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ABSTRACT

Drought is one of the major abiotic threat to rice production in the context of climate change. Super Basmati is an
elite, fine grain basmati rice variety grown in Punjab, Pakistan. Due to drought sensitive in nature, its yield has
been facing an alarming situation in production because of gradual decrease in irrigated water for a couple of
years. Three reported novel QTLs for drought tolerance were selected for incorporation into Super Basmati by
employing marker assisted selection strategy. IR55419-04 with novel QTLs was used as a donor parent. Fore-
ground selection was performed by applying PCR based QTL linked SSR markers followed by recombinant selec-
tion by using 2–4 flanking markers. Background selection was exercised by using polymorphic SSR markers for
maximum genome recovery of the Super Basmati. The individuals homozygous at the target QTLs and with max-
imum background of Super Basmati at the rest of the non-target genome was selected for evaluation of drought
tolerance. Under drought stress conditions, the yields of all introgressed lines (ILs) were 44.2%–125.7% higher
than recurrent parent. Six superior ILs that are drought tolerant and very similar to Super Basmati in terms of
agronomic and grain quality traits are marked for release as drought-tolerant varieties in arid regions or for
use in breeding programs of high grain quality and drought-tolerant parents.
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1 Introduction

Irrigation water value as a function of field crops and freshwater scarcity is a challenge to world
agricultural production. This water deficit situation is mainly caused by shrinking water resources, global
warming, and fluctuating rainfall [1]. Sustainable rice production is endangered by increasing irrigation
water scarcity too. It is of high importance for rice because of its range of growing ecosystems. Water
scarcity at specific growth stages in rice can cause a considerable damage to its productivity. A vegetative
stage drought stress of a certain level can result in a moderate loss of yield while incidence of such stress
at the time of fertilization or pollen meiosis may cause a clean sweep in terms of production. Therefore,
pyramiding of drought tolerance genes in mega varieties of rice is obligatory. Marker assisted breeding
(MAB) effectiveness has earlier been successfully practiced in rice for the introgression of bacterial blight
resistance genes salt resistance, submergence tolerance Sub1 gene [2] and green revolution sd1 gene [3].
Drought stress at the seedling and flowering stages of rice leads to severe reduction in rice yield and
affects grain quality, Marker-assisted selection and backcross breeding approaches can combine drought
tolerance with grain quality traits in elite rice varieties [4,5].

In Pakistan, Rice (Oryza sativa L.) is grown on an area of 2.3 million hectares which contributes in total
world rice trade about 11%, while by quantity is 8.9%. Amongst the rice grown in Pakistan, Basmati rice
fetches a high price in the international market due to its premium quality [6]. It is grown in the famous
“Kallar” tract of the Punjab, Pakistan. The influence of climate change on Basmati rice cultivation cannot
be ignored, because all Basmati rice varieties are highly sensitive to drought stress [7]. It is being
anticipated that climate change may explain around 20% increase in water deficit this century globally
[8]. The future of food security and water availability is endangered in this scenario worldwide.
Therefore, introgression of drought tolerant QTLs into Basmati genetic background is in high demand for
sustainable Basmati rice production suitable to withstand under water limited environments [9]. Dixit
et al. [10] Applied marker-assisted backcross breeding approach to introgression drought QTLs (qDTY
3.2 and qDTY 12.1) in the genetic background of the popular rice variety Sabitri grown in rainfed
regions of Nepal. They combined the phenotypic and marker assisted selection approaches and developed
the drought tolerance NILs for Sabitri. A similar study was conducted by Janaki et al. [11] a susceptible
elite rice variety was used as recurrent parent to three major genes (Pi9, Xa21 and Gm8), and three major
QTLs qDTY1.1, qDTY2.2 and qDTY4.1) and Naveen conferred increased yield under drought
conditions. Dhawan et al. [12] used the drought-susceptible elite cultivar Pusa Basmati 1 (recurrent
parent) to cross with drought-tolerant N22 (donor parent) and a major drought-tolerant QTL (qDTY1.1)
was introgressed into the genetic background of Pusa Basmati 1. A panel of 113 SSRs polymorphic
primers was studied to find genomic recovery of recurrent parents and eighteen drought tolerant near
isogenic lines (NILs) were developed.

Over the past two decades, scientists around the world have identified hundreds of drought QTLs, but
few of them have been introgressed into elite varieties to improve grain quality and quantity [13]. The
objectives of the present study are introgression of putative drought tolerant QTLs/genes in Super
Basmati rice using DNA markers. In turn, the drought tolerant introgression lines (DTILs) developed
through this research effort will be utilized in the future rice breeding programs in the country.
Ultimately, sustainable rice production will bring more opportunities for the prosperity of the country
through food security and poverty alleviation.

2 Materials and Methods

2.1 Plant Material
IR55419-04 line outcome of a cross of IR12979-24-1 (BROWN) /UPL RI 5 at the International Rice

Research Institute (IRRI), Philippines developed for drought prone ecosystem was used as the donor
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parent [14]. Super basmati an elite rice variety release by Rice Research Institute, Kala Shah Kaku, Pakistan,
possessing drought sensitivity was used as recipient parent.

2.2 QTL Selection and Marker Assisted Back Crossing Scheme
From the review of previous findings, three segments located on chromosome (Chr.) 1 [15], 4 (www.

gramene.com) and 9 [16,17] were selected as target QTLs, named as QTL1 (Chr. 1) QTL4 (Chr. 4) and
QTL9 (Chr. 9), respectively for introgression (Supplementary Table 1). A crossing was performed
between IR55419-04 and Super Basmati rice genotypes (Fig. 1A). The F1 plants were screened by
applying QTL linked markers and true F1 were backcross with recurrent parent. The BC1F1 and
BC2F1 were screened for foreground selection by using PCR based SSR markers and BC2F1 plants were
advanced by self-crossing to raise BC2F2. The BC2F2 plants harboring homozygous alleles of the target
QTLs and possessing phenotypic resemblance with the recurrent parent were selected for recurrent parent
genome (RPG) by applying ninety-nine polymorphic SSR markers (Fig. 1B) and the value for the
recurrent parent genome recovery (RPGR) was given by using the following equation. Selected
BC2F2 plants were advanced by self-crossing to raise BC2F3 and this population was used for field
drought assessment (Fig. 1C).

RPGR ¼ pþ 0:5 � hð Þ
t � 100

where, p = number of recurrent parent alleles; h = number of heterozygotes; and t = total number of alleles.

2.3 SSR Marker Analysis
Genomic DNA of the drought tolerance introgression rice genotypes, donor and recurrent parents was

extracted. PCR was performed for detecting selected QTLs by utilizing QTL linked SSR markers as
presented in Supplementary Table 1 by following PCR protocol as described by Shah et al. 2013. Two
gene specific markers, i.e., Wx and STS aroma genes were used to monitor the inheritance of amylose
and aroma, respectively [18,19]. For background selection a set of 207 microsatellite markers straddling
on the 12 chromosomes were surveyed between the two parents and identified polymorphic markers were
used to find a maximum RPG from developed genotypes for further selection. Graphical Genotype
(GGT) Version 2.0 software was used to develop a schematic map, by using the polymorphic marker
data, depicting the genomic contribution of donor and recurrent parents to identify DTILs having
maximum recovery of RPG.

Figure 1: (A) Schematic summary of procedures for introgression of drought tolerant QTLs in super
basmati background, (B) Agarose gel image showing DTIL polymorphism compared to parental lines,
(C) Performance comparison of DTILs under irrigation and drought stress conditions
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2.4 Evaluation of DTILs for Drought
Selected DTILs along with donor and recipient parent were evaluated under both irrigated and stress

conditions in the research area of the National Institute for Biotechnology and Genetic Engineering,
Faisalabad, Pakistan, by following a split plot design. Each entry was replicated thrice at a spacing of
22.5 cm × 22.5 cm between plants and rows for water treatment levels. Recommended crop management
practices were adopted. In the drought stress treatment, the field was drained out at the tillering stage
35 days after transplanting. Fifteen days water stress was imposed for the genotypic responses. In the
irrigated control, irrigation was applied every 3–4 days until the lines reached maturity. The irrigation
was stopped 2 weeks before harvesting. At the maturity, five representative plants in each plot were
measured for plant height, number of productive tillers per plant, number of filled-grain per panicle,
thousand-grain weight, and spikelet fertility.

2.5 Evaluation of Grain Quality
Grain samples of DTILs, along with its recurrent and donor parent, were analyzed for physical and

chemical attributes. Number of filled-grain per panicle, thousand-grain weight, spikelet fertility, grain
length, width, thickness, length to width ratio, the shape of the polished grain, aroma and amylose
content were measured applying standard procedures [20].

2.6 Data Analysis
The analysis of variances (two-way ANOVA) and t-tests were performed to compare the differences for

the measured traits among rice genotypes within each population and genotype (parents/DT-ILs) treatments
(stress and non-stress) interactions using the Statistix v8.1 (USA).

3 Results

3.1 Polymorphism between Parents and Drought Tolerance QTLs
Out of two hundred and seven microsatellite markers, ninety-nine markers were found polymorphic

(Supplementary Table 2). The linkage map proposed by Temnykh et al. [19] was used as reference map.

3.2 Marker Assisted Introgression of Drought
In each backcross generation, target QTLs were monitored using foreground markers linked to the

specific loci. In BC1F1, 151 individuals were genotyped using foreground markers and found 69 plants
heterozygous for target QTLs in different combinations. One plant from each QTLs combination was
selected based on target and recombinant selections for further Back crossing. A total of
678 BC2F1 seeds from the three selected plants was sown in the field. A foreground selection of these
BC2F1 individuals was based on that they were heterozygous at the foreground marker loci. Foreground
selection resulted in selection of 376 BC2F1 individuals based on the presence of QTLs either
individually or in 2–3 QTLs combination. As a result of recombinant selection, 19 plants were selected to
raise BC2F2.

Out of these 19 plants, target QTLs in individual QTL1, QTL4 and QTL9 were present in 3, 4 and
2 plants, respectively. The number of plants with two QTLs combinations, i.e., QTL1 + QTL4, QTL1 +
QTL9, and QTL4 + QTL9 were 1, 2 and 2, respectively, whereas, 5 plants possessed selected three QTLs
(Table 1 and Fig. 2). All these 19 plants were allowed to self-pollinate to obtain BC2F3 seeds and were
evaluated in the field as drought tolerant introgression lines (DTILs) to assess the response through
screening under water stress condition.
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3.3 Background Selection
As a whole, 99 polymorphic microsatellite markers unlinked to target QTLs covering all the rice

chromosomes were used for background selection to recover the recipient genome. The graphical
genotypes of DTIL60 is illustrated in Fig. 3 While the graphical genotypes of DTIL 60, DTIL 135, DTIL
56, DTIL 269 and DTIL 146 is given in Supplementary Figs. 1–5.

3.4 Genome Recovery by Recurrent Parent in DTILs
The genome recovery percentage of the DTILs was assessed by using 99 polymorphic SSR markers

between parents was presented in Supplementary Table 3. Minimum mean genome recovery, i.e., 67.9%
was recorded for chromosome 9 whereas chromosomes 2, 7 and 8 were 100.0% similar to Super Basmati
across selected DTILs.

3.5 Performance of DTILs under Water Stress
New DTILs possessed mono, di and tri QTLs integration with different combinations (Table 1). The

analysis of variance for various traits was performed for two water regimes, i.e., well-watered control and
water stress (15 days) separately and are presented in Tables 2 and 3. The mean squares due to genotypes
showed significant differences at P < 0.05 for all the traits studied. Based on the performance, a
considerable range of variation was exhibited by all the plant traits studied at both control and water
stress levels (Table 4).

Table 1: Drought tolerant introgression lines (DTILs) showing their introgressed QTL(s) status

S. No. Designation Introgressed QTL(s) status

1 DTIL60 Q1

2 DTIL83 Q1

3 DTIL88 Q1

4 DTIL79 Q4

5 DTIL94 Q4

6 DTIL135 Q4

7 DTIL98 Q4

8 DTIL56 Q9

9 DTIL139 Q9

10 DTIL104 Q1 + Q4

11 DTIL105 Q1 + Q9

12 DTIL21 Q1 + Q9

13 DTIL43 Q4 + Q9

14 DTIL269 Q4 + Q9

15 DTIL18 Q1 + Q4 + Q9

16 DTIL37 Q1 + Q4 + Q9

17 DTIL146 Q1 + Q4 + Q9

18 DTIL258 Q1 + Q4 + Q9

19 DTIL376 Q1 + Q4 + Q9
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Figure 2: Graphical representation of (a) Chromosome 1, (b) Chromosome 4 and (c) Chromosome 9 carrying
target QTLs, i.e., QTL1, QTL4 and QTL9. Each bar is the respective introgression line or variety. Bar Nos. 1–
19 (given at the bottom of each bar) are the introgression lines. Bars No. 20 and 21 show the IR55419-04 (donor
parent) and Super Basmati (recipient parent), respectively. Red and green colors depict the homozygous alleles
of IR55419-04 and Super Basmati, respectively while light blue color indicates the heterozygous

Figure 3: (a) Graphical genotype of DTIL60 (Q1). Green and red colors depict the homozygous alleles of Super
Basmati (recipient) and IR55419-04 (donor), respectively while light blue color indicates the heterozygous status
of specific marker loci. Both the size scale indicating chromosome lengths in centiMorgans (cM) and marker
names are on the left. (b) Paddy rice of IR55419-04 (left), DTIL60 (center) and Super Basmati (right)
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Table 3: Analysis of variance of 19 DTILs, Super Basmati (Recipient parent) and IR55419-04 (Donor parent)
for various plant traits under water stress conditions

Source of
variation

Degree of
freedom (df)

Mean squares

Plant
height
(cm)

Tillers/
plant

Days to
maturity

Grains/
panicle

1000 grain
weight (g)

Spikelet
fertility
(%)

Paddy yield
(g/m2)

Genotypes 20 75.95** 4.20** 58.74** 323.31** 1.55** 245.59** 3275**

Error 40 4.41 0.97 3.21 3.56 0.03 3.71 14.18

Total 62
Note: **Significant at P < 0.01.

Table 2: Analysis of variance of 19 DTILs, Super Basmati (Recipient parent) and IR55419-04 (Donor parent)
for various plant traits under well-watered (control) conditions

Source of
variation

Degree of
freedom (df)

Mean squares

Plant
height
(cm)

Tillers
per
plant

Days to
maturity

Grains
per
panicle

1000 grain
weight (g)

Spikelet
fertility
(%)

Paddy
yield (g/
m2)

Genotypes 20 31.80** 6.19** 43.94** 57.15** 1.95** 73.46* 3640**

Error 40 3.58 1.11 1.25 3.81 0.03 32.13 85.30

Total 62
Note: *and**Significant at P < 0.05 and P < 0.01, respectively.

Table 4: Field performance of 19 drought tolerant introgression lines (DTILs), Super Basmati (Recipient
parent) and IR55419-04 (Donor parent) for various plant traits under well watered (control) and water stress
conditions

Sr.
No.

Designation Water
Treatment

Plant
height
(cm)

Number of
tillers per
plant

Maturity
days

Grains
per
panicle

1000 grain
weight (g)

Spikelet
fertility
(%)

Paddy
yield
(g/m2)

% increase
/decrease in
yield

1 DTIL60 Control 111.33 13.50 138.27 89.60 20.67*↓ 93.10 346.60*↓ −26.9*↓

Stress 98.53 11.70 145.27 53.04*↑ 18.73 40.39*↑ 162.81*↑ 44.2*↑

2 DTIL83 Control 114.33 14.15 137.27*↓ 91.80 20.23*↓ 89.67 335.97*↓ −37.6*↓

Stress 100.00 11.07 144.67 51.90*↑ 18.47*↓ 45.66*↑ 168.64*↑ 50.0*↑

3 DTIL88 Control 115.93 13.49 135.93*↓ 89.40 20.50*↓ 88.00 341.73*↓ −31.8*↓

Stress 100.13 11.37 140.17*↓ 51.00*↑ 18.30*↓ 44.51*↑ 171.04*↑ 52.4*↑

4 DTIL79 Control 118.77 15.75*↑ 144.20 103.00*↑ 20.60*↓ 88.70 402.67*↑ 29.1*↑

Stress 102.77 12.37 148.80 72.00*↑ 18.17*↓ 57.46*↑ 229.68*↑ 111.1*↑

5 DTIL94 Control 121.67 14.47 141.60 91.80 20.43*↓ 82.07 382.73 9.1*↑

Stress 111.50*↑ 11.97 147.33 69.00*↑ 18.30*↓ 56.35*↑ 218.84*↑ 100.2*↑

6 DTIL135 Control 113.40 14.22 144.50 103.00*↑ 21.30 87.83 409.63*↑ 36.1*↑

Stress 104.53 12.37 148.80 73.00*↑ 18.97 58.40*↑ 226.91*↑ 108.3*↑

7 DTIL98 Control 115.47 14.80 143.60 101.00*↑ 20.47*↓ 88.87 395.17 21.6*↑

Stress 101.87 12.70 150.07 77.00*↑ 18.40*↓ 53.81*↑ 214.97*↑ 96.4*↑

(Continued)
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Under well-watered conditions, significant differences were observed between the two parents for plant
height, maturity days, number of grains per panicle and 1000 grain weight, whereas there were non-
significant differences in other traits. Three DTILs viz. DTIL376, DTIL104 and DTIL56 gained
significantly decreased plant height of 110.63, 110.87, and 111.67, respectively, while the rest of the
DTILs produced plant height statistically similar to Super Basmati.

Under water stress treatment, parental lines, i.e., Super Basmati and IR55419-04 exhibited significant
differences in all the plant traits studied except number of tillers per plant (Table 4). Plant height (cm)
attained by five introgression lines viz. DTIL94 (111.50), DTIL105 (111.40), DTIL43 (114.73), DTIL269

Table 4 (continued)

Sr.
No.

Designation Water
Treatment

Plant
height
(cm)

Number of
tillers per
plant

Maturity
days

Grains
per
panicle

1000 grain
weight (g)

Spikelet
fertility
(%)

Paddy
yield
(g/m2)

% increase
/decrease in
yield

8 DTIL56 Control 111.67*↓ 12.50 144.87 96.20*↑ 21.73 87.07 399.89*↑ 26.3*↑

Stress 103.27 12.00 151.03 69.40*↑ 19.60*↑ 54.75*↑ 230.98*↑ 112.4*↑

9 DTIL139 Control 113.63 14.66 145.17 100.90*↑ 20.73 90.33 415.97*↑ 42.4*↑

Stress 105.60 9.89*↓ 153.60 75.60*↑ 18.73 52.81*↑ 239.52*↑ 120.9*↑

10 DTIL104 Control 110.87*↓ 16.13*↑ 137.60*↓ 83.60*↓ 20.53*↓ 71.13*↓ 346.17*↓ −27.4*↓

Stress 99.50 11.40 144.00 64.20*↑ 19.07 40.08*↑ 192.91*↑ 74.3*↑

11 DTIL105 Control 119.53 13.11 134.97*↓ 92.00 21.07 80.40 378.73 5.2*↑

Stress 111.40*↑ 14.00*↑ 140.83*↓ 72.00*↑ 19.37 57.93*↑ 221.98*↑ 103.4*↑

12 DTIL21 Control 116.80 12.18 137.27*↓ 94.00 21.20 89.03 397.07 23.5*↑

Stress 104.97 11.67 143.03 70.00*↑ 19.30 66.71*↑ 239.00*↑ 120.4*↑

13 DTIL43 Control 119.40 11.02*↓ 140.60 94.71 20.60*↓ 85.50 293.43*↓ −80.1*↓

Stress 114.73*↑ 7.90*↓ 144.97 64.50*↑ 18.40*↓ 52.40*↑ 183.27*↑ 64.7*↑

14 DTIL269 Control 117.80 11.09*↓ 141.60 93.80 21.60 83.40 315.10*↓ −58.5*↓

Stress 106.70*↑ 10.07*↓ 148.17 63.10*↑ 19.13 49.17*↑ 170.97*↑ 52.4*↑

15 DTIL18 Control 112.93 13.49 142.27 101.50*↑ 20.96 89.53 414.93*↑ 41.4*↑

Stress 101.80 11.37 146.53 78.00*↑ 18.47*↓ 54.27*↑ 244.33*↑ 125.7*↑

16 DTIL37 Control 118.97 14.47 136.60*↓ 92.10 21.07 86.83 374.83 1.2

Stress 113.37*↑ 11.67 142.40*↓ 74.00*↑ 19.23 53.94*↑ 233.48*↑ 114.9*↑

17 DTIL146 Control 114.17 12.83 139.60 95.21 21.77 82.47 378.67 5.1*↑

Stress 100.17 11.70 144.67 70.10*↑ 18.83 58.81*↑ 214.19*↑ 95.6*↑

18 DTIL258 Control 115.43 10.97*↓ 138.60 81.50 20.57 80.27 323.57*↓ −50.0*↓

Stress 101.60 11.51 143.70 76.00*↑ 18.23*↓ 50.83*↑ 201.11*↑ 82.5*↑

19 DTIL376 Control 110.63*↓ 11.08*↓ 139.27 86.41 21.87 80.03 325.57*↓ −48.0*↓

Stress 98.87 12.03 142.10*↓ 72.00*↑ 19.37 61.38*↑ 210.27*↑ 91.7*↑

20 IR55419-
04

Control 112.90*↓ 11.53 130.70*↓ 96.10*↑ 23.80*↑ 83.10 340.43 −33.1*↓

Stress 106.10*↑ 11.82 133.73*↓ 59.90*↑ 21.43*↑ 49.57*↑ 239.73*↑ 121.1*↑

21 Super
Basmati

Control 118.83 13.38 143.87 89.70 21.47 90.03 373.57 0

Stress 97.87 11.37 149.77 38.00 19.03 24.51 118.61 0

LSD 0.05 Control 8.50 1.30 5.85 5.88 0.53 6.00 11.73 5.05

LSD 0.05 Stress 7.07 2.28 6.23 6.08 0.52 17.65 26.31 12.86
Note: *Means were compared with Super Basmati (Recipient parent) and were significantly different at P < 0.05. ↑ and ↓ indicate increase and
decrease, respectively.
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(106.70) and DTIL37 (113.37) was significantly more than Super Basmati (97.87). The introgression lines
exhibited less, or similar number of tillers as compared to Super Basmati (11.37) whereas only one DTIL105
(14.00) showed a significantly more number of tillers per plant.

Based on introgressed QTLs, nineteen DTILs were grouped into 7 categories, i.e., G1 (3 DTILs carrying
QTL1), G2 (4 DTILs carrying QTL4), G3 (2 DTILs carrying QTL9), G4 (1 DTIL carrying QTL1 and
QTL4), G5 (2 DTILs carrying QTL1 and QTL4), G6 (2 DTILs carrying QTL4 and QTL9) and G7
(5 DTILs carrying QTL1, QTL4 and QTL9) as shown in Table 4. Under well-watered control, average
paddy yield (gram/meter2) of G2 (397.6) and G3 (404.8) were significantly higher than Super Basmati
whereas G4 (346.2) and G6 (304.3) produced less with significant impact. When exposed to water stress
conditions, average paddy yield (range 167.5–239.7) of all the groups was significantly higher than Super
Basmati (118.6). Data revealed that the relative paddy yield reduction was considerably less than Super
Basmati that was affected up to a yield reduction of 68.2% (Table 4).

3.6 Grain Quality Assessment
Significant differences were recorded for polished grain dimensions, i.e., grain length, width and

thickness between the recipient and donor parents. Polished grain length, grain width and grain thickness
were compared with Super Basmati to assess the grain dimensions of the DTILs. Significant differences
were observed for grain length and grain width of DTILs (Supplementary Table 4). Selected DTILs
exhibited a significant decrease (range 7.0–7.2) in grain length (mm) as compared to Super Basmati (7.5)
except DTIL135 (7.4), DTIL56 (7.4), DTIL146 (7.4) and DTIL376 (7.6). Polished grain width (mm) of
DTIL21 (1.93) and DTIL376 (1.93) were statistically higher than Super Basmati (1.80) while the rest of
the DTILs exhibited grain width similar to Super Basmati. Polished grain thickness (mm) of selected
lines (range 1.47–1.60) was similar to Super Basmati (1.50). Grains of the DTILs were slender shape and
were similar to Super Basmati. The presence of aroma was recorded for the selected DTILs as Super Basmati.

4 Discussion

4.1 Parental Survey to Check Polymorphism
Backcross breeding is a recognized approach for introgression a specific chromosomal region (gene/

QTL) into a recipient genotype (mostly a well-adapted variety) from a donor genotype. For the genome
recovery of the recipient parent, repeated Back crossing remained as the main objective of this approach
[21]. That is achieved by whole genomic survey based on polymorphic markers between the parents.
Therefore, for the current study an SSR marker survey was carried out that resulted in 99 polymorphic
microsatellites out of 207 that counted 47.8% polymorphism between the two parents. The level of
polymorphism found was good enough indicating the genetic distance between the two parents for the
marker loci used for the survey.

4.2 Linkage between Markers
The tendency of genes or loci that are situated adjacently on a chromosome to be inherited in a group

together during meiosis is referred as genetic linkage and in marker assisted breeding is known as linkage
drag. Such loci that exhibit genetic linkage are less likely to be separated onto different chromatids
during chromosomal crossover [21,22]. In this study, this might be due to this strong genetic linkage
between the loci RM220 and RM1. The frequency of recombination between two locations is directly
proportional to the distance between the loci. The level of recombination between RM220 and RM1 was
comparatively much lower than the recombination between RM84 and RM428 indicating that the genetic
distance between RM220 and RM1 (1.3 cM) is less than the distance between RM84 and RM428
(6.9 cM) on chromosome 1 (Fig. 2). Young et al. [23] pointed out that the donor allele/linkage drag on
the carrier chromosome were the most difficult to eliminate [24]. Non targeted donor segments at
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RM495 and RM246 on carrier chromosome 1 whereas at RM471 and RM119 on chromosome 9 were also
observed (Fig. 2).

4.3 Linkage Drag and Genome Recovery
In the present study, the linkage drag in proximity to the target QTLs was minimized with the help of

more polymorphic markers around the target loci. Even then, the linkage drag was observed in the target loci.
This indicated the limitation of introgression for more than one segment in one genetic background while
selecting an individual in two cycles Back crossing. DTILs were developed within two generations of
Back crossing and one generation of self-pollination as outlined in MABB scheme (Fig. 1).

Due to selection for the donor segment at the target loci in each generation, the rate of recovery for
recipient genotype on carrier chromosome is observed to be slower than on non-carrier chromosomes
[25]. Genome recovery percentage of recipient parent alleles on carrier chromosomes 1, 4 and 9 carrying
3 targets QTLs were low as compared to other chromosomes. Similar findings have been reported by
earlier MAB cases in rice [26–28].

4.4 Background Selection and Phenotypic Selection
Accumulating the number of background selection markers in early generations on non-carrier

chromosomes was not much effective due to probability of crossover in later generations. An increase in
the number of markers should be considered as a way of optimizing selection [29]. In our study, the
whole genome background selection was done at BC2F2 and the average marker density for background
selection was 16.8 cM with 6 to 9 markers per chromosome. Previous studies suggested that, one marker
every 5 Mb (20 cM) or a total of 4 to 9 well distributed markers per chromosome is enough to monitor
the donor introgressions [30]. This was also reported in other MABB simulation studies [31,32].

The selection scheme was adopted in a modified way in which before background selection, phenotypic
selection for traits like plant height, leaf morphology, plant type, maturity days and especially the grain
dimensions was done that reduced the population size for background selection. Somehow, in two
backcrosses, we able to restore up to 92.9% alleles of Super Basmati that reflects the successful
application of phenotypic selection cycle prior to background selection. Moreover, this approach not only
saved the time, but also the resources in term of reduced cost of genotyping.

About 90% dry matter contents of a milled rice kernel is made up of starch and amylose content (range
15% to 35%) of starches determines the rice cooking quality in the sense of volume expansion. As Basmati
rice is famous in the global market for its typical aroma and unique grain quality and our objective was to
develop introgression lines in basmati background, therefore, the inheritance of these two traits was ensured
by using the linked markers in MABB.

4.5 Yield Improvement under Water Stress
Grain yield under drought has been proposed as selection criteria for water stress breeding programs

[33]. Following this approach, improved genotypes has been evolved in various rice growing countries
like the Philippines, India, Cambodia [31,34,35]. We also adopted the same strategy for evaluation of
DTILs. Under water stress treatment, a significant improvement in yield under drought was observed in
all the DTILs. DTILs groups showed significantly less yield reduction percentage (range 40.6–51.9) as
compared to Super Basmati which was mainly contributed by increased number of grains per panicle and
gain in spikelet fertility percentage. Marker-aided breeding can also significantly improve genetic gain for
the traits that are difficult to phenotype because of its dependence on specific environmental conditions or
its expense [36,37]. Under well watered control, field evaluation results showed that most of the DTILs
performed similar to the Super Basmati for all the observed plant traits. Significant variation in trait
expression may be due to pleotropic or epistatic effect of introgressed loci from the donor parent [38,39].
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Reduction in plant height is a desired trait in all breeding programs [40] and hence we can say that this trait
has been improved. Similarly, yield potential of some DTILs was improved that as well might be the result of
some heterozygous loci transgression present in the genome. Although, a decrease in grain size was observed
in most of the DTILs but there were some DTILs that gave grain dimensions like Super Basmati. This means
that grain length linked markers should be used in future. Grain quality parameters like amylose contents,
grain shape and aroma were similar to Super Basmati.

The present study results showed the efficiency of MABB that resulted in the development of
introgression lines with two backcross cycles. Six superior (DTIL56, DTIL60, DTIL135, DTIL146,
DTIL269 and DTIL376) ILs that are drought tolerant and very similar to Super Basmati in terms of
agronomic and grain quality traits can be released as drought-tolerant varieties in arid regions. This
approach has been successfully practiced in earlier rice breeding programs for the introgression of
bacterial blight resistance gene Xa38 [41], QTLs controlling root traits [17], submergence tolerance
Sub1 gene [28], and the green revolution sd1 gene [3].

5 Conclusion

In all, six drought tolerant introgression lines viz., DTIL56, DTIL60, DTIL135, DTIL146, DTIL269 and
DTIL376 are found to be superior and are very similar to Super Basmati for agronomic and grain quality
traits. These well characterized drought tolerant introgression lines developed in the present study can be
released as variety or used as donors to develop new drought tolerant basmati rice varieties in the future
breeding programs.
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Supplementary Materials

Supplementary Figure 1: (a) Graphical genotype of DTIL135 (Q4). Green and red colors depict the
homozygous alleles of Super Basmati (recipient) and IR55419-04 (donor), respectively while light blue
color indicates the heterozygous status of specific marker loci. Both the size scale indicating chromosome
lengths in centiMorgans (cM) and marker names are on the left. (b) Paddy rice of IR55419-04 (left),
DTIL135 (center) and Super Basmati (right)

Supplementary Figure 2: (a) Graphical genotype of DTIL56 (Q9). Green and red colors depict the
homozygous alleles of Super Basmati (recipient) and IR55419-04 (donor), respectively while light blue
color indicates the heterozygous status of specific marker loci. Both the size scale indicating chromosome
lengths in centiMorgans (cM) and marker names are on the left. (b) Paddy rice of IR55419-04 (left),
DTIL56 (center) and Super Basmati (right)
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Supplementary Figure 3: (a) Graphical genotype of DTIL269 (Q4+Q9). Green and red colors depict the
homozygous alleles of Super Basmati (recipient) and IR55419-04 (donor), respectively while light blue
color indicates the heterozygous status of specific marker loci. Both the size scale indicating chromosome
lengths in centiMorgans (cM) and marker names are on the left. (b) Paddy rice of IR55419-04 (left),
DTIL269 (center) and Super Basmati (right)

Supplementary Figure 4: (a) Graphical genotype of DTIL146 (Q1+Q4+Q9). Green and red colors depict
the homozygous alleles of Super Basmati (recipient) and IR55419-04 (donor), respectively while light blue
color indicates the heterozygous status of specific marker loci. Both the size scale indicating chromosome
lengths in centiMorgans (cM) and marker names are on the left. (b) Paddy rice of IR55419-04 (left),
DTIL146 (center) and Super Basmati (right)
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Supplementary Figure 5: (a) Graphical genotype of DTIL376 (Q1+Q4+Q9). Green and red colors depict
the homozygous alleles of Super Basmati (recipient) and IR55419-04 (donor), respectively while light blue
color indicates the heterozygous status of specific marker loci. Both the size scale indicating chromosome
lengths in centiMorgans (cM) and marker names are on the left. (b) Paddy rice of IR55419-04 (left),
DTIL376 (center) and Super Basmati (right)

Supplementary Table 1: Chromosome segments containing QTLs which were selected for marker assisted
backcross breeding

Chr. QTL Linked
marker
(s)

cM
Distance

size QTL Reference

1 QTL1 RM84 26.2 and
28.4 cM

2.2 cM Osmotic
adjustment

Robin et al., 2003 [15] (IRRI IR622/
IR600 QTL 2003)

4 QTL4 RM559 158.8 cM 0.01 cM Deep root dry
weight; drought
tolerance

IGCN ZYQ18/JX17 DH QTL 1998;
TTU IR58821/IR52561 QTL 2002
(http://www.gramene.org)

9 QTL9 RM201,
RM242

73.3 and
81.2 cM

7.9 cM Maximum root
length; root
thickness

Steele et al., 2006 [17]; Chaitra et al.,
2006
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Supplementary Table 2: Facts and figures based on an SSR marker survey

Chromosome No. Polymorphic SSR markers Distance covered (cM) Average marker density (cM)

1 13 162.5 12.5

2 8 189.9 23.7

3 10 186.3 18.6

4 9 130.3 14.5

5 7 132.7 19.0

6 9 143.6 16.0

7 7 90.5 12.9

8 8 124.6 15.6

9 10 114.7 11.5

10 6 110.4 18.4

11 6 123.2 20.5

12 6 109.1 18.2

Whole genome 99 1617.8 16.8

Supplementary Table 3: Genome recovery percentage of 19 drought tolerant introgression lines (DTILs) in
marker assisted backcross breeding using Super Basmati as recipient parent detected with the help of selected
99 SSR markers at BC2F2

Sr. Designation Chromosome numbers Genome
recovery
of Super
Basmati
alleles

1 2 3 4 5 6 7 8 9 10 11 12

1 DTIL60 69.2 100.0 90.0 100.0 78.6 100.0 100.0 100.0 85.0 100.0 100.0 91.7 92.9

2 DTIL83 65.4 100.0 90.0 94.4 78.6 90.0 100.0 100.0 90.0 100.0 100.0 91.7 91.7

3 DTIL88 57.7 100.0 75.0 100.0 71.4 85.0 100.0 100.0 75.0 100.0 100.0 75.0 86.6

4 DTIL79 100.0 100.0 85.0 50.0 85.7 85.0 100.0 100.0 85.0 100.0 100.0 91.7 90.2

5 DTIL94 92.3 100.0 80.0 50.0 92.9 80.0 100.0 100.0 100.0 100.0 100.0 91.7 90.6

6 DTIL135 88.5 100.0 85.0 50.0 78.6 95.0 100.0 100.0 90.0 91.7 91.7 83.3 87.8

7 DTIL98 84.6 100.0 90.0 66.7 78.6 90.0 100.0 100.0 80.0 66.7 100.0 83.3 86.7

8 DTIL56 100.0 100.0 90.0 94.4 85.7 85.0 100.0 100.0 60.0 100.0 100.0 91.7 92.2

9 DTIL139 88.5 100.0 85.0 100.0 85.7 85.0 100.0 100.0 40.0 83.3 100.0 100.0 89.0

10 DTIL104 61.5 100.0 80.0 50.0 85.7 85.0 100.0 100.0 100.0 100.0 83.3 91.7 86.4

11 DTIL105 57.7 100.0 80.0 100.0 85.7 85.0 100.0 100.0 50.0 66.7 83.3 83.3 82.6

12 DTIL21 65.4 100.0 90.0 100.0 92.9 100.0 100.0 100.0 60.0 100.0 100.0 83.3 91.0

13 DTIL43 100.0 100.0 95.0 50.0 85.7 85.0 100.0 100.0 60.0 100.0 100.0 91.7 88.9

14 DTIL269 96.2 100.0 100.0 55.6 100.0 100.0 100.0 100.0 50.0 83.3 100.0 91.7 89.7

15 DTIL18 61.5 100.0 85.0 50.0 85.7 100.0 100.0 100.0 55.0 100.0 91.7 91.7 85.0

16 DTIL37 46.2 100.0 80.0 50.0 100.0 85.0 100.0 100.0 60.0 100.0 100.0 83.3 83.7

(Continued)
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Supplementary Table 3 (continued)

Sr. Designation Chromosome numbers Genome
recovery
of Super
Basmati
alleles

1 2 3 4 5 6 7 8 9 10 11 12

17 DTIL146 76.9 100.0 85.0 55.6 92.9 80.0 100.0 100.0 40.0 100.0 100.0 83.3 84.5

18 DTIL258 65.4 100.0 80.0 50.0 85.7 100.0 100.0 100.0 55.0 66.7 91.7 100.0 82.9

19 DTIL376 61.5 100.0 90.0 33.3 85.7 80.0 100.0 100.0 55.0 83.3 100.0 91.7 81.7

Mean 75.7 100.0 86.1 68.4 86.1 89.2 100.0 100.0 67.9 91.7 96.9 89.0 87.6

Supplementary Table 4: Grain dimensions and aroma studies of 19 drought tolerant introgression lines
(DTILs) Super Basmati (Recipient parent) and IR55419-04 (Donor parent)

S. No. Designation Polished grain dimensions (mm) Amylose % Grain shape Aroma

Length Width Thickness

1 DTIL60 7.2*↓ 1.90 1.47 23.8 Slender Present

2 DTIL83 7.0*↓ 1.73 1.53 23.0 Slender Present

3 DTIL88 7.1*↓ 1.87 1.57 22.8 Slender Present

4 DTIL79 7.1*↓ 1.80 1.53 23.0 Slender Present

5 DTIL94 7.0*↓ 1.83 1.47 23.3 Slender Present

6 DTIL135 7.4 1.80 1.60 23.7 Slender Present

7 DTIL98 7.0*↓ 1.83 1.50 23.0 Slender Present

8 DTIL56 7.4 1.83 1.60 22.7 Slender Present

9 DTIL139 7.0*↓ 1.87 1.53 23.2 Slender Present

10 DTIL104 7.0*↓ 1.80 1.57 23.8 Slender Present

11 DTIL105 7.2*↓ 1.80 1.53 23.1 Slender Present

12 DTIL21 7.2*↓ 1.93*↑ 1.53 22.7 Slender Present

13 DTIL43 7.1*↓ 1.90 1.57 23.1 Slender Present

14 DTIL269 7.4 1.80 1.50 23.8 Slender Present

15 DTIL18 7.1*↓ 1.80 1.50 22.7 Slender Present

16 DTIL37 7.2*↓ 1.83 1.60 23.3 Slender Present

17 DTIL146 7.4 1.80 1.60 23.1 Slender Present

18 DTIL258 7.1*↓ 1.83 1.50 23.8 Slender Present

19 DTIL376 7.6 1.93*↑ 1.57 24.0 Slender Present

20 IR55419-04 6.3*↓ 2.27*↑ 1.67*↑ 19.8*↓ Medium Absent

21 Super Basmati 7.5 1.80 1.50 23.7 Slender Present

SE 0.07 0.03 0.04 0.22

CD0.05 0.26 0.12 0.14 1.91
Note: *Means were compared with Super Basmati (Recipient parent) and were significantly different at P < 0.05. ↑ and ↓ indicate increase and
decrease, respectively.
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