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marker-assisted backcross breeding (MABB). Foreground, 
recombinant and background selection was used to identify 
the plants with target gene(s), minimize the linkage drag 
and increase the recurrent parent genome (RPG) recovery 
(93.5–98.6 %), respectively, in the NILs. Comparative anal-
ysis performed using 50,051 SNPs and 500 SSR markers 
revealed that the SNPs provided better insight into the RPG 
recovery. Most of the monogenic NILs showed comparable 
performance in yield and quality, concomitantly, Pusa1637-
18-7-6-20 (Pi9), was significantly superior in yield and 
stable across four different environments as compared to 
recurrent parent (RP) PB1. Further, among the pyramids, 
Pusa1930-12-6 (Pi2+Pi5) showed significantly higher 
yield and Pusa1633-7-8-53-6-8 (Pi54+Pi1+Pita) was 
superior in cooking quality as compared to RP PB1. The 
NILs carrying gene Pi9 were found to be the most effec-
tive against the concoction of virulent races predominant 
in the hotspot locations for blast disease. Conversely, when 
analyzed under artificial inoculation, three-gene pyramids 
expressed enhanced resistance as compared to the two-gene 
and monogenic NILs.

Abstract 
Key message  A set of NILs carrying major blast resist‑
ance genes in a Basmati rice variety has been developed. 
Also, the efficacy of pyramids over monogenic NILs 
against rice blast pathogen Magnaporthe oryzae has 
been demonstrated.
Abstract  Productivity and quality of Basmati rice is 
severely affected by rice blast disease. Major genes and 
QTLs conferring resistance to blast have been reported only 
in non-Basmati rice germplasm. Here, we report incorpo-
ration of seven blast resistance genes from the donor lines 
DHMASQ164-2a (Pi54, Pi1, Pita), IRBLz5-CA (Pi2), 
IRBLb-B (Pib), IRBL5-M (Pi5) and IRBL9-W (Pi9) into 
the genetic background of an elite Basmati rice variety 
Pusa Basmati 1 (PB1). A total of 36 near-isogenic lines 
(NILs) comprising of 14 monogenic, 16 two-gene pyra-
mids and six three-gene pyramids were developed through 
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Introduction

Rice (Oryza sativa L.) is a major staple food worldwide and 
more than half of the world population depends on it for its 
calorie requirements. More than 90 % of the world’s rice 
is produced and consumed in Asia (Khush 2005). Globally, 
India ranks first with ~44 mha area under rice cultivation 
with an annual production of ~144 million tons of paddy 
rice (Ellur et al. 2013). India has huge varietal diversity and 
varied rice growing ecologies. The Indo-Gangetic region 
of north-western India is bestowed with the Basmati rice 
that has incredible grain and cooking qualities, character-
ized by high kernel length after cooking, high elongation 
ratio, pleasant aroma and excellent taste. Basmati rice is 
cultivated on ~2 million ha area with an annual production 
of ~7 million tons of milled rice. There is massive demand 
for Basmati rice in the international market and annually 
~4 million tons of milled rice valued at US$ 4.6 billion is 
exported (APEDA 2011). Basmati rice has several produc-
tion constraints including biotic stresses, among which 
rice blast caused by the ascomycete Magnaporthe oryzae 
is the most severe causing yield losses of up to 90 % and 
reducing the grain and cooking quality. Fungicides worth 
~Rs. 222 crores were used during 2010–2011 on rice crop 
to control blast disease (Kumar et al. 2013). However, fun-
gicide application is not a sustainable, viable and bio-safe 
option for managing the disease.

The most eco-friendly and sustainable approach to 
manage rice blast is to develop resistant cultivars. Previ-
ous studies have identified and mapped ~100 different 
blast resistance genes (R-genes) and more than 350 QTLs, 
of which 23 resistance genes, viz., Pib, Pita, Pi54, Pid2, 
Pi9, Pi2, Pizt, Pi36, Pi37, Pikm, Pi5, Pit, Pid3, pi21, Pish, 
Pb1, Pik, Pikp, Pia, Rbr2, Pi25, Pid3A4 and Pi35 have 
been cloned and functionally validated (Lv et  al. 2013; 
Fukuoka et al. 2014). The identification of R-gene donors 
and linked molecular markers has enabled incorporation of 
blast resistance genes into the genetic backgrounds of elite 
indica rice variety CO39 and the parental lines of some rice 
hybrids using marker-assisted backcross breeding (MABB) 
(Yanoria et  al. 2010; Hittalmani et  al. 2000; Singh et  al. 
2012). Incorporation of major genes for resistance has been 
considered as the most conducive strategy for management 
of blast disease. However, the variable nature of the patho-
gen belies the single gene resistance rendering it suscepti-
ble during the course of commercial utilization. Therefore, 
there is an exigency for pyramiding the genes for attain-
ing durable resistance (Hittalmani et al. 2000; Singh et al. 
2012).

The major source for blast R-genes is the set of 24 
International standard blast monogenic differentials devel-
oped in the background of a japonica type Chinese vari-
ety, Lijiangxintuanheigu (LTH) under the IRRI-Japan 

Collaborative Research Project (Tsunematsu et  al. 2000). 
However, the use of non-Basmati rice genotypes as source 
of blast resistance genes for improving Basmati rice varie-
ties leads to severe impairment of the quality characteris-
tics of the derived lines. Therefore, the present study aimed 
at developing a set of NILs carrying major blast resistance 
gene(s) in the genetic background of Pusa Basmati 1 (PB1), 
the first semidwarf, high-yielding and photoperiod-insensi-
tive, superior quality Basmati rice variety that was released 
during 1989, which laid the foundation for Basmati revolu-
tion in India.

Materials and methods

Plant materials and strategy used in MABB program

Five independent MABB schemes were initiated using 
PB1 as recurrent parent (RP) and five different donor par-
ents (DPs) to develop a set of monogenic and pyramided 
NILs for blast resistance genes in the genetic background 
of PB1. The DP DHMASQ164-2a was a doubled haploid 
line derived from the cross HPU741/Tetep and harbored the 
genes Pi1, Pi54 and Pita; while DPs IRBL9-W, IRBL5-M, 
IRBLb-B and IRBLz5-CA carrying Pi9, Pi5, Pib and Pi2, 
respectively, were obtained from the IRRI-standard set of 
24 monogenic lines developed in the genetic background 
of LTH.

From each of the backcross schemes, a single F1 plant 
with confirmed hybridity was backcrossed with PB1 to 
generate BC1F1s and the subsequent generations were han-
dled as per the MABB scheme presented in Fig.  1. The 
scheme comprised of a four-step selection strategy in each 
backcross generation: (1) foreground selection for the tar-
get genes using gene-based/linked markers; (2) recombi-
nant selection using markers flanking the respective target 
genes; (3) a two-phase background selection using 85–109 
polymorphic markers, 40–50 of these markers (half set of 
the total polymorphic markers) were employed in BC1F1, 
and the remaining markers and the markers heterozygous 
in BC1F1 were used in BC2F1 to select 10 plants fixed for 
recurrent parent alleles at the maximum number of loci 
to enhance recurrent parent genome (RPG) recovery; and 
(4) stringent phenotypic selection for agro-morphological 
traits, grain, cooking quality and sensory evaluation for 
aroma to accelerate the recurrent parent phenome (RPP) 
recovery. Similarly, the BC3F1 plants with maximum RPG 
and RPP were identified from each of the MABB schemes 
and advanced to BC3F6 families homozygous for the target 
genes.

Simultaneously, the superior BC3F1 plant identi-
fied from the cross PB1/DHMASQ164-2a//PB1*3 
was selfed to generate three two-gene pyramids, viz, 
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Pusa1633-4 (Pi54+Pi1), Pusa 1633-5 (Pi54+Pita), Pusa 
1633-6 (Pi1+Pita) and one three-gene combination, viz, 
Pusa1633-7 (Pi54+Pi1+Pita). Concurrently, two addi-
tional crosses between the best BC3F1s, i.e., (1) PB1/
IRBLz5-Ca//PB1*3 and PB1/IRBLb-B//PB1*3; and (2) 
PB1/IRBL5-M//PB1*3 and PB1/IRBL9-W//PB1*3 were 
attempted to generate intercross F1s carrying blast resist-
ance genes Pi2+Pib and Pi5+Pi9, respectively, in het-
erozygous condition. The plants homozygous for the genes 
Pi2+Pib (Pusa1879) and Pi5+Pi9 (Pusa1878) were iden-
tified in respective F2 populations and intercrossed. The 
F1 thus obtained was selfed to produce an F2 population 
wherein three additional two-gene pyramids, viz, Pi9+Pib 
(Pusa 1929), Pi2+Pi5 (Pusa 1930) and Pi5+Pib (Pusa 
1931); and two three-gene pyramids, viz. Pi9+Pib+Pi5 
(Pusa 1932) and Pi2+Pi+Pi5 (Pusa 1933), carrying the 
target genes in homozygous condition were identified 
through marker-assisted foreground selection (Fig. 1).

Molecular marker analysis

DNA extraction and PCR

The genomic DNA was extracted with slight modification 
to the protocol of Murray and Thompson (1980). PCR of 
10  µl volume was set up using 20–30  ng template DNA, 
5  pmol of each primer, 0.05  mM dNTPs (MBI, Fermen-
tas, Lithuania, USA), 10 × PCR buffer (10 mM Tris, pH 
8.4, 50 mM KCl, 1.8 mM MgCl2) and 0.5 U of Taq DNA 
polymerase (Bangalore Genei Pvt. Ltd., India). The PCR 
program was as follows: initial denaturation at 94  °C for 

5  min; denaturation in subsequent 35 cycles at 94  °C for 
30  s, annealing at 55  °C for 30  s, extension at 72  °C for 
1 min; and final extension at 72 °C for 7 min. The ampli-
fication products were resolved using Metaphor™ agarose 
gel electrophoresis.

Foreground selection

Foreground selection for the genes Pita, Pi9 and Pib was 
carried out using the gene-based markers YL155/YL87, 
NBS2Pi9 and Pibdom, respectively. The selection for the 
genes Pi1, Pi54, Pi5, Pib, Pi9 and Pi2 was conducted using 
gene-linked markers RM224, RM206, C1454, RM208, 
AP5659-5 and AP4007, respectively, as mentioned in the 
Supplemental Table 1.

Background selection

The RP PB1 and the DPs were surveyed for polymorphic 
markers using 500 microsatellite (SSR) markers distributed 
evenly over the whole genome. The primer sequences for 
SSR markers were obtained from the Gramene SSR marker 
resource (http://www.grameme.org), and the primers were 
custom synthesized by Sigma Technologies Inc., USA. The 
background selection was carried out with a minimum of 
six evenly spaced polymorphic markers on each chromo-
some (Supplemental Table 2).

The genomic similarity between the RP PB1, and the 
NILs Pusa 1637-18-7-6-20, Pusa 1637-12-8-20-5, Pusa 
1636-12-9-8-17 and Pusa 1636-12-9-12-4 was determined 
using the panel of 500 SSR markers (RMs, HVSSRs and 

Fig. 1   Scheme of marker-assisted backcross breeding used in the current study

http://www.grameme.org
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RGNMS) and a panel of 50,051 SNP markers. The objec-
tive of this study was to assess the efficiency of SSR and 
SNP markers in determining the extent of RPG recovery 
in the NILs. SNP genotyping was based on Axiom® 2.0 
SNP assay using a rice 50  K SNP array in GeneTitan® 
Instrument. This array comprised 50,051 SNPs distrib-
uted uniformly across rice genome; 22,216 of these SNPs 
were derived from 4695 single copy rice genes common 
to rice and wheat; 25,995 SNPs were from 14,965 single 
copy genes unique to rice; 1216 SNPs were located in 194 
cloned agronomically important rice genes; and 624 SNPs 
were based in multi-copy rice genes.

Screening for blast resistance

Evaluation for disease resistance under artificial 
epiphytotics

The NILs were evaluated for blast resistance under artifi-
cial inoculation at two locations, viz, IARI, New Delhi and 
CSKHPKV, Palampur using thirteen different M.oryzae 
isolates as per the protocol of Bonman et  al. (1986). The 
seedlings of the susceptible checks PB1, LTH, CO39 and 
the five DPs (resistant checks) were grown in plastic trays 
filled with fertile soil in a greenhouse at 27–30  °C. The 
seedlings were inoculated at three-leaf stage by spraying 
50  ml of spore suspension (~5 ×  104 conidia ml−1), and 
incubated in growth chambers for 24 h in dark at 26–27 °C. 
The seedlings were sprayed with water after every 6–7  h 
to maintain moisture for 4–5 days to facilitate the penetra-
tion by the fungus. The disease reaction was scored after 
7  days of inoculation using the Bonman’s scale: 0, seed-
lings completely free from infection; 1, seedlings with 
lesion length less than 0.5 mm; 2, seedlings with lesion size 
of 0.5–1 mm; 3, seedlings with lesions of 1–3 mm with a 
gray spot called blast eye in the center; 4, seedlings with 
spindle-shaped lesions of 3 mm; and 5, lines having lesions 
merging with each other leading to damage of more than 
half of the leaf. The lines with scores of 0, 1 and 2 were 
considered as resistant, those with score 3 were treated as 
moderately resistant, lines with score of 4 were regarded as 
moderately susceptible and those with score 5 were taken 
to be susceptible to the disease.

Evaluation for disease resistance under field conditions 
in Uniform Blast Nursery (UBN)

The NILs were also screened in UBN at two hot spot loca-
tions, viz, Hazaribagh, Jharkhand in eastern India, and 
Malan, Himachal Pradesh in north-western India. A 50-cm 
row each of the NIL along with the RP and the five DPs 
was planted in a raised nursery bed with a row spacing of 

10 cm. To ensure uniform spread of disease, a row of sus-
ceptible check was planted after every five rows as well as 
on the borders. The disease evaluation was done on 0–9 
Standard Evaluation Scale of IRRI (SES 1996). The NILs 
with 0–3 score were considered as resistant, those with the 
score of 4–5 were regarded as moderately resistant, lines 
having a score of 6–7 were treated as moderately sus-
ceptible and those with 8–9 score were considered to be 
susceptible.

Evaluation for agro‑morphological, grain and cooking 
quality characteristics

The monogenic, digenic and trigenic NILs along with the 
RP PB1 were evaluated in a randomized complete block 
design (RCBD) and the data for agro-morphological traits, 
viz, days to 50  % flowering (DFF), plant height (PH), 
panicle length (PL), panicle number (PN), filled grains per 
panicle (FGP), spikelet fertility (%) (SF), thousand grain 
weight (TGW) and grain yield/plant (GY) were collected 
on five plants in each entry. To assay the grain character-
istics, viz., kernel length before cooking (KLBC), ker-
nel breadth before cooking (KBBC) and length/breadth 
ratio (L/B) and cooking quality characteristics, viz, kernel 
length after cooking (KLAC), kernel breadth after cooking 
(KBAC) and elongation ratio (ER) of ten grains from each 
entry were measured using e-vision Annadarpan (CDAC, 
Kolkatta). To study the cooking quality parameters, ten 
whole milled grains of each NIL and parental lines were 
soaked in 10 ml of distilled water for 30 min in test tubes 
and cooked in boiling water for 8–10 min. Thereafter, the 
tubes were removed from water bath and each sample was 
transferred to a Petri plate. The lids of the Petri plates were 
closed for 15–20 min till the temperature dropped down to 
room temperature.

Alkali spreading value (ASV) was tested by soaking six 
whole milled grains of each isogenic line and RP in 10 ml 
of 1.7  % KOH arranged at equal spacing in Petri plates. 
The Petri plates were kept at 30 °C for 24 h and, thereafter, 
the grains were individually scored on a scale of 1–7 (Lit-
tle et al. 1958). For testing aroma, one gram of milled rice 
was soaked in 10 ml of 1.7 % KOH at room temperature in 
covered Petri plates for 10 min and sensory evaluation was 
done. The samples were scored on 0–3 scale, where 0 rep-
resents non-scented, 1 denotes mild scented, 2 stands for 
scented and 3 indicates strongly scented (Sood and Siddiq 
1978). Amylose content of the NILs and parental lines was 
estimated using the protocol of Juliano (1971).

Multi‑location evaluation of monogenic NILs

The NILs along with the RP PB1 were evaluated in a rand-
omized complete block design (RCBD) with two replications 
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at four locations, viz, Karnal (Haryana); Nagina (Uttar 
Pradesh); Urlana (Haryana) and New Delhi. Yield data were 
subjected to location-wise RCBD analysis. The Bartlett’s test 
was conducted to test the homogeneity of error variances 
using the software Cropstat 7.2 prior subjecting to combined 
analysis. Further, GGE biplot based stability analysis was 
conducted using the software Genstat v.12.

Results

Development of NILs carrying blast resistance genes 
in the genetic background of PB1

For the development of seven monogenic NILs, each car-
rying a single distinct blast resistance gene in the genetic 
background of PB1, the DPs DHMASQ164-2a (Pi54, 
Pi1, Pita), IRBLz5-CA (Pi2), IRBLb-B (Pib), IRBL5-M 
(Pi5), and IRBL9-W (Pi9) were used in MABB program 
(Fig.  1). Foreground selection was carried out using the 
markers RM206, RM224, YL155/YL87, AP4007, Pibdom/
RM208, C1454 and Nbs2Pi9/AP5659-5 for the genes Pi54, 
Pi1, Pita, Pi2, Pib, Pi5 and Pi9, respectively (Supplemen-
tal Table 1; Supplemental Fig. 1). The details of number of 
plants/lines developed in each generation along with RPG 
recovery are presented in Supplemental Table 2.

In the cross PB1/DHMASQ164-2a, the flanking mark-
ers RM27000 located 0.2 mb upstream and RM254 located 

3.42 mb downstream of the gene Pi54; the marker RM254 
positioned at 0.90 mb upstream of the gene Pi1; and the 
marker RM7003 placed at 6.2 mb upstream and RM7102 at 
11.4 mb downstream of the gene Pita were used in recom-
binant selection (Fig.  2). The plants positive for the blast 
resistance genes Pi1, Pi54 and Pita and also fixed for the 
RP alleles at the flanking markers were subjected to back-
ground selection. Out of 85 genome-wide polymorphic 
SSR markers identified for background selection, a set 
of 43 markers distributed uniformly across the genome 
were employed during BC1F1 generation, which revealed 
the maximum RPG recovery of 78.4  %. During BC2F1 
generation, background selection with the remaining 43 
markers and the markers that were heterozygous in the 
BC1F1 generation revealed the maximum RPG recovery of 
85.6 %. Further, among the BC3F1 plants, ten plants with 
RPG recovery ranging from 90.6 to 93.1  % were identi-
fied and were subjected to stringent phenotypic selection 
for agro-morphological, grain and cooking quality charac-
ters. Finally, one best plant with RPG recovery of 92.7 % 
and maximum RPP recovery was identified and selfed to 
generate BC3F2 population. The plants homozygous for 
individual genes, viz, Pi54, Pi1 and Pita; two-genes, viz, 
Pi54+Pi1, Pi54+Pita and Pi1+Pita; and three-genes com-
bination, Pi54+Pi1+Pita were identified and advanced 
through pedigree method of selection. The monogenic 
NILs Pusa 1633-1-8-6-8-12 (RPG recovery of 98.6 %) and 
Pusa 1633-1-8-6-23-7 (RPG recovery of 95.7 %) carrying 

Fig. 2   GGT representing the RPG recovery on carrier chromosomes and the size of linkage drag
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blast resistance genes Pi54; Pusa 1633-2-8-12-9-10 (RPG 
recovery of 98.6  %) and Pusa 1633-2-8-1-4-18 (RPG 
recovery of 95.7 %) carrying Pi1 gene; and Pusa 1633-3-
8-8-16-1 (RPG recovery of 98.6 %) and Pusa 1633-3-8-20-
6-12 (RPG recovery of 94.5  %) carrying blast resistance 
gene Pita were isolated. The two-gene pyramids namely, 
Pusa 1633-4-8-26-5-4 and Pusa 1633-4-8-48-12-7 carry-
ing blast resistance genes Pi54+Pi1; Pusa 1633-5-8-26-
5-4 and Pusa 1633-5-8-48-12-7 possessing Pi54+Pita; 
Pusa 1633-6-8-54-8-2 and Pusa 1633-6-8-87-3-2 harbor-
ing Pi1+Pita; and also three-gene pyramids namely, Pusa 
1633-7-8-53-6-8 and Pusa 1633-7-8-67-4-12 carrying blast 
resistance genes Pi54+Pi1+Pita, showed RPG recovery 
ranging from 96.7 to 98.4 % based on SSR marker-based 
background selection (Table 5).

Similarly, for the four crosses generated between the RP 
PB1 and DPs IRBLz5-CA(Pi2), IRBLb-B (Pib), IRBL5-M 
(Pi5) and IRBL9-W (Pi9), foreground selection was car-
ried out using the respective gene-linked molecular mark-
ers. The foreground positive BC1F1 plants were subjected 
to recombinant selection using the markers, viz, RM19793 
located 0.8 mb upstream and RM19835 which is 0.4 mb 
downstream the gene Pi2 on the chromosome 6; the mark-
ers RM14140 located 0.7 mb upstream and RM213 located 
1.68 mb downstream the gene Pib on chromosome 2; the 
markers RM1328 and RM1896 flanking the gene Pi5 
in an interval of 2.59 mb on chromosome 9; the mark-
ers RM19771 and RM19819 flanking the gene Pi9 on 
chromosome 6 with an interval of 1.5 mb, were used for 
recombinant selection to reduce the linkage drag (Fig. 2). 
The BC1F1 plants fixed for the RP alleles of the markers 
flanking the target genes were subjected to background 
selection. In BC1F1 generation, half of the polymorphic 
markers, viz, 34 polymorphic markers in the cross PB1/
IRBLz5-CA; 33 markers in the cross PB1/IRBLb-B, 53 
polymorphic markers in the cross PB1/IRBL5-M and 53 
polymorphic markers in the cross PB1/IRBL9-W span-
ning uniformly across the entire genome were used for 
background selection. The remaining half of the polymor-
phic markers in each along with the markers that remained 
heterozygous during BC1F1 generation were used in the 
BC2F1 generation of each of the backcross programs (Sup-
plemental Table  2). The BC3F1 plants with superior RPG 
recovery were subjected to stringent phenotypic selection 
for agro-morphological, grain, cooking quality and aroma 
traits for improved RPP recovery. Finally, the NILs Pusa 
1634-8-1-12-15 (RPG recovery 94.5 %) and Pusa 1634-4-
9-6-23 (RPG recovery 95.0 %) carrying the gene Pi2, Pusa 
1635-10-6-8-10 (RPG recovery 94.0 %) and Pusa 1635-10-
5-6-18 (RPG recovery 93.5 %) having the gene Pib, Pusa 
1636-12-9-8-17 (RPG recovery 96.0 %) and Pusa 1636-12-
9-12-4 (RPG recovery 95.4 %) with Pi5, and Pusa 1637-18-
7-6-20 (RPG recovery 95.6  %) and Pusa 1637-12-8-20-5 

(RPG recovery 95.5  %) possessing the gene Pi9 were 
developed. The detailed information on number of plants 
generated in the backcross generations, and selected by 
foreground, recombinant and background selections are 
presented in Supplemental Table  2. Two- and three-gene 
pyramids involving genes Pi2, Pib, Pi5 and Pi9 in different 
combinations, viz, Pusa 1879-4-8-6 and Pusa 1879-4-14-6 
carrying Pi2+Pib; and Pusa 1878-5-16-4 and Pusa 1878-8-
12-7 harboring Pi5+Pi9; Pusa 1929-4-8 and Pusa 1929-6-3 
having Pi9 + Pib; Pusa 1930-6-4 and Pusa 1930-12-6 pos-
sessing Pi2+Pi5; Pusa 1931-6-7 and Pusa 1931-7-2 carry-
ing Pi5+Pib; and three-gene pyramids, viz, Pusa 1932-7-6 
and Pusa 1932-12-4 possessing Pi9+Pi5+Pib and Pusa 
1933-4-6 and Pusa 1933-64-3 carrying blast resistance 
genes Pi2+Pi5+Pib, showed RPG recovery ranging from 
93.0 to 96.7 % (Table 5).

Comparison between SSR and SNP‑based similarity 
between the NILs and the RP

A comparison of genomic similarity between monogenic 
NILs and RP PB1 based on 500 SSR markers (includ-
ing polymorphic as well as monomorphic markers) and 
50,051 SNP markers (including both polymorphic as well 
as monomorphic markers) revealed that the percent simi-
larity between the recurrent parent PB1 and the monogenic 
NILs, viz, Pusa 1636-12-9-8-17, Pusa 1636-12-9-12-4, 
Pusa 1637-18-7-6-20 and Pusa 1637-12-8-20-5 was 99.3, 
98.9, 99.2, 98.7  %, respectively, based on SSR markers, 
while the percent similarity was 94.76, 97.95, 90.74, and 
97.18 %, respectively, based on SNP assay (Supplemental 
Fig. 4).

Evaluation of monogenic NILs for agronomic 
performance

Two best BC3F6 isogenic lines carrying each of the seven 
blast resistance genes along with the RP PB1 were evalu-
ated for yield and yield-related traits at IARI, New Delhi 
during Kharif 2013 (Table 1). The NILs were at par with 
RP for all the agro-morphological traits. However, Pusa 
1636-12-9-8-17, Pusa 1637-12-8-20-5, Pusa 1635-10-5-6-
18 and Pusa 1637-18-7-6-20 showed significant increase in 
panicle length, panicle number, spikelet fertility and thou-
sand grain weight, respectively.

Multi‑location evaluation of monogenic NILs for yield 
performance

All the NILs along with the RP PB1 were also evaluated at 
four locations, viz, Karnal (Haryana), Nagina (Uttar Pradesh); 
Urlana (Haryana); and IARI (New Delhi) during Kharif 2013. 
Location-wise RCBD analysis of data was performed and it 
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was observed that most of the NILs were at par with RP PB1 
for yield/ha at all the four locations, except for NILs Pusa 
1633-3-8-8-16-1 and Pusa 1633-3-8-20-6-12 carrying Pita 
yielded significantly higher than the RP, and the NIL, Pusa 
1636-12-9-8-17(Pi5), which was significantly inferior to RP 
PB1 in yield at Nagina, Uttar Pradesh (Table 2).

Bartlett’s test revealed the homogeneity of error vari-
ances. Therefore, multi-location data were subjected to 
combined analysis. The differences among genotypes and 
those among the environments were highly significant, but 
the G ×  E interaction was non-significant (Table  3). The 
monogenic NIL Pusa 1637-18-7-6-20 (Pi9) yielded signifi-
cantly higher (6737 kg/ha) than the RP PB1 (5914 kg/ha), 
while the other NILs performed at par with the RP.

Further, GGE biplot analysis for the trait yield/ha 
revealed that there exists two mega-environments: Karnal 

formed one mega-environment and the remaining three 
locations, viz., Urlana, New Delhi and Nagina, constituted 
the other mega-environment. The NIL Pusa 1633-3-8-8-
16-1 (G5) was the best performer in the first mega environ-
ment and the NIL Pusa 1637-18-7-6-20 (G13) was the best 
performer in the second mega-environment (Supplemental 
Fig. 2).

Further, these NILs were ranked based on the “ideal 
genotype” across environments, wherein the ideal genotype 
is the one that has both high mean yield and high stability. 
In the current study, it was deduced that the genotype Pusa 
1637-18-7-6-20 (G13) is the best genotype and is closest to 
the ideal genotype. Considering the mean yield and stabil-
ity of the RP PB1, the performance of most of the NILs 
was either superior or equal to PB1. Although, the NILs 
Pusa 1636-12-9-8-17 (G11), Pusa 1633-2-8-12-9-10 (G3) 
and Pusa 1633-1-8-6-23-7 (G2) performed at par with PB1, 
they were relatively less stable (Fig. 3).

Evaluation of the monogenic NILs for grain 
and cooking quality parameters

The five DPs were non-aromatic, have lower amylose con-
tent, inferior grain and cooking quality traits (Fig. 4) than 
the RP PB1 (Table  4). However, all the NILs possessed 
intermediate amylose content, alkali spreading value of 
7, hard gel consistency (25.5–27.8 mm) and strong aroma 
like PB1. Some of the NILs namely, Pusa 1634-8-1-12-
15 (8.74  mm), Pusa 1634-4-9-6-23 (8.75  mm) and Pusa 

Table 2   Yield performance in RCBD at four locations

* P < 0.05

Sl. no. Genotypes Genes Yield (kg/ha)

Karnal Nagina New Delhi Urlana Mean

1 Pusa 1633-1-8-6-8-12 Pi54 4066 ± 200.75 5117 ± 424.26 7440 ± 1018.23 7550 ± 608.11 6043 ± 1673.4

2 Pusa 1633-1-8-6-23-7 Pi54 3474 ± 118.09 5625 ± 294.63 6820 ± 84.85 6290 ± 721.25 5552 ± 1393

3 Pusa 1633-2-8-12-9-10 Pi1 4392 ± 897.46 4792 ± 294.63 6520 ± 282.84 6530 ± 466.69 5558 ± 1122.73

4 Pusa 1633-2-8-1-4-18 Pi1 3925 ± 118.09 4479 ± 1325.83 7280 ± 848.53 7050 ± 212.13 5683 ± 1709.55

5 Pusa 1633-3-8-8-16-1 Pita 4701 ± 791.18* 4688 ± 736.57 7160 ± 311.13 7520 ± 395.98 6017 ± 1490.52

6 Pusa 1633-3-8-20-6-12 Pita 4885 ± 350.43* 5000 ± 589.26 7180 ± 311.13 7200 ± 565.69 6066 ± 1246.86

7 Pusa 1634-8-1-12-15 Pi2 4142 ± 283.41 4896 ± 124.69 7400 ± 197.99 7850 ± 565.69 6072 ± 1247.6

8 Pusa 1634-4-9-6-23 Pi2 4509 ± 259.79 4583 ± 589.26 7140 ± 395.98 7300 ± 452.55 5883 ± 1546.57

9 Pusa 1635-10-6-8-10 Pib 3925 ± 507.77 5208 ± 589.26 7560 ± 141.42 7510 ± 282.84 6051 ± 1773.93

10 Pusa 1635-10-5-6-18 Pib 4225 ± 732.14 4458 ± 294.63 7440 ± 141.42 7450 ± 593.97 5893 ± 1457.73

11 Pusa 1636-12-9-8-17 Pi5 4693 ± 165.32 4255 ± 294.63* 6860 ± 1187.94 6600 ± 692.96 5602 ± 1743.61

12 Pusa 1636-12-9-12-4 Pi5 4609 ± 991.93 5417 ± 176.78 7760 ± 395.98 7800 ± 636.4 6396 ± 1727.6

13 Pusa 1637-18-7-6-20 Pi9 4534 ± 377.88 5833 ± 147.31 8580 ± 622.25 8000 ± 608.11 6737 ± 1731.67*

14 Pusa 1637-12-8-20-5 Pi9 4392 ± 755.76 5208 ± 589.26 7220 ± 254.56 6530 ± 565.69 5838 ± 1494.42

15 Pusa Basmati 1 – 3524 ± 118.09 5521 ± 441.94 7500 ± 84.85 7110 ± 183.85 5914 ± 1685.15

CD (0.05) 1172 1159 1188 1012 565

Table 3   Combined analysis of variance for yield evaluated in a rand-
omized complete block design across four locations

** P < 0.01

Source DF Mean square

Environment 3 7391.45**

Replication within environment 4 36.79

Genotypes 14 7391.45**

Environment × genotype 42 31.47

Pooled error 56 28.01

Total 119
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1635-10-6-8-10 (8.68  mm) showed significantly superior 
KLBC as compared to PB1 (8.27 mm), while Pusa 1637-
12-8-20-5 showed significantly superior kernel elonga-
tion ratio of 1.94 as against 1.79 in PB1 (Table  4). The 

representative picture of gel length of developed isogenic 
lines compared with the donor line DHMASQ164-2a is 
presented in the Supplemental Fig. 3, which illustrates the 
clear difference in gel consistency between the RP and the 
DP. The RP PB1 and the NILs had 28 mm of gel length, 
while the DPs DHMASQ164-2a, IRBLz5-CA, IRBLb-B, 
IRBL5-M and IRBL9-W had gel lengths of 55, 70, 67, 58 
and 59 mm, respectively.

Assessment of agronomic, grain and cooking quality 
traits in pyramids

Data on yield and yield components of the pyramided lines 
are presented in (Table 5). The pyramids were found to be 
at par with the PB1 for all the agro-morphological traits 
with few exceptions such as Pusa 1879-4-14-6 possessed 
higher TGW, Pusa 1930-12-6 was significantly high yield-
ing, Pusa 1633-7-8-53-6-8 possessed significantly higher 
KLAC and KER compared to RP PB1 (Tables 5, 6).

Evaluation of the NILs for blast resistance 
under artificial inoculation conditions

A total of 60 M. oryzae isolates were collected from dif-
ferent parts of the country and their virulence pattern was 
characterized using the 24 standard differentials devel-
oped at IRRI using the protocol described by Bonman 
et al. (1986). Based on the virulence pattern (Supplemen-
tal Table 3), thirteen diagnostic isolates for the seven blast 
resistance genes were identified to screen the NILs for blast 
resistance (Supplemental Table 4). All the fourteen mono-
genic NILs, sixteen two-gene pyramids and six three-gene 
pyramids along with their respective DPs, RP and suscep-
tible check LTH were evaluated under artificial inoculation 
conditions for resistance to blast using respective diagnos-
tic isolates.

The diagnostic isolates used for screening NILs carry-
ing Pi1, Pi54 and Pita included Mo-ni-53, Mo-ni-0052a, 
Mo-ni-0066a, Mo-nwi-53, Mo-nwi-lon2, Mo-ni-0067, 
Mo-ei-bara1 and Mo-ei-imp1. All the NILs showed resist-
ant reaction against the isolates Mo-ei-bara1 and Mo-ei-
imp1. However, the monogenic NILs possessing Pi54 were 
resistant against all the isolates except for Mo-nwi-lon2, 
for which the Pi1 carrying NILs were resistant. Therefore, 
pyramiding these genes was efficient in combating both the 
isolates (Table 7).

In the other case, considering the isolates Mo-ni-0037, 
Mo-ni-0067, Mo-ei-bara1 and Mo-ni-0052a, the mono-
genic NILs carrying Pi2 were susceptible with the isolates 
Mo-ni-0037, Mo-ni-0067 and Mo-ei-bara1 and resist-
ant against Mo-ni-0052a. The monogenic NILs carry-
ing Pib were resistant against the isolates Mo-ni-0037 
and Mo-ni-0067, but susceptible against Mo-ei-bara1 and 

Fig. 3   Ranking of NILs and RP PB1 relative to an “ideal geno-
type” (represented by blue round circle). G1 -Pusa 1633-1-8-6-8-
12, G2-Pusa 1633-1-8-6-23-7, G3-Pusa 1633-2-8-12-9-10, G4-Pusa 
1633-2-8-1-4-18. G5-Pusa 1633-3-8-8-16-1, G6-Pusa 1633-3-8-20-
6-12, G7-Pusa 1634-8-1-12-15, G8-Pusa 1634-4-9-6-23, G9-Pusa 
1635-10-6-8-10, G10-Pusa 1635-10-5-6-18, G11-Pusa 1636-12-9-8-
17, G12-Pusa 1636-12-9-12-4, G13-Pusa 1637-18-7-6-20, G14-Pusa 
1637-12-8-20-5, G15- PB1 (color figure online)

Fig. 4   Representative picture of grain and cooking quality charac-
ters of RP PB1, DP IRBL9-W and the monogenic NILs carrying blast 
resistance gene Pi9
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Mo-ni-0052a. Further, the monogenic NILs carrying Pi5 
were resistant against Mo-ei-bara1, but susceptible against 
Mo-ni-0037 and Mo-ni-0067 and Mo-ni-0052a. Therefore, 
pyramiding of the diverse genes was necessary to build 
resistance against all the four isolates. The pyramids car-
rying Pi2+Pib were susceptible against Mo-ei-bara1; 
Pi2+Pi5 were susceptible to Mo-ni-0037 and Mo-ni-0067; 
Pib+Pi5 were susceptible against Mo-ni-0052a, but resist-
ant against other isolates. However, the three-gene pyra-
mids carrying Pi2+Pib+Pi5 were resistant against all the 
isolates (Table 7).

Evaluation of NILs for blast resistance in Uniform Blast 
Nursery

The NILs were also evaluated for blast resistance under 
natural conditions in Uniform Blast Nursery (UBN) at 
two hotspot locations, viz., Malan (Himachal Pradesh) 
and Hazaribagh (Jharkhand). The RP PB1 was found to 
be highly susceptible at both the locations. At Malan, Pusa 
1637-18-7-6-20, Pusa 1637-12-8-20-5 and the DP IRBL9-
W carrying the gene Pi9 were highly resistant. However, 

the monogenic NILs with the gene Pi2 or Pita was mod-
erately resistant (score 4–5); the monogenic NILs carry-
ing Pib or Pi54 were moderately susceptible (score 6–7); 
and the monogenic NILs carrying Pi5 or Pi1 were suscep-
tible (score 8). The two- and three-gene pyramids evalu-
ated under UBN showed varied reaction pattern. Among 
the two-gene pyramids, Pi5+Pi9 and Pib+Pi9 showed 
resistant reaction with the score 0. While the combina-
tions Pi54+Pita, Pi1+Pita, Pi2+Pib and Pi2+Pi5 were 
moderately resistant with the score of 4. The remaining 
two-gene combinations Pi54+Pi1, Pi5+Pib were mod-
erately susceptible with score 6. The NILs carrying three-
gene combinations, viz., Pi9+Pib+Pi5, Pi2+Pib+Pi5 and 
Pi54+Pita+Pi1 were highly resistant with score 0–1.

The screening of NILs in UBN at Hazaribagh showed 
a different disease reaction pattern as compared to that of 
UBN-Malan. All the NILs carrying Pi9 or Pita showed 
resistant reaction (score 0), but the lines carrying Pi54, Pi1, 
Pi5, Pi2 or Pib were moderately resistant (score 4–5). Fur-
ther, all the pyramids were found resistant to blast disease 
except for the combinations Pi5+Pib and Pi54+Pi1, which 
showed moderate resistance.

Table 6   Grain and cooking quality of pyramided lines

* P < 0.05

Genotypes Genes KLBC KBBC L/B KLAC KER Aroma RPG (%)

Pusa 1633-4-8-26-5-4 Pi54+Pi1 8.01 ± 0.26* 1.48 ± 0.02 5.4 ± 0.16 14.45 ± 0.38 1.80 ± 0.04 2 95.6

Pusa 1633-4-8-48-12-7 Pi54+Pi1 8.15 ± 0.19 1.49 ± 0.01 5.47 ± 0.15 14.69 ± 0.31 1.80 ± 0.01 2 96.4

Pusa 1633-5-8-26-5-4 Pi54+Pita 8.3 ± 0.09 1.46 ± 0.05 5.69 ± 0.15 14.50 ± 0.10 1.75 ± 0.01 2 96.6

Pusa 1633-5-8-48-12-7 Pi54+Pita 8.22 ± 0.16 1.48 ± 0.03 5.54 ± 0.10 14.55 ± 0.26 1.77 ± 0.06 2 95.4

Pusa1633-6-8-54-8-2 Pi1+Pita 8.27 ± 0.19 1.6 ± 0.02 5.16 ± 0.10 14.42 ± 0.22 1.74 ± 0.02 2 97.4

Pusa 1633-6-8-87-3-2 Pi1+Pita 8.30 ± 0.10 1.58 ± 0.03 5.24 ± 0.16 14.7 ± 0.01 1.77 ± 0.02 2 96.8

Pusa 1879-4-8-6 Pi2+Pib 8.17 ± 0.19 1.5 ± 0.03 5.46 ± 0.04 14.6 ± 0.17 1.79 ± 0.04 2 94.3

Pusa 1879-4-14-6 Pi2+Pib 8.38 ± 0.1 1.48 ± 0.04 5.87 ± 0.26* 14.31 ± 0.21 1.71 ± 0.02 2 94.1

Pusa 1930-6-4 Pi5+Pi2 8.40 ± 0.07 1.52 ± 0.04 5.52 ± 0.14 14.53 ± 0.2 1.73 ± 0.01 2 95.2

Pusa 1930-12-6 Pi5+Pi2 8.34 ± 0.06 1.55 ± 0.02 5.38 ± 0.09 14.44 ± 0.14 1.73 ± 0.01 2 96.3

Pusa 1931-6-7 Pi5+Pib 8.33 ± 0.12 1.54 ± 0.10 5.41 ± 0.31 14.6 ± 0.25 1.75 ± 0.01 2 94.9

Pusa 1931-7-2 Pi5+Pib 8.24 ± 0.10 1.48 ± 0.10 5.60 ± 0.46 14.19 ± 0.25 1.72 ± 0.01 2 94.5

Pusa 1878-5-16-4 Pi5+Pi9 8.42 ± 0.38 1.46 ± 0.04 5.76 ± 0.10 14.73 ± 0.3 1.75 ± 0.05 2 95.5

Pusa 1878-8-12-7 Pi5+Pi9 8.39 ± 0.43 1.49 ± 0.07 5.83 ± 0.57 14.6 ± 0.28 1.74 ± 0.06 2 95.8

Pusa 1929-4-8 Pi9+Pib 8.22 ± 0.10 1.49 ± 0.04 5.83 ± 0.23 14.48 ± 0.32 1.76 ± 0.02 2 93.5

Pusa 1929-6-3 Pi9+Pib 8.07 ± 0.29* 1.48 ± 0.10 5.82 ± 0.26 14.19 ± 0.3 1.76 ± 0.04 2 95.4

Pusa 1633-7-8-53-6-8 Pi54+Pi1+Pita 8.38 ± 0.10 1.64 ± 0.02* 5.1 ± 0.12 15.07 ± 0.59* 1.80 ± 0.09* 2 96.7

Pusa 1633-7-8-67-4-12 Pi54+Pi1+Pita 8.16 ± 0.45 1.46 ± 0.04 5.61 ± 0.42 14.28 ± 0.21 1.75 ± 0.08 2 95.9

Pusa 1932-7-6 Pi9+Pi5+Pib 8.28 ± 0.02 1.57 ± 0.03 5.28 ± 0.11 14.54 ± 0.07 1.75 ± 0.05 2 94.5

Pusa 1932-12-4 Pi9+Pi5+Pib 8.10 ± 0.11 1.59 ± 0.05 5.11 ± 0.19 14.55 ± 0.22 1.79 ± 0.02 2 93.7

Pusa 1933-4-6 Pi2+Pi5+Pib 8.29 ± 0.10 1.56 ± 0.02 5.3 ± 0.09 14.78 ± 0.02 1.81 ± 0.01* 2 93.0

Pusa 1933-64-3 Pi2+Pi5+Pib 8.25 ± 0.13 1.60 ± 0.01 5.15 ± 0.07 14.79 ± 0.01 1.78 ± 0.02 2 94.5

PB1 – 8.49 ± 0.26 1.52 ± 0.02 5.44 ± 0.13 14.61 ± 0.29 1.72 ± 0.06 2 –

CD (0.05) 0.35 0.08 0.39 0.42 0.07 – –
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Table 7   Blast disease score of pyramided lines under artificial epiphytotic conditions using diagnostic isolates

Genotype Genes Mo-ni-53 Mo-ni-
0052a

Mo-ni-
0066a

Mo-nwi-
lon2

Mo-nwi-
kash 1

Mo-ni-
0067

Mo-ei-
bara1

Mo-ei-
imp1

Mo-nwi-53

Pusa 1633-1-8-6-8-12 Pi54 0 0 0 4 3 1 2 2 –

Pusa 1633-1-8-6-23-7 Pi54 0 0 0 4 3 1 2 1 –

Pusa 1633-2-8-12-9-10 Pi1 4 4 4 2 2 4 2 2 0

Pusa 1633-2-8-1-4-18 Pi1 4 4 4 2 2 4 2 2 0

Pusa 1633-3-8-8-16-1 Pita 4 4 4 4 3 4 2 0 0

Pusa 1633-3-8-20-6-12 Pita 4 4 4 4 3 4 2 0 0

Pusa 1633-4-8-26-5-4 Pi54+Pi1 0 0 0 0 2 0 0 1 0

Pusa 1633-4-8-48-12-7 Pi54+Pi1 0 0 0 0 2 0 0 1 0

Pusa 1633-5-8-26-5-4 Pi54+Pita 0 0 0 3 3 0 0 0 0

Pusa 1633-5-8-48-12-7 Pi54+Pita 0 0 0 3 3 0 0 0 0

Pusa1633-6-8-54-8-2 Pi1+Pita 4 3 3 0 0 3 0 0 0

Pusa 1633-6-8-87-3-2 Pi1+Pita 4 3 3 0 0 3 0 0 0

Pusa 1633-7-8-53-6-8 Pi54+Pi1+Pita 0 0 0 1 0 0 0 0 0

Pusa 1633-7-8-67-4-12 Pi54+Pi1+Pita 0 0 0 0 0 0 0 0 0

Genotype Genes Mo-nwi–
kash 1

Mo-ni-
0060

Mo-ei-
ran1

Mo-ei- 
bara1

Mo-ni-
0037

Mo-ni-
0067

Mo-ei-
imp1

Mo-
nwi-53

Mo-
nwi-35

Mo-nwi- 
lon2

Pusa 1637-18-7-6-20 Pi9 0 1 0 3 0 0 0 2 0 0

Pusa 1637-12-8-20-5 Pi9 0 0 0 3 0 0 0 1 0 0

Pusa 1635-10-6-8-10 Pib 3 4 4 3 1 0 4 3 1 2

Pusa 1635-10-5-6-18 Pib 3 4 4 3 1 0 4 3 1 2

Pusa 1636-12-9-8-17 Pi5 3 4 4 0 3 4 0 0 0 2

Pusa 1636-12-9-12-4 Pi5 3 4 4 2 3 4 0 0 2 2

Pusa 1878-5-16-4 Pi5+Pi9 0 0 0 1 1 1 0 0 0 0

Pusa 1878-8-12-7 Pi5+Pi9 0 0 0 1 1 1 0 0 0 0

Pusa 1929-4-8 Pi9+Pib 0 0 0 – 0 0 0 0 0 0

Pusa 1929-6-3 Pi9+Pib 0 0 0 – 0 0 0 0 0 0

Pusa 1931-6-7 Pi5+Pib 3 4 3 2 1 1 1 2 1 2

Pusa 1931-7-2 Pi5+Pib 3 4 3 2 1 1 1 2 1 2

Pusa 1932-7-6 Pi9+Pib+Pi5 0 0 0 0 0 0 0 0 0 0

Pusa 1932-12-4 Pi9+Pib+Pi5 0 0 0 0 0 0 0 0 0 0

Genotype Genes Mo- 
ni-53

Mo-ni-
0052a

Mo-ni-
0066a

Mo-ni-
0037

Mo-ni-
0067

Mo-ei- 
bara1

Mo-
nwi-53

Mo-ei-
imp1

Mo-
nwi-35

Mo-nwi- 
lon2

Pusa 1634-8-1-12-15 Pi2 0 2 2 4 4 3 0 1 1 1

Pusa 1634-4-9-6-23 Pi2 0 1 0 4 4 3 2 1 1 1

Pusa 1635-10-6-8-10 Pib 4 4 4 1 0 3 2 4 1 2

Pusa 1635-10-5-6-18 Pib 4 4 4 1 0 3 1 4 1 2

Pusa 1636-12-9-8-17 Pi5 4 4 4 3 4 0 3 0 0 2

Pusa 1636-12-9-12-4 Pi5 4 4 4 3 4 2 3 0 2 2

Pusa 1931-6-7 Pi5+Pib 4 4 4 1 1 2 2 1 1 1

Pusa 1931-7-2 Pi5+Pib 4 4 4 1 1 2 2 1 1 1

Pusa 1930-6-4 Pi2+Pi5 1 1 1 2 2 1 1 1 1 1

Pusa 1930-12-6 Pi2+Pi5 1 1 1 2 2 1 1 1 1 1

Pusa 1929-4-8-6 Pi2+Pib 0 1 1 0 0 3 1 1 0 1

Pusa 1929-4-14-6 Pi2+Pib 0 1 1 0 0 3 1 1 0 1

Pusa 1933-4-6 Pi2+Pib+Pi5 0 0 0 0 0 0 0 0 0 0

Pusa 1933-64-3 Pi2+Pib+Pi5 0 0 0 0 0 0 0 0 0 0
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Discussion

Basmati rice production is severely constrained due to 
several diseases, of which blast is considered as the most 
notorious leading to yield losses and deterioration of qual-
ity. Blast resistance breeding program in Basmati rice has 
been severely handicapped by the non-availability of blast 
resistance sources in the Basmati germplasm. Therefore, 
the present study aimed to develop a set of seven NILs with 
seven major broad-spectrum blast resistance genes in the 
genetic background of PB1 using monogenic lines carrying 
different blast resistance genes in the genetic background 
of a non-Basmati rice variety LTH and DHMASQ164-2a 
as donors through MABB. Foreground selection using the 
gene-based/linked markers for the target blast resistance 
genes ensured the successful incorporation of the target 
genes.

The RP PB1 is known for its excellent grain and cooking 
quality and pleasant aroma. However, the DPs possessed 
small and bold grain, black hull, brown pericarp, less elon-
gation on cooking and non-aromatic grains. Therefore, it 
was a challenging task to reconstruct the PB1-NILs with 
Basmati grain and cooking quality characters and resistance 
to blast. In view of this, the recombinant and background 
selections were augmented with stringent phenotypic selec-
tion for recovery of the RPP, including agro-morphological, 
grain, cooking quality and aroma traits.

The recombinant and background selection played 
a vital role in identifying the NILs with minimum donor 
segment in the genomic region flanking the target gene 
and maximum RPG recovery. However, NILs Pusa 1633-
3-8-8-16-1 and Pusa 1633-3-8-20-6-12 harbored a large 
donor segment (5.2 mb) between the markers RM7003 
and RM7102 located 6.2 mb upstream and 11.4 mb down-
stream of the gene Pita, respectively. Since, the gene Pita 
is located adjacent to the centromeric region, which shows 
reduced crossing over because of heterochromatinization; 
the donor segment surrounding Pita could not be reduced 

any further. However, there was no undesirable phenotypic 
effect of the donor segment on the performance of the NILs 
having Pita.

Background selection using polymorphic markers pro-
viding genome-wide coverage has been extensively used to 
hasten the RPG recovery in MABB (Basavaraj et al. 2010; 
Chen et al. 2008). However, it was challenging to complete 
the analysis using entire set of polymorphic markers in lim-
ited time to utilize the information for further backcrossing. 
Therefore, a two-step background selection strategy was 
used in this study, which reduced the genotyping work and 
successfully accelerated the RPG recovery in the NILs in 
the range of 93.0–98.6 % in just three backcrosses despite 
the fact that the DPs used in the present study were geneti-
cally diverse as compared to RP PB1 and possessed unde-
sirable agronomic features and grain and cooking quality 
traits. Further, the phenotypic selection among the plants 
with maximum RPG recovery, hastened the recovery of 
RPP. The efficacy of background selection combined with 
phenotypic selection in recovering RPP in rice has been 
demonstrated earlier (Joseph et  al. 2004; Gopalakrishnan 
et al. 2008; Singh et al. 2011, 2012, 2013).

In a comparative study for estimating the similarity 
between the RP and the developed NILs using SSRs and 
the SNP markers, it was deduced that the background 
analysis using a set of 500 genome-wide SSR markers 
overestimated the percent similarity between NILs and RP 
PB1 when compared to genome-wide 50,051 SNP mark-
ers. Additionally, SNP markers provided better insights of 
the donor segments still present in the NILs. Furthermore, 
the background analysis using SNP assay was almost 300 
times cost effective (US$ 84/genotype with 50,051 SNPs 
data points) as against use of SSR markers (US$ 70/geno-
type with approximately 85–110 data points) and, there-
fore, use of SNPs would be a better choice for the back-
ground selection in MABB.

The comparison of yield performance of NILs and RP 
based on multi-location evaluation unequivocally proved 

Table 7   continued

Genotype Genes Mo-
ni-53

Mo-ni-
0052a

Mo-ni-
0066a

Mo-
nwi-53

Mo-nwi- 
lon2

Mo-nwi–
kash 1

Mo-ni-
0060

Mo-ei-
ran1

Mo-ni-
0037

Mo-ni-
0067

Mo-ei- 
bara1

Mo-ei 
-imp1

Mo-
nwi-35

IRBLz5-CA Pi2 0 0 0 0 1 3 4 4 4 4 3 0 1

IRBLb-B Pib 4 4 4 1 2 3 4 4 1 0 3 4 1

IRBL5-M Pi5 4 4 4 3 2 3 4 4 3 4 0 0 0

IRBL9-W Pi9 4 4 4 0 0 0 0 0 0 0 3 0 0

DHMAS 
Q164-2a

Pi54+Pi1 
+Pita

0 0 0 0 0 3 – 4 0 0 0 0 0

LTH – 5 5 5 4 4 5 5 5 5 5 4 4 4

PB1 – 5 5 5 5 5 4 4 5 5 5 5 4 5
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that the blast resistance genes had no yield penalty in the 
NILs, which has been a concern in case of isogenic lines 
developed for rust resistance in wheat (Ortelli et al. 1996; 
Singh et al. 2011; Latter et al. 1998). Further, GGE Biplot 
analysis revealed that the NIL Pusa 1637-18-7-6-20 (Pi9) 
is the best genotype across environments. The compari-
son plot depicted the NILs scattering across the concentric 
circles away from the point of ideal genotype. However, 
in comparison to the RP PB1, it is clear that except NILs 
Pusa 1636-12-9-8-17 (G11), Pusa 1633-2-8-12-9-10 (G3) 
and Pusa 1633-1-8-6-23-7 (G2), all other NILs were either 
superior to or similar to RP, demonstrating the efficiency of 
MABB program in recovering RPG and RPP.

Artificial inoculation with respective diagnostic isolates 
confirmed the potentiality of individual blast resistance 
genes in the genetic background of PB1. Under natural epi-
phytotic condition in UBN at Malan (north-western India) 
and Hazaribagh (Eastern India), the isogenic lines carrying 
the gene Pi9 were found to be consistently resistant across 
two years of testing. Multi-location testing of genotypes 
carrying Pi9 had earlier indicated its effectiveness against 
the prevalent pathotypes of Eastern India (Variar et  al. 
2009; Imam et al. 2014). However, from the present study, 
it can be deduced that Pi9 is the most effective gene fol-
lowed by Pi2 and Pita not only in the eastern part of India, 
but also effective against predominant races prevalent in 
the northern part of India, which form geographical indica-
tion (GI) area for Basmati cultivation. The effectiveness of 
Pi9 over Pi2 has also been earlier reported by Imam et al. 
(2014). However, other genes were resistant in one location 
and moderately resistant/moderately susceptible at another 
location indicating the effectiveness of different blast 
resistance genes against the location-specific predominant 
races of blast pathogen.

The monogenic NILs developed in the genetic back-
ground of RP PB1 have been bred and selected to be nearly 
identical in height, maturity, plant type, grain and cook-
ing quality traits and other characteristics among them-
selves and also in relation to RP PB1, they are similar in 
appearance and genetic makeup, but have different genes 
for resistance to blast disease. Therefore, these NILs may 
be used to create a multiline variety by mechanically mix-
ing their seeds, which would offer farmers a way to tame 
outbreaks of blast disease, thus stabilizing Basmati rice 
production. The concept of multiline has been well dem-
onstrated in management of wheat rust diseases earlier 
(Luthra and Rao 1979) and more recently transgenic mul-
tiline variety for controlling powdery mildew of wheat has 
been developed (Brunner et al. 2012).

Pyramiding of diverse genes conferring resistance to 
different isolates has been advocated as the most promis-
ing strategy for attaining resistance against the concoction 

of races of the pathogen present in the natural conditions. 
The pyramids carrying multiple R-genes tend to exclude 
various races of the pathogen by effective complementa-
tion (Gnanamanickam et  al. 2000). Therefore, develop-
ing the pyramided lines is pivotal from the perspective of 
resistance stabilization owing to the hypervariability of the 
blast pathogen population structure (Casela et  al. 1995). 
The artificial inoculation using diagnostic blast isolates has 
unambiguously proved that three-gene pyramids developed 
in the present study were much more effective than that 
of two-gene pyramids and monogenic NILs, in imparting 
broad-spectrum resistance to diverse isolates of blast patho-
gen through effective complementation.

Conclusion

The study has led to the development of first-ever set of 
NILs carrying major blast resistance genes in the genetic 
background of a Basmati rice variety PB1. These NILs 
are potential candidates for release as a variety after the 
required testing for replacing PB1, which is highly sus-
ceptible to blast disease and still occupies substantial area 
under cultivation. Additionally, these NILs can be used 
as donor lines for blast resistance and as a component of 
a multiline in Basmati breeding program. The deploy-
ment of blast-resistant NILs and multilines may substan-
tially reduce the fungicide use in Basmati rice cultivation 
and thus alleviate the problem of fungicide residue in the 
grain, which is a concern in the domestic as well as global 
market. These are also excellent genetic materials for func-
tional genomics to understand the molecular mechanisms 
and pathways underlying the resistance governed by the 
respective blast resistance genes without the effect of back-
ground noise.
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