant role in the quick introgression of the desired target traits with the highest 
precision and with less or no genetic drag.

2.1  GSR Breeding and Population Development

The concept of GSR and its breeding strategy followed a systematic breeding effort 
and advanced genotyping approaches for developing varieties with significantly 
improved tolerance of multiple biotic and abiotic stresses, along with improved 
nutrient- and water-use efficiency. A schematic view of the backcross GSR breeding 
technology for developing early backcross-selective introgression lines (EB-SILs) 

Fig. 2 A schematic representation of the Green Super Rice (GSR) breeding program for the devel-
opment of green traits and increasing grain yield with improved grain quality. (a) The drastic 
changes in climatic variations, degradation of natural resources, and increasing global population 
are the major driving forces for increasing food demand by about 42% by 2050. (b) To ensure food 
security against these challenges, the GSR concept was proposed in 2005, and its major focus was 
to develop novel rice varieties with green traits, which included tolerance of multiple stresses 
(biotic and abiotic), high nutrient-use efficiency, fewer inputs of fertilizer, and water-saving. The 
combination of green traits and the GSR breeding concept provided an environment-friendly and 
natural resource–saving dimension. (c) The major target of GSR breeding is to develop new GSR 
cultivars through the integration of an advanced genomics platform for determining the genomic 
regions for green traits and further disseminating promising cultivars for specific target regions to 
improve the income of resource-poor farmers. (d) As of now, many QTLs have been identified 
using the GSR breeding strategy, and several genes have been functionally characterized and 
cloned for increasing the tolerance of abiotic stresses (Ali et al. 2020; Yu et al. 2020). These identi-
fied QTLs and genes provide abundant genetic information for the development of novel GSR 
varieties
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appears in Fig. 3. The development of several promising stress-tolerant rice culti-
vars that withstand drought, salinity, and flooding through a selective introgression 
breeding approach started at IRRI in 1998 (Li et al. 2005; Ali et al. 2006; Lafitte 
et al. 2006). These early efforts helped in the development of the GSR breeding 
strategy to breed varieties with multiple biotic and abiotic stress tolerance. Starting 
in 2009, IRRI focused on developing cultivars with multiple abiotic stress tolerance 

Fig. 3 IRRI-Green Super Rice early backcross breeding strategy to develop rice varieties with 
multiple-stress tolerance, resource-use efficiency, and high yield with market-required grain qual-
ity. (a) The selected donors were crossed with HHZ and WTR-1 and later selfed to create 16 BC1F2 
bulk populations. These backcrossed lines were used in three rounds of phenotypic selection under 
different environments and selected lines with better performance were evaluated in the different 
targeted ecosystems. (b) Identified promising trait-specific selective introgression lines with more 
than one target green trait were used for the designed QTL pyramiding to combine various desir-
able traits into one single line. The blue-colored circles indicated in the schematic diagram were 
used to show the different genotyping technologies used to identify genomic regions associated 
with green traits in GSR breeding populations. (IRG, irrigated conditions; DSF, drought stress in 
field conditions; BDS, biotic-stress phenotypic screening; RFD, rainfed environment; SAL, salinity 
at the seedling stage at 18 d/sm (deciSiemens per metre); COL, cold stress; LIP, low inputs (with-
out any fertilizer, pesticide, or herbicide); ARG, anaerobic germination (direct-seeded and imme-
diately submerged in water for 21 days and maintained at 10-cm water depth); SBM, submergence 
for 21 days at 14 days of seedling stage

J. Ali et al.
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through an innovative GSR breeding strategy to benefit poor and smallholder farm-
ers (Ali et al. 2012). The concept of a GSR breeding program primarily involved 
two fundamental steps: first, developing superior EB-SILs; second, identifying suit-
able SILs to develop designed QTL pyramiding (DQP) lines. These two approaches 
helped to develop GSR varieties with multiple biotic and abiotic stress tolerance 
without compromising on grain yield, grain appearance, and cooking quality 
parameters.

The GSR breeding program at IRRI initially focused on identifying and explor-
ing genetic variation and further selecting ~500 elite EB-SILs in an elite and widely 
adaptable Chinese variety, Huang-Hua-Zhan (HHZ), background with 16 donors 
from the mini-core collection of rice germplasm and a part of the 3000 Rice 
Genomes Project. These parental varieties underwent whole-genome sequencing to 
identify genomic variations. In the IRRI GSR breeding program, two additional 
elite recipients, Weed Tolerant Rice-1 (WTR-1) and TME80518, were used for 
developing EB-SILs (Ali et al. 2012, 2013b, 2018a). In this GSR breeding program, 
the BC1F2 populations were derived from crosses between the recipients (HHZ, 
WTR-1, and TME80518) and the 16 donors at IRRI. The F1s derived from the HHZ 
background were again backcrossed with HHZ and subsequently selfed, and the 
progenies bulked to generate a total of 16 BC1F2 bulk populations. These bulk popu-
lations were screened over three rounds of selection for different abiotic stresses 
(drought, salinity, submergence, and low-input fertilizer) and biotic stresses (blast, 
bacterial leaf blight, and tungro), and in normal irrigated conditions. This led to the 
identification of a total of 1333 trait-specific SILs from the HHZ background, 2232 
SILs from the WTR-1 background, and 1408 SILs from the TME80518 background.

The developed SILs were phenotyped across different stress and non-stress con-
ditions and genotyped with SSR and high-density SNP markers. The phenotypic 
and marker data generated using SSR and SNP analysis allowed us to identify the 
donor QTLs associated with target abiotic and biotic stress tolerance/resistance and 
yield in the SILs. Then, the best SILs were selected as parents based on both their 
superior phenotypes and complementary donor alleles for designed QTL pyramid-
ing (DQP) to develop better GSR varieties that combine various target traits from 
two or more donors. These promising SILs showed high tolerance vis-à-vis the 
respective tolerant checks IR74371-70-1-1, FL478, IR49830, and PSBRc82 under 
normal and stress conditions. Through these DQP approaches, a total of 2023 pyra-
miding lines (PDLs) from the HHZ background and 661 PDLs from the WTR-1 
background were developed and found superior to the checks for all of the traits 
studied (Ali et al. 2013a, 2020; Li and Ali 2017). The selected 564 EB-SILs derived 
from the genetic background of WTR-1 as recipient parents and 11 donor parents 
were sequenced using tunable genotyping-by-sequencing (tGBS) technology. 
Table  1 provides the list of donors and recipients used. These SILs developed 
through early backcross breeding were more advantageous in terms of high allelic 
diversity, which comprised multiple donor parents. As compared with the biparental 
mapping population, these SILs provide more precise QTL detection and fine- 
mapping of candidate genes for biotic and abiotic stress tolerance (Ali et al. 2017, 
2018a). A total of 102 loci were identified from the 11 populations, and they contain 
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Table 1 List of donors used in the GSR breeding program

S. 
no. Parent Rice variety Origin Key features

1 DP OM1723 Vietnam Long panicle, salinity and drought tolerance
2 DP Phalguna India Fine-grain type, resistance to blast and gall midge 

disease
3 DP IR50 Philippines Resistance to insects and diseases, superior grain 

quality
4 DP IR64 Philippines High yield, tolerance of lodging, blast resistance, 

long slender grain
5 DP Teqing China High yield, tolerance of nitrogen deficiency and 

zinc deficiency
6 DP PSBRc66 Philippines High amylose content
7 DP CDR22 India Strong restoring ability and high combining ability, 

resistance to blast
8 DP PSBRc28 Philippine High yield, resistance to blast, moderate resistance 

to brown planthopper, bacterial leaf blight, green 
leafhopper, and stem borer

9 DP Yue-Xiang- 
Zhan

China Wide adaptation and high harvest index

10 DP Khazar Iran Tolerance of salinity, zinc deficiency, and anaerobic 
germination

11 DP OM1706 Vietnam Tolerance of salinity, anaerobic germination, and 
submergence, resistance to brown planthopper

12 DP IRAT352 CIAT Tolerance of low pH and aluminum toxicity
13 DP Zhong 413 China High yield, wide compatibility, restoring ability
14 DP R644 China Resistance to brown planthopper
15 DP IR58025B Philippines Popular wild-abortive elite maintainer
16 DP Bg304 Sri Lanka Tolerance of salinity and zinc deficiency, high yield 

of red rice, resistance to glyphosate and gall midge, 
blast, and bacterial leaf blight diseases

17 RP Huang-Hua- 
Zhan

China Chinese indica variety with high yield and wide 
adaptability, superior grain quality, moderate 
tolerance of salt and drought stresses, long panicle

18 DP Haoannong China Long panicle, tolerance of low-temperature stress
19 DP Cheng-Hui 448 China Excellent restorer line, salinity tolerance
20 DP Feng-Ai-Zan China High yield
21 DP Y-134 China Tolerance of submergence and anaerobic 

germination, resistance to brown planthopper
22 DP Zhong 413 China High yield, wide compatibility, restoring ability
23 DP Khazar Iran High yield, blast resistance, moderate resistance to 

stem borer, mild aroma
24 DP BG 300 Sri Lanka Drought tolerance, resistance to brown planthopper, 

gall midge, blast, and bacterial leaf blight
25 DP OM 997 Vietnam Drought tolerance, resistance to blast
26 DP Basmati-385 Pakistan Tolerance of zinc deficiency

(continued)

J. Ali et al.



67

120 deleterious SNPs, with a range of one to four SNPs per loci. These loci can 
substitute the amino acid, and this leads to changes in the functional proteins in 
either positive or negative regulations (Ali et al. 2018a). Interestingly, the donors of 
SILs have a different introgression frequency of alleles in the recipient genomic 
regions and are mainly attributed to the severe selection pressure under abiotic 
stress conditions. With the availability of tGBS marker information with the GSR 
breeding approach, several genetic loci have been identified through the various 
linkage-based mapping methods. This innovative approach assured the develop-
ment of new rice varieties that were tolerant of multiple stresses.

3  Genetics of Green Traits

In the GSR breeding program, the critical genetic determinants of various abiotic 
stress tolerances can be identified through QTL mapping approaches. As of now, the 
details of the identified QTLs and breeding materials are listed in Table 2. In many 
instances, advancement in the identification of stress-tolerance genes and QTLs that 
determine the trait has led to insights into the specific physiological and molecular 
mechanisms in response to various biotic and abiotic stresses (Wing et al. 2018; Yu 
et al. 2020). The highlights of the green traits associated with genetic information 
that confers stress tolerance and adaptive strategies provide valuable information 
for crop improvement.

3.1  Drought Tolerance

Drought is a complex trait. Understanding its mechanisms in terms of plant-water 
relationship traits, molecular breeding strategies, and dissecting the molecular genet-
ics of QTLs and deployment in the breeding pipeline are the key steps for the develop-
ment of drought-tolerant rice varieties. For drought improvement, it is essential to use 
advanced genomics and omics platforms that provide an opportunity for the mining of 
trait-specific allele functions. Identifying and developing drought- tolerant rice culti-
vars mainly depends on two major factors: prospecting for donors and effective 

Table 1 (continued)

S. 
no. Parent Rice variety Origin Key features

27 DP M 401 United 
States

Premium grain quality, large kernel, tolerance of 
low nitrogen, good yield, late maturity

28 DP X 21 Vietnam High yield, disease resistance
29 RP Weed Tolerant 

Rice-1
China High yield, widely adapted rice variety
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phenotypic evaluation methods required for crossing programs and a successful selec-
tion scheme. However, improving drought tolerance in rice varieties has had slow 
progress due to the complexity of the trait and some associated undesirable character-
istics, including low grain yield and a lack of preferable nutritional grain quality traits 
(Swamy and Kumar 2013; Kumar et al. 2014). With pre-breeding activity and marker-
assisted breeding approaches, several drought-tolerant lines have been developed and 
further used in breeding programs for improving lines with multiple-stress tolerance 
(Singh et al. 2016; Ali et al. 2017; Pang et al. 2017a; Gautam et al. 2020; Kumar et al. 
2020). However, improving yield potential under drought environments is limited due 
to the intensity, duration, and timing of drought stress. Important are the establishment 
of efficient phenotypic screening protocols and using precise phenotypic selection 
criteria (Ouk et al. 2006; Oladosu et al. 2019). From the recent developments in vari-
ous molecular breeding strategies, precise high-throughput phenotypic technologies 
have been identified for promising traits such as grain yield, and morpho-physiologi-
cal component traits have shown moderate to high heritability under drought stress 
conditions (Tuberosa 2012; Kumar et al. 2014; Swain et al. 2014; Ali et al. 2017; 
Sahebi et al. 2018; Yadav et al. 2019). Several researchers have used direct selection 
of GY, along with considering other secondary traits using molecular and genomic 
approaches (Oladosu et al. 2019). The results led to the identification of the QTLs and 
genes that are associated with these traits. Discovering these QTLs/genes that are 
responsible for tolerance traits is essential for developing crops with tolerance through 
marker-assisted selection or genetic engineering approaches. To this end were identi-
fied the major-effect drought tolerance QTLs from drought-tolerant rice varieties Apo 
(qDTY1.1, qDTY2.1, qDTY3.1, and qDTY6.1), Way Rarem (qDTY12.1), Nagina 22 and 
Dhagaddeshi (qDTY1.1), and Vandana (qDTY2.3 and qDTY3.2) (Bernier et  al. 2007; 
Venuprasad et al. 2009; Vikram et al. 2011, 2015; Ghimire et al. 2012; Dixit et al. 
2014). With the marker-assisted introgression approach, grain yield QTLs with major 
and consistent effects (qDTY1.1, qDTY2.1, qDTY2.2, qDTY3.1, qDTY3.2, qDTY6.1, and 
qDTY12.1) on chromosomes 1, 2, 3, 6, and 12 have been validated, deployed into 
drought breeding programs, and successfully improved drought-susceptible rice 
mega- varieties (Kumar et al. 2014, 2017b, 2020; Singh et al. 2016; Sandhu and Kumar 
2017). However, the locally adapted high-yielding commercial mega-varieties show a 
sensitive reaction to other biotic and abiotic stresses. These improved tolerant rice 
varieties have not been able to show a similar yield performance in varied agroecosys-
tems. Introgression of these major QTLs/genes in a different combination using a 
marker-assisted selection approach provides an opportunity to increase desirable phe-
notypic traits and thereby improve grain yield. Still, pyramiding of these major QTLs/
genes has not been fully exploited due to G × E interaction of this complex trait epis-
tasis, and pleiotropy could have negative/positive effects on the trait of interest (Li 
1998; Yano et al. 2003; Xu and Crouch 2008). As a consequence, it has been tough to 
make significant genetic improvements in grain yield under drought stress through 
conventional breeding methods. Therefore, the development of large- scale phenotypic 
screening, marker-assisted breeding strategies, and advanced genotyping technolo-
gies has significantly accelerated varietal improvement programs on drought toler-
ance. Further, the identification of QTLs/genes affecting grain yield could result in 
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yield improvement and stability under drought stress. In comparison to the classical 
breeding and genetic mapping approaches, the GSR breeding strategy used SILs and 
designed QTL pyramiding approaches in the development of multiple-stress-tolerant 
rice varieties for improving grain yield under stress conditions.

The GSR breeding strategy has three significant advantages: first, the selected few 
SILs require lesser costs in both genotyping and phenotyping; second, the strategy 
significantly increased the power in detecting the genomic regions of QTLs/genes; 
third, the selected lines mostly carried the beneficial alleles of QTLs (Ali et al. 2017). 
Based on the DQP approach, Feng et al. (2018) identified a total of nine drought toler-
ance QTLs on chromosomes 2, 3, 5, 6, 8, and 12 using a segregation distortion 
approach. These QTLs were detected from the three different genetic backgrounds of 
trait-specific SILs, which were generated from the 63 SILs from the cross 
HHZ × Teqing, 68 SILs from the cross HHZ × CDR22, and 75 SILs from the cross 
HHZ × OM1723 (Ali et al. 2017). The major significant QTLs on chromosomes 3, 5, 
and 8 were closely associated with the earlier reports of grain yield QTLs and seed 
fertility QTLs under drought stress. Similarly, researchers exploited the genotypic 
information on EB-SILs derived from the 11 donors crossed with recurrent parent 
WTR-1, which comprised a total of 564 diverse SILs used for identifying synony-
mous and non-synonymous deleterious polymorphic SNPs (Ali et  al. 2018b). Of 
these, the significant locus Os01g01689 on chromosome 1 possessed a G/A deleteri-
ous SNP altering an amino acid from Ala to Thr in the background of Haoannong and 
Y-134. This locus was associated with abiotic stress tolerance. This innovative breed-
ing strategy addresses the GCV challenge and allows poor farmers to benefit from the 
use of stress-tolerant and high-yielding rice varieties under limited resources. 
Therefore, genotyping the EB-SILs and DQP populations helped to identify several 
promising genomic regions for complex traits and assisted in molecular marker devel-
opment and genomic applications in molecular breeding programs.

3.2  Salinity Tolerance

More than 20% of global agricultural land is affected by salinity, especially in the 
coastal regions of South and Southeast Asian countries. Salinity is mainly caused by 
the drastic changes in the climatic events that are significantly associated with 
increases in salinity in the soil. During crop growth stages, the accumulated Na+ and 
Cl− concentrations in plants lead to inhibiting cell expansion and photosynthetic 
activity, followed by changes in physiological and molecular pathways in roots for 
the uptake of water and nutrients, leading to cytotoxic effects. Mainly, the accumu-
lation of these elements can be processed through osmotic and ionic stresses, which 
can activate the formation of reactive oxygen species (ROS) and cause leaf damage 
or plant death. Thus, developing rice varieties with salinity tolerance is a prominent 
approach to resolve the salinity problem. However, progress in developing salinity-
tolerant rice varieties has been slow because of the complexity of the salinity toler-
ance trait, and this has involved multiple physiological and biochemical pathways. 
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As of now, several researchers had worked on the complex traits using advanced 
genomic-assisted breeding tools in traditional molecular breeding strategies and 
sequencing at the whole-genome level. In the past two decades, >700 QTLs and 200 
genes have been reported for salinity tolerance at different growth stages (Rahman 
et al. 2017; van Oort 2018) (http://archive.gramene.org/). Most of these genes and 
QTLs are associated with different traits such as salt injury score, shoot and root 
growth, fresh and dry weight of shoot and root, Na+ and K+ content in shoot and 
root, grain yield, and chlorophyll content. The genomic regions of these QTLs and 
genes are involved in the different physiological and molecular mechanisms such as 
ionic equilibrium, osmotic adjustment, transcription regulation, and signaling path-
way (Molla et  al. 2015; Pradhan et  al. 2015; Gimhani et  al. 2016; Kumar et  al. 
2017a). However, the identified genomic regions have a more significant interval 
gap because they employ a low density of molecular markers and possibly because 
of epistatic QTLs and environmental interaction. It’s possible to have hundreds of 
genes in those QTL positions, which makes it difficult to track the genetic pathways.

The recent development of genotyping technologies provided robust genotyping 
information and can remarkably reduce chromosomal intervals and also help in 
identifying accurately predicted gene functions related to the target traits. Dissecting 
these complex traits and identifying superior tolerant lines, the GSR breeding pro-
gram began an integrated molecular breeding strategy to identify genome-wide 
trait-specific introgression lines (ILs) through the DQP approach. Using high- 
density SNP markers of tGBS technology, three significant QTLs, qSES2, qSES4 
(qChlo4), and qChlo1, were mapped, and this further narrowed down the list of 
genes through the use of grandparent genotypic information (Pang et al. 2017b). As 
a result of this approach, 13, 34, and 40 candidate genes were identified in the QTLs 
regions, respectively. Pang et al. (2017b) carried out functional analyses of the can-
didate genes for the salinity-tolerance QTLs to infer two, five, and six genes as the 
most likely candidates of qSES2, qSES4 (qChlo4), and qChlo1, respectively. This 
combination of high-density SNP markers with parent and grandparent information 
could be a potential approach for identifying the right genes for desired target traits 
in rice. With this strategy, several high-yielding, multi-stress-tolerant rice varieties 
such as NSIC Rc480, NSIC Rc534, NSIC Rc 390, NSIC Rc 392, NSIC Rc 554, and 
NSIC Rc 556 were developed and released for cultivation under saline conditions 
(Guan et al. 2010; Ali et al. 2017; Yu et al. 2020).

3.3  Submergence Tolerance

Submergence is an essential factor that limits rice yield over 15 million ha in rainfed 
lowland regions of Asia (Septiningsih et al. 2009). Rice is known to adapt well to 
flooded conditions, but most rice cultivars become vulnerable upon complete sub-
mergence. Complete submergence of rice plants, particularly under turbid water, 
causes severe damage through decreased respiration and photosynthesis (Ella et al. 
2003; Bailey-Serres et al. 2010). Submergence tolerance is an important trait that 
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could help rice plants to overcome flooding with a water head of 1 m for 14 days at 
the active tillering stage. The genetics of submergence tolerance from FR13A 
showed a high heritability and was governed by both major genes and some quanti-
tative trait loci (QTLs) (Suprihatno and Coffman 1981; Nandi et  al. 1997; 
Sripongpangkul et al. 2000; Toojinda et al. 2003). Xu et al. (2006) used FR13A for 
cloning Sub1A, a major QTL on chromosome 9, which is a transcription factor con-
cerning ethylene responsiveness. Sub1A-1, one of the alleles at Sub1A, was found to 
be essential for submrgence tolerance in several semi-dwarf varieties (Septiningsih 
et al. 2009). Ali et al. (2006) demonstrated that progenies with submergence toler-
ance were identified consistently in most BC populations derived from sensitive 
parents. This suggested the presence of hidden genetic diversity for submergence 
tolerance in the primary gene pool of rice. Wang et al. (2015) determined the genetic 
basis of submergence tolerance in rice and facilitated the simultaneous improve-
ment of submergence tolerance in rice. In their study, they characterized the 
genome-wide responses of 162 SILs with submergence tolerance from 12 BC popu-
lations using SSR markers that helped in the dissection of the hidden diversity and 
transgressive segregation. Their results provided insights into the genetic basis of 
submergence tolerance of rice and demonstrated a novel strategy for simultaneous 
improvement and genetic dissection of complex traits using the approach of selec-
tive introgression (Li et al. 2005). The genome-wide responses of donor alleles to 
strong phenotypic selection for submergence tolerance can be understood with three 
key findings from Wang et al. (2015). First, they found significant over- introgression 
of the donor alleles at 295 loci in 167 functional genetic units (FGUs) across the rice 
genome. Second, they observed significantly increased homozygosity or “loss of 
heterozygosity” genome-wide. Third, pronounced non-random associations 
between or among the detected submergence tolerance loci led to the discovery of 
putative genetic networks (multi-loci structures) underlying submergence tolerance 
in rice. Further, their results suggested that submergence tolerance of rice is con-
trolled by large numbers of loci involved in multiple positively regulated signaling 
pathways (Wang et al. 2015). It is essential here to understand that the restoration of 
one or more of these broken pathways in the BC progenies by genetic complemen-
tation from the introgressed functional donor alleles at submergence tolerance loci 
provided an appropriate explanation for the transgressive segregation of submer-
gence tolerance and this could be extended to other complex traits in rice. The GSR 
breeding strategy developed several promising salinity-tolerant materials such as 
NSIC Rc480, GSR 5, and GSR11. Yorobe et al. (2016) found that the mean differ-
ence in net farm income between GSR and non-GSR varieties was positive and 
significant and gave farmers an income advantage of USD 230.90/ha for GSR vari-
ety users. In their study, Yorobe et al. (2016) found that, with a high occurrence of 
flooding in the wet season, the use of GSR varieties assured rice farmers of a posi-
tive net farm income.
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3.4  Nutrient-Use Efficiency

Nutrient-use efficiency (NUE) is one of the most critical traits for increasing 
yield and productivity by using nutrients such as nitrogen (N), phosphorus (P), 
and potassium (K) to increase NUE. During the Green Revolution (GR) period 
in the 1960s and post-GR, yield increased significantly, and this was primarily 
achieved with a higher input dosage of fertilizer, pesticide, and water (Ali et al. 
2018b). Recently, Hawkesford and Griffiths (2019) mentioned that only 33% of 
global N is recovered from harvested grain, while the remaining N is a signifi-
cant pollutant and a colossal waste of resources. A higher amount of fertilizer 
application can lead to a substantial imbalance in nutrient availability in the 
soil, increase the risk of pests and diseases, and not be cost-effective for poor 
farmers (Chen et al. 2014a, b; Rahman and Zhang 2018). Regarding environ-
mental safety and the use of low inputs in farmers’ fields, the GSR breeding 
team started a program at IRRI to identify nutrient-use- efficient breeding lines 
that could obtain higher grain yield under integrated nutrient management tech-
niques. This was the first initiative in the NUE breeding program at IRRI (Jewel 
et al. 2018) and it was reported as a unique and systematic breeding approach 
through the selection of SILs with higher NUE through the early backcross 
breeding program. SILs were selected in four consecutive seasons under differ-
ent nutrient fertilizer combinations of N, P, and K dosages. Five promising SILs 
(Nue-115, Nue-114, Nue-112, Nue-229, and Nue-230) were identified with 
higher grain yield and nutrient-use efficiency. These SILs could provide valu-
able information for rice breeding programs. The genetics of NUE (Mahender 
et al. 2019) identified a total of 19 QTLs that were associated with three agro-
nomic traits by using tGBS technology. These major QTLs were located on 
chromosomes 2, 5, 8, 9, and 12. The genomic regions of these QTLs were co-
localized with earlier reports of low nitrogen and phosphorus conditions. 
Importantly, in silico analysis of these QTL positions suggested that several key 
candidate genes played a major role in the various molecular and physiological 
pathways in response to abiotic stress tolerance and also maintenance of the 
homeostasis mechanism under low-input conditions. Similarly, Jewel et  al. 
(2019) detected a total of 49 main-effect QTLs under six nutrient conditions. 
These QTLs explained a phenotypic variance range from 20.25 to 34.68%. They 
were located on all 12 chromosomes, except on chromosomes 7, 11, and 12. 
Among them, four hotspot QTLs were identified on chromosomes 3, 5, 9, and 
11. Interestingly, 22 QTLs for partial factor productivity and four QTLs for 
agronomic efficiency were detected as novel under –P and 75  N conditions. 
Several genes and transporters were located in the interval regions of these 
QTLs, and they were involved in nutrient uptake and transporting mechanisms 
from soil to plants. Therefore, the hotspot regions of QTLs and genes may offer 
significant value for marker-assisted selection and pyramiding of multiple QTLs 
for improving NUE in rice.
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3.5  Weed-Competitive Ability Traits

Threats such as GCV, rising labor shortages, decreasing arable land, and the increas-
ing prices of fertilizer and pesticide are the major contributors to the decrease in rice 
production (Singh et  al. 2013). To overcome these constraints, shifting from the 
manual rice transplanting system to direct-seeded rice (DSR) is the most promising 
approach to improve rice sustainability (Chauhan and Abugho 2013; Mahender 
et al. 2015). It has numerous benefits, mainly in decreasing water use by 35–75%, 
decreasing labor demand, shortening crop duration, mitigating methane gas emis-
sions, and lowering the cost of cultivation (Mahender et al. 2015; Dimaano et al. 
2017). However, vigorous growth of weeds is one of the most complicated biologi-
cal constraints in the DSR system to attaining optimal grain yield (Antralina et al. 
2015; Chauhan et al. 2015a, b; Jabran and Chauhan 2015). Several options such as 
tillage operations and herbicide application are available to control weeds, but these 
are laborious and costly (Rahman et al. 2012). Globally, more than USD 100 billion 
are lost annually because of weed control (Appleby et al. 2002). Therefore, develop-
ing a breeding strategy for weed-competitive (WC) rice varieties is a critical solu-
tion for decreasing tillage operations, hand weeding, and herbicide inputs in the 
DSR system. WC ability is a complex trait, and it interacts with several agro- 
morphological traits (Chauhan et al. 2015a; Raj and Syriac 2017). Thus, it is essen-
tial to understand the trait interactions and mechanisms that confer WC ability, and 
this could be useful for speeding up the breeding activities for developing WC rice 
cultivars. Recently, as a part of the GSR breeding program at IRRI, Chauhan et al. 
(2015b) and Dimaano et al. (2017) followed a systematic breeding effort to identify 
WC ability traits related to early seed germination (ESG) and early seedling vigor 
(ESV). The breeding materials were developed from the four early generations of 
backcross populations derived from one common recipient parent, Weed Tolerant 
Rice-1 (WTR-1), and four donors, Y134, Zhong 143, Khazar, and Cheng Hui-448. 
These SILs were evaluated over three rounds of selection in upland weed-free, 
upland weedy, and lowland weedy conditions. Among the total SILs, five (G-6- 
L2-WL-3, G-6-RF6-WL-3, G-6-L15-WU-1, G-6-Y16-WL-2, and G-6-L6-WU-3) 
were found to be promising in lowland weedy conditions, whereas four SILs (G-6- 
Y7-WL-3, G-6-Y6-WU-3, G-6-Y3-WL-3, and G-6-Y8-WU-1) were found to have 
the highest grain yield under upland weedy conditions (Dimaano et al. 2017). The 
primary requirements for the DSR system to be successful are the following: unifor-
mity and speed of germination rate and early seedling growth are significantly asso-
ciated with robust and vigorous crop growth and a better crop establishment, which 
can influence WC ability (Cui et al. 2002; Foolad et al. 2007; Diwan et al. 2013; 
Dang et al. 2014). These traits can provide support for traits attributed to efficient 
root growth that can help in the absorption of more nutrients (Farooq et al. 2011; 
Matsushima and Sakagami 2013; Singh et  al. 2015; Khan et  al. 2016). For the 
molecular genetics of WC rice cultivars, a total of 43 QTLs were mapped on all 12 
chromosomes, except on chromosomes 4 and 8, by using 677 high-quality SNP 
markers (Dimaano et al. 2020). Interestingly, 29 novel genetic loci were associated 
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with ESG and ESV traits on chromosomes 1, 3, 5, 6, 7, 10, 11, and 12. The hotspot 
regions of chromosomes 11 and 12 were associated with multiple traits (Dimaano 
et al. 2020). Many of these QTLs were co-localized in previous reports, which are 
related to germination rate, germination index, germination percentage, and germi-
nation time in different genetic backgrounds of mapping populations (Mahender 
et  al. 2015). In addition, some critical genes located in the co-localized hotspot 
regions can influence the regulation of various physiological functions such as chlo-
roplast development, photosynthesis, hybrid sterility, seed development, and seed-
ling lethality during plant growth stages (Gothandam et  al. 2005; Matthus et  al. 
2015; Sharma and Pandey 2016; Yu et al. 2016). Therefore, the hotspot regions with 
co-localized QTLs and genes may have a more significant role in the improvement 
of weed-competitiveness, mainly in African and Asian countries, to decrease rice 
production costs.

3.6  Low-Temperature Stress Tolerance at Different Crop 
Growth Stages

Rice is one of the most sensitive among the cereal crops to low-temperature stress 
(LTS)/cold stress (CS), mainly at the germination to booting stage, which can cause 
a significant yield decrease due to reduced germination rate and seedling growth, 
high spikelet sterility, delay in flowering, and lower grain filling (Ranawake et al. 
2014; Schläppi et al. 2017; Shakiba et al. 2017; Najeeb et al. 2020). The drastic 
changes in GCV in rice-growing areas mainly in the tropical, subtropical, and tem-
perate regions had severe effects from low-temperature stress during the critical 
stages of seedling growth and pollen abortion at the booting stage, leading to grain 
yield decreases (Ye et al. 2009; Jena et al. 2010; Sun et al. 2018). LTS mainly inhib-
its sugar accumulation in the pollen and further leads to male sterility, which is 
regulated by the invertase enzyme through the hormone abscisic acid (ABA) path-
ways that transport sugar to the tapetum. The results of these mechanisms decrease 
invertase amounts in susceptible rice varieties, leading to lower pollination (Oliver 
et  al. 2007). This situation warrants the development of LTS-tolerant varieties 
through a systematic breeding effort to increase rice production in 25 countries, 
including the major rice-producing countries (Cruz et al. 2013; Zhang et al. 2017). 
Therefore, to minimize yield losses under LTS, particularly in cold-affected regions, 
it is crucial to identify potential donors to improve LTS tolerance. LTS tolerance 
breeding for widely adapted and high-yielding rice cultivars is needed to meet 
future food demand worldwide.

Information on the genomic regions of QTLs and genes governing tolerance of 
LTS is limited for different growth stage-specific traits in rice due to its complex 
nature, and this significantly influences QTL × environment interactions. Up to now, 
several studies have been reported for QTL mapping for LTS. Recently, Najeeb et al. 
(2020) reviewed the genetics of LTS tolerance QTLs in rice. A total of 239 and 339 
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QTLs were identified on 12 chromosomes using genome-wide association studies and 
biparental mapping populations, respectively (http://archive.gramene.org). However, 
mapping of the sensitive stage, especially at the reproductive phase of a complex trait, 
involves multiple genes, environment interactions, and difficulties in phenotypic 
screening. Despite these large numbers of QTLs for LTS, a few of them were studied 
for fine-mapping and cloning. Based on the public domain and rice database, a total 
of 38 candidate genes were functionally characterized for LTS tolerance. Importantly, 
four genes on chromosome 1 (OsCOIN, OsGSK1, OsGH3-2, and OsMYB3R-2), two 
genes on chromosome 6 (OsiSAP8 and OsbZIP52,) and a single gene on chromosome 
4 (OsCAF1B) and chromosome 11 (OsAsr1) were significantly associated with LTS 
tolerance in the seedling and reproductive stage in rice. In contrast, breeding strategies 
for LTS tolerance remained a slow process by conventional methods because most of 
the QTL mapping methods could not explain G × E interaction well and appropriate 
statistical and advanced breeding strategies were lacking. Improvement of LTS toler-
ance at the reproductive stage is needed through a selective introgression method 
(Liang et al. 2018). A population was derived from BC2F4 onward using five donors 
and a japonica (Geng) recipient parent that were screened over three rounds to select 
under LTS conditions at the reproductive stage. This approach helped in dissecting the 
complex trait of LTS tolerance and developed trait-specific introgression lines. A total 
of 17 QTLs were identified using five different populations of EB-SIL derived from 
five different donors into a common recipient parent. Further, multi-locus probability 
tests and linkage disequilibrium results showed that a total of 46 functional genetic 
units were distributed across the rice genome for cold tolerance. Studies showed the 
presence of strong epistasis and power of the statistical approach for the development 
of selective introgressions for simultaneous improvement and genetic dissection of 
complex traits. Zhu et al. (2015) used an inter-connected breeding (IB) population 
comprising 497 SILs derived from eight BC families with the same recipient parent 
for identifying and fine-mapping QTLs for LTS tolerance at the booting stage. A total 
of 41,754 high-quality SNPs were obtained through the re-sequencing of the IB popu-
lation. Phenotyping was conducted under field conditions in 2 years and three loca-
tions. Association analysis identified six QTLs for LTS tolerance on chromosomes 3, 
4, and 12. The stably expressed QTL qCT-3-2 was fine-mapped and narrowed down 
to approximately 192.9  kb on the reference genome (Zhu et  al. 2015). The QTL 
qCT-3-2 is essential for developing varieties with LTS tolerance at the booting stage, 
which are in high demand in temperate and high-altitude rice production regions. 
GWAS applied to an IB population allowed better integration of gene discovery and 
breeding. QTLs can be mapped in high resolution and quickly used for breeding.

3.7  Grain Quality

Improvement of grain quality traits (grain appearance, cooking and eating quality) 
is a major concern in rice breeding programs. Earlier rice breeding efforts over the 
past few decades primarily focused on increasing grain yield potential as the 
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primary target in the major Asian rice-growing countries, and most of the high- 
yielding and popular rice varieties had poor grain quality traits (Custodio et  al. 
2019). Approximately one-third of the global population is suffering from nutri-
tional deficiency, mainly caused by inferior grain quality traits such as low protein 
content and lack of vitamins and minerals (Balyan et al. 2013). Therefore, to meet 
the global food demand, it is essential to keep nutritional quality traits integrated 
well in our breeding programs. Consumer acceptance and their preferred grain traits 
are major factors that influence different markets across the globe. For instance, 
grain appearance traits such as long and slender grain shape are mostly preferred in 
countries such as India, Vietnam, the United States, and most Asian countries, 
whereas northern China, Korea, and Japan prefer short and round rice grains 
(Unnevehr et al. 1985; Cuevas et al. 2016). Improvement in grain quality is for a 
complex trait involving many traits such as milling efficiency, grain appearance 
(size and shape), and cooking and eating quality (apparent amylose content, gelati-
nization temperature, gel consistency). Many of these grain quality component 
traits are highly complex and quantitative in nature and are significantly influenced 
by environmental factors. In a global view, grain shape traits need to be understood, 
matching market and consumer preferences and needing to be adequately addressed 
in breeding programs for different target regions. Several researchers have identified 
many critical genetic loci and candidate genes for grain quality traits (Yun et al. 
2014; Balakrishnan et al. 2016; Pang et al. 2016; Wang et al. 2017; Mogga et al. 
2018; Kavurikalpana and Shashidhara 2018; Wing et al. 2018; Bazrkar-khatibani 
et  al. 2019; Calayugan et  al. 2020; Zhang et  al. 2020). Mahender et  al. (2016) 
reviewed grain nutritional traits and associated genetic information on QTLs and 
genes in rice. More than 400 QTLs have been reported for these grain quality traits, 
including grain appearance and cooking and nutritional properties (Mahender et al. 
2016; Bazrkar-khatibani et al. 2019).

As of now, 28 major genes are involved in controlling grain shape and 65 genes 
are associated with eating quality traits in rice (http://qtaro.abr.affrc.go.jp/). 
Importantly, the natural variation of eating quality genes such as ALK and WAXY on 
chromosome 6, Badh-2 on chromosome 8, and LOX-3 on chromosome 3 regulates 
cooking quality traits and encodes the strong component in rice fragrance (Chen 
et al. 2008; Shirasawa et al. 2008; Gao et al. 2011; Venu et al. 2011; Wang et al. 
2017). Similarly, overexpression of the six genes (OASA2, BiP, OASA1D, OsAAT1, 
OsAAT2, OsISA1, and OsISA2) on chromosomes 1, 2, 3, 5, and 8 significantly 
increased amino acid content and seed storage protein content in rice grain (Zhou 
et al. 2009; Saika et al. 2011; Utsumi et al. 2011). Recent successful GSR breeding 
strategies help to a great extent to understand the various green traits that include 
grain quality and biotic and abiotic stress tolerance genes that have been cloned (Yu 
et al. 2020). These include the critical genes OsAAP6 on chromosome 1, OsGRF4 
on chromosome 2, three genes (GNP1, lgy3, and GL3) on chromosome 3, two genes 
(Chalk5 and GW5) on chromosome 5, two genes (W7 and OsSPL13) on chromo-
some 7, and a single gene (OsOTUB1) on chromosome 8 associated with grain 
quality traits, and some of these genes are significantly associated with yield- 
attributed traits and NUE traits (Li et al. 2018). Recently, Mahender et al. (2019) 
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identified 19 QTLs for agro-morphological traits under different dosages of nutrient 
fertilizer. Interestingly, one of the major QTLs for leaf chlorophyll content on chro-
mosome 2 and in the same genomic region co-localized with the nitrate transporter 
OsNPF7.2 and GROWTH-REGULATOR FACTOR 4 (OsGRF4). These hotspot 
genomic regions play a vital role in the interaction of GRF4 and DELLA proteins 
that are involved in multiple gene regulation related to grain quality traits and that 
also maintain homeostatic coordination of nitrogen and carbon metabolism 
(Serrano-Mislata et al. 2017; Li et al. 2018; Xing et al. 2018).

3.8  Biotic Stress Tolerance

Rice grain yield declined globally by more than 52% because of various biotic 
stresses such as insect pests (brown planthopper, green rice leafhopper, and yellow 
stem borer) and diseases (bacterial leaf blight, blast, sheath blight, and tungro). 
Yield was severely affected in the rice-growing countries of Asia and Africa (Van 
Oort and Zwart 2018). These biotic stresses significantly cause annual crop losses 
that threaten global food security. According to the estimation of Roy-Barman and 
Chattoo (2005), global yield losses annually are equivalent to the quantity required 
to feed 60 million people. Worldwide, fungal disease alone is estimated at 14% of 
the annual rice yield decline. Hence, significant changes in GCV lead to increased 
extreme weather patterns and this combined with increasing air temperatures are the 
leading causes of the spread of disease into different areas, which has also differed 
from region to region and from one agroecology to another (Anderson et al. 2004; 
Agrios 2005). Therefore, exploiting the diverse resources of rice germplasm and 
understanding the host-plant resistance mechanism at molecular genetics and cel-
lular levels will provide a viable option to manage this disease vis-à-vis the applica-
tion of various pesticides. For better management of biotic stresses, integrative 
strategies are required for the selection of resistant rice varieties, and identifying 
QTLs and genes to understand the genetics of resistance from advanced genotyping 
technologies and pathogen races. This will deliver valuable information for the 
development of future climate-smart rice varieties.

Recent progress in QTL and gene/allele identification technologies, marker- 
assisted selection (MAS), and advanced genomic techniques has been used to 
develop disease and insect resistance in rice. The molecular genetics of the resis-
tance to the various pathogens has been well documented through conventional or 
molecular marker-assisted breeding strategies. Therefore, the use of this disease 
resistance and insect resistance in genomic regions of QTLs and genes provides the 
most cost-effective and prominent approach for decreasing pesticide use. To date, 
more than 100 genes for blast resistance, 40 genes for bacterial blight resistance, 34 
genes for brown planthopper resistance, 11 genes for general insect resistance, and 
6 genes for sheath blight resistance have been identified on different chromosomes 
(http://qtaro.abr.affrc.go.jp/). Further, some of these genes have been isolated and 
functionally characterized (http://qtaro.abr.affrc.go.jp/). However, the two major 
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diseases (blast and BLB) frequently affect crop yield and decrease it in most rice- 
growing regions worldwide. These cloned genes are providing valuable sources to 
understand the interaction between the disease and host, pathogen mechanism, and, 
further, as a means to enhance resistance mechanisms in the various backgrounds 
using marker-assisted breeding and genetic engineering approaches. However, 
breakdown of the resistance of a single gene has also been identified after 2 or 
3 years. This indicates changes in the frequency of pathotypes or the emergence of 
new ones through mutations and other mechanisms. Therefore, to develop broad- 
spectrum resistance in rice varieties by stacking multiple resistance genes or QTLs 
into a single rice variety seeks to provide resistance to a wide range of races as 
compared to one or two gene combinations.

Pyramiding of multiple resistance genes is a useful molecular breeding strategy 
for the expression simultaneously of more than one gene to achieve durable resis-
tance against desired target diseases, and it also needs to prevent or delay the break-
down of resistance (Shinada et al. 2014; Feng et al. 2018; Kumar et al. 2018; Liu 
et  al. 2020). Ashkani et  al. (2015) have reviewed different successful molecular 
breeding schemes and gene pyramiding strategies to improve biotic disease resis-
tance genes in rice. Notably, Ji et  al. (2016) used a gene pyramiding strategy to 
develop restorer lines with resistance to multiple diseases: blast (Pita, Pi1, and Pi2), 
bacterial blight (Xa23 and xa5), and brown planthopper (Bph3). Therefore, restorer 
lines are useful in hybrid rice breeding programs. In the GSR breeding program, 
several biotic disease-resistance QTLs and cloned genes have been used in develop-
ing novel GSR breeding materials. Pi2, Xa23, Bph14, and Bph15 genes have been 
mainly introgressed into different GSR lines. Recently, a novel gene, Bph38(t), 
identified on chromosome 1 explained phenotypic variation of 35.9% in a backcross 
population derived from a cross of HHZ and Khazar (Balachiranjeevi et al. 2019). 
The development of molecular mapping and functional genomics of insect resis-
tance revealed that most of the BPH resistance genes were clustered together in 
specific regions on different chromosomes (3, 4, 6, and 12), except for bph5, bph8, 
and BPH22(t) to BPH24(t). For example, 8 genes were located in the 19.1–24.4 Mb 
region on chromosome 12 and 12 genes in the 4.1–8.9 Mb region on chromosome 4 
(Du et al. 2020). These clustered genes provide a valuable resource for identifying 
specific alleles and interaction of the different genes that are involved in the molecu-
lar and physiological pathways for the insect resistance mechanism in rice.

4  Molecular Genetics and Breeding Strategies to Combine 
Multiple Stresses

To develop rice varieties with multiple stress tolerance along with superior grain 
yield and quality, breeders are exploring different breeding strategies. However, 
limited progress has been made in this direction through conventional breeding 
approaches, which are lengthy and laborious processes. Recently available genotyp-
ing technologies such as SNP chips, genotyping by sequencing (GBS), and 
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whole- genome sequencing (WGS) have led to the identification of major-effect 
QTLs associated with the complex abiotic stresses such as drought, salinity, and 
flooding in rice (Guo et al. 2014; Wang et al. 2017; Ali et al. 2018b; Le Nguyen et al. 
2019; Yadav et al. 2019). The identification of molecular markers tightly associated 
with a trait is valuable for marker-assisted selection. The marker-assisted breeding 
efforts that began at IRRI led to the identification of a major QTL, Sub1, derived 
from FR13A, an Indian landrace; qDTY1.1 and qDTY2.1 from drought-tolerant geno-
type Apo; qDTY12.1 from Way Rarem; and Saltol identified from Pokkali, which 
showed large effects across different genetic backgrounds. Deployment of these 
QTLs in molecular breeding strategies paved the way for the development and 
release of rice varieties such as Swarna-Sub1, Samba Mahsuri-Sub1, Swarna-Sub1, 
DRR Dhan-50, and CR Dhan 802, which are suitable for different ecosystems 
(Bhandari et al. 2019). Most of the rice-growing areas in the rainfed environment in 
South and Southeast Asia are frequently affected by multiple abiotic stresses even 
within the same cropping season near the coastal areas. Therefore, developing new 
breeding materials that could tolerate multiple stresses and also provide higher 
grain yield is essential for global food security.

Over the past decade, there have been only a few significant reports on pyramid-
ing QTLs for stacking multiple traits in the different backgrounds of popular high- 
yielding rice varieties through MAS approaches. The identified superior and stable 
lines across different environments and having acceptable grain quality traits are 
promoted for release in different countries. Pyramiding of the major biotic and abi-
otic stress-tolerance QTL combinations has been used in different breeding strate-
gies for developing rice varieties with multiple-stress tolerance (Zhu et al. 2015; 
Dixit et al. 2017; Pang et al. 2017b; Feng et al. 2018; Kumar et al. 2018). Recently, 
Muthu et al. (2020) developed an improved White Ponni, a popular high-yielding 
rice variety with significant tolerance against drought, salinity, and submergence by 
introgressing major-effect QTLs (qDTY1.1, qDTY2.1, Saltol, and Sub1) through a 
marker-assisted backcross breeding approach. However, the innovative Green Super 
Rice breeding strategy successfully demonstrated that a high genetic diversity exists 
within the primary gene pool for improving multiple-stress-tolerance traits, espe-
cially for rainfed environments (Ali et al. 2006, 2017). Stringent simultaneous phe-
notypic selection by screening under multiple abiotic stresses in the early generations 
has a major advantage in developing trait-specific backcross inbred lines with sig-
nificantly improved tolerance. This provides an opportunity for the discovery of 
genes/QTLs underlying the target and non-target traits. With the GSR breeding 
strategy within the span of 7  years, a total of 27 IRRI-bred GSR varieties were 
released, and more than 104 rice varieties have been nominated for national coop-
erative yield trials from three recipient parents and 16 donors. These varieties are 
now being cultivated on more than 2.7 million ha on a seed distribution basis alone 
for farmers in Asia and Africa (Ali et al. 2017; Feng et al. 2018; Yu et al. 2020). The 
integration of advanced genotyping technology such as SNP genotyping array and 
tGBS in the GSR breeding program provides a high-quality SNP calling accuracy 
with a low percentage of missing rates across populations. This genotyping infor-
mation from SNPs is an excellent source for understanding the genetics of green 
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traits and can be used for dissecting many complex traits by using marker-trait asso-
ciation studies (Wing et al. 2018; Feng et al. 2018). Among the various breeding 
populations, the early backcross-selective introgression lines (EB-SILS) and 
designed QTL pyramiding (DQP) approach have proven to be an effective strategy 
for dissecting complex traits such as drought, salinity, and low-temperature stress 
tolerance; arsenic toxicity tolerance; and nutrient-use efficiency (Dimaano et  al. 
2017; Pang et al. 2017b; Ali et al. 2018b; Feng et al. 2018; Mahender et al. 2019; 
Murugaiyan et al. 2019; Najeeb et al. 2020). So far, more than 3200 genes have been 
listed in Oryzabase, and they were associated with a wide range of stress-tolerance 
mechanisms in biotic and abiotic stresses (https://shigen.nig.ac.jp/rice/oryzabase/). 
More than 1800 genes were functionally characterized and deposited in the Q-TARO 
(QTL Annotation Rice Online) database (http://qtaro.abr.affrc.go.jp/). Of these, 
cloned rice genes associated with tolerance of multiple biotic stresses (diseases and 
insect pests) and abiotic stresses (drought, salinity, flooding, anaerobic germination, 
low nutrient-use efficiency) and also grain quality traits (for eating) are a vital con-
cern in GSR breeding. The availability of rice genome annotation and functionally 
characterized genes from these two databases are highlighted in Fig. 4. The main 
focus of green traits involves the genes governing them: 104 for drought tolerance, 
95 for salinity tolerance, 60 for low-input tolerance, 52 for cold tolerance, and 8 for 
submergence tolerance. These are also referred to as green genes, and they mostly 
represent resource-saving and environment-friendly approaches. As a result of the 
molecular genetics of green traits in the GSR breeding program, a total of 225 QTLs 
and 332 candidate genes have been identified on 12 chromosomes, and, trait-wise, 
each is explained in Table 2 and Fig. 2.

Fig. 4 Distribution of cloned genes in rice. (a) The important genes associated with green traits 
were highlighted across the 12 chromosomes using a Phenogram plot. (b) Traits were associated 
with the number of genes functionally characterized and these genes provide a valuable resource 
for understanding the complex nature of stress tolerance and adaptive traits. (Source: https://
orygenesdb.cirad.fr/data.html and http://qtaro.abr.affrc.go.jp/)
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In the genomic region of these QTL positions, a large number of candidate genes 
were identified through the in silico database and many of them have known func-
tions related to green traits. Also, a few of them have unknown functions. The com-
prehensive literature survey and rice genomic database showed that genes such as 
OsCOIN, OsDREB2A, OsGSK1, and OsDREB1F on chromosome 1; OsGS1;2, 
OsMYB2, and ZFP182 on chromosome 3; OsTPS1 on chromosome 5; OsDREB1C 
and OsiSAP8 on chromosome 6; OsDREB1B and OsDREB1A on chromosome 9; 
and OsNAC5 on chromosome 11 are responsible for the multiple stress-tolerance 
mechanism. These genes act in ABA signaling pathways, hormonal regulation, 
accumulation of sugar and other compatible solutes such as proline, and also many 
other developmental and physiological processes involved in the regulation of the 
multiple stress-tolerance mechanism. Most of the multiple stress-tolerance gene 
expression is induced by ABA, and it depends on the presence of a cis-acting ele-
ment referred to as ABA-responsive element (ABRE). These ABA-independent and 
dependent signaling pathways are involved in stress responses including drought, 
cold, heat, and cold. However, certain genomic regions on chromosome 1 
(33.16–33.97  Mb; 40.15–41.90  Mb), chromosome 3 (11.07–11.75  Mb; 
35.01–35.56 Mb), and chromosome 9 (21.13–21.98 Mb) played a significant role in 
the biotic and abiotic stress-tolerance pathways. They mainly played a role in major 
ABA signaling pathways and other stress signal transduction mechanisms in regu-
lating stress tolerance and crosstalk between the other transcription factors to 
enhance gene regulation against multiple stresses. These overlapping stress-
tolerance genes and transcription factors regulating similar stress-tolerance signal-
ing pathways exist besides the crosstalk among the biotic and abiotic stresses. 
However, the hotspot genomic regions of cloned genes and their validation with 
earlier reports will provide an improved understanding of the molecular and physi-
ological mechanisms in response to stress tolerance to help in the improvement of 
grain yield and quality traits in rice.

4.1  Dissecting the Stress-Regulated Mechanisms for Multiple 
Stress Tolerance

Simultaneous exposure to a single or multiple biotic and abiotic stresses strongly 
affects crop production, mainly in the rice-growing countries of Asia and Africa. In 
most of the rice-growing regions in the rainfed environment, drought stress is a 
major factor affecting about 23 million hectares in Southeast Asia and, combined 
with biotic stresses such as diseases and insects, along with rising temperatures, 
could further significantly decrease grain yield (Aghamolki et al. 2014; Bahuguna 
et al. 2018). The response of the plant’s tolerance mechanism and adaptive strate-
gies toward multiple stresses are significantly limited. It is crucial to understand this 
at the genomics and metabolic levels because of non-additive interactions, extensive 
overlaps, and crosstalk between stress-response signaling pathways, and also the 
interactions between transcription factors (TFs) and cis-elements on the promoters 
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of target genes (Kissoudis et al. 2014; Verma and Deepti 2016). Generally, the com-
bination of biotic and abiotic stress impacts depends on two factors: the host toler-
ance/susceptibility mechanism and the interaction of plant-microbial reactions, 
which influence stress responses to plants. However, a few common morpho- 
physiological traits such as leaf wilting, tiller number, harvest index, root growth 
pattern, and chlorophyll content have been identified in the case of both drought and 
bacterial infections. They further decrease the photosynthetic machinery and dimin-
ish grain yield (Pandey et al. 2017). Importantly, the central role of hormonal bal-
ance and interaction is the critical controller of genes that play a significant role in 
regulating the stress-tolerance genes that are involved in different molecular and 
physiological mechanisms for multiple stresses. Hormonal interaction is regulated 
by ethylene, ABA, salicylic acid, jasmonic acid, cytokinin, and brassinosteroid. 
They, in turn, regulate several growth development traits. They also connect to the 
multiple stress signaling pathways to regulate stress-responsive gene expression 
(Vemanna et al. 2019). The receptor of these hormones regulates the various TF 
families such as NAC, AP2/ERF, bZIP, and MYC, which have altered the stress 
response to biotic and abiotic stresses (Huang et al. 2011; Li et al. 2018). However, 
integration of the omics approach has provided more profound insights into the 
molecular mechanisms for a better understanding of the multiple stress-responsive 
candidate genes. Further, this helped in the functional characterization of each gene 
that is involved in the stress signaling and tolerance mechanisms for abiotic and 
biotic stress adaptation.

Recently, Vemanna et al. (2019) reviewed comprehensive information on cross-
talk signaling and multiple stress-tolerance mechanisms in rice. The overlapping 
stress-tolerance mechanisms and transcriptional responses in combined stresses are 
quite complex and interact with several biological processes. There are few reports 
on a meta-analysis using transcriptome data, and they found certain common 
genomic regions shared with multiple or individual stress tolerances. This indicates 
that, in response to stress tolerance, several hormonal signaling pathways are over-
lapping and cross-talking. Interestingly, Zhang et al. (2016) identified a total of 178 
genes that were commonly expressed in drought and bacterial pathogen infections 
from the transcriptome analysis. However, some genes play specific functional and 
opposite roles in biotic and abiotic stresses. For example, one of the CDPK family 
proteins, OsCPK12, regulates drought, salinity, and cold stress tolerance, but it is a 
negative regulator for blast resistance (Asano et al. 2012; Fang et al. 2019). Similarly, 
the WRKY transcription factor family of WRKY71 is responsible for increasing the 
tolerance of bacterial infections, whereas the overexpression of WRKY45 showed 
susceptibility. Universal stress-tolerance proteins such as ABC transporters play a 
vital role in the development of stress tolerance in both biotic and abiotic stresses.

In the GSR breeding strategy, Murugaiyan et al. (2019) identified a robust QTL for 
arsenic tolerance on chromosome 1 and found a multi-drug resistance- associated pro-
tein (OsMRP2), which belongs to the subfamily of ABC transporters. It is mainly 
involved in the vacuolar sequestration of toxic metabolites (Brunetti et al. 2015). In 
the GSR breeding program, we primarily focused on dissecting complex abiotic traits. 
The rice crop is susceptible to cold stress, which adversely affects the crop at various 
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growth stages, causing significant yield decreases mainly in temperate, tropical, and 
subtropical rice-growing regions. Similary, Najeeb et al. (2020) identified low-tem-
perature stress-tolerance QTLs and found some promising genomic regions that were 
involved in the multiple stress-tolerance mechanism in rice. For instance, the major 
QTL on chromosome 5 had a possible candidate gene, Os05g49970, encoding trans-
lation initiation factor-2 (eIF2). These genes are involved in several cellular and meta-
bolic processes in the early growth developmental stages, hormonal signaling 
pathways in plant defense mechanisms, and tolerance of various abiotic stresses 
(Martínez-Silva et al. 2012; Mutuku et al. 2015). Likewise, on chromosome 6, two 
genes (Os06g17220 and Os06g48300) were involved in major ABA-dependent sig-
naling pathways and were responsible for sucrose-synthetic activity during anoxia 
conditions (Lasanthi-Kudahettige et  al. 2007; Bhatnagar et  al. 2017). Zhang et  al. 
(2011) had attempted to integrate contemporary knowledge of signal transduction 
pathways with the principles of quantitative and population genetics to illustrate the 
genetic networks underlying complex traits using a model established upon the one-
way functional dependency of downstream genes on upstream regulators depicting 
the principle of hierarchy. The mutual functional dependence among related genes 
was determined as the functional genetic units (FGUs). Interestingly, both simulated 
and real data suggested that complementary epistasis contributes significantly to 
quantitative trait variation and obscures the phenotypic effects of many “downstream” 
loci in pathways. Downstream FGUs were more vulnerable to loss of function than 
their upstream regulators; however, this vulnerability was compensated by different 
FGUs of similar functions (Zhang et al. 2011). Dissecting the complex trait of nutri-
ent-use efficiency under low-input conditions (Mahender et al. 2019) identified a key 
regulator as F-box protein and calcium-dependent protein kinase on chromosome 2. 
These genomic regions played a major role in carbon and nitrogen metabolism and 
also maintained the homeostatic coordination of other enzymatic activities. The inte-
grated approaches of omics and gene network analysis could play a crucial role in 
understanding stress tolerance in combined or individual stress-tolerance mechanisms 
in rice. These strategies need to be assessed more to gain deeper insights into dissect-
ing the complexity and expanding the knowledge on each specific role of stress-
responsive genes and transcription factors. Placing all the outputs from these strategies 
together could help to understand the unique and shared molecular and physiological 
pathways and possibly increase the adaptation to multiple abiotic and biotic stress 
factors.

4.2  Breeding Products Combining Tolerance 
of Multiple Stresses

Maintaining genetic diversity in breeding programs is a critical component, and it 
provides an excellent opportunity for breeders to develop novel and improved culti-
vars with desirable target traits in their breeding program. The GSR breeding pro-
gram contains two interlinked breeding strategies: selective introgression lines 
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(SILs) and the designed QTL pyramiding (DQP) strategy. First is to develop multi- 
trait- specific SILs from several BC1F2 bulk populations derived from a few highly 
adapted recipient parents and 10–15 donor parents with three rounds of multiple- 
stress screening. This results in the development of EB-SILs, and these high- 
yielding, multi-stress-tolerant BC1F5 SILs then undergo two seasons of preliminary 
yield trials and advanced yield trials to identify superior lines simultaneously across 
drought, low-input, and irrigated conditions. The superior SILs that outyield the 
standard checks under different conditions are shortlisted for global multi-location 
trials. Superior multi-trait-specific SILs are crossed with another IL with comple-
mentary traits from within the same recipient/donor combination or different 
donors. Such a designed cross based on genotypic and phenotypic information is 
referred to as a DQP approach. This has played a vital role in increasing grain yield, 
improving tolerance of abiotic and biotic stresses, and using fewer inputs such as 
fertilizer and pesticide. This breeding strategy began in 2008 at IRRI and was used 
to create breeding materials that involved 500 elite rice varieties that belong to the 
mini-core collection and are part of the 3000 Rice Genomes Project (Ali et al. 2012). 
Among these, only three recipient parents, Huanghuazhan (HHZ), Weed Tolerant 
Rice-1 (WTR-1), and TME80518, and 16 donors were fully used for the EBBP and 
DQP approach to identify promising GSR materials with multiple abiotic and biotic 
stress tolerance (Ali et  al. 2012, 2013b, 2018a) (Fig.  3). The BC1F2 populations 
underwent three rounds of precise phenotypic screening under drought, salinity, 
submergence, low-chemical-input, and normal irrigated conditions. This led to 
identifying 845 trait-specific SILs that outperformed the tolerant checks and these 
were further evaluated under multi-environment locations in Asian and African 
countries. As of now, a total of 66 GSR breeding materials have been registered in 
China and 59 GSR breeding materials have been released across Asian and African 
countries (Fig.  5). More than 90 GSR rice varieties were nominated in national 
cooperative yield trials from 2016 to 2018. The released varieties showed consis-
tency in higher grain yield under low inputs (fertilizer and pesticide) and tolerance 
of multiple biotic and abiotic stresses. For instance, Yorobe et al. (2016) assessed 
the impact of GSR varieties and evaluated the income of farmer-users per hectare. 
Based on the survey data and fixed-effect model approach, farmer income increased 
significantly compared with that of farmers using conventional inbred varieties 
(non-GSR materials) with the frequent occurrence of flood and submergence condi-
tions (Yorobe et al. 2014; Kodama et al. 2019). In addition, the net farm income 
advantage with GSR is quite high under increasing percentiles of rainfall. Several 
GSR varieties outperformed the local checks (Table  2). One GSR line (IRIS 
179-880151) in data from two seasons for 2 years showed a 10% yield advantage 
vis-à-vis the local check variety and also had tolerance of drought, salinity, and 
submergence (Ali et  al. 2013a). Similarly, multiple-stress-tolerant lines such as 
GSR IR1-12-D10-S1-D1, GSR IR1-5-S10-D1-D1, and GSR IR1-8-S12-Y2-D1 
performed well under different environments and had a higher grain yield advantage 
of 25% to 40% over the drought-tolerant checks (Marcaida III et al. 2014). Another 
recent example of the potential impact of GSR varietal performance is found in the 
sub-Saharan African region of Mozambique, which is one of the major rice 
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exporters. Kodama (2019) conducted a farm-level survey in three regions (Gaza, 
Sofala, and Nampula) and used an endogenous switching regression (ESR) model 
to assess GSR varieties among smallholder rice farmers and smallholder rice pro-
ducers. Interestingly, smallholders carry out about 90% of the rice production in this 
region, and average yield is 1.0–1.2 t/ha in rainfed systems and 2.8–3.5 t/ha in nor-
mal irrigated conditions. This region is more prone to abiotic stresses, and mainly to 
the variability and duration of rainfall. With the adoption of GSR varieties, Kodama 
(2019) noticed a significant yield advantage, about ten times higher for smallholder 
farmers than for smallholder rice producers adopting non-GSR varieties. This indi-
cates the strong and positive yield advantage and tolerance of multiple stresses 
across Asian and African countries that benefit poor farmers’ income. This provides 
a great opportunity for GSR varieties to provide more rice and help alleviate poverty 
across the major rice-growing countries.

Fig. 5 Achievements of GSR breeding program and released GSR varieties across the globe. (a) 
Map showing the number of released GSR varieties highlighted country-wise. (b) In a span of 
6 years, the total number of GSR varieties released and nominated in national cooperative yield 
trials across Asia and Africa
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4.3  Development of Rice Hybrids 
with Multiple-Stress Tolerance

Hybrid rice breeding is one of the major core components for ensuring global food 
security. From a historical perspective, two milestones have been reached in enhanc-
ing grain yield. The first was by developing semi-dwarf rice varieties through the 
incorporation of the semi-dwarf (sd1) gene in rice breeding at IRRI in the early 
1960s and the second was by the use of heterosis in hybrid rice (Yuan 2017). The 
potential of these two strategies was shown by rice grain yield increasing by about 
30% with the semi-dwarf gene and a 15–20% yield increase with the use of hetero-
sis in the major rice-producing areas of China (Peng et al. 2009). Currently, there 
are three approaches for increasing hybrid vigor: the cytoplasmic male sterility/
fertility restoration (CMS/Rf) locus, environment-sensitive genic male sterility, and 
apomixis (Birchler et al. 2006; Bar-Zvi et al. 2017; Xie et al. 2019). At IRRI, we 
began developing climate-smart rice hybrids by adopting EB-SILs and using the 
DQP approach in separate restorer and maintainer backgrounds (Ali et al. 2020). 
The promising rice varieties that are tolerant of multiple stresses and possess higher 
grain yield and superior grain quality traits were considered for parental selection 
based on the fertility restoration locus and possession of desirable floral character-
istics. Based on genotyping results, the GSR lines positive for fertility restoration 
loci Rf3 and Rf4 will be considered as restorers and those entirely negative for those 
loci as maintainers. More than 100 restorer lines with a strong general combining 
ability, tolerance of multiple stresses, and having preferable grain quality have been 
bred from using the promising lines from the GSR breeding program. These climate- 
smart parental lines are essential for complementing the introgression of QTLs and 
genes with green traits into the F1s. Hybrid rice-related traits governing wide com-
patibility, floral traits that promote outcrossing, and seed reproducibility are impor-
tant for parental line-breeding besides addressing the market requirements of the 
target regions. Further, by selecting the maximum genetic distance between the 
parental lines from diverse heterotic pools, this helped to identify promising high- 
yielding climate-resilient hybrid rice combinations. Recently, genomic hybrid 
breeding has emerged using whole-genome markers to predict future hybrids. Only 
the superior predicted hybrids are then field-evaluated and later released as new 
hybrid cultivars based on their actual performance in the target conditions. This 
approach offers an opportunity to select truly superior hybrids at limited cost. Cui 
et al. (2019) used genomic best linear unbiased prediction to predict hybrid perfor-
mance using an existing rice population of 1495 hybrids. Further, a replicated ten-
fold cross-validation showed that the prediction ability on ten agronomic traits 
ranged from 0.35 to 0.92 (Cui et  al. 2019). By keeping this population of 1495 
hybrids, it can be used to predict hybrids from seemingly unrelated parents. Machine 
learning algorithms and artificial intelligence are also being employed for predict-
ing the best hybrid combinations at IRRI using genomic and historical hybrid yield 
trial data.
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5  Conclusions

Identifying the promising genomic regions of QTLs and genes that are associated 
with the green traits that are involved in multiple-stress tolerance mechanisms will 
be adapted to increase rice yield in the future. The Green Super Rice breeding strat-
egy using EB-SILs and DQP, along with combined advanced genomic technologies, 
significantly improved the development of rice varieties with multiple-stress toler-
ance. This breeding strategy also helped to identify promising QTLs and genes that 
were associated with the green traits related to higher grain yield, tolerance of abi-
otic and biotic stresses, low-input use of fertilizer and pesticide, and superior grain 
quality. These resource-saving and environment-friendly features have been well 
exploited under the GSR breeding strategy. The stress-tolerance mechanism of 
these combined or individual stresses that triggers a network of signaling pathways 
at the plant cell level needs to be studied in detail. The crosstalk of these biotic and 
abiotic stresses could reveal similar pathways for maintaining the cellular mecha-
nism for tolerance. Omics approaches should occupy the core component in breed-
ing and trait development activities for identifying multiple-stress tolerance, and 
this would remain the primary target trait in the next generation of crop breeding 
programs.
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