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Abstract Swarna-Sub1, a ruling submergence tol-

erant variety of rice, showed a significant decrease in

the yield in major blast disease prone areas, which is

caused by fungus Magnaporthe oryzae (Pyricularia

oryzae). To overcome this problem, three major blast

resistance genes viz., Pi1, Pi2, and Pi54 were pyra-

mided through marker-assisted backcross breeding

using donors, Swarna-LT (having Pi1 ? Pi54) and

Swarna-A51 (having Pi2). Foreground selection was

carried out using molecular markers tightly linked to

three blast resistance genes and also submergence

tolerance for retaining the Sub1 gene in the recurrent

parent. Based on disease resistance and agro-morpho-

logical performance of backcross-derived lines, we

selected the best 25 plants of two- and three-gene

pyramided BC3F2 homozygous lines with a maximum

of * 93.5% recurrent parent genome and were

further advanced to the BC3F5 generation. The strin-

gent recurrent parent genome recovery analysis using

SSRmarkers limited the linkage drag from aminimum

of 0.2 Mb to a maximum of 2 Mb in all three-gene

pyramided lines. The two and three blast resistance

genes pyramided lines, i.e., SS30-24-82, SS30-24-73,

and SS30-24-46, displayed a high level of blast

resistance and submergence tolerance. The successful

use of marker-assisted backcrossing strategy coupled

with phenotypic selection helped in the development

of Swarna-Sub1 lines having multiple blast resistance

genes with superior agro-morphological and grain

quality traits, which could serve as valuable genetic

stocks in the rice breeding program.
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Introduction

Rice is the staple food crop of India with an annual

production of 110MT. In order to meet the demands of

the ever-increasing population, the annual production

of rice needs to be increased to 125 MT by 2020,

which is being affected by both biotic and abiotic

stresses. Breeding for developing resistant lines along

with yield enhancement is of priority for maintaining

stable rice production. Among abiotic stresses, sub-

mergence adversely affects poor farmers living on 15

million ha of rice-growing areas in the rainfed

lowlands in South and South-East Asia. In India,

about 15% rice area is often prone to flash floods,

which may occur at any stages of the crop wherein the

seedling stage is the more vulnerable. Swarna is one of

the popular varieties in South and South-East Asia,

which is improved with submergence tolerance by

incorporating the Sub1 gene and released as Swarna-

Sub1 with good yield (Bailey-Serres et al. 2010;

Septiningsih et al. 2009). The varieties having the

Sub1 gene have been spreading fast in several

countries over the last few years, and are currently

grown by more than 4 million farmers in Asia

including India, where over 12 million hectares of

the total paddy cultivation is being grown. In flash-

flood affected areas, due to the stagnation of water,

which results in high humidity and lower canopy

temperature, Swarna-Sub1 suffers from leaf blast

disease, especially in the seedling stages, as they are

very tender and more prone to the disease attack

resulting in the complete seedling loss (Chaudhary and

Sah 1998).

The rice blast caused by M. oryzae is an important

limiting factor for rice cultivation worldwide, which

causes not only an annual loss of more than 50% yield,

but also affects the quality of harvested grain (Scardaci

et al. 1997; Variar et al. 2009). Nearly 347 QTLs and

102 genes have been identified so far of which more

than 27 genes were cloned and characterized (Khanna

et al. 2015; Zheng et al. 2016). Among the identified

blast resistance genes so far Pi1, Pi2, and Pi54 have

been reported to provide broad-spectrum resistance

and have been widely used in different combinations

by breeders for improving blast resistance in the

majority of the ruling varieties (Madhavi et al. 2016;

Swathi et al. 2019; Khan et al. 2018; Balachiranjeevi

et al. 2015). Since the resistance conferred by a single

gene often breaks down in the varieties after a few

years of their release due to the dynamic behavior of

the blast pathogen (Hittalmani et al. 2000; Fukuoka

et al. 2015). The blast genes Pi1 and Pi2 are derived

from indica rice lines LAC23 and C101A51, respec-

tively, which are highly effective against the pathogen

population in Asia (Tacconi et al. 2010; Mackill and

Bonman 1992). The Pi54 gene was identified and

mapped on chromosome 11L from a rice variety Tetep

and was reported to govern resistance against pre-

dominant races of the blast pathogens in India (Sharma

et al. 2005, 2010). The exploitation of these genes in

the marker-assisted breeding program is an effective

and economic strategy for the development of blast-

resistant lines. Marker-assisted backcross breeding

(MABB) is a highly successful method for deployment

of target traits for biotic and abiotic stress resistance in

the rice-breeding program (Kumar et al. 2016;

Balachiranjeevi et al. 2015; Hari et al. 2013; Bhatia

et al. 2011). The MABB program is effective in

retaining the gene(s) of interest and eliminating the

unnecessary segments of donor genome during back-

crossing, ultimately increasing the percentage of the

recurrent genome in successive generations (Lewis

and Kernodle 2009; Ribaut et al. 2002; Hospital et al.

1992). The selection of plant with desirable alleles is

facilitated by foreground selection along with strin-

gent phenotypic selection (Singh et al. 2013). The

present study was aimed at pyramiding of three major

blast resistance genes,Pi1, Pi2, and Pi54 in the genetic

background of an elite cultivar Swarna-Sub1 through

marker-assisted backcross breeding (MABB) and the

improved versions of Swarna-Sub1 lines having

different blast resistance gene combinations were

evaluated for agronomic performance, grain quality

traits, and resistance to blast disease.

Materials and methods

Plant material

Swarna-Sub1, a submergence-tolerant line of Swarna

carrying Sub1 gene, was used as a recurrent parent for

the incorporation of blast resistance genes. Two BC1F2
lines of Swarna namely, Swarna-LT (possessing

Pi1 ? Pi54) and Swarna-A51 (possessing Pi2 gene)

were used as donors, and these lines were developed

and screened at the Indian Institute of Rice Research,

Hyderabad (Madhav et al. unpublished data). In
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addition to this, HR12 and TN1 were used as

susceptible checks for the screening of blast disease.

Development of blast resistance lines

The recurrent parent Swarna-Sub1 was crossed with

the donors, Swarna-LT and Swarna-A51, indepen-

dently and the F1s were screened with the tightly

linked markers for the target genes (Supplementary

Table 1). The true F1s for the respective genes were

inter-crossed and the ICF1s positive for all the three

targeted genes were backcrossed with Swarna-Sub1 to

produce the BC1F1 population. The plants harboring

the target genes with maximum recurrent parent

genome and phenotypically similar to recurrent parent

were backcrossed to Swarna-Sub1 until BC3 genera-

tion and selfed to generate BC3F2 lines. The improved

lines of Swarna-Sub1, which possess blast genes in

homozygous condition and in different combinations,

were screened for blast resistance, further forwarded

to BC3F5 generation by following pedigree selection.

Marker-assisted selection for blast resistance

In the present study, the foreground and background

analysis were carried out with the DNA extracted from

parents and backcross progenies by following the

procedure of Wen-Yue et al. (2006). The PCR and gel

electrophoresis process was carried according to the

protocol followed by Sundaram et al. 2008. For the

foreground selection, RM224 and RM527 for Pi1 and

Pi2 genes, respectively; and for Pi54, RM206 and

PI54 MAS markers were used (Usatov et al. 2016;

Ramkumar et al. 2011) whereas, for submergence

tolerance Sub1AB1, Sub1BC2, and Sub1BC3markers

were used for the transfer of the entire Sub1 QTL

(Septiningsih et al. 2009) (Supplementary Table 1).

Although background selection is not necessary as

both the donor parents used for the introgression of

target genes have the same genetic background, for

more precise selection of plants, their rapid advance-

ment and to avoid undesirable linkages, the parental

polymorphic survey was carried out using 700 SSR

markers distributed among 12 chromosomes of rice

genome in three parents, namely, Swarna-Sub1,

Swarna-LT, and Swarna-A51. The recurrent parent

genome recovery and the extent of linkage drag in

backcross populations were estimated by polymorphic

markers identified among the parents and a graphical

representation of the genomic contribution of donors

and the recurrent parent on target chromosomes were

explained using the software program Graphical

GenoTypes (GGTs) version 2.0 (Supplementary

Fig. 1).

Screening for blast resistance and submergence

tolerance

All the selected backcross-derived lines for three, two,

and one blast resistance genes were artificially

screened using IIRR blast isolate (NLR-1) in Uniform

Blast Screening Nursery (UBN) at two locations viz.,

the Indian Institute of Rice Research (IIRR) and

Agricultural Research Institute (ARI), PJTSAU,

Rajendranagar, Hyderabad, India. The screening for

blast disease was done following Prasad et al.’s (2011)

procedure and the data on blast reaction was recorded

three times following a 0–9 scale (SES 1996) at a

10-day interval started after 25 days of sowing unless

and until the susceptible check gets totally infected by

the disease (Fig. 1).

For screening of submergence, backcross-derived

plants along with susceptible and resistant checks

(IR42 and Swarna-Sub1) were sown in trays in the

greenhouse, IIRR. After 14–16 days of sowings, the

seedlings were subjected to complete submergence for

12–15 days. When the susceptible checks showed

more than 50% damage, then the water was drained

from the trays and the survival of plants was scored

after 10–15 days of recovery.

Evaluation of agro-morphological traits

Twenty-five-day-old seedlings of backcross-derived

lines of improved Swarna-Sub1 with three genes, two

genes, and one gene were evaluated for the agronom-

ical characters in a randomized complete block design

(RCBD) in three replications, in a total plot size of

2500 m2 during Kharif 2014 at the research farm,

IIRR. The agro-morphological yield-associated traits

viz., days to maturity (DM), plant height (PH) (cm),

number of productive tillers per plant (NPT), panicle

length (PL) (cm), panicle weight (PW) (g), number of

filled grains per panicle (NGP), spikelet fertility (SF)

(%), grain yield per plant (GY) (g), 1000 seed weight

(TGW) (g), and grain type (GT) observations were

recorded in comparison with Swarna-Sub l. For the

grain quality evaluation, amylose content (AC) of
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grain was determined according to the Juliano method

(1981). The data were tabulated for each entry in three

replications and statistical analysis was performed by

Statistix 8.1 software for the determination of coeffi-

cient of variation (CV), standard error, and analysis of

variance (ANOVA) to determine the significant vari-

ation among the lines (Table 1 and Fig. 1).

Results

Marker-assisted introgression of blast resistance

genes

The development of blast resistance in Swarna-Sub1

was initiated with the development of F1s from the

crosses, Swarna-Sub1 with Swarna-LT (possessing

Pi1 and Pi54 genes) and Swarna-A51 (possessing Pi1

gene). Inter-crossing the true F1s confirmed by fore-

ground analysis generated 20 ICF1 seeds. Four ICF1

plants were heterozygous for three genes, which on

backcrossing with recurrent parent generated 300

BC1F1 plants with 48 plants heterozygous for three

genes (Pi1 ? Pi2 ? Pi54). Among these, 13 plants

showed the presence of the Sub1 gene when genotyped

with submergence tolerance markers in addition to

three blast genes. The background analysis revealed

120 SSR markers polymorphic between Swarna-

Sub1and Swarna-LT, while 112 markers were poly-

morphic between Swarna-Sub1 and Swarna-A51. A

total of 93 markers showed polymorphism in common

between the recurrent parent and two donor parents.

These 93 polymorphic SSR markers were used for

background analysis covering an average marker

distance of 5–7 Mb in the whole genome of rice.

Out of 13 BC1F1 plants, one single best plant SS30-1,

which had maximum recurrent parent genome (RPG)

recovery of 75.8%, was selected and further back-

crossed, which generated around 150 BC2F1 seeds.

Among 150 BC2F1 plants, five elite plants having

Fig. 1 Schematic representation of marker-assisted backcross breeding scheme depicting the gene pyramiding of three blast resistance

genes into the genetic background of Swarna-Sub1
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three blast resistance genes in heterozygous condition,

and Sub1 with a maximum of 87.9% recurrent parent

genome were selected and further backcrossed for

producing BC3F1 population.

A total of 254 BC3F1 plants were genotyped and

selected nine best plants belongs to the three combi-

nations viz., Pi2 ? Pi54, Pi1 ? Pi54 and Pi1 ?

Pi2 ? Pi54 having Sub1 gene in common with

92.3% of recurrent parent genome recovery (Supple-

mentary Figure 2). Selfing of BC3F1 obtained 800

BC3F2 plants with three genes (Pi1 ? Pi2 ? Pi54),

600 two-gene (Pi2 ? Pi54), and 700 two-gene (Pi1 ?

Pi54) combinations. Phenotypic and genotypic eval-

uation of BC3F2 plants revealed the best 100 plants

with three genes, whereas there were 150 plants with

two-gene combinations (Pi1 ? Pi54 and Pi2 ?

Pi54). Based on agronomic performance and back-

ground analysis of BC3F2 plants, the eight best BC3F2
plants having three genes (Pi1 ? Pi2 ? Pi54) and

eight plants having combinations of Pi1 ? Pi54 and

nine plants having combination of Pi2 ? Pi54with an

average of 93.5% recurrent parent genome were

selected.

The selected BC3F2 plants were further analyzed

for the extent of linkage drag using the flanking

markers of target genes on chromosome 11 and 6. At

Pi54 locus, all eight of the three-gene harboring lines

showed a gene segment of 2.0 Mb at the proximal end

and 0.6 Mb at the distal end introgressed from the

donor parent genome. At the Pi1 locus, all the lines

showed a 0.2-Mb segment at the proximal end, while

no segment was found at the distal end except in two

lines, SS30-24-19 and SS30-24-76, which showed a

0.6-Mb segment from the donor parent genome. In

lines SS30-24-19, SS30-24-107, and SS30-24-143,

near the Pi2 locus 1.8 Mb of donor genome segment

found at the proximal end and 0.5 Mb appeared at the

distal end in S30-24-76, SS30-24-112, and SS30-24-

131 (Supplementary Fig. 1). In eight two-gene

harboring lines (Pi1 ? Pi54), at Pi1 locus donor

genome segment of 0.3 Mb at the proximal end and

0.6 Mb at the distal end were observed. At the Pi54

locus, 2.0 Mb and 1.1 Mb of the donor genome

segments were detected at proximal and distal ends,

respectively, in all the lines. In nine two-gene

possessing plants (Pi2 ? Pi54), at Pi2 locus, 0.5 Mb

and 1.8 Mb while at Pi54 locus 2.0 Mb and 0.6 Mb of

the donor genome segments were observed at the

proximal and distal ends, respectively. These selected

plants were initially subjected to evaluation of

phenotypic and agro-morphological traits. The grain-

quality traits selection was done in BC3F2 generation

and later at BC3F5 generation after stabilization of

targeted plant product.

Phenotypic screening for blast resistance

The blast resistance evaluation revealed that the donor

parents, Swarna-LT and Swarna-A51, exhibited resis-

tance with a score of 0–1 whereas the recurrent parent

Swarna-Sub1 is highly susceptible with a score of 9.

The blast reaction of five introgressed lines having

three genes (Pi1 ? Pi2 ? Pi54) SS30-24-46, SS30-

24-76, SS30-24-112, SS-30-24-131, and SS30-24-143

showed complete resistance with scores ranging from

0–1 to the IIRR isolate under artificial conditions in

UBN test locations. Similarly, the lines with two

genes, Pi2 ? Pi54 (SS30-24-73, SS30-24-111, SS30-

24-134) and Pi1 ? Pi54 (SS30-24-82) showed resis-

tance were also identified (Table 1). Six lines having

only Pi1, 24 lines having only Pi2, and nine lines

having Pi54 have shown the resistance with the score

of 1–3 against IIRR isolate. Among those lines having

single genes, the lines havingPi54 showed a high level

of resistance compared to the lines having Pi1 or Pi2

(Supplementary Table 2).

Phenotypic screening for submergence tolerance

Evaluation of submergence tolerance showed that the

survival percentage of the Swarna-Sub1 was 85 ± 5,

whereas the susceptible check has shown 4 ± 6

percentage survivals. The improved Swarna-Sub1

lines with two and three blast resistance genes showed

a survival percentage ranging from 81 ± 8 (SS30-24-

111) to 84 ± 5 (SS30-24-46) (Table 1).

Agronomic performance of improved lines

of Swarna-Sub1

The days to maturity of recurrent and donor parents

ranged from 110 to 125 days. Among the three-gene

harboring lines, SS30-24-46 displayed a significant

difference for DM, NPT, PL, NGP, PY, TGW, and SF,

whereas SS30-24-76 and SS30-24-107 showed the

difference in PH and SS30-24-131 in NPT, PY, and SF

compared to its parental line Swarna-Sub1 (Table 1

and Fig. 2). Among the lines carrying Pi1 and Pi54
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genes, SS30-24-82 showed significant improvement

for NPT, PW, PL, NGP, PY, TGW, and SF in

comparison to the recurrent parent Swarna-Sub1

whereas among nine Pi2 and Pi54 genes carrying

lines, SS30-24-73 had more PW, PL, NGP, PY, and SF

(Table 1). The Amylose content of the recurrent parent

was 25.8% and the backcross-derived plants showed

almost similar content ranging from 25.1% (SS30-24-

76 and SS30-24-131) to 26.6% (SS30-24-19) with

similar grain type as that of Swarna-Sub1 (Table 1).

Discussion

The susceptibility of the elite rice variety, Swarna-

Sub1, to blast disease is a major factor offsetting its

overwhelming performance. The MABB approach

coupled with phenotypic selection helped in improv-

ing the elite genotype, Swarna Sub-1, with blast

resistance genes. The polymorphic markers between

the parents play a crucial role in any MABB program.

In the present study, the polymorphic markers between

the donor and recurrent parents were only 13.2% since

all the parents utilized in this study have similar

genetic backgrounds, i.e., Swarna. The selection of

markers that are evenly distributed on chromosomes

was able to detect the percentage of recurrent parent

genome recovered in any particular BC progeny and

helps in reducing the donor genome and the number of

generations essential to develop the lines with target

genes (Visscher et al. 1996; Frisch et al. 1999). Khan

et al. 2018 proposed the foreground selection using

markers for transfer of target genes, which is more

practical and economical but precise and accurate

transfer of target genes relies mainly on the gene-

based markers. In this study, both gene-based and

tightly linked flanking markers were used for the

foreground selection (Usatov et al. 2016; Ramkumar

et al. 2011; Septiningsih et al. 2009). Similar studies

were reported which employed these markers in rice

improvement programs (Khan et al. 2018; Madhavi

et al. 2016). The three-gene pyramided lines showed

complete resistance to blast disease while two-gene

combinations having Pi54 in common (Pi1 ? Pi54,

Pi2 ? Pi54 and Pi2 ? Pi54) also showed a high level

of resistance. Even the lines having Pi54 showed

resistance, which may be the due to the broad-

spectrum resistance of the Pi54 gene (Ramkumar

et al. 2011). Variation in the disease reaction among

the two-gene harboring lines can be attributed to

epistatic effects and background interactions with the

QTL/genes (Singh et al. 2015). Single-gene harboring

Fig. 2 Phenotyping of selected BC3F5 plants for blast

resistance. Swarna-Sub1, TN1 & HR12 showed a susceptible

reaction, whereas the selected backcross-derived lines showed

resistance reaction. RP Swarna-Sub1, P1 Swarna LT, P2

Swarna A51, S1 susceptible check TN1, S2 Susceptible check

HR12, A, B, C three-gene pyramided lines SS30-24-46, SS30-

24-131, and SS30-24-143
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lines developed in the present study are also highly

useful, which can be deployed in hotspot regions to

understand the prevalence of predominant race, so as

to decipher the effectiveness of the gene, thereby the

deployment of gene combinations can be done effec-

tively for durable resistance programs.

The extent of recurrent parent genome recovery in

the developed lines was up to 93.5%. Such a high

recovery can be attributed to recurrent genome

recovery analysis employed from BC1 to BC3 gener-

ations. In the genetic background of landrace, Mushk

Budji, Pi54, Pi1, and Pita genes were introgressed

with a maximum RPG recovery up to 92% (Khan et al.

2018). An RPG recovery of 90.27% was observed in

the Pi2 introgressed lines in the genetic background of

BPT-5204 (Krishnamurthy et al. 2017). Both the

foreground and background selection process reduces

the transfer of undesirable donor genomic region

besides recurrent parent genome recovery, thus min-

imizes the linkage drag. Such undesirable genes

tightly linked to the target trait may have a negative

effect on the agronomical performance of pyramided

lines, likely low yield, or disease susceptibility. In the

present study, two- and three-gene selected lines

showed a less portion of donor genome segments of

about 0.2–2.0 Mb on both sides of the target genes.

The selected two- and three-gene lines have less

linkage drag, as they have only target genomic

regions. The foreground and background selection

led to the development of improved PB 1, a basmati

variety with xa13 and Xa21 with minimum linkage

drag above 1.3 cM (Gopalakrishnan et al. 2008).

Stringent phenotypic selection is the key in any

backcross breeding program, i.e., selection of plants in

every generation which resembles the recurrent parent

along with genotypic information was performed

successfully in every generation of backcrossing and

selfing in our present program. Agronomic perfor-

mance of the three-gene pyramided line, SS-30-24-46,

showed a high level of blast resistance as a well

significant difference in plant yield (25.75%) com-

pared to Swarna-Sub1. Similarly, the two-gene pyra-

mided lines SS30-24-82 and SS30-24-73 also showed

significant improvement in grain yield per plant but

showed a delay in maturity and height compared to the

recurrent parent. Earlier studies have reported that the

yield mainly depends on the number of productive

tillers and number of filled grains per panicle (Desh-

mukh et al. 2010). The increase in the productive

tillers leads to an increase in panicle number and

thereby higher grain yield per plant (Efisue et al.

2014). The results strongly support that, phenotypic

selection practice was efficient which resulted in the

identification of improved lines of Swarna-Sub1 lines

with superior agronomic performance, grain quality

compared to recurrent parent Swarna-Sub1 with an

added advantage of blast resistance. In earlier studies,

similar results were observed; the backcross-derived

lines have shown a high level of resistance with best

agro-morphological performance (Tanweer et al.

2015; Steele et al. 2006). The improved lines of

Swarna-Sub1 having blast resistance are the better

choice than the Swarna-Sub1 and these lines can also

be used as donors for pyramiding blast resistance

genes along with submergence in rice improvement

programs.
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