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Abstract Drought stress is a major limitation to rice

(Oryza sativa L.) yields and its stability, especially in

rainfed conditions. Developing rice cultivars with inherent

capacity to withstand drought stress would improve rainfed

rice production. Mapping quantitative trait loci (QTLs)

linked to drought resistance traits will help to develop rice

cultivars suitable for water-limited environments through

molecular marker-assisted selection (MAS) strategy.

However, QTL mapping is usually carried out by geno-

typing large number of progenies, which is labour-inten-

sive, time-consuming and cost-ineffective. Bulk segregant

analysis (BSA) serves as an affordable strategy for map-

ping large effect QTLs by genotyping only the extreme

phenotypes instead of the entire mapping population. We

have previously mapped a QTL linked to leaf rolling and

leaf drying in recombinant inbred (RI) lines derived from

two locally adapted indica rice ecotypes viz., IR20/Noo-

tripathu using BSA. Fine mapping the QTL will facilitate

its application in MAS. BSA was done by bulking DNA of

10 drought-resistant and 12 drought-sensitive RI lines. Out

of 343 rice microsatellites markers genotyped, RM8085 co-

segregated among the RI lines constituting the respective

bulks. RM8085 was mapped in the middle of the QTL

region on chromosome 1 previously identified in these RI

lines thus reducing the QTL interval from 7.9 to 3.8 cM.

Further, the study showed that the region, RM212–

RM302–RM8085–RM3825 on chromosome 1, harbours

large effect QTLs for drought-resistance traits across sev-

eral genetic backgrounds in rice. Thus, the QTL may be

useful for drought resistance improvement in rice through

MAS and map-based cloning.
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Introduction

Rice, (Oryza sativa L.) is a principal food for majority of

the population in Asia, Africa and South America [1]. It is

grown on 153 million hectares (Mha) globally [2], about

half of which is in rainfed ecosystems where drought stress

is a serious limitation. In Asia alone, about 34 Mha of

rainfed lowland rice and 8 Mha of upland rice [3] are

subjected to frequent drought stress. The global rice yield

loss due to drought is estimated at 18 million tonnes

annually [4]. Improving rice yields in these marginal

environments is critical to meet the increasing demand for

food by the growing population.

Genetic improvement of rice for adaptation to drought

based on yield per se under stress, though feasible [5], is

slow due to unpredictability of drought events, in terms of

timing and severity, across years and locations [6]. Alter-

natively, incorporation of secondary traits contributing in

drought resistance as selection indices in breeding will

hasten development of drought-resistant cultivars. Several

putative traits conferring drought resistance in rice have

been proposed [1, 7, 8], and selection of these traits in

breeding will increase rice yields in water-limited envi-

ronments as demonstrated in wheat [9]. Leaf rolling is the

first visual symptom of drought reaction and occurs due to
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wilting (turgor loss) and inability of leaves to sustain the

transpiration demand [10, 11]. Visual leaf rolling is an

efficient method for detecting drought resistance in rice,

especially in vegetative stage [12, 13]. Leaf rolling is the

most important criteria found useful in assessing levels of

drought resistance in large scale screening of rice [14].

Visual drought scoring by an experienced researcher based

solely on leaf rolling and leaf drying is quite effective in

discriminating drought avoidance in rice [15]. Leaf rolling

and drying are negatively correlated with leaf-relative

water content [16]. Delayed leaf rolling and drying are

positively related to drought resistance under field condi-

tions [17]. Leaf drying score can be used to determine

drought resistance at all stages of rice growth and has

moderate to high heritability under stress [18].

However, incorporation of secondary traits such as leaf

rolling and leaf drying as selection criteria is hampered due

to complexity of the drought environment, different

mechanisms of drought resistance adapted by rice and the

interaction between the two as well as genetic complexity

of the traits [19]. Molecular markers allow breeders to

track the genetic loci linked to such complex traits and help

in their indirect selection without the need for difficult

phenotypic measurements, thus saving in time and

resources [1]. Molecular markers are also not environ-

mentally regulated and can be detected at all stages of plant

growth [20].

Identifying molecular markers through QTL mapping is,

however, not affordable by many researchers. In the con-

ventional QTL mapping, each progeny of mapping popu-

lation (normally in multiples of hundred) should be

genotyped with numerous molecular markers which is time

consuming and costly [21]. Several strategies have been

proposed to identify molecular markers near a gene/QTL of

interest with reduced number of plants to be genotyped.

The two main strategies are selective genotyping [21, 22]

and bulk segregant analysis (BSA) [23]. Selective geno-

typing is relatively a low-cost approach to detect QTL with

large effects by genotyping individuals from the two tails

of the phenotypic distribution [21, 22]. BSA further saves

cost by genotyping pooled DNA from groups of individuals

with similar phenotypes and is a rapid technique as it can

detect large effect QTL alleles in a large sample of prog-

enies relatively at low cost and in very quick time [21, 24].

Possibility of using DNA pooling strategies for identifying

markers involving various mapping populations has been

discussed earlier [25]. Though the potential of BSA has

been demonstrated to tag genes controlling qualitative

traits, the method could now be extended for analysis of

complex traits such as drought resistance. Markers linked

to drought-resistance traits have been identified using BSA

in barley [26], wheat [27] and maize [28]. Markers linked

to yield [29] and yield under drought stress in rice [24]

have also been identified using BSA. We have recently

mapped three minor QTLs for leaf drying by genotyping a

subset of 250 RI lines derived from two locally adapted

rice lines [30]. BSA of the extreme phenotypes detected a

common QTL on chromosome 1 for leaf rolling and leaf

drying in these RI lines. The QTL interval is large, 7.9 cM

[31]. Fine mapping the QTL will facilitate its application in

MAS for drought resistance [32]. QTLs for leaf rolling are

good targets for MAS for drought avoidance in rice [19].

Thus, this study was conducted with the objective to fine

map the QTL and also to identify other major effect QTLs

linked to leaf rolling and leaf drying under drought stress in

these rice lines using BSA.

Materials and Methods

Plant Materials

A mapping population consisting of a total of 397 F7

recombinant inbred (RI) lines was developed from a cross

between IR20 and Nootripathu by single seed descent.

These two rice lines are well adapted to rainfed rice pro-

duction environment in south India. IR20 is a semi-dwarf

indica ecotype with high yield potential and good grain

quality. However, it is drought sensitive and has shallow

and thin roots [33]. Nootripathu, a landrace from southern

State of Tamil Nadu, India is drought resistant and possess

long and thick roots. From the total of 397 F8 RI lines, a

subset of 330 RI lines was selected randomly for drought

phenotyping, and further a subset of 250 out of these 330

RI lines was used for genotyping and QTL mapping of

drought resistance and plant production traits in target

production environment [30]. BSA of pooled DNA of 11

drought-resistant and 12 drought-susceptible RI lines,

selected based on leaf rolling and leaf drying scores under

drought stress from the field experiment [30], identified

three markers, RM212, RM302 and RM3825 on chromo-

some 1 to be linked to leaf rolling and leaf drying under

stress in these rice lines [31]. The region spanned an

interval of 7.9 cM. These RI lines, excluding RI line # 37

[31] were further used in this study to fine map the above

QTL region and also to detect additional large effect QTLs,

if any, for drought resistance through BSA.

DNA Extraction and Bulking

Leaf samples of the selected RI lines and their parents were

collected from field-grown seedlings, and freeze dried.

DNA was extracted from the leaves using cetyl trimethyl

ammonium borate buffer [34]. The quantity and quality of

DNA was assessed in 0.8% agarose gel, and concentration

was adjusted to 25 ng/ll by comparing DNA standards.
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Equal quantity (50 ll each) of diluted DNA from 10

drought-tolerant and 12 drought-susceptible RI lines were

pooled separately into resistant and susceptible bulks,

respectively.

Bulk Segregant Analysis

A subset of 343 rice microsatellite (RM) markers (Agile

Life Science Tech Ltd, India) were selected covering the

entire genome based on their map location with approxi-

mately one marker for every 5 cM [35]. The genomic DNA

of the two parental lines was initially screened using these

343 primers. The polymorphic primers were then used to

screen the resistant and susceptible bulks. The primers

showing polymorphism between the bulks were tested for

co-segregation by genotyping individual RI lines consti-

tuting the respective bulks.

Polymerase chain reactions (PCR) were performed in a

volume of 15 ll in a PTC-100, MJ thermo cycler (MJ

Research Inc, USA). The reaction mixture contained each

primer at 1 lM, 100 lM deoxy nucleotide, 19 Taq buffer,

0.1 U Taq polymerase, and template DNA at 50 ng. After

5 min at 94 �C, the PCR involved 35 cycles of amplifica-

tion, each cycle comprising 1 min at 94 �C, 1 min at either

55 or 57 or 60 �C (depending on the primer), 1 min at

72 �C and with a final extension step of 5 min at 72 �C.

The completely co-segregated polymorphic primer ampli-

cons were separated on 3% MetaPhor agarose gels [36].

Results and Discussion

Bulk Segregant Analysis

Out of the 343 microsatellite markers, 96 primers were

polymorphic between the parents. Out of these 96, seven

primers viz., RM85, RM163, RM540, RM1337, RM3215,

RM5925 and RM8085 were polymorphic between the bulks

and were tested for co-segregation among the individual RI

lines constituting the bulks. Among these polymorphic loci,

RM8085 alone showed complete co-segregation among

individual RI lines constituting the respective bulks with

clear bands (Plate 1). Similar method of using only those

polymorphic markers which showed clearly visible differ-

ences in band intensity between the high and low tails of

phenotype in BSA has been reported in rice [24]. The other

six markers showed partial co-segregation among the

individual RI lines and were not followed further. Similar

results were reported earlier [24, 37, 38]. The drought-

resistant RI lines had majority of alleles as that of the

resistant parent, Nootripathu, and the susceptible RI lines

had most alleles similar to IR20, the susceptible parent.

RM8085 is mapped on chromosome 1 at 139.9 cM [35] and

is linked to leaf rolling and leaf drying under drought stress

in this study (Fig. 1). Earlier, three microsatellite markers,

RM212, RM302 and RM3825 linked to leaf rolling and leaf

drying under drought stress in these RI lines were identified

using BSA at this genomic region [31]. RM212–RM302–

RM3825 covered a length of 7.9 cM and RM8085, identi-

fied in this study through BSA, reduced the QTL interval to

3.8 cM, which is approximately 73 genes in rice [39]. Thus,

BSA is helped to fine map and reduce the confidence

interval of the QTL. The QTL region RM212 on chromo-

some 1 was also linked to plant height and biomass under

stress in these RI lines [30].

Comparative Mapping

Comparative mapping indicated co-location of many QTLs

for various drought-resistance traits in several rice lines at

this genomic region (Fig. 1). The integrated linkage map

[35] was used as a bridge to compare maps across different

populations. RM6703 (139.1 cM; 34.5 Mb), which is

above RM8085 (139.9 cM; 34.8 Mb) has been linked to

Plate 1 Alleles showing co-segregation of the SSR primer RM8085 among the parents, bulks and RI lines
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harvest index and days to 50% flowering under drought

stress in IR64/Apo F2:3 lines [40]. RM8085 was mapped

close to the region, OSR27 (126.5 cM; 30.7 Mb)–RM212

(135.8 cM; 33.1 Mb) linked to stomatal conductance and

transpiration rate under drought stress in Teqing/Lemont

rice introgression lines [41]. The marker, RM302

(135.8 cM; 33.9 Mb) was linked to plant height, panicle

exsertion, panicle length, biomass and stomatal conduc-

tance and RM315 (143.7 cM; 36.7 Mb) was linked to rel-

ative water content and 1000 grain weight under drought

stress in IR64/Norungan and IR50/Norungan rice RI lines

[42]. The 9.6 cM genomic region between RM1003

(136.8 cM; 33.4 Mb), RM472 (146.4 cM; 37.8 Mb) and

RM1198 (146.4 cM; 37.6 Mb), which flanked RM8085

identified in this study, was associated with root volume

and root number in IRAT109/Yuefu rice RI lines [43].

QTLs for spikelet density between RM302 and RM476B

(142.2 cM), and panicle water potential between RM315

and RM472 under drought stress were mapped in Zhen-

shan97B/IRAT109 rice lines [44].

Meta QTL analysis is highly valuable in identification of

positional candidate genes underlying QTL [39, 45]. Meta-

analysis of QTLs from 15 mapping populations identified

this genomic region on chromosome 1 as a candidate for

MAB for drought resistance in rice, wherein several QTLs

for plant type, primary, secondary and integrated traits co-

located [6]. Meta-analysis identified true QTLs for root

traits at this locus (35–40 Mb) on chromosome 1 [45]. Sd1

gene controlling the plant height was very close to these

true QTLs with the narrowest confidence interval. How-

ever, meta-analysis of 1650 QTLs from Bala/Azucena

mapping population confirmed root traits meta-QTL at this

locus and also not likely to be associated with Sd1 gene

[39]. This gives scope for selectively combining plant type

and drought resistance traits in rice.

The general approaches to identify candidate genes

underlying the QTLs were reviewed [46, 47]. The strate-

gies followed in rice include expressed sequence tags [48,

49], development of near isogenic lines (NILs) [50], map-

based cloning [51], microRNAs [52], functional study of

gene in a relevant developmental pathway [53–55], gene

expression studies [56] and mutant studies with t-DNA

insertion approach [57]. A total of 587 genes (including

207 hypothetical genes, 69 known function genes, 173

putative function genes, 11 similar to function genes, 65

expressed genes and 62 transposon-related genes) under-

lying this 32–36 Mb region of chromosome 1 in rice

physical map [58] could be mined using ‘RiceGeneThre-

sher’ [59]. This region, RM212–RM302–RM8085–

RM3825 is reported to have a gene density of 5933 base
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Fig. 1 Co-location of QTLs linked to drought resistance traits mapped on chromosome 1 in several rice lines
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pair/gene and average gene length of 2695 base pairs. It is

evident that RM212–RM302–RM8085–RM3825 region on

chromosome 1 is consistently linked to several drought-

resistance traits across genetic backgrounds and will be

useful in MAS and map-based cloning of genes for drought

resistance in rice. Several NILs carrying the desired

QTL introgressions from Azucena failed to have improved

root characteristics [60] as inntrogressed QTL intervals

were large (e.g. 41.8 cM) and had small proportion of

phenotypic effect (6–18%). These results indicate that only

fine-mapped alleles with large confirmed effects on per-

formance under stress and consistent across different

genetic backgrounds and environments are appropriate

targets for MAS [4]. Thus, BSA can identify major QTLs

linked to complex traits such as drought resistance at

considerable ease and savings in genotyping effort and

cost, allowing resources to be focussed on precise locali-

zation of QTLs with large effects. Moreover, BSA facili-

tates fine mapping of candidate QTLs with large intervals

and being prone to recombination during crossing.
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